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ABSTRACT

Carbon monoxide is a useful carbon linchpin to construct complex molecules of natural
products by stitching different pieces of target molecules together. Recently, our group reported
a novel and efficient palladium-catalyzed spirolactonization by Dr. Dexter Davis to construct
oxaspirolacones from esters or lactones. As an essential motif, oxaspirolactone structures in
natural products exhibit diverse and exciting structures and biological activities. The first part of
this thesis mainly describes the total synthesis of stemoamide alkaloids in the stemona family
and the application of our palladium-catalyzed spirolactonization, which was developed by our
group to complete total synthesis of bisdehydroneostemoninine and bisdehydrostemoninine with
Prof. Kaiging Ma. The total synthesis features a one-pot ring-closing cross-metathesis, Lewis
acid-mediated Friedel-Crafts reaction and lactonization, and accomplished bisdehydrostemonine
in 15 steps. The total synthesis of stemoamide, tuberostemoamide, and sessilifoliamide A were
finished, and the critical step features an mCPBA oxidation to convert pyrrole to lactam in one
step without destructing other functional groups.

In the second part of this thesis, we developed a novel and efficient palladium-catalyzed
cascade amino-carbonylative lactonization to streamline the synthesis of dihydropyrrole-fused
furanones in collaboration with Prof. Seleem’s lab for biological activities. Using this method,
we quickly expanded this method to construct different ring structures, such as p-lactone and
dihydropyrrole-fused pyrrolone. This method was applied to the total synthesis study towards
stemofoline alkaloids. Our palladium-catalyzed spirolactonizaiton was also used in this total

synthesis study for target molecules.
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CHAPTER 1. TOTAL SYNTHESIS OF STEMOAMIDE ALKALOIDS

1.1 Introduction

The dry roots of Stemonaceae plants called “Bai Bu” in traditional Chinese medicine were
utilized to treat persistent coughing since 200 A. D. The herbal extracts have been widely used in
treating respiratory diseases, anthelmintic reagents, antitussive reagents, and insecticides for
thousands of years in Chinese and Japanese medicine.™? As a rich resource of bioactive molecules
with complex structures, there are over 150 stemona alkaloids having been isolated, and most of
them feature pyrrolo[1,2-aJazepine nucleus.® > All the alkaloids are categorized into eight

subgroups (Figure 1.1).

stenine (1) % ﬁ stemocurtisine (VII)

@c@@n“%@

stemofoline (V1)

stemoamide (Il)

0 Q@@R

N\/' parvistemoline (V)
tuberostemospironine (l11)
stemoamine (V)

Figure 1.1 Stemona alkaloid groups

In these eight groups of stemona alkaloids, our attention was brought to stemoamide group
because of its oxaspirolactone moiety (Figure 1.2), such as bisdehydroneostemoninine (1.1),

(iso)bisdeydrostemoninine (1.2 and 1.3)8, stemoninine A and B (1.4 and 1.5)7, tuberostemoamide
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(1.6)8, sessilifoliamide A (1.7)°, (dihydro)stemoninine (1.8 and 1.9)'° and stemoenonine (1.10)*,
Interestingly, natural products with tricyclic core and lactone moiety (from 1.12 to 1.16) in the
stemoamide group also provide a significant chance to apply our spirolactonizaiton

methodology.

A. Stemoamide group members with oxaspirolactone moiety

H
Bisdehydroneostemoninine Bisdehydrostemoninine, C11-O-B (1.2)  Stemoninine A, C11-O-8 (1.4)
(1.1) Isobisdehydrostemoninine, C11-O-a. (1.3) Stemoninine B, C11-O-a. (1.5)

Stemoenonine, R=H (1.10)
9a-0-methylstemoenonine, R=Me
(1.11)

Sessilifoliamide A (1.7) Dihydrostemoninine (1.8)

B. Stemoamide group members with lactone moiety

o

H
Stemoamide (1.13) Stemonine (1.14) Saxorumamide, R=a—H (1.15)

Isosaxorumamide, R=4-H
(1.16)

Figure 1.2 Stemoamide group members
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In the recent total synthesis of stemoamide alkaloids in the stemona family, only limited
alkaloids in the stemoamide group were synthesized. Although there are over 20 total syntheses of
stemoamide (1.13), there are a few total synthesis of stemoamide group members with
oxaspirolactone moiety. In 1994, Williams and coworkers®? firstly finished the total synthesis of
(-)-stemoamide from methyl (R)-3-hydroxy-2-methyl propionate to afford imide (1.18) by 7 steps
(Scheme 1.1). The asymmetric Evans adol reaction provided a syn-adol derivative followed by
silyl group deprotection and butyrolactonizaiton under basic condition to form butyrolactone,
which was protected by silyl ether (1.19). After 5 steps, 1.19 was converted to 1.20 which was
directly oxidized, followed by methyl esterification. Reduction of azide and two cyclizations were
performed to obtain lactam (1.21). Then, stemoamide (1.13) was obtained via deprotections and

oxidations from 1.21.

1) n-Bu,BOTf, DCM

o O 4-benzyloxybutanal TBSO H 0 TBSO H N3
Jl\ 2) 48% aq HF, then K,CO4 BnO - BnO & _0
N~ 'O 3)t-BuMe,SiOTf, collidine o >
TBDPSO._A Me—/ > M 5 stops TBSO_AMe
H BA H

1.18 1.19 120

1) NaClO, M

2) CH,N, TBSO. ), 1) HF-NEt, Me.,

3) PPhg, THF/H,0 2) Dess-Martin o
5) MsCI. pyr. H 4) PDC H
6) NaH

1.21 1.13

Scheme 1.1 Williams’ total synthesis of stemoamide

In 1996, Narasaka and Kojno®® reported a total synthesis of (#)-stemoamide by oxidative
coupling (Scheme 1.2). Starting from silyl enol ether 1.22, a oxidative coupling of stannyl reagents
was applied to obtain 1.23. With the same method, Boc protected pyrrolidine ring was installed to

form 1.24 which was converted lactone 1.26 via hydrogenation, reduction, protection group
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switching, and oxidation. The final natural product (3)-stemoamide 1.13 was accessed by

substitution and methylation.

OTBS +BuOOC” > Sn(n-Bu), Q 1) TBSCI
. t—BuOOC/\)j\/ » -BuOOC N
X _0Bn TBACN, K,CO3 X_-0Bn 2)CAN o \Boc
A5

OBn
1.22 1.23 (n-Bu)asn/O 1.24

N
Boc

Me
. 1) Hy, Pd/C o) 1) NaH o f
1) Hy, PdIC o=( 2) MsCl, Et;N 2) LDA, then Mel N0
— g >  o—{ H
2) NaBH, 3) 4R;J?n3|' HNg:O4 OMs a

1.26 1.13

Scheme 1.2 Narasaka’s total synthesis of stemoamide

After one year, Mori and Kinishita'* finished a second total synthesis of (-)-stemoamide via
ruthenium-catalyzed enyne metathesis (Scheme 1.3). Starting from (-)-pyroglutamic, the total

synthesis features a ruthenium-catalyzed metathesis to convert lactam 1.28 to pyrrolo[1,2-

aJazepine 1.29 which was transformed to (-)-stemoamide (1.13) after 4 steps.

COOMe 1) NaBH,

2) NaOH
Hooc“(_\& — Meooc\//\é_\A\O Ru cat %6){ ):B %L
ubry
85teps 4) NiCl,, NaBH,4

1.27 1.28

Scheme 1.3 Mori’s total synthesis of stemoamide

In 1997, Jacobi and Lee®® provided an efficient method to obtain (#)-stemoamide, and the
total synthesis features an intramolecular Diels-Alder/retro Diels-Alder reaction (Scheme 1.4).
Starting with commercially available starting material 1.30, 1.31 was obtained by condensation

and substitution. After reduction and Lewis acid-catalyzed condensation, the target oxazole 1.32
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was accessed. The molecule ()-stemoamide (1.13) was finally finished by Diels-Alder/retro

Diels-Alder reaction and nickel catalyzed reduction.

o)
1) CH3CH(NH,)COOMe

(0] 1) NaBH Me
O baalied MeO =
C|)l\/\/0| pyr., then P,05 _ MeO*S\/\l'N/\/\b 2 H \5-7/\/;5\/
SnBuj

2) succinimide, NaH 0 3) Me—
1.30 Me 1.31 BF3-OEt,
Me MeH
diethylbenzene, reflux; o) N S0 NaBH,, NiCl, o N0
0 H o H
H
1.33 1.13

Scheme 1.4 Lee’s total synthesis of stemoamide

A formal synthesis of (-)-stemoamide (1.13) was reported by Gurjar and Reddy*®. Starting
from all of the furanose, the total synthesis features a zinc-mediated allylation and Barton-
McCombie reaction. Kohno and Narasaka’s method was applied to finalize the molecule. In
2004, Sibi and Subramanian®’ provided an enantioselective total synthesis of (-)-stemoamide. In

this total synthesis, a Grubbs catalyst was used for cross-metathesis cyclization to form

pyrrolo[1,2-a]azepine intermediate (1.35), followed by iodolactonizaiton. By three steps

protocol, C9 was epimerized, followed by methylation to complete the natural product.

" Grubbs 1]
HOOC‘ N
H 8 steps /\)

z

1.27 1.35

) LIHMDS, PhSeBr

H 2) Hy0,
1) I, NaHCOs4 o k o _3NiCly NaBH,
—_—
N
2) BuzSnH, AIBN o< H 4) LIHMDS, Mel

Scheme 1.5 Sibi’s total synthesis of stemoamide
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In 2017, a gram-scale total synthesis of stemoamide was published by Sato and Chida'®
and the natural product was converted to stemonine (1.14) and saxorumamide (1.15). The total
synthesis applied a vinylogous conjugated addition and reduction to build lactam and lactone
moieties (1.39) which was converted to stemoamide (1.13) by deprotection, cyclization, and
methylation. The chemoselective nucleophilic addition was used to functionalize lactam and
lactone separately in stemoamide selectively. The reductive nucleophilic addition to lactam
affords stemonine (1.41), and lactone selective nucleophilic addition leads to saxorumaide (1.15)

and isosaxorumaide (1.16).

/ \
") Q\onps

H PMB
EtOOC . _~_Br S Br/\/\'LO/\co SnCl
.
3 steps 2) TiCly, Et4SiH B
1.37 1.38 139 °F
1) CAN
2) NaH, TBAI
TBSOTF
3) LIHMDS, Mel
) IFCI(CO)PPh,
) Mo RN/ALO3, H, O Mesz| 2o
NG
2)
1) NaCNBHs
CCl,HCOOH
2) mCPBA
3) TBAF, NaBH,
AcOH
-
+ (6]

1.16

Scheme 1.6 Sato and Chida’s total synthesis of stemoamide-type alkaloids

After two years, the first total synthesis of tuberostemoamide (1.6) and sessilifoliamide A

(1.7) were accomplished by Wang and Hou'®. The tricyclic core (1.45) was accessed by Sml.-
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mediated conjugated addition, and after 3 steps, ethylstemoamide (1.46) was obtained. The lactone
selective addition was completed to obtain intermediate 1.48, and a TEMPO oxidation was directly
applied to give sessilifoliamide A (1.6). Then, tuberostemoamide (1.7) was quickly accessed by

bromination and elimination.

GG e o v
4 steps 3steps
TBSO H OHC/\)

1.43 1.44
TBDPSO” Y

1.47 Me
KBr

Q Et
R ﬂ Bt J\Ho NaHCO; Z' Z‘O H
02 steps Me* v z o]
2)TBAF 'll\'llgl(\:/llF?O o H )
H
1.48 1.7

Scheme 1.7 Wang and Hou'’s total synthesis of tuberostemoamide and sessilifoliamide A

In summary, since the 1990s, over 150 alkaloids in the stemona family were isolated, the
unique tricyclic core has drawn significant interests in organic synthesis and biological activity
tests. There are over 20 total syntheses of stemoamide (1.13) were reported, and except for the
examples mentioned above, other syntheses of stemoamide (1.13) were also provided in the 21st
century. Cossy and Bogliotti?® 2% 22 reported a radical approach to construct tricyclic core. Olivo
and Tovar-Miranda provided a stereoselective anti-Aldol method to complete (-)-stemoamide
(1.13). Oltra and Munoz-Bascon? completed stemoamdie (1.13) via a Ti-catalyzed synthesis of
exocyclic allenes. Somfai®* and Pilli?® also accomplished stemoamide (1.13) in 2007 and 2015
separately. Except for stemoamide (1.13) (-)-stemospironinie and (-)-stemonine (1.14) have also
been achieved by Williams’ group. In 2011, Wipf’s group presented the first total synthesis of (-)-

sessilifoliamide C and (-)-8-epi-stemoamide via [3,3]-sigmatropic rearrangements. As an

17



important intermediate and resource, the tricyclic framework with y-lactone and y-lactam provided
broad access to divergently synthesize different stemoamide-type alkaloids. And the divergent
synthesis will fulfill the requirement of biological activity identification of natural products with

low purification yield, which will provide access to these potent molecules and derivative designs.

1.2 Result and Discussion

To expand our recent palladium-catalyzed spirolactonizaiton methodology via a
cyclopropanol ring-opening, which features a C-C cleavage, ketal formation with CO insertion,
and lactonization (Scheme 1.8)?°, we decided to construct the tricyclic core of stemoamide (1.13)
and to apply this methodology to convert lactone to spirolactone. To our surprise, when we start
this project, there has been no reported total synthesis of stemoamide alkaloids with

oxaspirolactone center.

Kulinkovich Pd(ll) OH 0—Pd
Reactlon HO S ’ R
cleavage n

- Pd(0)
Ketal formation o O
) ’ O O-Pd
Cco 1! R 4
nf

Lactonization ,
oxaspirolactone

Scheme 1.8 Palladium-catalyzed spirolactonizaiton

The stemoamide alkaloids with oxaspirolactone moiety contain an acid-sensitive
spirocenter which give significant challenge in synthesis to install it at an early stage as well as
to control the chirality of the spirocenter. Besides, a y-butyrolactone in bisdehydrostemoninine
appended to the C3 position of pyrrole ring, which initiates the epimerization of the C18

stereocenter. So, extra cautions are required to avoid this reconstruction of the stereocenter.
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Additionally, many of these alkaloids contain pyrrolidine or oxidized moiety (1.6-1.9), which
generate dramatic challenges to oxidize pyrrole to pyrrolidine with scrambling other function
groups at a late stage. These features significantly increase difficulties in accomplishing the

complex natural product in total synthesis.

Spirolactonization
1.52

Kulinkovich
reaction

Bisdehydrostemoninine (1.2) 1.53

HO Pd, CO
oc< "@ &— .
\-/)/\/\ 5 )
\_/ ey
CarbonylationH
1.49 1.50

Scheme 1.9 Retro-synthetic analysis of bisdehydrostemoninine

With all these challenges in mind, we proposed a retro-synthetic analysis of
bisdehydrostemoninine (1.2), which features a palladium-catalyzed oxidative cyclization and
carbonylation lactonization (1.49 to 1.50) and an oxaspirolactonizaiton (1.52 to 1.53). The
spirolactonizaiton precursor (1.52) is Kulinkovich product from lactone (1.51), which was a-
ethylated from tricyclic core (1.50). Additionally, we planned to convert pyrroles to corresponding
pyrrolidines to obtain non-pyrrole-contained alkaloids by developing a new method.

We quickly accessed to vinyl alcohol (1.49) and started to screen multiple carbonylative
conditions (Table 1.1) to convert 1.49 to tricyclic core 1.50. After we freshly prepared

Pd(MeCN)Cl>, our visiting scholar Prof. Kaiging Ma tried different conditions (entry 1 to 7). In
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most of the conditions, starting material remained, and some of the conditions provided Tsuji-
Trost product. When trace amount of Pd(11) was reduced to Pd(0), oxidative addition happened on
vinyl alcohol followed by nucleophilic attacking and decomplexation to access bicyclic product

(1.54).

Table 1.1 Condition screening of oxidative cyclization and carbonylative lactonization

HO \
Conditions
O N
= = 74
prepared in 4 steps
1.49 1.54
Entry Conditions Product
1 Pd(MeCN),Cl, (10 mol %), CuCl, (3 equiv.) No 1.50; 1.54 observed
THF, CO (1atm), 0°C, 1h

2 Pd(MeCN),Cl, (1 equiv.), MeCN SM remained
CO (1atm), rt to 60°C, overnight

3 Pd(MeCN),Cl, (10 mol %), CuCl, (3 equiv.) No 1.50; 1.54 observed

di-tert-butyl-pyridine (2 equiv), THF, CO (1atm), 0°C, 1h

4 Pd(OAc), (10 mol %), t-BuOOH (1 equiv.) SM remained

Dioxane:HOAc:DMSO (9:3:1)
CO (1atm), 45 °C-75 °C, overnight
5 Pd(OAc), (10 mol %), Cu(OAc), (1 equiv.) SM remained
DMSO, CO (1atm), 70 °C-100 °C, overnight

6 Pd(MeCN),Cl, (10 mol %), MeCN SM remained
CO (6 atm), DDQ, rt, overnight

7 Pd(MeCN),Cl, (10 mol %), MeCN SM decomposed

CO (6 atm), DDQ, 80°C, overnight

8 Pd(MeCN),Cl, (10 mol %), AgOTf (20 mol%), MeCN SM remained
CO (1 atm), DDQ, rt, overnight

9 Pd(tfa), (10 mol %), MeCN SM remained

CO (1 atm), BQ, rt, overnight

Our synthesis?” started from commercially available starting materials 2,5-
dimethoxytetrahydro-furan (1.55) and amino ester (1.56), which was converted to pyrrole by
Clauson-Kass pyrrole synthesis?® followed by Weinreb amide formation to give 1.57. Vinyl
Grignard addition and Luche reduction were applied to provide vinyl alcohol 1.49. Since the

tandem cyclization and lactonization cannot access to the desired product by installing carbonyl
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group, Prof. Kaiging Ma started a two-steps method to pre-install carbonyl group via cross-
metathesis with methyl acrylate by Grubbs second-generation catalyst?® and applied a boron
trifluoride etherate triggered Friedel-Crafts cyclization/lactonization to obtain a tricyclic core of
1.50%3%.32 To improve the yield, we tried different Lewis acids, such as TiCls and SnCly;
however, none of them provide any better yield. Under this condition, we also obtained the cis-
isomer as a 2.6:1 separable mixture. Interestingly, we then combined the cross-metathesis, and
Lewis acid promoted Fredel-Crafts cyclization/lactonization into on pot by switching solvent
from toluene to dichloromethane and increasing catalyst loading to 10 mol% to obtain similar
yield. a-ethylation in mix solvent of THF and HMPA was applied to obtain two epimers as 1.6:1
mixture of 1.51 and 1.59, which was completely epimerized to the desired product 1.51 under
condition of DBU and MeOH at 50 <C. This epimerization significantly saves time for us to

accumulate starting material for further steps.
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a. H,0, reflux, O

./\
MeO__o o AcONa, CH,Cly, rt ¢ MgBr
TR 75% N-Me THF, -20 °C
OMe + C|H3N\/\)L Et - .

> N o) >
b. MeNH(OMe)-HClI, iPrMgCl @ Me d. NaBH,, CeCly7H,0
1.55 1.56 THF, -20t0 0 ° 1.57 MeOH, -78 °C
92% 67% (two steps)
OH OH
/_/—Qz e 2> co,Me
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Scheme 1.10 Total synthesis of bisdehydroneostemoninine

With 1.51 in hand, we firstly employed Dreiding-Schmidt reaction to construct exo-
methylene spirolactone (1.60) with 2-(bromomethyl)acrylate, but the method did not provide any
desired product. Then Prof. Kaiging Ma started to convert it to Kulinkovich product 1.52 by using
standard and modified Kulinkovich reaction®*** however, none of them provide fruitful yield.
Inspired by Corey’s total synthesis of isoedunol®® 3¢, Prof. Kaiging Ma used CITi(QiPr); instead
of Ti(OiPr)s to complete Kulinkovich reaction in 63% yield. To reduce steric hindrance, the

isopropoxide group was replaced by a chloride group, and at the same time, this replacement
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increases electrophilicity of titanium center. Our methodology, the palladium-catalyzed
carbonylative spirolactonizaiton, went smoothly to obtain 1.53 with 10 mol% Waymouth catalyst
[Pd(neoc)(OAC)]2(OTf)2. As a 2.3:1 mixture of two stereoisomers, oxaspirolactone 1.53 in 60%
yield and the undesired isomer was isomerized to 1.53 by TFA in dichloromethane. Interestingly,
freshly prepared Waymouth catalysts may promote epimerization in situ. To install a-exo-
methylene Eschenmoser protocol was applied, followed by Rus(CO)iz-catalyzed isomerization®’
to complete the total synthesis of bisdehydroneostemoninine (1.1) in 68% vyield for 4 steps with

one column purification.

Br O
0.
n. (COCI),, DMF OMe
AcONa, H,0, 1t, 2 h Zn, THE
75% NH,CI (aq.), rt

83% (dr. 1:1)

(1.1)

p. K,CO4

tBuOH, rt
76%

q. PdIC, H,

PhH/pyr. (1:1), rt
86% (dr. 9:1)

g. Pd/C, H,

PhH/pyr. (1:1), rt
99% (dr. 9:1)
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Scheme 1.11 Total synthesis of bisdehydrostemoninine
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To convert bisdehydroneostemoninine (1.1) to bisdehydrostemoninine (1.2), the first task is
to install y-butyrolactone at C3, which generates several challenges. First of all, the acidic
sensitivity of oxaspirolactone restricts the condition for the late-stage substitution, and a mild
condition is required. Second, it is difficult to control the newly generated chiral center by substrate,
since y-butyrolactone at C3 is remote to other existing chiral centers. Third, the chiral center at
C18 is prone to be epimerized at acid conditions, which may completely scramble the synthesis.
With all these challenges in mind, we first tried bromination on our model molecule 1.50, and a
dibromo product at C2 and C3 position was obtained, which not useful for further steps. Then we
used the Vilsmeier-Haack reaction® to install the carbonyl group on C3 on 1.50 to obtain the
desired product in a 30-40% vyield. To our surprise, the yield of the Vilsmeier-Haack reaction was
significantly improved when it was applied to natural product bisdehydroneostemoninine (1.1) to
give 1.61 in 75% yield. An organozinc reagent® was used to give 1,2 addition product 1.62 and
1.64 in 83% vyield. As expected, a 1:1 mixture of 1.62 and 1.64 were obtained and separated by
column chromatography. The total synthesis of bisdehydrostemoninine (1.2) was accomplished by
lactonization*® with K.COj3 and t-BuOH in 76% yield, followed by hydrogenation. As we expected,
partial epimerization happened to 1.63 in the column of triethylamine-treated silica gel and
standard hydrogenation method. Finally, we used benzene-pyridine (1:1) as co-solvent to avoid
acidic epimerization condition and processed a selective hydrogenation in a 86% yield with 9:1
diastereoselectivity.*! Besides, we used the same method to obtain analogue 1.66 for further

biological activity.
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Scheme 1.12 Indole oxidation

After the first total synthesis of bisdehydroneostemoninine (1.1) and bisdehydrostemoninine
(1.2) were accomplished, we started to convert bisdehydroneostemoninine (1.1) to its oxidative
derivatives. To complete this transformation, a mild oxidation method is necessary to avoid
isomerization and deconstruction of the backbone. Although there is limited literature support for
pyrrole oxidation, several practical oxidations of indoles into corresponding oxindoles were
achieved?2 43, 44,45, 46, 47, 48, 49,5051 (Scheme 1.12). Except for the indole oxidation, an oxidation of
pyrrolo[1,2-a][1,4]diazepine was reported by mCPBA oxidation. To avoid skeleton deconstruction
and unnecessary waste of natural products, we selected stemoamide (1.13) as a model molecule to

explore oxidation conditions.

Me | M \ o
e. LDA, Mel . H N g.mcpBA -35°C  Me H h. NaCNBH3, HOAc
HMPA, THF 0 DCE o HFIP
75% (d.r. 9:1) : 07 61% : 62%
H i 1.68 H 1.69
| f.DBU, MeOH, 50 °C *

92%

k. LiIHMDS, Me]|

THF
59%

i. mCPBA, -35 °C

DCE
65%

stemoamide (1.13)

Scheme 1.13Total synthesis of stemoamide
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Starting from tricyclic core 1.50, a mild mCPBA oxidation at -35 T in DCE was used to
achieve lactam 1.71, followed by hydrogenation. o-Methylation leads to the final product
stemoamide (1.13) in 9 steps in total. Methylation of 1.50 provided two diastereomers 1.67 and
1.68 in a mixture of 9:1, which gave an opposite stereoselectivity to a-ethylation. The undesired
epimer can also be completely epimerized to desire one, followed by mCPBA oxidation and

reduction to obtain stemoamide (1.13).

a. mCPBA
DCE, -40 °C
—»O (0]
40% j;f
Me A
bisdehydroneostemoninine 1.72 1.73
(1.1)
¢1. Na(CN)BH3 | 330, ¢2. Na(CN)BH3 | 30,
HOAc, HFIP HOAc, HFIP
o d.Pd/C, H,
EtOH
—_—

99%

)< Q=g £
- '>N v AL 4
\’\\;& X ‘7) %" \C\A 4
Y . ».\/ ., 8 +
X-ray of 1.6 X-ray of 1.73 X-ray of 1.7

Scheme 1.14 Total synthesis of tuberostemoamide and sessilifoliamide A

After we finished the model study and achieved a total synthesis of stemoamide (1.13), we
applied the mCPBA oxidation to bisdehydroneostemoninine (1.1) and quickly accessed to lactam
1.72 in 40% yield. However, hydrogenation did not provide the desired product sessilifoliamide

A (1.7). To our surprise, we observed an ethoxylated product 1.73 with correct stereochemistry.
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An acidic condition was used to isomerize enamine to imine, followed by NaCNBH3 reduction to
give tuberostemoamide (1.6). HFIP, as a non-nucleophilic source, was used as a solvent to avoid
alkoxylation. The hydrogenation of tuberostemoamide (1.6) to sessilifoliamide A (1.7) went
smoothly to complete the total synthesis of tuberostemoamide (1.6) and sessilifoliamide A (1.7).
Under the same reduction condition, the ethoxylated product 1.73 can also be converted to imine

followed by reduction to access to sessilifoliamide A (1.7).

1.3 Conclusion

In summary, we completed the first total synthesis of bisdehydroneostemoninine (1.1) and
bisdehydrostemoninine (1.2) in stemona alkaloids. A Lewis acid promoted Friedel-Crafts
cyclization/lactonization was developed to construct the significant tricyclic core efficiently. A
palladium-catalyzed oxaspirolactonization was used to convert build up the tetracyclic core with
spirocenter. In this whole process, we optimized the conditions to isomerize undesired products
to the desired ones to avoid material waste. Additionally, we finished the total synthesis of
stemoamide (1.13), tuberostemoamide (1.6), and sessilifoliamide A (1.7) by developing a mild
mCPBA oxidation to convert pyrrole to lactam. Also, we obtained different analogues for

biological activity test in the future.

1.4 Experimental Data

General Methods: NMR spectra were recorded on Bruker spectrometers (*H at 500 MHz;
13C at 126 MHz. Chemical shifts (5) were given in ppm with reference to solvent signals [*H NMR:
CDCls (7.26); *3C NMR: CDCl;s (77.2)]. Column chromatography was performed on silica gel. All
reactions sensitive to air or moisture were conducted under argon atmosphere in dry and freshly

distilled solvents under anhydrous conditions, unless otherwise noted. Anhydrous THF and
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toluene were distilled over sodium and diphenylketone under Argon. Anhydrous CH2Cl, was
distilled over calcium hydride under Argon. Anhydrous MeOH was distilled over magnesium
under Argon. All other solvents and reagents were used as obtained from commercial sources

without further purification.

a. H,0, reflux, 0O
MeO o 0 ACONa, CH2C|2, rt /_/_«
-+ 75% N-Me
OMe + CIH;N > N o
D_ \/\)LOEt b. MeNH(OMe)-HCI, PrMgCl @ Me
1.55 1.56 THF, -20 to 0 ° 1.57

92%

2,5-Dimethoxytetrahydrofuran (13.2 g, 100 mmol) was added to a stirred solution of water
(remove the oxygen with argon flux overnight, 180 mL), and the solution was refluxed for 2 h
under argon. The light brown mixture was allowed to cool to room temperature before the addition
of dichloromethane (100 mL), sodium acetate (13 g, 155 mmol). Ethyl 4-aminobutanoate
hydrochloride (8.4 g, 54 mmol) was then added portionwise. The reaction mixture was then stirred
vigorously for 15 h with exclusion from light. The color turned to be dark brown. The reaction
mixture was treated with 2 M sodium carbonate solution (20 mL) and extracted with CH2Cl. The
combined organic layers were concentrated to afford the crude residue, which was purified by
column chromatography with EtOAc/Hexane (1:1) to provide the pyrrole derivative 6.8 g in 75%
yield as a light-yellow oil.
HRMS (ESI) [M + H*] calculated for C10H16NO-: 182.1176, found: 182.1174;
FTIR (neat, cm™) vmax 2980, 1732, 1500, 1447, 1375, 1282, 725;
"H NMR (500 MHz, CDCl3) &: 6.64 (t, J= 2.0 Hz, 2H), 6.14 (t, J=2.1 Hz, 2H), 4.13 (q, J=7.1
Hz, 2H), 3.94 (t, J = 6.9 Hz, 2H), 2.27 (t, J = 7.3 Hz, 2H), 2.05 — 2.11 (m, 2H), 1.26 (t, J=7.1

Hz, 3H);
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13C NMR (126 MHz, CDCls) &: 172.8, 120.6, 108.2, 60.5, 48.5, 31.0, 26.8, 14.2.

A solution of 2.0 M iPrMgClI (69 ml, 138 mmol) in dry THF was added dropwise to a
solution of the above ethyl ester product (10 g, 55 mmol) and Me(MeO)NH HCI (6.4 g, 66 mmol)
in én-THF (150 ml) at —20 °C. The mixture was warmed slowly to 0 °C and stirred at 0 °C for 2 h.
The reaction was then quenched with saturated aqueous NH4Cl. The mixture was extracted with
EtOAc. The organic layers were combined, dried over anhydrous Na SO, and filtered. The
resulting solution was concentrated in vacuo. Purification with column chromatography of the
crude residue [EtOAc/Hexane (1:1)] afforded 10 g of Weinreb amide in 92% yield.

FTIR (neat, cm™) vmax 2937, 1660, 1500, 1445, 1386, 1281, 726;

HRMS (ESI) [M + H*] calculated for C10H17N202: 197.1285, found: 197.1285;

IH NMR (500 MHz, CDCls) &: 6.65 (t, J = 2.1 Hz, 2H), 6.13 (t, J = 2.1 Hz, 2H), 3.97 (t, J = 6.8
Hz, 2H), 3.60 (s, 3H), 3.17 (s, 3H), 2.36 (t, J = 7.1 Hz, 2H), 2.12 — 2.06 (m, 2H);

13C NMR (126 MHz, CDCls) &: 173.6, 120.6, 108.0, 61.1, 48.7, 32.2, 28.4, 26.2.

0
¢. Z MgBr OH
N-Me THF, -20 °C /_/_<=
N ) > N
@ e d. NaBH,, CeCly7H,0 @
1.49

1.57 MeOH, -78 °C
67% (two steps)

To a solution of amide 1.57 (2.6 g, 13 mmol) in THF (120 ml) at -20 °C was added vinyl
magnesium bromide (1 M in THF, 16 ml, 16 mmol) dropwise over 20 minutes. The resulting
mixture was stirred at this temperature for 30 min, and then another solution of vinyl magnesium
chloride (1 M in THF, 4.8 ml, 4.8 mmol) was added dropwise. The reaction mixture was stirred at
this temperature for 2 h. The reaction was diluted with ethyl ether (380 ml) at -10 °C under Argon

and then quenched with water (50 ml). The aqueous layer was extracted with ethyl ether. The
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combined organic layer was dried over anhydrous Na>SOs and concentrated under reduced
pressure to afford a crude residue, which was submitted for the next reaction directly.

To a solution of CeCls (12 g, 33 mmol) in MeOH (107 ml) was added NaBH4 (1.6 g, 44
mmol) at 0 °C. The resulting mixture was cooled to -78 °C followed by addition dropwise over 15
min of a solution of the above crude ketone in methanol (36 ml). The mixture was stirred at -78 °C
for 2 h. The reaction mixture was quenched with saturated aqueous NH4Cl and concentrated. Then
the solution was extracted with EtOAc, and the combined organic layer was concentrated to afford
a crude residue, which was purified by column chromatography (Hexane: EtOAc = 1:1) to give
1.5 g of the desired product in 67% yield for two steps.

HRMS (ESI) [M + H™] calculated for C10H1sNO: 166.1226, found: 166.1221;

FTIR (neat, cm™) vmax 3403, 3098, 2942, 2874, 1697, 1500, 1369, 1280.69, 1090, 992, 724;

IH NMR (500 MHz, CDCl3) §: 6.65 (t, J = 2.0 Hz, 2H), 6.14 (t, J = 2.1 Hz, 2H), 5.84 (ddd, J =
16.9, 10.4, 6.2 Hz, 1H), 5.22 (dt, J = 17.2, 1.4 Hz, 1H), 5.12 (dt, J = 10.4, 1.3 Hz, 1H), 4.12 — 4.06
(m, 1H), 3.91 (td, J = 7.1, 1.2 Hz, 2H), 1.95 — 1.76 (m, 2H), 1.59 (s, 1H), 1.55 — 1.50 (m, 2H);

13C NMR (126 MHz, CDCls) § 140.7, 120.4, 114.9, 107.8, 72.5, 49.3, 33.8, 27.3.

OH OH
/_/_<= e. 2 co,Me _
N Grubbs 2™
—_— N oM
@ PhOH, tol. @ 4 ©
1.49 110 °C 7

91%

To a solution of alcohol 1.49 (1.3 g, 7.9 mmol) in toluene (7.9 ml) were added methyl

acrylate (6.8 g, 79 mmol) , the Grubbs second generation catalyst (167 mg, 0.2 mmol) and phenol

(0.37 g, 3.9 mmol) at room temperature in sealed tube. The deep brown reaction mixture was raised
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to 110 °C and stirred for 0.5 h. The reaction mixture was concentrated to afford a crude residue,
which was purified by column chromatography (Hexane: EtOAc = 4:1) to afford 1.6 g of the
desired product as brown oil in 91% vyield.

FTIR (neat, cm™) vmax 3462, 2950, 1722, 1660, 1500, 1437, 1280, 729;

HRMS (ESI) [M + Na] calculated for C12H17NaNOsz: 246.1101, found: 246.1108;

IH NMR (500 MHz, CDCl3) & 6.89 (dd, J = 15.7, 4.9 Hz, 1H), 6.64 (t, J = 2.1 Hz, 2H), 6.14 (t, J
= 2.1 Hz, 2H), 6.01 (dd, J = 15.7, 1.6 Hz, 1H), 4.35 — 4.11 (m, 1H), 3.91 (td, J = 7.0, 2.1 Hz, 2H),
3.74 (s, 3H), 2.13 (s, 1H), 1.94 — 1.80 (m, 2H), 1.61 — 1.48 (m, 2H);

13C NMR (126 MHz, CDCl3) § 166.9, 150.0, 120.5, 120.1, 108.1, 70.5, 51.7, 49.3, 33.5, 27.2.

OH
Y
= f. BF; OEt, o
N Me ————>
1 K OMe CH,Cl, 01
7 0°C to rt H
1.58 1.50

79% (dr. 2.6:1)

To asolution of ester 1.58 (1.43 g, 6.42 mmol) in DCM (200 ml) was added boron trifluoride
diethyl etherate (1.0 ml, 7.70 mmol) at O °C. The reaction mixture was raised to room temperature
and stirred overnight. The reaction mixture was quenched with triethylamine and stirred for 30
min. The organic layer was washed with H20 and concentrated to afford a crude residue, which
was purified by column chromatography (Hexane: EtOAc = 4:1) to afford 695 mg of the desired
product 1.50 as white solid in 57% yield and its epimer (275 mg, 22%).

FTIR (neat, cm™) vmax 2937, 1778, 1487, 1193, 1137, 1019, 716;
HRMS (ESI) [M + H] calculated for C1:H14aNO2: 192.1019, found: 192.1017;
IH NMR (500 MHz, CDCls) 8: 6.62 (t, J = 2.3 Hz, 1H), 6.03 (t, J = 3.3 Hz, 1H), 5.95 — 5.94 (m,

1H), 4.14 — 4.10 (m, 1H), 3.97 (ddd, J = 11.2, 9.9, 3.5 Hz, 1H), 3.88 (ddd, J = 14.6, 11.7, 1.0 Hz,
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1H), 3.44 — 3.36 (m, 1H), 2.94 — 2.87 (m, 2H), 2.58 — 2.49 (m, 1H), 2.10 — 2.15 (m, 1H), 1.77 —
1.85 (m, 1H), 1.75 — 1.63 (m, 1H);
13C NMR (126 MHz, CDCL3) &: 175.2, 128.6, 122.8, 106.4, 105.5, 83.7, 49.1, 42.2, 34.0, 33.7,

26.1.

Me Me
H \; i \; B
7 N
. LDA, Etl
(0] g Bt > O + o)
0~ HMPA, THF, 0= 0=
H -78 °C to -20 °C H +H 1.51

1.50 86% (dr. 1.6:1) 1.59| pgy, MeOH, 50 °C
85%

To a stirred solution of lactone 1.50 (191 mg, 1.0 mmol) was added dropwise LDA freshly
prepared (0.3 M solution in THF, 10.0 ml, 3.0 mmol) at -78 <C. After stirring for 30 min, HMPA
(23 ul) was added, followed by the dropwise addition of ethyl iodide (0.24 ml, 3.0 mmol). The
resulting reaction mixture was raised to — 20 <C and stirred for 4 h at this temperature. The reaction
was quenched with saturated aqueous NH4Cl and extracted with EtOAc. The combined organic
layer was concentrated to afford a crude residue, which was purified by column chromatography
(Hexane: EtOAc: DCM = 4:1:1) to afford 60 mg of the desired product 1.51 as a white solid in
37% yield and its epimer 1.59 in 49% yield (108 mg).

To a solution of 1.59 (254 mg, 1.2 mmol) in methanol (30 ml) was added anhydrous K.COs
(164 mg, 1.2 mmol) at room temperature. The resulting suspension was stirred at the same
temperature for 120 h. The reaction was quenched with saturated aqueous NH4Cl and concentrated
to remove the methanol. The aqueous residue was extracted with ethyl acetate. The combined
organic layer was concentrated to afford a crude residue, which was purified by column
chromatography (Hexane: EtOAc: DCM = 4:1:1) to afford 148 mg of the desired product in 58%

of yield.
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FTIR (neat, cm™) vmax 2934, 1773, 1487, 1453, 1192, 1166, 1019, 712;

HRMS (ESI) [M + H*] calculated for C13H1sNO»: 220.1332, found: 220.1338;

H NMR (500 MHz, CDCls) § 6.62 (dd, J = 2.6, 1.8 Hz, 1H), 6.04 (dd, J = 3.6, 2.7 Hz, 1H), 5.96
(dt, J = 3.2, 1.3 Hz, 1H), 4.13 — 4.08 (m, 1H), 3.94 — 3.81 (m, 2H), 3.21 — 3.08 (m, 1H), 2.98 —
2.93 (m, 1H), 2.58 — 2.45 (m, 1H), 2.08 — 2.14 (m, 1H), 2.00 — 1.82 (m, 2H), 1.81 — 1.62 (m, 2H),
1.07 (t, J = 7.5 Hz, 3H);

13C NMR (126 MHz, CDCls) &: 177.5, 128.8, 122.6, 106.4, 105.2, 81.4, 49.0, 45.6, 45.2, 34.1,

26.3,21.1, 10.8.

Me

i

: N
o)

0~

H
1.59

IH NMR (500 MHz, CDCls) § 6.61 — 6.60 (m, 1H), 6.14 (dt, J = 3.2, 1.4 Hz, 1H), 6.04 (dd, J =
3.7,2.7 Hz, 1H), 4.31 (td, J = 10.5, 3.9 Hz, 1H), 4.14 (ddt, J = 14.6, 5.9, 1.4 Hz, 1H), 3.79 (ddd, J
= 145, 11.2, 1.2 Hz, 1H), 3.44 (dd, J = 10.4, 7.0 Hz, 1H), 2.98 — 2.88 (m, 1H), 2.63 — 2.52 (m,
1H), 2.40 (ddd, J = 14.4, 7.5, 3.8 Hz, 1H), 2.14 — 2.05 (m, 1H), 1.87 — 1.77 (m, 1H), 1.77 — 1.68
(m, 2H), 1.15 (t, J = 7.5 Hz, 3H);

13C NMR (126 MHz, CDCl3) § 177.2, 126.0, 122.7, 107.6, 106.4, 81.0, 50.0, 45.8, 34.9, 25.4, 19.2,

11.8.
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h. CITi(OiPr), Me

N
EtMgB H !
gBr N
THF, 0 °C to rt
63% HOpo
1.52

To asolution of lactone 1.51 (1 g, 4.6 mmol) in THF (16 ml) was added a solution of CITi(O-
iPr)sin THF (1 M in THF, 11 ml, 11 mmol) at room temperature. The reaction mixture was cooled
to 0 T and a solution of EtMgBr in THF (1 M in THF, 22 ml, 22 mmol) was added dropwise from
a syringe over 10 min. The addition caused a brown-dark of the reaction mixture. After gas
evolution ceased, the reaction mixture was warmed to room temperature. The flask was then sealed
tightly with a plastic cap and the thick, dark brown mixture was stirred vigorously at room
temperature for 36 h. The reaction mixture was diluted with ethyl acetate and quenched with
saturated NH4ClI solution. Triethylamine was added and the reaction was stirred for 30 min. The
mixture was extracted with ethyl acetate. The combined organic layers were dried over anhydrous
Na>SO4 and concentrated to afford a crude residue, which was purified by column chromatography
(Hexane: EtOAc = 2:1) to afford the cyclopropanol product as colorless oil (Yield: 63%; 680 mg).
FTIR (neat, cm™) vmax 3349, 2929, 2875, 1682, 1487, 1456, 1093, 1075.11, 1018, 709;

HRMS (ESI) [M + H*] calculated for C15H24NO2: 250.1802, found: 250.1795;

IH NMR (500 MHz, CDCl3) § 6.52 (t, J = 2.3 Hz, 1H), 5.99 (s, 1H) 5.98 (s, 1H), 4.46 (d, J = 5.5
Hz, 1H), 4.02 - 3.92 (m, 1H), 3.87 — 3.78 (m, 1H), 3.32 (¢, J = 8.6, 7.0 Hz, 1H), 2.93 (s, 1H), 2.10
(s, 1H), 1.96 — 1.80 (m, 2H), 1.77 — 1.69 (m, 1H), 1.61 — 1.52 (m, 2H), 1.41 — 1.37 (m, 1H), 1.33
—1.22 (m, 1H), 0.91 — 0.76 (m, 5H), 0.65 — 0.52 (M, 2H);

13C NMR (126 MHz, CDCls) § 130.3, 122.0, 106.0, 73.0, 68.3, 60.3, 55.4, 47.4, 46.6, 31.6, 25.6,

14.4,12.8.
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Me . Me
2T i [Pd(neoc)(OAC),(OTH, Y
BQ, CO (1 atm 0,
: DCE( ¢ o \\\;O "
, A
HOpo 60% (dr. 2.3:1) 07

1.52 54% (fresh cat.) 1.53H

To a solution of cyclopropanol 1.52 (130 mg, 0.53 mmol) in DCE (15.6 ml) was added
benzoquinone (115 mg, 1.1 mmol). The resulting solution was evacuated and backfilled three
times using a carbon monoxide balloon. [Pd(neoc)(OACc)]2(OTf)2 (27.3 mg, 0.053 mmol) was
added in one portion, and the black solution was stirred at 50 <C overnight. To the reaction mixture
was added another portion of [Pd(neoc)(OACc)]2(OTf)2 (27.3 mg, 0.053 mmol) and benzoquinone
(115 mg, 1.06 mmol). The resulting black solution was stirred at 50 <C for another 8 h. The reaction
mixture was quenched with saturated NH4Cl solution. Triethylamine was added and stirred for 30
min. The mixture was extracted with DCM. The combined organic layers were dried over
anhydrous Na;SO4 and concentrated to afford a crude residue, which was purified by column
chromatography (Hexane: EtOAc = 4:1) to afford the desired product (Yield: 42%; 60.5 mg) and

its epimer (Yield: 18%; 26.5 mg) as purple oil.

(@) O' N TFA (@) o) N
/ DCM, rt \I\;
O7: 75% © 07

1.53p H 1.53 H

To a solution of the undesired diastereomer (130 mg, 4.7 mmol) in DCM (10 ml) at room
temperature was added TFA (53 mg, 4.7 mmol) dropwise. The resulting mixture was stirred at this
temperature for 10 min, followed by quenching the reaction with EtsN. The reaction mixture was
concentrated to afford a crude residue, which was purified by column chromatography (Hexane:
EtOAc = 4:1) to afford the desired product (Yield: 75%; 96 mg) and 22 mg of 1.53b (15%) was
recycled.

The procedure with the freshly prepared [Pd(neoc)(OAC)]2(OTf)2:
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To a solution of the cyclopropanol (1.63 g, 6.3 mmol) in DCE (190 ml) was added the
benzoquinone (1.36 g, 12.6 mmol). The resulting solution was evacuated and backfilled three times
using a carbon monoxide balloon. [Pd(neoc)(OAc)]2(OTf): (freshly prepared, 655 mg, 0.63 mmol)
was added in one portion, and the black solution was stirred at 50 <C overnight. The reaction
mixture was quenched with saturated NH4Cl solution. Triethylamine was added and stirred for 30
min. The mixture was extracted with DCM. The combined organic layers were dried over
anhydrous Na»>SO4 and concentrated to afford a crude residue, which was purified by column

chromatography (Hexane: EtOAc = 4:1) to afford the desired product (Yield: 54%; 926 mg) as

Me

B

Oto N
30_

1.53 H

FTIR (neat, cm™) vmax 2932, 1777, 1487, 1452, 1203, 1174, 1062, 1009, 900, 709;

purple oil.

HRMS (ESI) [M + H*] calculated for C16H22NO3: 276.1594, found: 276.1603;

IH NMR (500 MHz, CDCl3) § 6.57 (dd, J = 2.7, 1.8 Hz, 1H), 6.02 (dd, J = 3.5, 2.7 Hz, 1H), 5.90
(dt, J =3.1, 1.3 Hz, 1H), 4.03 (ddt, J = 14.5, 5.5, 1.6 Hz, 1H), 3.87 (ddd, J = 14.5, 11.8, 1.1 Hz,
1H), 3.57 (ddd, J = 11.2, 9.8, 3.5 Hz, 1H), 3.13 — 3.03 (m, 1H), 2.81 (dt, J = 17.5, 9.9 Hz, 1H),
2.55 (ddd, J = 17.6, 9.8, 2.5 Hz, 1H), 2.48 — 2.40 (m, 2H), 2.33 (ddd, J = 13.4, 9.8, 2.5 Hz, 1H),
2.29 - 2.23 (m, 1H), 2.05 — 1.98 (m, 1H), 1.89 — 1.80 (m, 1H), 1.77 — 1.68 (m, 2H), 1.61-1.58 (m,
1H), 1.06 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, CDCls) & 176.1, 130.1, 121.8, 116.5, 106.0, 104.1, 83.8, 51.1, 48.9, 47.6,

35.3, 32.3, 28.3, 26.6, 20.7, 12.9.
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M
e\\
H

O, O' N
0~%

1.53b H

FTIR (neat, cm™) vmax 2933, 2874, 1779, 1487, 1457, 1197, 1148, 902, 712;

HRMS (ESI) [M + H] calculated for C16H22NO3: 276.1594, found: 276.1588;

IH NMR (500 MHz, CDCl3) § 6.56 (t, J = 2.2 Hz, 1H), 6.00 (t, J = 3.1 Hz, 1H), 5.95 (dt, J = 3.1,
1.4 Hz, 1H), 4.06 (dd, J = 14.6, 5.4 Hz, 1H), 3.83 (dd, J = 14.4, 10.9 Hz, 1H), 3.70 (td, J = 10.2,
3.6 Hz, 1H), 2.93 — 2.85 (m, 1H), 2.85 — 2.78 (m, 1H), 2.69 (t, J = 9.9 Hz, 1H), 2.52 — 2.57 (m,
1H), 2.42 — 2.48 (m, 1H), 2.32 — 2.36 (m, 1H), 2.18 (ddd, J = 13.1, 8.9, 1.7 Hz, 1H), 2.06 — 1.98
(m, 1H), 1.67 — 1.77 (m, 2H), 1.66 — 1.58 (m, 2H), 1.01 (t, J = 7.5 Hz, 3H);

13C NMR (126 MHz, CDCls) § 176.0, 129.8, 122.0, 117.8, 106.0, 105.6, 81.3, 50.7, 50.0, 49.2,

34.2,30.0, 28.8, 26.4, 23.6, 12.5.

Me
Me I _N+ Me
1 N Me H \\
Ox-0 ) N LIHMDS, THF, -78°C \éﬁ
\l\; k. Mel, DCM/Et,0O (1:2), "t
07t 1. DBU, THF, rt

H
1.53

To asolution of 1.53 (48 mg, 0.17 mmol) in THF (8.0 mL) was slowly added fresh prepared
lithium bis(trimethylsilyl)amide (2.0 mL, 0.5 M, 1.0 mmol) at -78 <C, and the resultant mixture
was then stirred at the same temperature for 0.5 h. To the above solution was added Eschenmoser
salt (259 mg, 1.4 mmol), and the resultant mixture was then warmed to -30 <C slowly. The reaction
mixture was quenched by addition of a saturated solution of NH4Cl at -30 <C and then raised to

room temperature. The reaction mixture extracted by EtOAc three times and the solvent was
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removed under vacuum to give a yellow oil, which was used in next step without further
purification.

To a solution of the above crude amine compound in ethyl ether (1.0 ml) and DCM (0.5 ml)
was added methyl iodide (0.28 ml) at 0 <C. The resulting solution was raised to room temperature
and stirred overnight. The solvent was removed under vacuum, and the crude product was re-
dissolved in THF (13 ml). To the above solution was added DBU (105 xl) at 0 <C and was raised
to room temperature. The reaction mixture was stirred for 2 h and filtered through a short pad of
silica. The solvent was concentrated to afford 34 mg crude product, which was submitted for the

next reaction without further purification.

M
Me QA E 1 N
oo VA ! \ m. Rug(CO), Os_0 N
)\_V\s dioxane, 100 °C =Ny
T 0% Me H
o 68% from 10 ) H .
1.60 (one purification) Bisdehydroneostemoninine

(1.1)

To a solution of 1.60 in dioxane (10 ml) were added Ruz(CO)12 (7.4 mg, 0.012 mmol) and
triethylamine (17 wl, 0.12 mmol) in a sealed tube. The resulting solution was heated to 100 <C and
stirred at this temperature for 1 h. The reaction mixture was concentrated to afford a crude residue,
which was purified by column chromatography (Hexane: Acetone = 4:1) to afford 1.1 in 68% yield
from 1.53 (34 mg).

FTIR (neat, cm™) vmax 2934, 1766, 1487, 1451, 1284, 1167, 972, 877, 761, 712;

HRMS (ESI) [M + H"] calculated for C17H22NOz: 288.1594, found: 288.1585;

IH NMR (500 MHz, CDCls) & 6.76 (t, J = 1.6 Hz, 1H), 6.64 — 6.55 (m, 1H), 6.03 (dd, J = 3.6, 2.7
Hz, 1H), 5.89 (dt, J = 3.0, 1.3 Hz, 1H), 4.09 — 4.01 (m, 1H), 3.89 (dd, J = 14.5, 11.8 Hz, 1H), 3.71

~3.62 (m, 1H), 3.21 (dd, J = 12.1, 9.8 Hz, 1H), 2.57 (ddd, J = 12.3, 9.2, 3.2 Hz, 1H), 2.37 — 2.26
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(m, 1H), 2.04 (tq, J = 8.7, 4.4 Hz, 1H), 1.96 (d, J = 1.6 Hz, 3H), 1.86 — 1.73 (m, 2H), 1.66 — 1.60
(m, 1H), 1.59-1.51(m, 1H), 0.91 (t, J = 7.6 Hz, 3H);
13C NMR (126 MHz, CDCls) § 171.6, 145.4, 133.2, 129.6, 121.9, 113.2, 106.1, 104.1, 84.8, 50.9,

48.9,47.3,35.1, 26.7,19.9, 13.1, 10.5.

M
e ‘\
H
OIO N
~& I\
Me 07

C11-epHi-1.1
The C11-epimer of 1.1 was prepared via the same sequence described above from 1.53b in 68%
yield.
FTIR (neat, cm™) vmax 2932, 2875, 1768, 1487, 1451, 1298, 1136, 958, 761, 713;
HRMS (ESI) [M + H*] calculated for C17H22NOs: 288.1594, found: 288.1590;
IH NMR (500 MHz, CDCl3) 6 6.82 (q, J = 1.6 Hz, 1H), 6.58 (t, J = 2.2 Hz, 1H), 6.02 (dd, J = 3.6,
2.7 Hz, 1H), 5.94 (dt, J = 3.2, 1.3 Hz, 1H), 4.10 — 4.05 (m, 1H), 3.88 — 3.81 (m, 2H), 2.99 (ddd, J

=10.7,9.2,5.2 Hz, 1H), 2.82 (t, J = 10.3 Hz, 1H), 2.37 (ddt, J = 9.8, 4.6, 2.7 Hz, 1H), 2.05 - 2.01

(m, 1H), 1.97 (d, J = 1.7 Hz, 3H) , 1.76 (dtd, J = 15.3, 7.6, 5.3 Hz, 1H), 1.66 — 1.60 (m, 2H), 1.58

~ 151 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H);
13C NMR (126 MHz, CDCl3) § 171.3, 143.3, 133.0, 129.1, 122.1, 114.5, 106.1, 105.6, 83.1, 51.9,

50.5,49.2, 34.3, 26.3, 23.6, 12.4, 10.6.

Me
Me
‘\ \N—CHO
ojf‘éﬁ e Xt
~ h
o2 AcONa, H,0, rt, 2 h j\;f
Me B Me 0

N
759 :
Bisdehydroneostemoninine % H
1.1) 1.61
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Freshly distilled (COCI)2 (11.7 mg, 8 ul) was added dropwise to anhydrous DMF (11.2 mg,
11.8 ul) at 10 <C, and the white crystals obtained immediately were stirred for 15 min without
cooling. Then DCM (1 ml) was added, and a solution of 1.1 (22 mg, 0.077 mmol) in DCM (2 ml)
was added dropwise over 10 min at room temperature. The resulting mixture was stirred for 0.5 h
at room temperature. Then a solution of NaOAc (33 mg) in 0.55 ml water was added and the
stirring was continued for 0.5 h at room temperature. The organic layer was separated, and the
aqueous layer was extracted with DCM. The combined organic phases were washed with saturated
NaHCOs and water, dried with anhydrous Na;SO4 and concentrated to afford a crude residue,
which was purified by column chromatography (Hexane: Acetone = 4:1) to afford the aldehyde
1.61 (Yield: 75%; 18 mg).
HRMS (ESI) [M + H*] calculated for C1sH22NO4: 316.1543, found: 316.1550;
FTIR (neat, cm™) vmax 2966, 2168, 1767, 1438, 1285, 1204, 972, 880, 761;
IH NMR (500 MHz, CDCl3) § 9.46 (s, 1H), 6.84 (d, J = 4.1 Hz, 1H), 6.75 (d, J = 1.7 Hz, 1H), 6.02
(d, J = 4.0 Hz, 1H), 5.78 — 5.67 (m, 1H), 3.76 — 3.62 (m, 2H), 3.29 (dd, J = 12.2, 9.9 Hz, 1H), 2.60
(ddd, J=12.4,9.0, 3.7 Hz, 1H), 2.34 (ddd, J = 12.0, 5.5, 2.3 Hz, 1H), 2.07 (ddd, J =18.2, 8.7, 4.1
Hz, 1H), 1.97 (d, J = 1.7, 3H), 1.86 (tdd, J = 13.1, 11.3, 3.7 Hz, 1H), 1.69 (dtd, J = 15.5, 7.7, 3.6
Hz, 1H), 1.65 — 1.51 (m, 2H), 0.91 (t, J = 7.6 Hz, 3H);
13C NMR (126 MHz, CDCl3) § 179.5, 171.3, 144.7, 141.3, 133.6, 131.9, 124.7, 112.9, 106.2,

83.3,50.5,47.1, 45.2, 35.5, 25.8, 19.9, 13.0, 10.6.
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Br O

ME | H)—CcHO © YLOMe
(0] (o) N
j; o Zn, THF
Me & NH,CI (aq.), rt
1.61 83% (dr. 1:1)

To a solution of aldehyde 1.61 (15 mg, 0.048 mmol) and methyl 2-(bromomethyl)acrylate
(20.4 mg, 13.6 ul, 0.11 mmol) in saturated NH4Cl solution (2.2 ml) and THF (0.45 ml) was added
activated zinc powder (7.6 mg, 0.11 mmol) at room temperature. The resulting reaction mixture
was stirred at room temperature for 2 h and diluted with ethyl ether (5 ml). The aqueous layer was
extracted with ethyl ether. The combined organic phases were dried with anhydrous Na>SO4 and
concentrated to afford a crude residue, which was purified by column chromatography (Hexane:
EtOAc: DCM = 1:1:1) to afford the desired diastereomer 1.62 (Yield: 42%; 8.3 mg) and its epimer

1.64 (Yield: 41%; 8.1 mg).

HRMS (ESI) [M + H] calculated for C23H30NOe: 416.2068, found: 416.2068;

FTIR (neat, cm™) vmax 3501, 2928, 1766, 1717, 1438, 1285, 1024, 972, 880, 761;
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IH NMR (500 MHz, CDCls) § 6.76 (d, J = 1.7 Hz, 1H), 6.32 (d, J = 1.3 Hz, 1H), 6.03 (d, J = 3.6
Hz, 1H), 5.81 (dd, J = 3.7, 0.9 Hz, 1H), 5.73 (d, J = 1.3 Hz, 1H), 4.83 (ddd, J = 9.6, 6.0, 3.6 Hz,
1H), 4.46 (dd, J = 14.6, 5.6 Hz, 1H), 3.78 (s, 3H), 3.72 — 3.62 (m, 2H), 3.28 — 3.18 (m, 1H), 2.97
(ddd, J = 14.0, 3.6, 1.1 Hz, 1H), 2.86 — 2.78 (m, 1H), 2.56 (ddd, J = 12.3, 9.3, 3.3 Hz, 1H), 2.31
(dg, J=12.1, 3.7 Hz, 1H), 2.10 - 2.01 (m, 2H), 1.96 (d, J = 1.6 Hz, 3H), 1.87 — 1.70 (m, 2H), 1.64
—1.59 (m, 1H), 1.58-1.54 (m, 1H), 0.90 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, CDCl3) § 171.6, 167.8, 145.3, 137.0, 134.2, 133.2, 131.5, 128.4, 113.2, 104.3,

102.3, 84.7, 65.5, 52.1, 50.7, 47.2, 44.8, 38.9, 35.3, 26.3, 19.9, 13.1, 10.5.

OH

M N
e ‘ QA R
H
O)\;O N
~ I\
Me 07 ©

H MeO
1.64
IH NMR (500 MHz, CDCl3) § 6.75 (q, J = 1.6 Hz, 1H), 6.30 (d, J = 1.3 Hz, 1H), 6.12 — 5.94 (m,
1H), 5.81 (dd, J = 3.6, 1.0 Hz, 1H), 5.73 (g, J = 1.2 Hz, 1H), 4.81 (dd, J = 9.4, 4.6 Hz, 1H), 4.51
(dd, J = 15.0, 5.6 Hz, 1H), 3.77 (s, 3H), 3.75 — 3.62 (m, 2H), 3.21 (ddd, J = 12.1, 9.8, 1.0 Hz, 1H),
2.95 (ddd, J = 14.1, 3.8, 1.1 Hz, 1H), 2.81 (ddd, J = 14.1, 9.5, 0.9 Hz, 1H), 2.56 (ddd, J = 12.3,
9.3, 3.3 Hz, 1H), 2.30 (dg, J = 12.7, 3.7 Hz, 1H), 2.10 — 2.00 (m, 2H), 1.96 (d, J = 1.7 Hz, 3H),
1.87 — 1.68 (m, 2H), 1.66 — 1.44 (m, 2H), 0.90 (t, J = 7.6 Hz, 3H);
13C NMR (126 MHz, CDCl3) & 171.6, 167.8, 145.3, 137.0, 134.2, 133.2, 131.3, 128.3, 113.2, 104.4,

102.4, 84.7, 65.5, 52.1, 50.7, 47.3, 44.4, 39.4, 35.2, 26.4, 19.9, 13.1, 10.5.
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p. KZCO3
j\; tBuOH rt
76%

To a solution of 1.62 (23 mg, 0.055 mmol) in tBUuOH (1.2 ml) was added K>CO3 (23 mg,

0.17 mmol) at room temperature and stirred for 6 h. The reaction mixture was quenched with water
and extracted with DCM. The combined organic layers were concentrated to afford white solid
1.63 (16 mg, 76% vyield), which was submitted for the next reaction directly.
HRMS (ESI) [M + H] calculated for C22H26NOs: 384.1805, found: 384.1801;

FTIR (neat, cm™) vmax 2923, 2855, 1764, 1458, 1376, 1277, 1137, 974, 757;

IH NMR (500 MHz, CDCls)  6.76 (q, J = 1.6 Hz, 1H), 6.28 (t, J = 2.8 Hz, 1H), 6.11 (d, J = 3.7
Hz, 1H), 5.87 — 5.85 (m, 1H), 5.74 (t, J = 2.5 Hz, 1H), 5.59 (t, J = 7.4 Hz, 1H), 4.31 (dd, J = 14.5,
5.6 Hz, 1H), 3.81 — 3.74 (m, 1H), 3.67 (ddd, J = 11.1, 9.8, 3.6 Hz, 1H), 3.31 — 3.22 (m, 3H), 2.56
(ddd, J = 12.4, 9.1, 3.4 Hz, 1H), 2.34 (dg, J = 12.7, 3.6 Hz, 1H), 2.10 (dq, J = 14.3, 4.3 Hz, 1H),
1.96 (d, J = 1.6 Hz, 3H), 1.83 (tdd, J = 13.0, 11.2, 3.6 Hz, 1H), 1.76 — 1.66 (m, 1H), 1.58 (ddt, J =
14.7,9.8, 7.4 Hz, 2H), 0.91 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, CDCl3) § 171.6, 169.8, 145.2, 134.6, 133.6, 133.4, 129.0, 122.1, 113.1, 106.7,

103.0, 84.3, 70.8, 50.6, 47.3, 45.2, 35.4, 31.7, 26.2, 19.9, 13.1, 10.6.

Compound 1.65 was prepared using the same procedure described above. Yield: 99%.
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IH NMR (500 MHz, CDCl3) § 6.75 (d, J = 1.7 Hz, 1H), 6.28 (t, J = 2.8 Hz, 1H), 6.12 (dd, J = 3.8,
0.7 Hz, 1H), 5.85 (dd, J = 3.7, 1.0 Hz, 1H), 5.73 (t, J = 2.4 Hz, 1H), 5.55 (t, J = 7.4 Hz, 1H), 4.37
(dd, J = 15.4, 5.5 Hz, 1H), 3.86 — 3.77 (m, 1H), 3.65 (ddd, J = 11.3, 9.8, 3.6 Hz, 1H), 3.28 (dt, J =
7.4, 2.6 Hz, 2H), 3.22 (ddd, J = 12.4, 9.9, 0.9 Hz, 1H), 2.57 (ddd, J = 12.4, 9.2, 3.4 Hz, 1H), 2.31
(ddd, J = 11.1, 5.9, 2.2 Hz, 1H), 2.13 — 2.03 (m, 1H), 1.96 (d, J = 1.7 Hz, 3H), 1.84 (tdd, J = 13.1,
11.2, 3.8 Hz, 1H), 1.78 — 1.67 (m, 1H), 1.65 — 1.57 (m, 1H), 1.52 (ddt, J = 11.7, 3.3, 1.7 Hz, 1H),
0.90 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, CDCl3) § 171.5, 169.6, 145.1, 134.5, 133.5, 133.4, 128.7, 122.2, 113.1, 107.0,

103.1, 84.4, 70.8, 50.6, 47.3, 44.7, 35.1, 32.0, 26.3, 19.9, 13.1, 10.6.

q. Pd/C, H,

PhH/pyr. (1:1), rt
86% (dr. 9:1)

H
Bisdehydrostemoninine (1.2)

To a solution of 1.63 (5 mg, 0.013 mmol) in 0.66 ml of benzene/pyridine (1:1) was added
the 10% Pd/C (1 mg) at room temperature. The reaction was stirred under 1 atm hydrogen for 20
min. before it was diluted with ethyl ether and filtered through a short pad of Celite. The combined
organic layer was concentrated to afford the product 1.2 as a white solid (Yield: 86%; 4.3 mg; dr.
9:1).
HRMS (ESI) [M + H*] calculated for C22H2sNOs: 386.1962, found: 386.1970;
FTIR (neat, cm™) vmax 2933, 1761, 1438, 1343, 1287, 1165, 972, 761
IH NMR (500 MHz, CDCls) § 6.76 (q, J = 1.6 Hz, 1H), 6.13 (d, J = 3.8 Hz, 1H), 5.87 (dd, J = 3.8,
1.0 Hz, 1H), 5.38 (dd, J = 11.0, 5.2 Hz, 1H), 4.28 (dd, J = 14.5, 5.5 Hz, 1H), 3.81 — 3.73 (m, 1H),

3.70 — 3.61 (m, 1H), 3.31 — 3.22 (m, 1H), 2.88 — 2.74 (m, 1H), 2.71 (ddd, J = 12.4, 8.3, 5.3 Hz,
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1H), 2.57 (ddd, J = 12.4, 9.2, 3.5 Hz, 1H), 2.38 — 2.28 (m, 1H), 2.21 (td, J = 12.2, 11.0 Hz, 1H),
2.11—2.05 (m, 1H), 1.96 (d, J = 1.7 Hz, 3H), 1.88 — 1.78 (m, 1H), 1.72 (dtd, J = 15.5, 7.7, 3.3 Hz,
1H), 1.68 — 1.57 (m, 2H), 1.35 (d, J = 7.0 Hz, 3H), 0.91 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, CDCls) § 179.0, 171.7, 145.3, 133.6, 128.8, 113.3, 107.0, 103.1, 84.5, 71.6,

50.8,47.4,45.3, 36.2, 35.5, 34.9, 29.7, 26.3, 20.1, 15.2, 13.2, 10.7.

IH NMR (500 MHz, DMSO-ds) § 7.17 (g, J = 1.8 Hz, 1H), 6.13 (d, J = 3.7 Hz, 1H), 5.85 (d, J =
3.7 Hz, 1H), 5.53 (dd, J = 11.1, 5.2 Hz, 1H), 4.18 (dd, J = 14.7, 5.5 Hz, 1H), 3.86 (dd, J = 14.8,
11.2 Hz, 1H), 3.57 — 3.46 (m, 1H), 3.22 (dd, J = 12.1, 9.9 Hz, 1H), 2.89 — 2.79 (m, 1H), 2.70
(ddd, J = 12.4, 9.0, 3.5 Hz, 1H), 2.64 — 2.55 (m, 1H), 2.22 — 2.15 (m, 1H), 2.10 (g, J = 11.9 Hz,
1H), 2.04 — 1.94 (m, 1H), 1.84 (d, J = 1.6 Hz, 3H), 1.69 (qd, J = 12.8, 3.7 Hz, 1H), 1.57 (dtt, J =
15.4,7.7, 3.8 Hz, 1H), 1.41 (ddd, J = 14.5, 9.0, 7.3 Hz, 2H), 1.17 (d, J = 7.0 Hz, 3H), 0.82 (td, J

=7.2,3.6 Hz, 3H);

13C NMR (126 MHz, DMSO-ds) & 178.8, 171.3, 146.9, 132.7, 131.6 , 128.6, 113.2, 106.8, 102.7,

84.0,71.0,49.1, 46.3,44.1, 35.5, 34.8, 34.3, 25.9, 19.7, 14.6, 12.4, 10.1.

q.Pd/C,Hy

PhH/pyr. (1:1), rt
99% (dr. 9:1)

Compound 1.66 was prepared using the same procedure described above. Yield: 99%.
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IH NMR (500 MHz, DMSO-ds) & 7.17 (q, J = 15 Hz, 1H), 6.14 (d, J = 3.7 Hz, 1H), 5.85 (dd, J =
3.7, 0.8 Hz, 1H), 5.50 (dd, J = 11.0, 5.2 Hz, 1H), 4.22 (dd, J = 14.9, 5.4 Hz, 1H), 3.88 (dd, J =
15.0, 11.5 Hz, 1H), 3.51 (ddd, J = 11.2, 9.7, 3.5 Hz, 1H), 3.26 — 3.15 (m, 1H), 2.84 (ddt, J = 15.2,
12.1, 7.2 Hz, 1H), 2.70 (ddd, J = 12.4, 9.1, 3.5 Hz, 1H), 2.62 (m, 1 H), 2.19 — 2.04 (m, 2H), 2.00
~1.93 (m, 1H), 1.84 (d, J = 1.6 Hz, 3H), 1.68 (qd, J = 12.6, 12.2, 3.6 Hz, 1H), 1.59 (dtd, J = 15.6,
7.8, 3.5 Hz, 1H), 1.48 — 1.29 (m, 2H), 1.18 (d, J = 7.0 Hz, 3H), 0.82 (t, J = 7.6 Hz, 3H);

13C NMR (126 MHz, DMSO-ds) & 178.7, 171.3, 146.9, 132.5, 131.6, 128.5, 113.2, 106.8, 102.7,

84.0,71.0,49.1, 46.4, 43.6, 35.5, 34.5, 34.4, 26.0, 19.7, 14.5, 12.4, 10.1.

Pd/C

H 'N\ mCPBA o H 'N o H (1 atm) H N o
(0] —— —_—>» 0
0 DCE, -35 °C Y- EtOAg,rt - H
H 65% H 99% g
1.50 1.70 1.71

In a flame-dried 8 mL vial, compound 1.50 (10.0 mg, 0.05 mmol) was dissolved in 1 mL
anhydrous DCE under argon atmosphere and the solution was cooled to -35 °C. mCPBA (18.0 mg,
0.1 mmol) was dissolved in 1 mL anhydrous DCE and the solution was added dropwise to the
reaction slowly. After the mCPBA was added completely, the reaction was stirred at -35 °C for 30
mins before 2 mL saturated NaHCO3 solution and 2 mL saturated Na2S203 solution were added.
The aqueous phase was extracted by DCM for 3 time and dried over Na,SOa4. After solid was
filtered off, the solution was concentrated and purified by column chromatography (40% ethyl
acetate in hexanes) to obtain product (7.1 mg mg, 65% yield) and starting material (3.1 mg, 28%)
was recovered. The product was used directly for the next step.

In a flame-dried 8 mL vial, y-lactam 1.70 (5.0 mg, 0.024 mmol) was dissolved in 2 mL

EtOAc under argon atmosphere, and Pd/C (1 mg) was added in one portion. H> was flushed into
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the reaction for 5 times, and the reaction was stirred under H, atmosphere for 30 mins before the
solution was passed through a plug of celite. The organic layer was dried over Na>SO4. After solid
was filtered off, the solution was concentrated and purified by Prep TLC (40% EtOAc in hexanes)
to obtain compound 1.71 as white solid (4.9 mg, 99% yield).

HRMS (ESI) [M + H*] calculated for C1:H1sNO3: 210.1125, found: 210.1123;

FTIR (neat, cm™) vmax 2924, 2514, 2159, 2028, 1977, 1777, 1261, 1017, 712;

'H NMR (500 MHz, Chloroform-d) § 4.28 (td, J = 10.2, 3.0 Hz, 1H), 4.14 (dt, J = 13.1, 3.1 Hz,
1H), 3.99 (dt, J = 10.6, 6.4 Hz, 1H), 2.84 (ddt, J = 12.7, 9.5, 4.6 Hz, 1H), 2.71 — 2.59 (m, 2H),
2.51 (dd, J =17.4,12.7 Hz, 1H), 2.46 — 2.34 (m, 4H), 2.07 (dtd, J = 11.8, 5.9, 3.9 Hz, 1H), 1.90
—1.79 (m, 2H), 1.78 — 1.67 (m, 2H), 1.60 — 1.48 (m, 3H).

13C NMR (126 MHz, Chloroform-d) § 174.8, 174.3, 79.9, 56.2, 45.0, 40.4, 34.8, 31.2, 30.7, 25.6,

22.8.

Me H
M O  LiHMDS, Mel o}
o) N ————>» 0 N
o H THF, -78 °C o
g 59% H
1.71 Stemoamide (1.13)

In an 8 mL flame-dried vial, the tricycle compound 1.71 (20.9 mg, 0.1 mmol) was dissolved
in anhydrous 1 mL THF and was cooled to -78 °C. Freshly prepared LiIHMDS (0.5 M, 0.3 mL,
0.15 mmol) was added dropwise to the solution. The suspension was allowed to warm to —40 <C
and stirred for 1 h at this temperature. After the reaction was cooled to-78 °C, methyl iodide (28.2
mg, 0.2 mmol) was added dropwise at —78 <C. The reaction was slowly warmed up to room
temperature and was stirring for 2 h at room temperature. The reaction was quenched with aqueous

1 M HCI (2 mL) was extracted with CHCIs 3 times. The combined organic layer was dried over
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Na>SO4. After solid was filtered off, the solution was concentrated and purified by column
chromatography (EtOAc/MeOH 1:0 to 19:1) to obtain stemoamide (15.2 mg, 59%) as a white solid.
HRMS (ESI) [M + H*] calculated for C12H17NO3: 224.1281, found: 224.1283;

FTIR (neat, cm™) vmax 2925, 2854, 1766, 1671, 1420, 1275, 1189, 1009, 720, 607;

IH NMR (500 MHz, Chloroform-d) & 4.19 (td, J = 10.2, 3.1 Hz, 1H), 4.16 — 4.11 (m, 1H), 3.98
(dt, J=10.7, 6.4 Hz, 1H), 2.76 — 2.62 (m, 1H),2.59 (dd, J = 12.4, 7.0 Hz, 1H), 2.45 — 2.33 (m,
4H),2.08 — 1.94 (m, 1H), 1.90 — 1.73 (m, 1H), 1.79 — 1.60 (m, 1H), 1.52 (m, 2H), 1.29 (d, J = 6.9
Hz, 3H).

13C NMR (126 MHz, CDCls) § 177.5, 174.2, 77.8, 55.9, 52.8, 40.3, 37.4, 34.9, 30.7, 25.7, 22.7,

14.2.

H I Me w N Me N
o) N LDA, Mel > 10 N . 10 N
o— HMPA, THF o— o—
H -78 °C to -20 °C H 3
1.50 75% (d.r. 9:1) 1.67 1.68
78% | bBU, MeOH, 50 °C *

92%

To a stirred solution of lactone 1.50 (191 mg, 1.0 mmol) was added LDA dropwise freshly
prepared (0.3 M solution in THF, 10.0 ml, 3.0 mmol) at -78 <C. After stirring for 30 min, HMPA
(18 ) was added, followed by the dropwise addition of methyl iodide (0.31 ml, 5.0 mmol). The
resulting reaction mixture was raised to — 20 <C and stirred for 4 h at this temperature. The reaction
was quenched with saturated aqueous NH4Cl and extracted with EtOAc. The combined organic
layer was concentrated to afford a crude product and was purified by column chromatography

(Hexane: EtOAc = 4:1) to obtain the mixture (160 mg, 78% yield).
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The mixture (1.2 g, 5.9 mmol) was dissolved in 260 mL MeOH, and DBU (897 mg, 5.9
mmol) was added dropwise. The reaction was stirred at 50 °C for 24 h before the solution was
concentrated. The crude product was purified by column chromatography (Hexane: EtOAc = 4:1)
to obtain a single stereoisomer. (1.1 g, 92% yield)

HRMS (ESI) [M + H'] calculated for C12H1sNO2: 206.1175, found: 206.1175;

FTIR (neat, cm™) vmax 2932, 1773, 1454, 1323, 1220, 1201, 1168, 1145, 1012,721;

IH NMR (500 MHz, Chloroform-d) & 6.63 (m, 1H), 6.05 (dd, J = 3.5, 2.7 Hz, 1H), 5.97 (m, 1H),
4.11 (m, 1H), 3.93 — 3.83 (M, 2H), 3.06 — 2.91 (m, 2H), 2.57 — 2.48 (m, 1H), 2.16 — 2.06 (m,
1H), 1.82 — 1.61 (m, 2H), 1.43 (d, J = 6.5 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 178.4, 128.7, 122.8, 106.6, 105.2, 81.7, 49.4, 49.2, 39.7,

34.2, 26.3, 14.0.
Me N\ Me Me
ol b. mCPBA H Il X=0 ¢ NaCNBH,, HOAG H o
o N —— 3 o N > 0 =N
o DCE, -35 °C o HFIP, rt o
H 61% H 95% H
1.68 1.69 Stemoamide (1.13)

In a flame-dried 8 mL vial, compound 1.68 (41.0 mg, 0.2 mmol) was dissolved in 4 mL
anhydrous DCE under argon atmosphere and the solution was cooled to -35 °C. mCPBA (69.0
mg, 0.4 mmol) was dissolved in anhydrous DCE and the solution was added dropwise to the
reaction slowly. After the mCPBA was added completely, the reaction was stirred at -35 °C for
30 mins before 10 mL saturated NaHCO3 solution and 10 mL saturated Na2S203 solution were
added. The aqueous phase was extracted by DCM for 3 time and dried over Na>SO4. After solid
was filtered off, the solution was concentrated and purified by column chromatography (40%

ethyl acetate in hexanes) to obtain product (25.2 mg mg, 61% yield). The product was used
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directly for the next step.

Compound 1. In a flame-dried 8 mL vial, y-lactam 1.69 (5.4 mg, 0.024 mmol) was
dissolved in 2 mL HFIP under argon atmosphere, and NaCNBH3 (15.1 mg, 0.24 mmol) was
added in one portion followed by 0.1 mL HOAc. The solution was stirred at rt overnight before
the solution was passed through a silcal gel plug. Solvent was removed under vacuum before a
flush column (EtOAc then 5% MeOH in EtOAc). The second fraction was concentrated to afford
stemoamide (1.13) as 1:3.6 diastereomers (5.2 mg, 95% yield).

H NMR (500 MHz, Chloroform-d) & 4.23 — 4.16 (m, 1H), 4.14 (d, J = 3.8 Hz, 1H), 3.99 (dt, J =
10.7, 6.4 Hz, 1H), 2.70 — 2.62 (m, 1H), 2.62 — 2.52 (m, 1H), 2.49 — 2.30 (m, 4H), 2.05 (dg, J =
12.1, 5.3 Hz, 1H), 1.84 (dt, J = 11.6, 6.0 Hz, 1H), 1.78 — 1.61 (m, 1H), 1.59 — 1.43 (m, 2H), 1.30
(d, J=6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 177.5, 174.2, 77.8, 56.0, 52.9, 40.4, 37.5, 35.0, 30.8, 25.8, 22.7,

14.3.

65% brsm 33%
40% (40% rsm)

Bisdehydroneostemoninine 1.72 Tuberostemoamide (1.6)

Me \
o Bl _mcPBA O NaCNBH;, HOAG
0
j:\ TocE s5°C j’\ e I
S
Me' G

In a flame-dried 8 mL vial, bisdehydroneostemoninine (5.0 mg, 0.017 mmol) was dissolved
in 1 mL anhydrous DCE under argon atmosphere, and the solution was cooled to -35 °C. mCPBA
(5.8 mg, 0.034 mmol) was dissolved in anhydrous DCE, and the solution was added dropwise to
the reaction slowly. After the mCPBA was added completely, the reaction was stirred at -35 °C for

30 mins before 2 mL saturated NaHCOs3 solution and 2 mL saturated Na»S»>03 solution were added.
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The aqueous phase was extracted by DCM for 3 times and dried over Na,SO4. After solid was
filtered off, the solution was concentrated and purified by Prep TLC (40% ethyl acetate in hexanes)
to obtain the product (2.1 mg, 40% vyield) and starting material (2.1 mg, 40%) was recovered. The
product was used directly for the next step.

In a flame-dried 8 mL vial, y-lactam 20 (10.0 mg, 0.03 mmol) was dissolved in 3 mL HFIP
under argon atmosphere, and NaCNBH3 (103 mg, 0.6 mmol) was added in one portion. HOAc (18
mg, 0.3 mmol) was added dropwise, and the reaction was stirred for 30 mins before the reaction
was quenched by saturated NaHCO3 and extracted by DCM for 3 times. The organic layer was
dried over Na>SO4. After solid was filtered off, the solution was concentrated and purified by Prep
TLC (40% EtOAcC in hexanes) to obtain tuberostemoamide (7) (3.0 mg, 33% yield).
HRMS (ESI) [M + H*] calculated for C17H23NO4: 306.1701, found: 306.1700;
FTIR (neat, cm™) vmax 2923, 2853, 1766, 1686, 1454, 1274, 974, 874, 714;
IH NMR (500 MHz, Chloroform-d) & 6.65 (g, J = 1.6 Hz, 1H), 4.09 (dt, J = 14.3, 3.3 Hz, 1H),
4.05—3.97 (m, 2H), 2.74 — 2.58 (m, 2H), 2.47 — 2.33 (m, 2H), 2.21 — 2.10 (m, 2H), 2.00 (m,
1H), 1.94 (d, J = 1.7 Hz, 3H), 1.85 — 1.63 (m, 3H), 1.55 — 1.37 (m, 3H), 0.90 (t, J = 7.6 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) & 174.0, 171.4, 144.0, 134.4, 113.8, 80.9, 56.3, 52.0, 49.8,

40.4,35.9, 30.9, 25.7, 22.2, 20.4, 13.1, 10.8.

Pd/C, H, (1 atm) ME o
EtOH, rt - Os_0 N
j; 99% \T\* OEt
o RO 4
Me' 0~

In a flame-dried 8 mL vial, y-lactam 20 (8.0 mg, 0.026 mmol) was dissolved in 3 mL EtOH

under argon atmosphere, and Pd/C (0.8 mg) was added in one portion to the solution. H> was
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bubbled into the solution for 30 mins. The solution was pass through a plug of celite to remove
Pd/C catalyst and the solution was concentrated to give compound 24 (9.0 mg, 99% yield).
HRMS (ESI) [M + H] calculated for C19H29NOs: 352.2118, found: 352.2120;

FTIR (neat, cm™) vmax 2920, 2850, 1667, 1559, 1418, 1260, 1087, 1020, 800, 714;

IH NMR (500 MHz, Chloroform-d) & 3.84 (d, J = 14.1 Hz, 1H), 3.65 — 3.53 (m, 1H), 3.33 — 3.17
(m, 2H), 3.00 — 2.87 (m, 1H), 2.87 — 2.79 (m, 1H), 2.63 (dd, J = 11.9, 9.6 Hz, 1H), 2.59 — 2.44
(m, 1H), 2.44 — 2.29 (m, 2H), 2.16 — 2.03 (m, 4H), 2.03 — 1.91 (m, 2H), 1.82 — 1.68 (m, 2H),
1.68 — 1.45 (m, 2H), 1.27 (d, J = 7.2 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.6 Hz, 3H).
13C NMR (126 MHz, CDCl3) § 179.0, 174.1, 114.9, 93.7, 80.2, 58.3, 56.9, 50.0, 39.1, 38.1, 36.5,

34.6, 30.0, 25.4, 24.6, 21.3, 15.4,15.4, 13.2.

Me
Pd/C H2 (1 atm) H o
O O N
TEonn \‘\’\ \
alke)

99% Me™

Tuberostemoamide (1.6) Sessilifoliamide A (1.7)

In a flame-dried 8 mL vial, tuberostemoamide (7) (5.0 mg, 0.016 mmol) was dissolved in 2
mL EtOH under argon atmosphere, and Pd/C (0.5 mg) was added in one portion to the solution.
H> was bubbled into the solution for 30 mins and the reaction was stirred under H, atmosphere at
rt overnight. The solution was pass through a plug of celite to remove Pd/C catalyst and the solution
was concentrated to give sessilifoliamide A (4.9 mg, 99% yield).
HRMS (ESI) [M + H] calculated for C17H2sNO4: 308.1856, found: 308.1857;
FTIR (neat, cm™) vmax 2922, 2852, 1721, 1668, 1456, 1261, 1096, 1026, 803, 713, 610;
'H NMR (500 MHz, Chloroform-d) & 4.07 (d, J = 14.3 Hz, 1H), 4.01 (dt, J = 10.4, 6.3 Hz, 1H),

3.90 (ddd, J = 11.3, 9.5, 2.8 Hz, 1H), 2.95 (ddd, J = 11.3, 8.6, 7.2 Hz, 1H), 2.66 (ddd, J = 14.1,
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12.3, 1.6 Hz, 1H), 2.59 — 2.49 (m, 1H), 2.47 — 2.32 (m, 3H), 2.15 — 2.08 (m, 1H), 2.05 — 1.91 (m,
3H), 1.79 — 1.66 (m, 2H), 1.66 — 1.46 (m, 4H), 1.27 (t, = 7.3 Hz, 3H), 1.03 (t, J = 7.6 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) & 178.9, 174.2, 114.7, 79.9, 56.5, 52.2, 49.6, 40.4, 39.0,

36.3, 34.7, 30.9, 25.8, 22.3, 21.4, 15.4, 13.1.
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CHAPTER 2. SYNTHETIC STUDY TOWARDS STEMOFOLINE
ALKALOIDS

2.1 Introduction

Stemofoline (2.1) alkaloids were isolated from the family of stemona alkaloids in 1970 by
Irie et al. ® The single-crystal structure was confirmed as hydrobromide salt with provided a
pentacyclic core with a conjugated butanolide, and insecticidal activities were reported which

attracted synthetic chemist (Figure 2.1).

Me  ome Me  oMme
07X Me . 0" Me N
(0] I n-Bu O I, Me
@) (¢}
Q Stemofoline (2.1) Methylstemofoline (2.2) Me OMe
Me 032\{
07X Me

N
S Y\OH

(0] Me
16, 17-Didehydro-4(E)- Stemofolenol (2.3)

106(E)-isostemofoline (2.8)

Stemoburkilline (2.6) 16-Hydroxystemofoline (2.5)

Figure 2.1 stemofoline alkaloids

In 1999, Kende and Smalley reported the first total synthesis of racemic isostemofoline in
25 steps (Scheme 2.1).>® The total synthesis features a [4+3] cycloaddition. The 1,2-hexanediol
(2.9) was selectively oxidized and protected as MOM ether followed by condensation to form 2.11
with mono-N, N-dimethyl hydrazone of glyoxal. Reductive cyclization was used to obtain pyrrole,

followed by Boc protection. [4+3] cycloaddition was used to obtain 2.13 with diazo ester followed
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by deprotection, hydrogenation, and decarbomethoxylation to give 2.14. 2.15 was accessed by
condensation of furfural, and alkylation was used to construct 2.16. Oxidative cleavage and
selective reduction were followed by protection to obtain 2.17. Methylation, desilylation, tosyl
protection, and ozonolysis were used to give 2.18 followed by reduction and Dess-Martin
oxidation to give 2.19. Butenolide was installed and was oxidized to give 2.20. 2.21 was accessed

by deprotection and substitution, followed by dehydration to give isostemofoline (2.7).
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Scheme 2.1 Kende and Smalley’s total synthesis of isostemofoline

In 2003, Overman and Bruggemann reported a racemic total synthesis of

didehydrostemofoloine and isodidehydrostemofoline in 24 steps (Scheme 2.2) features an aza-

Cope-Mannich rearrangement.>* Pyrrole 2.23 was converted to aza-tricyclodecanone 2.24 via

Diels-Alder reaction followed by hydrogenation. Nitro group was removed, and primary alcohol
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was protected, followed by DIBALH reduction to obtain 2.25. 2.25 was then oxidized and
converted to enoxysilane followed by ozonolysis to give aza-bicycloheptanone 2.26. Selective
vinylation and treatment of TMSI were used to give 2.27, which was converted to
azatricyclo[5.3.0.0*1%]decanone 2.28 in quantitative yield. The side chain was synthesized by TIPS
cleavage, oxidation, and Julia-Kocienski olefination to deliver 2.29. Alkylation and epimerization
were used to give 2.30, followed by selective cleavage, silylation, and methylation to provide 2.31,
which was converted to 2.32 by DIBALH reduction, DMP oxidation and epimerization. Lithium-
ion of 2.33 was used to install a tetrahydrofuran ring followed by acidic silyl group deprotection
to obtain 2.34. IBX oxidation and Corey-Winter were used to provide cyclic thionocarbonates 2.36
and 2.37, which were fragmented to give didehydroisostemofoline (2.8) and didehydrostemofoline

(2.38) respectively.
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Scheme 2.2 Overman’s total synthesis of didehydrostemofoline and isodidehydrostemofoline

The first enantioselective total synthesis of methoxystemofoline and isomethoxystemofoline
in 26 steps (Scheme 2.3) were reported by Huang’s group in 2015 and featured a halide-assisted

bromotropanonation.> The total synthesis started from (S)-a-hydroxy-y-lactone (2.39), which was
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converted to 2.40 by benzylation and ammonolysis. After 3 steps, lactam 2.41 was synthesized,
followed by substitution and reprotection to install side chain of ketone with a small amount trans-
isomer. Halide-assisted bromotropanonation, which was developed by Huang’s group, was used
to form 1-bromotropan-3-one (2.43) followed by cross-coupling to afford 2.44. Treatment of LDA
and methyl pyruvate provided 2.45 and followed by dehydration to afford 2.46, which was
converted to 2.47 by deprotection and Appel reaction. Cyclization was happened easily under basic
condition to deliver 2.48. To elongate the side chain, a cross-metathesis was applied, followed by
hydrogenation to give 2.50. After TMS protection, reduction, Swern oxidation, and epimerization,
2.51 was achieved. Lithium enolate 2.52 was used for addition, followed by Overman’s 3 steps

method to give isomethyoxystemofoline (2.54) and methoxystemofoline (2.55).
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Scheme 2.3 Huang’s total synthesis of methoxystemofoline and isomethoxystemofoline
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In 2013, Martin’s group reported a formal synthesis of stemofoline alkaloids.* The
synthetic approach started from 2.56, and after 14 steps, intermediate 2.57 was cyclized by Rh
catalyst to access to 2.58. After 11 steps, the core structure 2.59 was obtained, and the same method

to Overman’s total synthesis was used to give stemofoline alkaloids.

CO,Bn CO,Bn

¢H U RNy(OAC)  MeO,C

HO —> TBDPSO N O O EEXTFA N OTBDPS
—_— Teflux o
0~ *OH 14 steps | OMe o)
D)
2.56 2.57 2.58
> Me™ N\
» N OH ref. 54
—_— . .
11 steps ON—~CO,Et stemofoline alkaloids
2.59

Scheme 2.4 Formal synthesis of stemofoline alkaloids

After 2 years, Fukuyama’s group also finished the core of stemofoline alkaloids. The synthesis

features a [3+2] cyclization followed by 18 steps to complete the core of stemofoline alkaloids.

MeOQC

Me
COzEt CO,Me [3+2] BnO" YN 12 steps 6 steps > N
cot "2 "Tuso oTPs > L Tomes
7 steps
2.60 2.61 2.6 2.63

Scheme 2.5 Synthesis of core structure of stemofoline alkaloids

Our recent interest in developing palladium-catalyzed carbonylation reactions for constructing
complex natural products resulted in a palladium-catalyzed oxaspirolactonizaiton from
cyclopropanol. This new methodology could be a potential method to constructed important

intermediate 2.66 (Scheme 2.6) for the total synthesis of stemofoline alkaloids. We proposed that
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a tandem Mannich reaction and ketalization could give the core structure 2.64 from 2.66 via
intermediate 2.65. 2.66 could be obtained by palladium-catalyzed oxaspirolactonization, and
Kulinkovich reaction from lactone 2.68, which could be obtained by conjugated addition from
bicyclic dihydropyrrole fused furanone 2.69. To achieve bicyclic intermediate 2.69, we envision
that it could be synthesized by amino carbonylative lactonization from amino propargylic alcohol
2.70. To our surprise, no reported dihydropyrrole fused furanone was documented, which makes
it as a novel scaffold for biological activity tests. Therefore, it proposed to develop a tandem
palladium-catalyzed amino carbonylative lactonization for potential biological activities and to

access to essential precursors for the total synthesis of stemofoline alkaloids.

'\iez\/oMe (@] 0
= N N+
i gy =
T N %Me = |d M
S Nve o} O Ho
2.64 2.65
22 O U
NTs NTs NTs
H Me Me Pd, CO H Me
HO w
oFh P — <: o
> HO ) o
TBDPSO TBDPSO 0 TBDPSO
268 2.67 2.66
NHTs )
Ts Pd co TsHN
2.71
oA oTBOPS — O 4
Jl\/\OTBDPS
TBDPSO
2.69 2.70 2.72

Scheme 2.6 Retro-synthetic analysis of stemofoline alkaloids

In 1979, Murray and Norton reported a palladium-catalyzed carbonylation reaction to obtain

a-methylene y-lactones from acetylenic alcohol (Scheme 2.7A). 758 After that, several palladium-
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catalyzed cyclocarbonylations of alkynes were developed. In 1999, Alper reported an efficient way

to produce 2(5H)-furanones from propargylic alcohols (Scheme 2.7B).%9 60.61

A. Murray and Norton's cyclocarbonylation of acetylenic alcohols
CO, Pdl,

0
OH
7~ BugP, MeCN E(o

2,73

B. Alper's synthesis of 2(5H)-furanones

Pd(dba),, dppb

—_ﬁOH CO, DME Of)(R1
RZR1 O R,
2.75 2.76

Scheme 2.7 Murray and Alper’s carbonylative cyclizations

From 1999 to 2005, Yang’s group reported several carbonylative annulations (Scheme 2.8)
to construct 2,3-disubstituted benzo[b]furans ¢+ © | benzo[b]furo[3,4-d]furan-1-ones ®* and

benzo[b]furan-3-carboxylic acids®®.

A. Synthesis of 2,3-disubstituted benzo[b]furans

=z
Pd(Il), CO
R —_—>» R \ R,

2.77 2. 78
B. Synthesis of benzo[b]furo[3,4-d]furan-1-ones

HO
R, 0
= R o)
Z ™ by, co N
R A e R R,
OH 0 R

2,78 2.79

C. Synthesis of benzo[b]furan-3-carboxy|ic acids
) Pd(ll), CO \
—> R R,
2) work up
2.81

Scheme 2.8 Yang’s synthesis of carbonylative cyclizations



In 2002, Lu’s group reported palladium-catalyzed cyclization initiated by
acetoxypalladation of alkynes (Scheme 2.9A)%. In 2004, Li’s group developed a palladium-
catalyzed carbonylation reaction of terminal alkynes to synthesize (Z)-3-haloacrylates (Scheme
2.9B)®" | and Akita’s group reported an internal methoxycarbonylation of alkynes (Scheme 2.9C)
in 2009%, Except for the examples above, other syntheses from Tamaru®®, Negishi’®, Ogawa and
Sonoda’, Yang and Fathi’?, and Gabriele” have also developed methodologies to constructed

furanones and furans.

A. Lu's palladium catalyzed cyclizaitons

n-C7Hqs n-C7Hqs5 n-C7Hqs5 n-CzHys
ll Pd(OA o AcO—\ OAc Ao LOH
cHo —H— =\ * *
o’ 0 0 o
2.82 2.83 2.84 2.85

B. Li's synthesis of (Z)-3-haloacrylates

. PdX, R_H
R—= + CO + ROH ——>»
CuX; X  COOR'

2.86 2.87

C. Akita's intermolecular methoxycarbonylation

Pd(TFA)2 R1_ COOMe

R——R
L 2 BQ,CO,MeOH MeO R,
2.88 2.89

Scheme 2.9 Palladium-catalyzed carbonylations

In summary, since stemofoline was isolated in 1970 and its structure was unambiguously
assigned, there are several total synthesis of stemofoline alkaloids reported. The total synthesis of
racemic isostemofoline (2.7) was firstly completed by Kende’s group in 26 steps. Total syntheses
of racemic didehydrostemofoline (2.38) and isodidehydrostemofoline (2.8) were finished by
Overman’s group in 28 steps. By using the same method developed by Overman’s group to install

the tetrahydrofuran ring, Huang’s group accomplished total syntheses of methoxystemofoline
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(2.55) and isomethoxystemofoline (2.54) in 26 steps. Besides, the formal synthesis of stemofoline
alkaloids and the core structure were accessed by Martin’s group and Fukuyama’s group,
respectively. Although some stemofoline alkaloids were reached, an efficient approach is still
necessary to obtain stemofoline alkaloids and its analogs for their potential therapeutic applications.
To quickly construct the core structure, we proposed a palladium-catalyzed amino carbonylative
lactonization reaction, and to our surprise, there are no reported structures with dihydropyrrole
fused furanone. This methodology would significantly improve synthetic efficiency and provide a

vital synthesis approach of stemofoline and its analogs.

2.2 Result and Discussion

Started with 1,2-addition of acetylide to the corresponding aldehyde to prepare model
substrate 2.90 (Table 2.1), our investigation firstly used PdCl> as a carbonylation catalyst with 2,2-
bipyridine ligand A, but no desired product 2.91 was obtained. We proposed that for the amino-
palladation step, an electron-deficient and cationic palladium catalyst should be more efficient to
activate the triple bond. Thus, we explored Pd(TFA). with ligand A (0.1 equiv.), p-benzoquinone
(BQ, 1.5 equiv.) as an oxidant, and MeCN as a solvent, and the desired product 2.91 was obtained
in 63% yield. After we screened different ligands (entries 3-6), we found that these ligands do not
provide better yield. We then moved to phosphine ligand Xantphos (entry 7), but trace desired
product was observed, and BOX-ligand F (entry 8) provided a lower yield. We then found that
increasing amounts of ligand (entry 10) and oxidant (entry 11) did not improve the yield. And
decreasing the amount of oxidant slightly reduced the yield to 61% (entry 12). No desired product
was observed when Cs,CO3 was added as a base (entry 13), and increasing the pressure of carbon
monoxide decrease the yield (entry 14). To improve the yield, we in situ generated the more

electron-deficient Pd(OTf). (0.1 equiv.) by combining of PdCl2(MeCN). (0.1 equiv) and AgOTf
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(0.2 equiv) and the yield increase to 72% (entry 15). Then we found the more electron-rich ligand,
such as ligand G (entry 16, 81% yield), provided higher yield than ligand C (entry 4) and ligand H
(entry 16). We also tried [Pd(neoc)(OAC)]2(OTf)2 (entry 18), a dimeric palladium complex
developed by the Waymouth group, but the yield is lower. Then we screened different oxidants,
and we found CuCl, as an oxidant was detrimental and 2,3-dichloro-5,6- dicyano-1,4-
benzoquinone (DDQ) as oxidant increased the yield to 90% (entry 20). Interestingly, when the
protection group was switched to Boc, no desired product was observed (entry 21). However, when
the solvent was switched to MeOH and Pd(TFA)2 was used as the catalyst with BQ as the oxidant,
product 2.92 was observed (entry 22), which means no lactonization processed. These results
indicated that the Boc-protected substrate could have pseudo-A(1,3) interaction between the Boc

group and side chain, which makes it difficult to form the furanone ring.
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Table 2.1 Condition screening of amino carbonylative lactonization

OH Pd cat., ligand NPG
Ph s \HPG o (balloon), oxidant =
A > o Ph
MeCN (0.025M), RT (o)
2.90 2,91
Entry Reaction conditions (equiv.) Yield? (%)
1 PdCl, (0.1), A (0.1), BQ (1.5), PG=Ts 0
2 Pd(tfa)2 (0.1), A (0.1), BQ (1.5), PG=Ts 63
3 Pd(tfa), (0.1), B (0.1), BQ (1.5), PG=Ts 58
4 Pd(tfa), (0.1), C (0.1), BQ (1.5), PG=Ts 63
5 Pd(tfa), (0.1), D (0.1), BQ (1.5), PG=Ts 58
6 Pd(tfa), (0.1), E (0.1), BQ (1.5), PG=Ts 53
7 Pd(tfa), (0.1), Xantphos (0.1), BQ (1.5), PG=Ts Trace
8 Pd(tfa), (0.1), F (0.1), BQ (1.5), PG=Ts 33
9 PdCl,(MeCN), (0.1), E (0.1), BQ (1.5), PG=Ts 0
10 Pd(tfa), (0.1), C (0.2), BQ (1.5), PG=Ts 41
11 Pd(tfa), (0.1), C (0.1), BQ (3.0), PG=Ts 51
12 Pd(tfa), (0.1), C (0.1), BQ (1.0), PG=Ts 61
13 Pd(tfa), (0.1), C (0.1), BQ (1.5), PG=Ts, Cs,CO; (1.0) 0
14 Pd(tfa), (O 1), C (0.1), BQ (1.5), PG=Ts, CO (7 atm) 31
15 PdCl,(MeCN), (0.1)/AgOTf (0.2), C (0.1), BQ (1.5), PG=Ts 72
16 PdCl,(MeCN), (0.1)/AgOTf (0.2), G (0.1), BQ (1.5), PG=Ts 81
17 PdCl,(MeCN), (0.1)/AgOTf (0.2), H (0.1), BQ (1.5), PG=Ts 42
18 [Pd(neoc)(OAc)],(OTf),, BQ (1.5), PG=Ts 69
19 PdCl,(MeCN), (0.1)/AgOTf (0.2), G (0.1), CuCIz( .5),PG=Ts 0
20 PdCl,(MeCN), (0.1)/AgOTf (0.2), G (0.1), DDQ (1.5), PG=Ts 90
21 PdCl,(MeCN), (0.1)/AgOTf (0.2), G (0.1), DDQ (1.5), PG=Boc 0
22 Pd(tfa), (0.1), BQ (1.5), PG=Boc, MeOH 24

2 |solated yield.
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product of entry 22

With the optimized condition in hand, we expand the substrate scope of the methodology of t

amino-carbonylative lactonization (Table 2.2), and several dihydropyrrole-fused furanones were

prepared. Generally, with alkyl substituents, secondary propargylic alcohols provided excellent

yield (cf. 2.94a-d). Due to oxidizing the secondary alcohol and other undesired pathways,

secondary propargylic alcohols with aryl substituents gave slightly lower yield (cf. 2.94f-h) or

significantly lower yield (cf. 2.94e, 2.94i—j) A primary propargylic alcohol provided modest yield

(cf. 2.94k). Surprisingly, most of the tertiary alcohols with alkyl substituents (2.941-t) provided

excellent yields even with hetero rings. However, the yield of tertiary alcohols with aryl

substituents (2.94q) dropped significantly. The structure of 2.940 was unambiguously confirmed

by X-ray analysis. Besides, this mild reaction conditions provided high functional group tolerance
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such as Boc-carbamate, sulfonamide, nitro, and bromide groups and a gram-scale (2.94p) reaction

was also conducted.

Table 2.2 Substrate scope

Ri. Ry Pd(MeCN),Cl, (0.1 eq)/AgOTF (0.2 eq) NTs
NHT: ine (0. =
HO>\) S Bathocuproine (0.1 eq), CO (1 atm) - R,
DDQ (1.5 eq), MeCN (0.025M), rt 00 R
2.93 294
Bls/\ His/\ Hi \ \
- Ph - Me - Me - Ph
00 0™ 0™>0 Me 0o SN
Me NO,
2.94a, 90% 2.94b, 91% 2.94¢,93% 2.94d,91% 2.94e,51%
NTs NTs NTs NTs
00 Se) 0™™0 00
F CFs
2.94f 83% 2.949,68% 2.94h,87% g, 2.94j,55%
NTs
H ’ v [ . o
0y 0™N\g 0™0 o) 00
2.94k,49% 2.941,94% 2.94m,71% 2.94n,84% Z'QTﬁ’sm
NTs NTs NTs NS
— - - Y
IR o) . o o 0™No"\_NBoc . Y
0™>0 R O © Ve
2.94r,.87% 2.94s,99% 2.94t,71% 3

2.94p,98%, 1.44 g, R=Me
2.94q,38%, R=Ph
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Figure 2.2 Proposed mechanism

Mechanistically (Figure 2.2), after ligand exchange, Pd(11) catalyst activated the alkyne, and
the hydroxyl group was directed to trigger a 5-endo-dig cyclization (2.95). Anti-aminopalladation
processed to build up the dihydropyrrole ring and vinyl-palladium complex (2.96). After
dihydropyrrole species was formed, a migratory insertion of carbon monoxide accessed to create
intermediate 2.97. Then lactonization leads to product 2.94, and the palladium catalyst was reduced

to a Pd(0) catalyst, which was oxidized to Pd(Il) catalyst by DDQ to continue the next cycle.
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Figure 2.3 Synthesis of dihydropyrrole-fused-pyrrolone

We then switched the hydroxy group to tosyl amine to construct dihydropyrrole fused
pyrrolone. The catalytic cycle also goes through ligand exchange, anti-aminopalladation, Co
migratory insertion, and lactonization. After ligand exchange, activated alkyne triggered a 5-endo-
dig cyclization to give a 5-5 fused ring structure. After reductive elimination, Pd(0) catalyst was
oxidized to a Pd(Il) catalyst by DDQ for the next catalytic cycle. However, when we started to

expand the substrate scope, it is difficult to synthesize the amine substrate with a tertiary carbon.
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Figure 2.4 Synthesis of B-lactone

We then prepared propargylic alcohol substrate 2.100 with one more carbon to check the
possibility of constructing a 5,6-fused furanone product. However, after adding one carbon
between the triple bond and the nitrogen nucleophile, the expected 6-endo-dig cyclization product
was not observed under the optimal reaction conditions. Instead of 6-endo-dig amino-palladation,
a competing pathway, a 5-exo-dig amino-palladation becomes more favored, and a strained f-
lactone product (2.101) was formed. The structure of the p-lactone product and double bond
geometry of 2.101 was unambiguously confirmed by X-ray analysis. Generally, a 5-exo-dig anti-
aminopalladation is more favored than a 6-endo-dig amino-palladation, and the trans-double bond
geometry demonstrated that the anti-aminopalladation process overrides a syn-aminopalladation
process.

Since the products of aminocarbonylative lactonization are novel scaffolds and have never
been synthesized before, several biological activities had evaluated them against several bacterial,

yeast, and mold pathogens. The preliminary results indicated that 2.94h and 2.94s showed 128
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mM and 64 mM MIC (minimum inhibitory concentration) against Clostridium difficile. Besides,
there is no side effect on the beneficial intestinal microflora for 2.94h and 2.94s, and these two
compounds were nontoxic to Caco-2 cell lines up to 256 mM. Compounds 2.94h, 2.94k, 2.94s,
and 2.94b also showed activity against several fungal pathogens such as Candida albicans,
Candida glabrata, Candida krusei, Cryptococcus gattii, Cryptococcus neoformans, Aspergillus

fumigatus, Aspergillus niger, and Aspergillus brasiliensis with 64-128 mM MIC values.
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2102 THF o N _© o5 .
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Scheme 2.10 Synthetic plan of stemofoline alkaloids

With this amino-carbonylative lactonization methodology in hand, we started to realize our
synthetic plan to check the potential possibility of construct core structure (Scheme 2.10). 1,2
addition was used to synthesize the liner propargylic alcohol 2.104 from compounds 2.102 and
2.103 in 40% vyield. Our amino-carbonylative lactonization was applied to construct the
corresponding dihydropyrrole-fused-furanone 2.105 smoothly, and the product was accessed in a
91% yield. However, when we started to test the possibility of conjugated addition of compound

2.105, unfortunately, none of the reaction conditions gave the desired product. To finish the critical
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intermediate and check the Mannich rearrangement, we started a detour to construct the

corresponding spirolactone compound.
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Scheme 2.11 Revised synthetic plan of stemofoline alkaloids

With the dihydropyrrole-fused-furanone 2.105 in hand, we started a model study to obtain
the critical intermediate to test our crucial step (Scheme 2.11). We processed hydrogenation
instead of conjugated addition to obtain tetrahydropyrrole-fused-furanone 2.107 smoothly in 67%
yield as a 5:2 mixture of two stereoisomers. An optimized Kulinkovich reaction condition, which
was developed by E. J. Corey’s group, was used to convert bicyclic compound 2.107 to
cyclopropanol 2.108 successfully. To our surprise, when we started to use Waymouth catalyst
[Pd(neoc)(OAC)]2(OTH)2, the desired products were not observed, because of the acidity of the
catalyst cause decomposition of the desired products. To overcome this problem, we used
Pd(TFA); as a catalyst with the same ligand neocuproine instead of [Pd(neoc)(OAc)]2(OTf)2 and
the desired spirolactone products were obtained in 30% yield as a 1:1 mixture of two stereoisomers.

We are currently using this key intermediate to construct the pentacyclic core.
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2.3 Conclusion

In summary, an efficient palladium-catalyzed amino carbonylative lactonization of amino
propargylic alcohols was reported to streamline various bicyclic compounds, dihydropyrrole-fused
furanones as novel scaffolds. This methodology was also be used for rapid access to
dihydropyrrole-fused-pyrrolones (2.99) and B-lactone products (2.101), which were exhibited as
another bioactive novel scaffold. The preliminary biological activity tests of several compounds,
such as 2.94h, 2.94k, 2.94s, and 2.101b, exhibited promising antifungal and antibacterial activities.
For example, biological evaluations of compounds 2.94h and 2.94s revealed promising activity
against Clostridium difficile. Compounds 2.94h, 2.94k, 2.94s, and 2.101b demonstrated activity
against multiple fungal pathogens. Currently, this new methodology was used to explore synthetic
capability, which was accessed to facilitate total syntheses of stemofoline alkaloids. Our optimized
Kulinkovich reaction and palladium-catalyzed spirolactonization were also used to access to
important intermediate 2.108 quickly. This method was also used to prepare analogues of the lead

compounds for antibacterial and antifungal activities for therapeutic development.

2.4 Experimental Data

I. General Methods

General Methods: NMR spectra were recorded on Bruker spectrometers (*H at 500 MHz
and 13C at 126 MHz). Chemical shifts () were given in ppm with reference to solvent signals [*H
NMR: CHClIs (7.26); 3C NMR: CDClI3 (77.2)]. Column chromatography was performed on silica
gel. All reactions sensitive to air or moisture were conducted under argon atmosphere in dry and
freshly distilled solvents under anhydrous conditions, unless otherwise noted. Anhydrous THF was
distilled over sodium benzophenone ketyl under Argon. Anhydrous CH>Cl> was distilled over

calcium hydride under Argon. Anhydrous MeCN was distilled over calcium hydride under Argon.
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All other solvents and reagents were used as obtained from commercial sources without further
purification.

I1. Synthesis of starting materials

o “—NHTs o ‘“—NBocTs o “—NHBoc

$1 S2 S3

Starting materials S17°, S27, S377 are prepared according to the previously reported procedures.

General procedure of preparation of 2.93a, b, d, f-J, i-t :

OH
— n-BulLi R3
Hts T L — RN
Ry Re THF NHTs
S1 2.93a, b, d, f-j, i-t

To a stirred solution of S1 (112 mg, 0.50 mmol) in dry THF (5 mL), a 2.5 M solution of n-
BuLi (0.39 mL, 0.98 mmol) in Hexane was added dropwise at -78 °C over 10 mins under argon
atmosphere. The reaction mixture was allowed to react at the same temperature and stirred for an
1 h. Corresponding aldehyde or ketone (1.5 mmol) was dissolved in 5 mL THF and added at -78
°C over 10 mins. The mixture was allowed to warm up to room temperature and react for additional
1 h. The reaction was quenched by saturated NH4CI solution (5 mL) and extracted by EtOAc for
3 times. The organic layer was washed with brine, dried over NaSO4 and concentrated under
reduced pressure. The resulting residue was purified by flash chromatography (hexane/ethyl

acetate = 3/2) to give 2.94a, b, d, f-j, i-t.
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OH

Ph/\)\/\
NHTs

2.93a

114 mg, 64% yield, colorless oil;
IR (neat): v = 3289,1599, 1496, 1454, 1324, 1157, 1093 cm™*;
HRMS (ESI), calcd for C20H2sNO3SNa [M+Na]* 380.1297, found 380.1280 m/z;
"H NMR (500 MHz, Chloroform-d) § 7.86 — 7.68 (m, 2H), 7.31 — 7.24 (m, 4H), 7.19 (m, 3H),
5.30(t,J=6.4 Hz, 1H), 4.31 (s, 1H), 3.09 (q, J = 6.4 Hz, 2H), 2.74 (t, ] = 7.9 Hz, 2H), 2.41 (s,
3H), 2.38 (td, ] = 6.4, 1.9 Hz, 2H), 2.06 — 1.84 (m, 2H);
3C NMR (125 MHz, Chloroform-d) & 143.77, 141.46, 137.10, 129.96, 128.63, 128.57, 127.22,

126.11, 83.86, 81.58, 61.87, 42.00, 39.44, 31.57, 21.68, 20.23.

OH

Me/\)\/\
NHTs

2.93b

108 mg, 73% yield, colorless oil;
IR (neat): v =3290, 1432, 1331, 1159, 1093 cm?;
HRMS (ESI), calcd for C15sH21NO3SNa [M+Na]* 318.1141, found 318.1094 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.84 — 7.70 (m, 2H), 7.35 — 7.28 (m, 2H), 4.94 (t, J = 6.4
Hz, 1H), 4.32 (s, 1H), 3.09 (g, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.38 (td, J = 6.5, 2.0 Hz, 2H), 1.95 (s,

1H), 1.70 — 1.54 (m, 3H), 1.48 — 1.36 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H);
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13C NMR (125 MHz, Chloroform-d) & 143.79, 137.18, 129.97, 127.26, 84.19, 81.11, 62.46, 42.00,

40.19, 21.72, 20.25, 18.65, 13.92.

OH

Ph
A
NHTs

2.93d

50.2 mg, 29% yield, colorless oil;
IR (neat): v =3282, 1598, 1453, 1324, 1157, 1093 cm™;
HRMS (ESI), calcd for C19H21NO3SNa [M+Na]* 352.0984, found 352.1004 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.76 — 7.70 (m, 2H), 7.34 — 7.27 (m, 4H), 7.27 — 7.20 (m,
3H), 5.10 (t, J = 6.4 Hz, 1H), 4.62 — 4.44 (m, 1H), 3.04 (g, J = 6.4 Hz, 2H), 2.94 (dd, J = 6.5, 2.0
Hz, 2H), 2.42 (s, 3H), 2.33 (td, J = 6.4, 2.0 Hz, 3H);
13C NMR (125 MHz, Chloroform-d) & 143.72, 137.18, 136.88, 129.92, 129.83, 128.57, 127.19,

127.06, 83.20, 82.36, 63.39, 44.26, 41.91, 21.69, 20.23.

OH

NHTs
2.93f

119 mg, 69%yield, white solid;

IR (neat): v =3290, 1603, 1507, 1420, 1323, 1223, 1157, 1094, 814, 552 cm™;

HRMS (ESI), calcd for C1gH1sFNO3SNa [M+Na]* 370.0890, found 370.0929 m/z;
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'H NMR (500 MHz, Chloroform-d) & 7.80 — 7.67 (m, 2H), 7.51 — 7.41 (m, 2H), 7.30 — 7.26 (m,
2H), 7.10 — 6.95 (m, 2H), 5.53 — 5.32 (m, 2H), 3.10 (g, J = 6.4 Hz, 2H), 2.52 — 2.32 (m, 5H);

13C NMR (125 MHz, Chloroform-d) & 163.72, 161.76, 143.83, 137.03, 136.77, 129.96, 128.60,
128.54, 127.20, 115.61, 115.44, 83.44, 82.69, 63.95, 41.88, 21.70, 20.37;

F NMR (470 MHz, Chloroform-d) & -114.98.

OH

/©)\ANHT
FsC S

2.93¢g

141 mg, 71% yield, while solid;
IR (neat): v =3283, 1619, 1507, 1417, 1324, 1157, 1123, 1066, 814, 661, 551 cm™;
HRMS (ESI), calcd for C1gH1sF3NO3SNa [M+Na]* 420.0858, found 420.0786 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.77 — 7.68 (m, 2H), 7.58 (m, 4H), 7.29 — 7.23 (m, 3H), 5.62
(t, J = 6.4 Hz, 1H), 5.54 — 5.36 (m, 1H), 3.37 (d, J = 5.5 Hz, 1H), 3.10 (g, J = 6.3 Hz, 2H), 2.50 —
2.35 (m, 5H);
13C NMR (125 MHz, Chloroform-d) & 144.74, 143.94, 136.92, 130.50, 130.24, 129.98, 127.16,
126.98, 125.63, 125.60, 125.57, 125.54, 125.29, 123.13, 83.81, 82.31, 77.40, 63.88, 41.84, 21.65,
20.34,

F NMR (470 MHz, Chloroform-d) & -63.56.

OH
Br

NHTs
2.93h
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134 mg, 66% vyield, light yellow oil;
IR (neat): v =3286, 1595, 1427, 1322, 1157, 1093, 814, 662, 550 cm;
HRMS (ESI), calcd for C1gH1sBrNO3SNa [M+Na]* 430.0089, found 430.0099 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.78 — 7.72 (m, 2H), 7.63 (t, J = 1.9 Hz, 1H), 7.48 — 7.38
(m, 2H), 7.32 — 7.27 (m, 2H), 7.23 (t, J = 7.8 Hz, 1H), 5.38 (dt, J = 5.8, 2.0 Hz, 1H), 5.08 (t, J =
6.4 Hz, 1H), 3.12 (q, J = 6.4 Hz, 2H), 2.66 (d, J = 5.8 Hz, 1H), 2.48 — 2.32 (m, 5H), 1.63 (s, 1H);
13C NMR (125 MHz, Chloroform-d) & 143.88, 143.05, 137.06, 131.53, 130.36, 130.01, 129.75,

127.23, 125.31, 122.78, 83.76, 82.30, 63.96, 41.86, 21.74, 20.43.

O OH
A
NHTs

2.93i

147 mg, 49% yield, colorless oil;
IR (neat): v =3285, 1597, 1412, 1326, 1157, 1093, 782, 661, 550 cm™;
HRMS (ESI), calcd for C22H2NO3SNa [M+Na]* 402.1141, found 402.1066 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.92 — 7.82 (m, 2H), 7.76 (dt, J = 7.0, 1.0 Hz, 1H), 7.68 —
7.62 (m, 2H), 7.55 (dddd, J = 24.4, 8.1, 6.8, 1.4 Hz, 2H), 7.47 (dd, J = 8.2, 7.1 Hz, 1H), 7.25 —
7.20 (m, 2H), 6.06 (dt, J = 5.5, 2.1 Hz, 1H), 4.84 (t, J = 6.4 Hz, 1H), 3.11 (q, J = 6.4 Hz, 2H), 2.50
—2.41 (m, 3H), 2.39 (s, 3H);
13C NMR (125 MHz, Chloroform-d) § 143.73, 137.11, 135.91, 134.21, 130.54, 129.92, 129.52,

129.03, 127.19, 126.72, 126.16, 125.44, 124.54, 123.93, 83.86, 82.67, 63.13, 41.90, 21.69, 20.43.
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OH

Ph)\/\
NHTs

2.93

116 mg, 70% vyield, colorless oil;
IR (neat): v =3300, 1453, 1324, 1157, 817, 662, 550 cm™;
HRMS (ESI), calcd for C1sH19NO3SNa [M+Na]* 366.1141, found 366.1105 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.77 — 7.68 (m, 2H), 7.51 — 7.46 (m, 2H), 7.40 — 7.30 (m,
3H), 7.28 (d, J = 8.0 Hz, 2H), 5.41 (s, 1H), 5.00 (t, J = 6.4 Hz, 1H), 3.12 (q, J = 6.5 Hz, 2H), 2.49
—2.38 (m, 6H);
13C NMR (125 MHz, Chloroform-d) & 143.75, 140.84, 137.07, 129.93, 128.80, 128.54, 127.21,

126.64, 83.19, 82.83, 64.74, 41.87, 21.68, 20.36.

OH

O\A
NHTs

2,93l

124 mg, 74% yield, white solid;
IR (neat): v =3290, 1598, 1445, 1325, 1157, 1094, 1025, 814, 664, 551 cm;
HRMS (ESI), calcd for C1gH2sNO3SNa [M+Na]* 358.1454, found 358.1405 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.78 — 7.72 (m, 2H), 7.31 — 7.26 (m, 2H), 5.51 (t, J = 6.3
Hz, 1H), 3.05 (g, J = 6.5 Hz, 2H), 2.63 (s, 1H), 2.40 (s, 3H), 2.33 (t, J = 6.6 Hz, 2H), 1.97 — 1.82

(m, 2H), 1.75 (m, 2H), 1.65 — 1.31 (m, 9H);
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13C NMR (125 MHz, Chloroform-d) § 143.59, 137.22, 129.86, 127.15, 87.70, 79.50, 77.42, 71.81,

43.16, 42.09, 28.11, 22.27, 21.64, 20.13.

OH

O\/\
NHTs

2.93m

52.3 mg, 32% yield, white solid;
IR (neat): v =3280, 1598, 1424, 1327, 1156, 1092, 815, 663, 550 cm™;
HRMS (ESI), calcd for C16H21NO4SNa [M+Na]* 346.1090, found 346.1049 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.80 — 7.71 (m, 2H), 7.34 — 7.27 (m, 2H), 5.59 (t, J = 6.3
Hz, 1H), 3.83 (dt, J = 11.7, 4.2 Hz, 2H), 3.55 (ddd, J = 11.8, 9.0, 3.0 Hz, 2H), 3.14 (s, 1H), 3.08
(q, J = 6.3 Hz, 2H), 2.41 (s, 3H), 2.37 (t, J = 6.5 Hz, 2H), 1.83 (dddd, J = 13.0, 5.0, 3.1, 1.5 Hz,
2H), 1.73 (ddd, J = 13.0, 9.0, 3.9 Hz, 2H);
13C NMR (125 MHz, Chloroform-d) & 143.79, 137.09, 129.95, 127.14, 85.43, 81.23, 77.40, 65.70,

64.91, 42.02, 40.00, 21.67, 20.17.

OH

d\/\
NHTs

2.93n
95 mg, 62% yield, white solid;

IR (neat): v =3281, 1598, 1436, 1324, 1157, 1093, 993, 814, 662, 550 cm™;

HRMS (ESI), calcd for C16H2:NO3sSNa [M+Na]* 330.1141, found 330.1099 m/z;
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IH NMR (500 MHz, Chloroform-d) & 7.79 — 7.73 (m, 2H), 7.31 — 7.27 (m, 2H), 5.52 (t, J = 6.3
Hz, 1H), 3.05 (g, J = 6.5 Hz, 2H), 2.58 (s, 1H), 2.40 (s, 3H), 2.32 (t, J = 6.5 Hz, 2H), 1.91 — 1.71
(m, 6H), 1.65 (m, 2H);

13C NMR (125 MHz, Chloroform-d) § 143.61, 137.15, 129.86, 127.16, 86.74, 79.24, 77.40, 74.42,

42.43,42.01, 23.47, 21.64, 20.16.

OH

O\/\
NHTs

2.930

37 mg, 31% yield, white solid;
IR (neat): v =3277, 1597, 1448, 1328, 1158, 1094, 963, 814, 662, 552 cm;
HRMS (ESI), calcd for C17H2sNO3SNa [M+Na]* 344.1297, found 344.1228 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.76 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 5.26 (t, J
= 6.3 Hz, 1H), 3.08 (g, J = 6.5 Hz, 2H), 2.42 (s, 3H), 2.36 (t, J = 6.5 Hz, 2H), 1.81 (m, 2H), 1.69
—1.58 (m, 2H), 1.57 — 1.37 (M, 6H), 1.22 (m, 1H);
13C NMR (125 MHz, Chloroform-d) & 143.69, 137.22, 129.92, 127.20, 86.71, 80.31, 68.76, 42.11,

40.08, 25.28, 23.45, 21.69, 20.15.

OH
Me
Mem X
NHTs

2.93p

48.4 mg, 59%, white solid,;
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IR (neat): v =3285, 1598, 1432, 1324, 1157, 1093, 815, 664, 551 cm™;

HRMS (ESI), calcd for C14H19NO3SNa [M+Na]* 304.0984, found 304.0950 m/z;

IH NMR (500 MHz, Chloroform-d) & 7.82 — 7.71 (m, 2H), 7.30 (d, J = 8.0 Hz, 2H), 5.32 (t, J =
6.4 Hz, 1H), 3.07 (q, J = 6.4 Hz, 2H), 2.42 (s, 3H), 2.38 — 2.21 (m, 3H), 1.45 (d, J = 1.1 Hz, 6H);
13C NMR (125 MHz, Chloroform-d) & 143.72, 137.21, 129.93, 127.21, 87.79, 78.34, 65.23, 42.00,

31.63, 21.69, 20.009.

OH

Ph
PR X
NHTs

2.93q

125 mg, 62% vyield, colorless oil;
IR (neat): v =3284, 1597, 1449, 1324, 1157, 1093, 814, 754, 700, 662, 550 cm™;
HRMS (ESI), calcd for C24H2sNO3SNa [M+Na]* 428.1297, found 428.1320 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.75 — 7.64 (m, 2H), 7.60 — 7.49 (m, 4H), 7.36 — 7.29 (m,
4H), 7.29 — 7.22 (m, 5H), 4.93 (t, = 6.4 Hz, 1H), 3.13 (g, J = 6.5 Hz, 2H), 2.99 (s, 1H), 2.49 (t, J
= 6.5 Hz, 2H), 2.41 (s, 3H);
13C NMR (125 MHz, Chloroform-d) & 145.15, 143.74, 137.08, 129.95, 128.45, 127.88, 127.21,

126.07, 85.93, 83.85, 74.49, 41.96, 21.71, 20.44.
OH

d\ﬂ
NHTs

2.93r
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49.7 mg, 34% vyield, colorless oil;
IR (neat): v =3282, 1770, 1598, 1423, 1325, 1157, 1093, 815, 661, 551 cm™;
HRMS (ESI), calcd for C15H19NO3SNa [M+Na]* 316.0984, found 314.0950 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.80 — 7.68 (m, 2H), 7.35 — 7.26 (m, 2H), 5.33 (t, J = 6.4
Hz, 1H), 3.08 (q, J = 6.4 Hz, 2H), 2.85 (s, 1H), 2.42 (s, 3H), 2.37 (t, J = 6.5 Hz, 2H), 2.34 — 2.27
(m, 2H), 2.20 (qd, J = 9.3, 2.8 Hz, 2H), 1.84 — 1.66 (m, 3H);
13C NMR (125 MHz, Chloroform-d) & 143.72, 137.16, 129.93, 127.21, 86.52, 79.71, 67.93, 42.02,

38.65, 21.69, 20.27, 13.00.

OH

O/j\/\
NHTs

2.93s

82.4 mg, 56% yield, colorless oil;
IR (neat): v =3283, 1597, 1422, 1323, 1154, 1092, 973, 815, 662, 550 cm;
HRMS (ESI), calcd for C14H17NOsSNa [M+Na]* 318.0777, found 318.0752 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.85 — 7.68 (m, 2H), 7.41 — 7.29 (m, 2H), 5.16 (t, J = 6.4
Hz, 1H), 4.73 (dd, J = 6.5, 0.9 Hz, 2H), 4.66 (dd, J = 6.5, 0.9 Hz, 2H), 3.12 (q, J = 6.4 Hz, 2H),
3.04 (s, 1H), 2.54 — 2.33 (m, 5H);
13C NMR (125 MHz, Chloroform-d) & 144.01, 137.01, 130.06, 127.23, 84.70, 83.13, 82.41, 67.18,

41.81, 21.75, 20.43.
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OH

BOCN/j\/\
NHTs

2.93t

129 mg, 65% vyield, white solid;
IR (neat): v =3281, 1825, 1676, 1421, 1330, 1252, 1158, 1095, 815, 663, 551 cm™;
HRMS (ESI), calcd for C1gH23N20sSNa [M+Na]* 417.1461, found 417.1402 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.83 — 7.70 (m, 2H), 7.40 — 7.29 (m, 2H), 5.52 (s, 1H), 4.08
(dd, J = 9.0, 1.0 Hz, 2H), 3.97 (dd, J = 9.0, 1.0 Hz, 2H), 3.79 (s, 1H), 3.09 (q, J = 6.4 Hz, 2H),
2.43 (s, 3H), 2.40 (t, J = 6.3 Hz, 2H), 1.42 (s, 9H);
13C NMR (125 MHz, Chloroform-d) & 156.43, 143.92, 137.00, 130.03, 127.20, 83.16, 82.64, 80.19,

62.09, 41.80, 28.53, 21.72, 20.37.

General procedure of preparation of 2.93c, e, k :

OH OH
J— 0 .
= n-BuLi Rs CF;COOH Rj
“nBocTs T M T TR Ry X
Ry H THF NBocTs CH,Cl, NHTs
S2 S4c, e, k 2.93c, e, k

Stepl:

To a stirred solution of S2 (323 mg, 1.0 mmol) in dry THF (10 mL), a 2.5 M solution of n-
BuLi (0.40 mL, 1.0 mmol) in Hexane was added dropwise at -78 °C over 10 mins under argon
atmosphere. The reaction mixture was allowed to react at the same temperature and stirred for 1 h.
Corresponding aldehyde (1.5 mmol) was dissolved in 10 mL THF added at -78 °C over 10 mins.

The mixture was allowed to warm up to room temperature and react for an additional 1 h. The

85



reaction was quenched by saturated NH4Cl solution (10 mL) and extracted by EtOAc for 3 times.
The organic layer was washed with brine, dried over NaxSO4, and concentrated under reduced
pressure. The resulting residue was purified by flash chromatography (hexane/ethyl acetate = 5/1)
to give S4c, e, k.

Step2:

To astirred solution of S4 (0.50 mmol) in dry CH2Cl> (5 mL), 1.0 mL CF:COOH was added
dropwise at 0 °C over 10 mins under argon atmosphere. The reaction mixture was allowed to warm
up to room temperature and react for additional 3 h. The solvent was removed under reduced
pressure and dissolved in EtOAc (5 mL). The organic layer was washed with saturated NaHCO3
solution one time, brine and dried over Na;SO4 and concentrated under reduced pressure. The
resulting residue was purified by flash chromatography (hexane/ethyl acetate = 3/2) to give 2.93c,

e, k.

OH

Me S
Me X
M NBocTs

e
S4c

367 mg, 87% vyield, colorless oil;
IR (neat): v =3545, 1729, 1597, 1354, 1158, 1090, 674 cm™;
HRMS (ESI), calcd for C21H32NOsS [M+H]* 410.2002, found 410.1994 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.85 — 7.70 (m, 2H), 7.36 — 7.28 (m, 2H), 4.07 — 3.92 (m,
3H), 2.78 — 2.65 (m, 2H), 2.44 (s, 3H), 1.95 (d, J = 5.9 Hz, 1H), 1.33 (s, 9H), 0.97 (s, 9H);
13C NMR (125 MHz, Chloroform-d) & 150.95, 144.43, 137.50, 129.47, 127.98, 84.80, 82.43, 82.40,

71.68, 45.60, 35.91, 28.05, 25.48, 21.81, 20.29.
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Me S
Me X
M NHTs

2.93c

28.6 mg, 18%, colorless oil;
IR (neat): v =3280, 1598, 1324, 1158, 1094, 814, 662, 574 cm™;
HRMS (ESI), calcd for C16H2sNO3SNa [M+Na]* 332.1297, found 332.1272 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.82 — 7.68 (m, 2H), 7.36 — 7.28 (m, 2H), 5.14 (s, 1H), 3.94
(t, 3 = 2.0 Hz, 1H), 3.09 (g, J = 6.5 Hz, 2H), 2.42 (s, 3H), 2.37 (td, J = 6.6, 2.0 Hz, 2H), 2.04 (s,
1H), 0.93 (s, 9H);
13C NMR (125 MHz, Chloroform-d) & 143.75, 137.13, 129.95, 127.23, 82.60, 81.95, 71.52, 42.09,

35.88, 25.45, 21.69, 20.20.

OH

/©)\/\NB T
O2N ocls

S4de

321 mg, 68%, colorless oil,
IR (neat): v =3509, 1729, 1522, 1346, 1155, 672 cm™™,;
HRMS (ESI), calcd for C23H27N207S [M+H]* 475.1540, found 475.1536 m/z;
IH NMR (500 MHz, Chloroform-d) § 8.28 — 8.15 (m, 2H), 7.79 — 7.74 (m, 2H), 7.74 — 7.68 (m,
2H), 7.33 — 7.28 (m, 2H), 5.53 (s, 1H), 4.05 (t, J = 6.7 Hz, 2H), 3.02 (s, 1H), 2.74 (td, J = 6.7, 2.1

Hz, 2H), 2.44 (s, 3H), 1.31 (s, 9H);
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13C NMR (125 MHz, Chloroform-d) § 150.87, 148.07, 147.79, 144.63, 137.35, 129.51, 127.93,

127.60, 123.86, 85.06, 84.95, 81.89, 63.77, 45.36, 28.02, 21.80, 20.22.

OH

/©)\/\NHT
O,N °

2.93e

166 mg, 89% vyield, colorless oil;
IR (neat): v =3280, 1591, 1519, 1345, 1157 cm%;
HRMS (ESI), calcd for C1gH1sN20OsSNa [M+Na]* 397.0835, found 397.0816 m/z;
IH NMR (500 MHz, Chloroform-d) § 8.23 — 8.13 (m, 2H), 7.74 (m, 2H), 7.70 — 7.60 (m, 2H), 7.34
—7.26 (m, 2H), 5.51 (d, J = 2.1 Hz, 1H), 5.22 (s, 1H), 3.13 (g, J = 6.4 Hz, 2H), 2.50 — 2.35 (m,
5H);
13C NMR (125 MHz, Chloroform-d) & 147.73, 144.04, 136.97, 130.03, 128.88, 127.46, 127.20,

124.40, 123.91, 84.38, 81.91, 63.65, 41.81, 21.73, 20.49.

OH

\ﬂ
NBocTs

S4k
123 mg, 35%, white solid;

IR (neat): v =3529, 1727, 1351, 1291, 1155, 1090, 814, 673, 583 cm™,;

HRMS (ESI), calcd for C17H24NOsS [M+H]* 354.1376, found 354.1329 m/z;
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IH NMR (500 MHz, Chloroform-d) & 7.86 — 7.75 (m, 2H), 7.40 — 7.29 (m, 2H), 4.23 (t, J = 2.2
Hz, 2H), 4.00 (dd, J = 7.4, 6.8 Hz, 2H), 2.77 — 2.62 (m, 2H), 2.44 (s, 3H), 1.69 (s, 2H), 1.34 (s,
9H);

13C NMR (125 MHz, Chloroform-d) § 150.91, 144.47, 137.45, 129.47, 128.02, 84.79, 82.80, 81.05,

51.49, 45.52, 28.04, 21.81, 20.32.

OH

\ﬂ
NHTs

2.93k

41.1 mg, 33%, colorless oil;
IR (neat): v =3277, 1597, 1429, 1323, 1157, 1093, 816, 662, 549 cm™;
HRMS (ESI), calcd for C12H1sNO3SNa [M+Na]* 276.0668 found 276.0623 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.83 — 7.68 (m, 2H), 7.38 — 7.28 (m, 2H), 5.46 (t, J = 6.6
Hz, 1H), 4.20 (t, J = 2.1 Hz, 2H), 3.08 (g, J = 6.2 Hz, 2H), 2.42 (s, 3H), 2.36 (tt, J = 6.4, 2.2 Hz,
3H);
13C NMR (125 MHz, Chloroform-d) § 143.77, 137.07, 129.95, 127.21, 82.22, 81.18, 51.16, 41.92,

21.70, 20.27.

Preparation of 2.93a’ :

OH
=\ O i /\)\/\
— n-BuLi
+ —_— Ph \
NHBoc AN
Ph/\)J\H THF NHBoc
S3 2.93a'
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To a stirred solution of S3 (85 mg, 0.50 mmol) in dry THF (5 mL), a 2.5 M solution of n-
BuLi (0.39 mL, 0.98 mmol) in Hexane was added dropwise at -78 °C over 10 mins under argon
atmosphere. The reaction mixture was allowed to react at the same temperature and stirred for an
1 h. 3-Phenylpropanal (200 mg, 1.5 mmol) was added at -78 °C over 10 mins. The mixture was
allowed to warm up to room temperature and react for additional 1 h. The reaction was quenched
by saturated NH4Cl solution (5 mL) and extracted by EtOAc for 3 times. The organic layer was
washed with brine, dried over Na;SO4 and concentrated under reduced pressure. The resulting
residue was purified by flash chromatography (hexane/ethyl acetate = 3/1) to give a clear, colorless

oil.

OH

Ph/\)\/\
NHBoc

2.93a’

94 mg, 62% yield, colorless oil,
IR (neat): v =3355, 1690, 1514, 1251, 1169, 1060, 699 cm™;
HRMS (ESI), calcd for C1gH2sNOsNa [M+Na]* 326.1732, found 326.1717 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.32 — 7.25 (m, 2H), 7.24 — 7.16 (m, 3H), 4.82 (s, 1H), 4.44
—4.27 (m, 1H), 3.28 (q, J = 6.4 Hz, 2H), 2.78 (t, J = 7.8 Hz, 2H), 2.42 (td, J = 6.5, 2.0 Hz, 2H),
2.15—1.85 (m, 3H), 1.44 (s, 9H);
13C NMR (125 MHz, Chloroform-d) § 155.96, 141.49, 128.66, 128.61, 126.15, 83.12, 82.77, 79.72,

62.06, 39.65, 31.64, 28.58, 20.53.

Preparation of 2.100a, b :
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OH

= o . /\)\/\/
= NHTs n-BuLi
+ —_— R \
R/\)J\H THE A NHTs

S5 2.100a: R=Ph;
2.100b: R=Me.

To a stirred solution of S5 (237 mg, 1.0 mmol) in dry THF (10 mL), a 2.5 M solution of n-
BuLi (0.80 mL, 2.0 mmol) in Hexane was added dropwise at -78 °C over 10 mins under argon
atmosphere. The reaction mixture was allowed to react at the same temperature and stirred for an
1 h. Corresponding aldehyde (3.0 mmol) was dissolved in 10 mL THF and added at -78 °C over
10 mins. The mixture was allowed to warm up to room temperature and react for additional 1 h.
The reaction was quenched by saturated NH4ClI solution (10 mL) and extracted by EtOAc for 3
times. The organic layer was washed with brine, dried over Na,SO4 and concentrated under
reduced pressure. The resulting residue was purified by flash chromatography (hexane/ethyl

acetate = 3/2) to give 2.100a, b.

OH

2.100a

332 mg, 89% vyield, colorless oil;
IR (neat): v =3277, 1599, 1453, 1321, 1154, 1093, 814, 669, 661, 549 cm™;
HRMS (ESI), calcd for Co1H2sNOsSNa [M+Na]* 394.1451, found 394.1378 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.83 — 7.63 (m, 2H), 7.31 — 7.25 (m, 4H), 7.21 — 7.16 (m,

3H), 5.14 (t, J = 6.3 Hz, 1H), 4.44 — 4.26 (m, 1H), 3.05 (q, J = 6.6 Hz, 2H), 2.74 (t, J = 7.9 Hz,
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2H), 2.43 (d, J =5.3 Hz, 1H), 2.39 (s, 3H), 2.26 (td, J = 6.8, 2.0 Hz, 2H), 2.05 — 1.88 (m, 2H), 1.67
(p, J = 6.7 Hz, 2H);
13C NMR (125 MHz, Chloroform-d) § 143.57, 141.53, 136.98, 129.86, 128.61, 128.53, 127.19,

126.05, 84.21, 82.60, 61.93, 42.28, 39.59, 31.58, 28.29, 21.64, 16.14.

OH

Me/\)\/\/NHTS

2.100b

296 mg, 76% vyield, colorless oil;
IR (neat): v =3280, 1598, 1431, 1322, 1155, 1093, 1019, 814, 661, 550 cm%;
HRMS (ESI), calcd for C16H2sNO3SNa [M+Na]* 332.1297, found 332.1211 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.81 — 7.65 (m, 2H), 7.35 — 7.20 (m, 2H), 5.29 (t, J = 6.3
Hz, 1H), 4.42 — 4.16 (m, 1H), 3.02 (q, J = 6.6 Hz, 2H), 2.40 (s, 4H), 2.22 (td, J = 6.8, 2.0 Hz, 2H),
1.75 — 1.48 (m, 4H), 1.48 — 1.32 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H);
13C NMR (125 MHz, Chloroform-d) & 143.49, 137.00, 129.82, 127.18, 83.67, 82.86, 77.33 (d, J =
32.1 Hz), 76.95, 62.35, 42.24, 40.19, 28.28, 21.62, 18.58, 16.09, 13.86.

I11. Palladium-Catalyzed carbonylation
General procedure of preparation of 2.94a-t and 2.101a, b :

Pd(MeCN)2Cl> (2.6 mg, 0.01 mmol), AgOTTf (5.2 mg, 0.02 mmol) and ligand G (3.6 mg,
0.01 mmol) were dissolved in dry MeCN (2 mL) and allowed to react for 1 h under argon

atmosphere. DDQ (34.1 mg, 0.15 mmol) and 2.93 a-t and 2.100a, b (0.1 mmol) were added and

filled by CO balloon. The mixture was allowed to react at room temperature and the reaction was
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monitored by TLC plate until no starting material left. The solvent was removed under reduced
pressure and dissolved in CHCIs (1 mL). The crude product in CHClIs was purified by flash column

chromatography (CHCIs and then hexane/ethyl acetate = 5/1) to give 2.94a-t and 2.101a,b.

NTs

Ph
070

2.94a

38.3 mg, 90% yield, white solid;
IR (neat): v =1755, 1651, 1405, 1363, 1167, 671, 576, 544 cm;
HRMS (ESI), calcd for C21H22NO4S [M+H]* 384.1270, found 384.1308 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.62 — 7.54 (m, 2H), 7.36 — 7.28 (m, 4H), 7.27 — 7.19 (m,
3H), 5.16 (m, 1H), 4.23 (td, J = 10.8, 6.5 Hz, 1H), 4.00 (td, J = 10.8, 8.0 Hz, 1H), 2.83 (m, 2H),
2.74—2.53 (m, 3H), 2.45 (s, 3H), 2.25 — 2.06 (m, 1H);
13C NMR (125 MHz, Chloroform-d) § 171.92, 167.24, 145.74, 140.28, 132.97, 130.55, 128.84,

128.62, 127.59, 126.37, 116.52, 77.01, 57.27, 34.17, 30.83, 22.85, 21.82.

NTs

Me

2.94b
29.1 mg, 91% yield, white solid;

IR (neat): v =1755, 1848, 1407, 1362, 1168, 671, 575 cm™;

HRMS (ESI), calcd for C1sH20NO4S [M+H]* 322.1114, found 322/1165 m/z;
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'H NMR (500 MHz, Chloroform-d) & 7.75 — 7.61 (m, 2H), 7.47 — 7.32 (m, 2H), 5.31 — 5.09 (m,
1H), 4.30 (td, J = 10.9, 6.5 Hz, 1H), 4.03 (td, J = 10.8, 7.7 Hz, 1H), 2.77 — 2.55 (m, 2H), 2.47 (s,
3H), 2.30 — 2.14 (m, 1H), 1.87 — 1.67 (m, 1H), 1.53 — 1.43 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H).

13C NMR (125 MHz, Chloroform-d) & 172.19, 167.39, 145.77, 132.98, 130.56, 127.67, 116.51,

78.01, 57.16, 35.05, 29.84, 22.91, 21.84, 18.02, 13.72.

NTs

0 Me

(0]
M
2.94cMe ©

31.1 mg, 93% yield, colorless oil;
IR (neat): v =1760, 1653, 1364, 1167, 979, 677, 576 cm™;
HRMS (ESI), calcd for C17H22NO4S [M+H]" 336.1270, found 336.1257 m/z;
H NMR (500 MHz, Chloroform-d) & 7.73 — 7.60 (m, 2H), 7.42 — 7.31 (m, 2H), 5.08 (dd, J = 2.5,
1.1 Hz, 1H), 4.27 (dt, J = 12.6, 10.4 Hz, 1H), 4.15 (ddd, J = 12.6, 9.4, 3.1 Hz, 1H), 2.46 (s, 3H),
2.36 (dddd, J = 15.6, 10.3, 3.1, 1.1 Hz, 1H), 2.07 (dddd, J = 15.6, 10.4, 9.4, 2.5 Hz, 1H), 1.09 (s,
9H);
13C NMR (125 MHz, Chloroform-d) § 171.78, 167.29, 145.76, 132.69, 130.49, 127.84, 124.65,

86.23, 58.23, 36.51, 26.06, 23.13, 21.86.

NTs

Ph

2.94d
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33.7 mg, 91% yield, white solid;
IR (neat): v =1758, 1653, 1362, 1166, 1031, 671, 577 cm™;
HRMS (ESI), calcd for C20H20NO4S [M+H]* 370.1114, found 370.1098 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.73 — 7.66 (m, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.32 — 7.25
(m, 4H), 7.23 (tt, J = 5.6, 1.9 Hz, 1H), 5.40 (m, 1H), 4.20 (td, J = 10.9, 6.1 Hz, 1H), 3.90 (td, J =
10.7, 7.9 Hz, 1H), 3.52 (dd, J = 14.3, 3.4 Hz, 1H), 3.22 (dd, J = 14.3, 5.8 Hz, 1H), 2.50 — 2.40 (m,
4H), 2.35 (m, 1H);
13C NMR (125 MHz, Chloroform-d) & 170.66, 166.79, 145.84, 134.61, 132.74, 130.60, 129.97,

128.45, 127.70, 127.36, 117.78, 77.92, 56.94, 38.84, 22.76, 21.83.

NTs

2.94e NO,

20.5 mg, 51% vyield, light yellow solid;
IR (neat): v =1759, 1649, 1522, 1347, 1166, 1101, 975, 669, 577 cm™;
HRMS (ESI), calcd for C1oH17N206S [M+H]* 401.0808, found 401.0790 m/z;
IH NMR (500 MHz, Chloroform-d) & 8.33 — 8.15 (m, 2H), 7.67 — 7.53 (m, 2H), 7.25 — 7.19 (m,
4H), 6.23 (t, J = 1.8 Hz, 1H), 4.42 — 4.27 (m, 1H), 4.27 — 4.15 (m, 1H), 2.87 (m, 2H), 2.42 (s, 3H);
13C NMR (125 MHz, Chloroform-d) & 170.85, 166.40, 148.84, 145.90, 140.54, 133.43, 130.38,

129.41, 127.28, 124.14, 115.61, 57.14, 23.29, 21.83.
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NTs

2.94f F

30.9 mg, 83% yield, white solid;
IR (neat): v =1759, 1650, 1410, 1324, 1165, 1113, 1066, 975, 673, 577, 542 cm™;
HRMS (ESI), calcd for C19gH17FNO4S [M+H]" 374.0863, found 374.0913 m/z;
H NMR (500 MHz, Chloroform-d) & 7.37 — 7.31 (m, 2H), 7.21 — 7.15 (m, 2H), 7.12 — 7.05 (m,
4H), 6.13 (t, J = 1.7 Hz, 1H), 4.40 (td, J = 10.8, 6.8 Hz, 1H), 4.15 (ddd, J = 11.3, 10.4, 7.5 Hz,
1H), 2.99 — 2.75 (m, 2H), 2.40 (s, 3H);
13C NMR (125 MHz, Chloroform-d) § 171.21, 167.01, 164.63, 162.65, 145.37, 133.83, 130.43,
130.36, 130.15, 129.50, 127.25, 116.11, 115.94, 114.66, 78.10, 56.94, 23.14, 21.76;

F NMR (470 MHz, Chloroform-d) § -112.27.

NTs

2.94g CFs

28.8 mg, 68% yield, white solid;
IR (neat): v =1756, 1650, 1510, 1408, 1361, 1167, 1105, 971, 670, 574 cm™;
HRMS (ESI), calcd for CooH17F3sNO4S [M+H]* 424.0831, found 424.0872 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.71 — 7.60 (m, 2H), 7.53 — 7.46 (m, 2H), 7.16 — 7.09 (m,
2H), 7.06 — 7.00 (m, 2H), 6.19 (t, J = 1.6 Hz, 1H), 4.42 (td, J = 10.8, 6.8 Hz, 1H), 4.17 (ddd, J =

11.3, 10.5, 7.6 Hz, 1H), 3.00 — 2.75 (m, 2H), 2.38 (s, 3H);
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13C NMR (125 MHz, Chloroform-d) § 171.02, 166.80, 145.50, 137.50, 133.74, 132.17, 131.91,
130.14, 128.96, 127.09, 126.00, 125.97, 125.94, 125.01, 122.84, 114.74, 77.83, 57.03, 29.86, 23.18,
21.73;

F NMR (470 MHz, Chloroform-d) & -63.86.

NTs

2.94h

37.8 mg, 87% yield, colorless oil;
IR (neat): v =1758, 1647, 1361, 1167, 1107, 974, 669, 576 cm™;
HRMS (ESI), calcd for C1gH17BrNO4S [M+H]* 424.0062, found 424.0040 m/z;
IH NMR (500 MHz, Chloroform-d) & 7.57 (ddd, J = 7.9, 2.0, 1.2 Hz, 1H), 7.40 — 7.33 (m, 2H),
7.29 (t, J = 7.8 Hz, 1H), 7.21 — 7.15 (m, 2H), 7.11 — 7.04 (m, 2H), 6.09 (t, J = 1.7 Hz, 1H), 4.42
(td, J=10.7, 6.9 Hz, 1H), 4.17 (ddd, J = 11.2, 10.4, 7.7 Hz, 1H), 2.97 — 2.75 (m, 2H), 2.40 (s, 4H);
13C NMR (125 MHz, Chloroform-d) § 170.83, 166.84, 145.39, 135.74, 133.72, 132.98, 130.86,

130.60, 130.22, 127.74, 127.18, 122.99, 114.75, 77.91, 56.99, 23.14, 21.77.

13.3 mg, 33% yield, colorless oil;

IR (neat): v =1755, 1650, 1411, 1361, 1167, 1036, 958, 671, 576 cm™;
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HRMS (ESI), calcd for CasHaoNO.S [M+H]* 406.1114, found 406.1110 m/z;

IH NMR (500 MHz, Chloroform-d) & 8.28 — 8.17 (m, 1H), 7.93 (ddt, J = 7.7, 5.3, 0.9 Hz, 2H),
7.62 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.56 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.36 (dd, J = 8.2, 7.1 Hz,
1H), 7.31 — 7.20 (m, 2H), 7.10 (s, 4H), 6.97 (t, J = 1.8 Hz, 1H), 4.51 (td, J = 10.7, 7.4 Hz, 1H),
4.44 — 4.22 (m, 1H), 2.95 (m, 2H), 2.37 (s, 3H);

13C NMR (125 MHz, Chloroform-d)  171.11, 167.09, 145.22, 134.09, 133.90, 131.96, 130.67,
130.04, 129.77, 128.96, 127.41, 127.35, 126.51, 125.96, 125.16, 123.35, 116.06, 75.48, 57.15,

23.38, 21.77.

NTs

2.94j

18.7 mg, 53% yield, white solid,;
IR (neat): v =1754, 1646, 1410, 1360, 1167, 1104, 969, 670, 576 cm™;
HRMS (ESI), calcd for C1gH1sNO4S [M+H]* 356.0957, found 356.0963 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.49 — 7.43 (m, 1H), 7.43 — 7.38 (m, 2H), 7.38 — 7.33 (m,
2H), 7.11 (d, J = 8.1 Hz, 2H), 7.01 — 6.95 (m, 2H), 6.15 (t, J = 1.6 Hz, 1H), 4.42 (td, J = 10.8, 6.6
Hz, 1H), 4.11 (ddd, J = 11.3, 10.4, 7.6 Hz, 1H), 3.02 — 2.75 (m, 2H), 2.37 (s, 3H);
13C NMR (125 MHz, Chloroform-d) § 171.25, 167.17, 144.95, 133.70, 133.35, 129.91, 129.72,

128.90, 128.38, 127.19, 114.16, 78.76, 56.67, 22.97, 21.58.
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HTS
0]

0]
2.94k

13.7 mg, 49% yield, colorless oil;
IR (neat): v =1757, 1653, 1424, 1361, 1166, 1108, 986, 671, 576, 544 cm™;
HRMS (ESI), calcd for C13H14NO4S [M+H]* 280.0641, found 280.0612 m/z;
H NMR (500 MHz, Chloroform-d) § 7.77 — 7.65 (m, 2H), 7.46 — 7.37 (m, 2H), 5.01 (t, J = 2.0
Hz, 2H), 4.18 (dd, J = 9.5, 8.5 Hz, 2H), 2.85 — 2.69 (m, 2H), 2.47 (s, 3H).
13C NMR (125 MHz, Chloroform-d) § 170.04, 167.75, 145.89, 133.14, 130.67, 127.57, 114.26,

65.67, 56.67, 23.43, 21.88.

NTs

2.94]

33.8 mg, 94% yield, colorless oil;
IR (neat): v =1751, 1639, 1360, 1167, 670, 577, 544 cm™;
HRMS (ESI), calcd for C1gH24NO4S [M+H]* 362.1427, found 362.1399 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.77 — 7.71 (m, 2H), 7.42 — 7.33 (m, 2H), 4.27 — 4.04 (m,
2H), 2.65 (dd, J = 9.8, 8.7 Hz, 2H), 2.53 (ddd, J = 13.9, 10.9, 2.2 Hz, 2H), 2.46 (s, 3H), 1.97 —
1.80 (m, 4H), 1.80 — 1.67 (m, 5H), 1.67 — 1.47 (m, 3H), 1.42 (m, 1H);
13C NMR (125 MHz, Chloroform-d) § 176.07, 166.89, 145.31, 133.86, 130.26, 127.64, 113.55,

87.77,57.48, 36.83, 26.92, 22.64, 21.78, 21.68.
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24.6 mg, 71% yield, white solid;
IR (neat): v =1751, 1637, 1395, 1359, 1165, 1055, 670, 581, 544 cm™;
HRMS (ESI), calcd for C17H20NOsS [M+H]* 350.1063, found 350.1029 m/z;
H NMR (500 MHz, Chloroform-d) & 7.76 — 7.64 (m, 2H), 7.46 — 7.34 (m, 2H), 4.19 (dd, J = 9.9,
8.7 Hz, 2H), 4.02 — 3.92 (m, 2H), 3.90 — 3.79 (m, 2H), 2.92 — 2.79 (m, 2H), 2.69 (dd, J = 9.9, 8.7
Hz, 2H), 2.47 (s, 3H), 1.61 — 1.50 (m, 2H);
13C NMR (125 MHz, Chloroform-d) § 173.39, 165.97, 145.50, 133.65, 130.36, 127.55, 115.64,

82.13, 63.72, 57.55, 33.37, 21.90, 21.609.

NTs

2.94n

28.1 mg, 84% yield, white solid;
IR (neat): v =1751, 1639, 1398, 1360, 1168, 1067, 978, 669, 580, 544 cm™;
HRMS (ESI), calcd for C17H20NO4S [M+H]* 334.1114, found 334.1082 m/z;
H NMR (500 MHz, Chloroform-d) § 7.75 — 7.69 (m, 2H), 7.43 — 7.34 (m, 2H), 4.19 (dd, J = 9.8,
8.6 Hz, 2H), 2.69 (dd, J = 9.8, 8.7 Hz, 2H), 2.65 — 2.54 (m, 2H), 2.47 (s, 3H), 2.03 — 1.84 (m, 6H);
13C NMR (125 MHz, Chloroform-d) § 172.04, 166.61, 145.49, 134.00, 130.47, 127.63, 116.09,

92.55, 57.53, 37.15, 25.00, 22.24, 21.84.
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NTs

2.940

30.3 mg, 87% yield, white solid;
IR (neat): v =1746, 1637, 1392, 1360, 1167, 1089, 1066, 670, 578, 544 cm™*;
HRMS (ESI), calcd for C1H22NO4S [M+H]" 348.1270, found 348.1230 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.78 — 7.67 (m, 2H), 7.45 — 7.34 (m, 2H), 4.22 — 4.06 (m,
2H), 2.65 (dd, J = 9.8, 8.7 Hz, 2H), 2.55 — 2.40 (m, 5H), 1.82 — 1.63 (m, 7H), 1.45 — 1.23 (m, 1H);
13C NMR (125 MHz, Chloroform-d) § 175.03, 166.83, 145.44, 133.88, 130.42, 127.70, 115.37,

85.24, 57.68, 33.41, 24.22, 22.07, 22.00, 21.82.

NTs
T\ _Me
o]

O Me
2.94p

30.0 mg, 98% yield, white solid;
IR (neat): v =1752, 1641, 1396, 1357, 1164, 1091, 671, 568, 544 cm™;
HRMS (ESI), calcd for C15sH1sNO4S [M+H]* 308.0957, found 308.0969 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.78 — 7.63 (m, 2H), 7.46 — 7.31 (m, 2H), 4.27 — 4.07 (m,
2H), 2.75 — 2.60 (m, 2H), 2.46 (s, 3H), 1.78 (s, 6H);
13C NMR (125 MHz, Chloroform-d) § 174.81, 166.42, 145.53, 133.78, 130.44, 127.74, 114.79,

83.14, 57.48, 25.36, 22.11, 21.82.
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16.4 mg, 38% yield, colorless oil;
IR (neat): v =1757, 1636, 1391, 1365, 1092, 559, 578 cm™*;
HRMS (ESI), calcd for CosH22NO4S [M+H]" 432.1270, found 432.1238 m/z;
H NMR (500 MHz, Chloroform-d) & 7.53 — 7.48 (m, 4H), 7.48 — 7.38 (m, 6H), 7.03 (d, J = 8.0
Hz, 2H), 6.69 — 6.48 (m, 2H), 4.30 (dd, J = 9.9, 8.8 Hz, 2H), 2.83 (dd, J = 9.8, 8.8 Hz, 2H), 2.36
(s, 3H);
13C NMR (125 MHz, Chloroform-d) § 172.00, 166.59, 145.03, 136.96, 133.04, 129.90, 129.65,

129.18, 128.22, 127.90, 116.24, 89.91, 57.50, 22.16, 21.72.

NTs

2.94r

27.7 mg, 87% yield, white solid;
IR (neat): v =1751, 1634, 1400, 1359, 1258, 1163, 1089, 1053, 670, 579, 543 cm™;
HRMS (ESI), calcd for C16H1sNO4S [M+H]* 320.0957, found 320.0955 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.81 — 7.70 (m, 2H), 7.48 — 7.33 (m, 2H), 4.17 (dd, J = 9.7,
8.7 Hz, 2H), 3.35 — 3.04 (m, 2H), 2.64 (dd, J = 9.8, 8.7 Hz, 2H), 2.55 — 2.39 (m, 5H), 2.39 — 2.18

(m, 1H), 2.18 — 1.94 (m, 1H).

102



13C NMR (125 MHz, Chloroform-d) § 170.67, 166.36, 145.50, 133.94, 130.51, 127.57, 116.28,

85.60, 57.48, 32.29, 22.23, 21.83, 14.85;

NTs

2.94s

31.9 mg, 99% yield, white solid;
IR (neat): v =1765, 1637, 1411, 1361, 1167, 1091, 671, 581 cm™™;
HRMS (ESI), calcd for C1sH16NOsS [M+H]* 322.0750, found 322.0743 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.86 — 7.71 (m, 2H), 7.48 — 7.34 (m, 2H), 5.37 (dd, J = 7.3,
1.1 Hz, 2H), 4.93 (dd, J = 7.3, 1.2 Hz, 2H), 4.37 — 4.19 (m, 2H), 2.80 — 2.65 (m, 2H), 2.47 (s, 3H);
13C NMR (125 MHz, Chloroform-d) § 166.59, 164.96, 145.93, 133.90, 130.61, 127.68, 116.89,

82.06, 78.05, 57.58, 22.34, 21.86.

NTs

0™ o NBoc
2.94t

30.0 mg, 71% yield, white solid;
IR (neat): v =1769, 1704, 1416, 1366, 1166, 1053, 671 cm™;
HRMS (ESI), calcd for C2oHzsN20eS [M+H]* 421.1434, found 431.1374 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.88 — 7.73 (m, 2H), 7.46 — 7.36 (m, 2H), 4.71 (dd, J = 48.1,

9.8 Hz, 2H), 4.47 — 4.10 (m, 4H), 2.89 — 2.65 (m, 2H), 2.48 (s, 3H), 1.47 (s, 9H);
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13C NMR (125 MHz, Chloroform-d) § 168.15, 165.25, 156.63, 145.90, 133.98, 130.66, 127.77,

116.08, 80.57, 77.28, 59.40, 57.97, 57.42, 28.49, 22.46, 21.88.

Ph

15.2 mg, 40% yield, white solid;
IR (neat): v =1784, 1692, 1363, 1205, 1165, 1086, 813, 671, 589, 544 cm™;
HRMS (ESI), calcd for C22H24NO4S [M+H]* 398.1427, found 398.1356 m/z;
'H NMR (500 MHz, Chloroform-d) & 7.65 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.29 (t, J
= 7.5 Hz, 2H), 7.27 — 7.23 (m, 2H), 7.22 — 7.15 (m, 1H), 5.34 (d, J = 7.9 Hz, 1H), 3.71 (ddd, J =
9.9, 7.4, 4.1 Hz, 1H), 3.37 (ddd, J = 10.0, 8.6, 7.0 Hz, 1H), 3.05 (ddd, J = 16.6, 7.2, 4.3 Hz, 1H),
2.99 - 2.72 (m, 2H), 2.65 (dddd, J = 14.5, 10.1, 6.3, 2.4 Hz, 1H), 2.59 — 2.48 (m, 1H), 2.45 (s, 3H),
2.24 —2.07 (m, 1H), 1.88 — 1.70 (m, 2H);
13C NMR (125 MHz, Chloroform-d) § 166.13, 145.49, 143.82, 141.35, 133.96, 130.34, 128.70,

128.53, 127.34, 126.05, 112.94, 80.38, 51.97, 34.10, 32.33, 31.07, 21.85.

Me
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6.0 mg, 18% yield, colorless oil;
IR (neat): v =1713, 1327, 1159, 1094, 815, 664, 550 cm™;
HRMS (ESI), calcd for C17H22NOS [M+H]* 336.1270, found 336.1236 m/z;
IH NMR (500 MHz, Chloroform-d) § 7.76 — 7.63 (m, 2H), 7.43 — 7.33 (m, 2H), 5.41 — 5.24 (m,
1H), 3.85 — 3.69 (m, 1H), 3.37 (ddd, J = 9.9, 8.8, 6.8 Hz, 1H), 3.11 (ddd, J = 16.5, 7.3, 4.0 Hz,
1H), 2.59 — 2.37 (m, 5H), 2.37 — 2.22 (m, 1H), 1.97 — 1.63 (m, 4H), 1.60 — 1.47 (m, 3H), 0.98 (t,
J=7.4 Hz, 3H);
13C NMR (125 MHz, Chloroform-d) & 166.33, 145.48, 143.46, 133.94, 130.35, 127.41, 113.79,

81.25, 51.93, 34.79, 32.28, 21.98, 21.86, 18.44, 13.99.

Preparation of 2.92 :

2.92 are prepared according to the previously reported procedures. @

NBoc

MeO

O HO
Ph

2.92

8.6 mg, 24% yield, colorless oil;
IR (neat): v =1715, 1681, 1453, 1403, 1308, 1251, 1158 cm;
HRMS (ESI), calcd for C2oH2sNOs [M+H]* 475.1540, found 475.1536 m/z;
'H NMR (500 MHz, Chloroform-d) § 7.26 (m, 2H), 7.23 — 7.11 (m, 3H), 5.77 (d, J = 12.1 Hz, 1H),
5.64 (m, 1H), 3.77 (m, 1H), 3.71 — 3.61 (m, 4H), 3.01 — 2.89 (m, 1H), 2.80 — 2.66 (m, 2H), 2.61
(m, 1H), 1.50 (s, 9H);
13C NMR (125 MHz, Chloroform-d) § 166.77, 157.54, 153.01, 142.34, 128.65, 128.38, 125.83,

110.85, 82.71, 66.08, 51.70, 48.23, 36.67, 32.42, 28.40, 27.51.
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Total Syntheses of Bisdehydroneostemoninine and
Bisdehydrostemoninine by Catalytic Carbonylative Spirolactonization

Kaiging Ma*, Xianglin Yin', and Mingji Dai*

Abstract: The first toral synihieses of the stemona alkaloids
bisdehydroneostemoninine and bisdehydrosiemoninine in rac-
emic forms have been achieved. The synthetic strategy features
a novel palladivm-catalvzed carbonylative spirolacionization
of a hydroxycyclopropanol to rapidly consiruct the oxaspir-
olactone moiety. It also features a Lewis acid promoted tandem
Friedel-Crafis cyclization and lactonization to form the 5-7-5
tricyclic core of the target sterona alkaloids.

Thc Stemonacege plants have been widely used in Chinese
and Japanese traditional medicines for their antitussive effect
and insceticidal activity. They are rich sources of complex
bioactive natural products, especially alkaloids. So far, over
150 stemona alkaloids have been isolated [rom these plantst!
These alkaloids are categorized into eight different groups
and most of them [cature a characteristic pyrrolo[1.2-a]azc-
pine nucleus. Our recent interest in oxaspirolactone syn-
thesist! and (he stemofoline group® brought our attention to
the stemoamide group because many of its members, such as
bisdchydroncostemoninine (1a, Figure 1A), (iso)bisdchy-
drostemoninine (Ib and 1¢), stemoninines A and B (1d
and 1), tuberstemoamide (119 sessilifoliamide A (1g),7
(dihydro)stemoninine {1h and 11),"¥ and stemoenonine (1),
contain an oxaspirolactone moicty. Despite the recent efforts
toward the total syntheses of stemona alkaloids, only a [ew
members of the stemoamide group have been synthesized.
While there are over 20 total syntheses of the simplest
member stemoamide (11, Figure 1B)."Y total syntheses of the
more complex ones are very rare. Notably, Williams and co-
workers reported the first total synthesis of stemonine (Tm) in
2003"" and Chida. Sato and co-workers developed a unified
approach to synthesize both Tm and saxorumamide (In) from
11 in 2017." So far, there have been no reported total
syntheses of these oxaspirolactone-containing stemona alka-
loids (Lla—k). The cxistence ol an acid-scnsitive oxaspirolac-
tone moiety generates a significant synthetic challenge in its
installation as well as the control of the stereochemistry at the
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Figure 1. Selected stemoamide group stemona allcaloids.

spirocenter (C11). Additionally, scveral of these natural
products (la—e) contain an aromatic pyrrole ring and the
others {11-k) have either a pyrrolidine (Th and 1i) or
oxidized derivatives thereof (1f, 1g, 1j. and 1k). For the cases
of 1h. Te, 1d. and 1e, a y-butyrolactone is appended to the
pyrrole ring at the C3 position. and renders the C18
stereocenter labile for epimerization. Therefore, extra cau-
tion is nececcssary Lo avold scrambling the corresponding
stereochemistries.  These  structural features  drastically
increase the structural complexity of the targets and enhance
difficulties in conquering their total syntheses, Additionally,
the relative stercochemistry of 1b was unambiguously
established by X-ray crystallography.

We recently developed a palladium-catalyzed carbon-
ylative spirolactonization of hydroxyeyclopropanols to syn-
thesize oxaspirolactones in one step (335, Scheme 1A).%
The starting hydroxyeyelopropanols are readily available by
a Kulinkovich reaction of the corresponding lactones (2—3).
Recognizing the oxaspirolactone moiety of the atoremen-
tioned stemona alkaloids, we wondered about the possibility
of using the palladium-catalyzed carbonylative spirolactoni-
zation to convert the intermediate 8§ into oxaspirolactone 9
(Scheme 1B). The latter would serve as a key intermediate
toward some of the target stemona alkaloids such as Ta and
1b. The cyclopropanol 8 could be derived from the tricyclic
lactone 7 by an a-cthylation and Kulinkovich reaction. To
quickly access 7, and inspired by the pioneering work of the
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A. Our reported Pd-catalyzed carbonylative spirolactonization groups of Yang!"! and Widenhocler,™ we cnvisioned a palla-

dium-catalyzed oxidative tandem cyclization and carbonyla-

< Ho — HO\,\ '\HYOH Pd, CO. [R_ _),: ]_> R-':(fj tive lactonization to convert the allylic alcohol 6 into 7.

";’n T ) Additionally, in the long term, we wished to use 1a (o access

the related non-pyrrole-containing natural products (cf. 1f-i)

B. Synthetic design by identifying or developing new methods to convert the

pyrrole into either the corresponding pyrrolidines or y-

butyrolactams. Herein, we report the first total syntheses of
1a and 1b in their racemic forms.

Our synthesis commenced with the commercially avail-
able starting materials 10 and 11, which were readily
converted into the pyrrole 12 by a modificd Clauson-Kaas
reaction*® and Weinreb amide formation. Vinyl Grignard
nuclcophilic addition followed by Luche reduction of the
resulting enone gave 6 in 67% yield. We then started to
Scheme 1. Synthetic plan featuring carbonylative cyclizations. explore different oxidative carbonylation reaction conditions

to transform 6 into 7 in one step. Unfortunately, all the

a. H,0, reflux, o H H
MeO. o ACONa, CH,Cly, t I_/—« & 2 Mmger — &2 coMe _
75% N-Me  THF-20°C Grubbs 2
OMe + H;N' —_— o —_— e N OMe

H
(1a) Bi inine (1b)

N N
Ot . MeNH(OMe)HCI, PrMgCI [,) Me  d.NaBH,, CeClyTH,0 @ PhOH, tol. 15
" THF, -20100° 12 MeOH, -78 °C 6 110°C 1
92% 67% (two steps) 91%
0\ Me \ \
ull ul h. CIT(OPr), all I. [Pd(neoc)(OAC)),(OTf),
f. BFy Ot N g.LDA, Ell __EwMgBr BQ, CO (1 atm)
—_— —_— —>
o o
CHLCl HMPA, THF, THF o -c ornt t
0°Ctor o7 78°Ct0-20°C HO ao%(ar zs 1) ° A
79% (dr. 2.6:1) s 86% (dr. 1.3:1) 14 ch03 MeOH, n 54% (fresh cat.)
58%
Me
j=NT Br 0O
16 Me M-cHo ™
_UHMDS, THE 78%C _LRu(COy NEL_ m. (COCH,, DMF B 1M
e . — MR
k. Mel, CHzCIz/Ele n ; dloxane 100 °C AcONa, H;0, 11, 2h Y Zn, THF
then DBU, THF, rt 68% from 9. 75% NH,Cl (aq.), t
(one puri 83% (dr. 1:1)

p. PdIC, Hy

PhH/pyr. (1:1), rt
86% (dr. 9:1)

v -

X-ray of 7 X-ray of 14 X-ray of 1a X-ray of 21 X-ray of 23

Scheme 2. Total syntheses of bisdehydroncostemoninine (1a) and bisdehydrostemoninine (1b): BQ =benzoquinone, DBU =1,8-diazabicyclo-
[5.4.0Jundec-7-ene, DCE = 1,2-dichloroethane, HMPA = hexamethylphosphoramide, LDA =lithium diisopropylamide, LIHMDS =lithium bis {trime-
thylsilyl)amide, pyr. = pyridine, rt=room temperature, THF =tetrahydrofuran, tol. =toluene.
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reaction conditions we investigated lailed 1o deliver 7. Some
of them gave a cyclized product where a carbon—carbon bond
was formed between the pyrrole ring and the allylic carbon
atom to build a six-membered ring (see the Supporting
Information). Thus, we developed a two-step detour Lo realize
the synthesis of 7 from 6. Cross-metathesis of 6 and methyl
acrylate with the Grubbs second-generation catalyst afforded
the ap-unsaturated ester 13 in 91% vield."” We then used
a boron trifluoride etherate promoted tandem Friedel-Crafts
cyclization and lactonization to build the azepine ring as well
as the fused y-butyrolactone ring.!'"™ The reaction took place
smoothly to give tricyclic lactone in 79% yield as a 2.6:1
mixture of scparable diastercomers favoring the desired
product 7, which has a trars ring junction. Upon the treatment
of 7 with LDA and EtI in a mixed solvent of HIMPA and THF,
a-ethylation occurred to provide a 1.3:1 mixture of 14 and 15
in 86 % yield. While the reaction slightly favors the undesired
product 14, it was readily epimerized to the desired 15 with
K,COj; as base in MeOH. In addition to comprehensive NMR
analysis, the relative stereochemistry of both 7 and 14 was
confirmed by X-ray crystallography."”

With 15 in hand, the next step was to convert it into 8 using
the Kulinkovich reaction. We first explored the standard and
modificd Kulinkovich rcaction conditions” such as EtMgBr,
Ti(OiPr)., THF or McMgBr, EtMgBr, Ti(OiPr),, THF or
Cp,ZrCly, EtMgBr, Ti{QiPr),, THF, but nonc of them gave §
in synthetically usclul yicld. We also investigated the possi-
bility ol cmploying a Dreiding—Schmidt reaction between the
lactone 15 and methyl 2-(bromomecthyDacrylate to install the
oxaspirolactone moiety with an exe methylene group.?!!
Apain, the strategy was not fruitful. These failures are
presumably due to the steric hindrance around the lactone
moiety. We then noted a remarkable cyclopropanol synthesis
from a sterically hindered ester in Corey’s isoedunol total
synthesis™ where CITi(QiPr); was used instead of the
commonly used Ti(OiPr),. The replacement of onc bulky
isopropoxide group with a chloride group significantly
reduced the steric hindrance and increascd the clectrophilic
property of the titanium center and made it possible for
sterically challenging substrates. We then investigated Corey's
Kulinkovich protocol and were delighted to sce the [ormation
ol 8 in 63% vyicld. The palladium-catalyzed carbonylative
spirolactonization of 8 was less problematic. With 10 mol % of
the Waymouth catalyst [Pd(neoc)(OAc)],{OTI), in stock, the
corresponding oxaspirolactone preduct was obtained in 60 %
yield as a 2.3:1 mixture of sterecisomers favoring the desired
9a. The undesired epimer was isomerized to 9a with TFA in
CH,Cl, at ambient temperature in 75% vyield plus 15% of
starting matcrial recovery (see the Supporting Information).
We later [ound out that the usc of [reshly preparcd Waymouth
catalyst provided %a [rom 8 as a singlc isomer in 54 % yicld. It
was speculated that the freshly preparcd Waymouth catalyst
may be able (o promole an in situ epimerization process. With
92 in hand. the Eschenmoser protocol was used Lo install an
a-exo-methylene group and provide the compound 17. Ru,-
(CO),-catalyzed isomerization of the exo-methylene to an
endocyclic double bond completed the first total synthesis of
bisdehydroneostemoninine (La) in its racemic form.* Nota-
bly, 1a was produced in an overall 68% yield from 9a with

Angew. Chem. Int. Ed. 2018, 57, 1520915212
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only one column purilication. The structure ol synthetic 1a
was unambiguously confirmed by X-ray crystallography.!'!
While 1b and 1e¢, and 1d and 1e (Figure 1) exist as a pair of
epimers in nature, the Cll-epimer of 1a has not been
reported so [ar. Since we also accessed the Cll-epimer of 9a
in the carbenylative spirolactonization step, we advanced it to
the Cll-epimer of 1a using the same Eschenmoser protocol
and double-bond isomerization procedure (see the Support-
ing Information).

Next was the conversion of 1a into bisdehydrostemoni-
ninc (1b) by installing the y-butyrolactone at C3. There arc
scveral challenges involved in its installation. First, the
oxaspirolactone moiety of la is acid sensitive. Thercfore,
the subscquent steps must entail mild reaction conditions.
Second, the two chiral centers of the y-butyrolactone moiety
are remote from the rest of the chiral centers. It is difficult to
use the existing stereocenters to control the newly formed
ones. Third, as noted belore, the C18 stereocenter, once
introduced, is prone to epimerization. With these potential
problems in mind, we first used a modified Vilsmeier—Haack
reaction™! to introduce an aldehyde group at €3 and the
product 18 was obtained in 75% yield. The reaction between
18 and the organozinc reagent derived from 19 gave the 1,2-
addition adduct in 83% vicld,™! but as we expected, a 1:1
mixture of the diastercomers 20 and 22 were produced. Since
20r and 22 can be scparated by flash column chromatography,
we decided to use 20 for the total synthesis of 1b and 22 for
creation ol bisdehydrostemoninine  analogues [or [uture
biological cvaluations. While the lactonization did not take
place under the 1,2-addition reaction conditions, it occurred
smoothly with K,CO; in (BuOH to afford 21 in 76 % yield.?!
As we expected, once the lactone ring is formed, the CI18
stereocenter of 21 becomes very labile. Partial epimerization
occurred even on triethylamine-pretreated silica gel. It also
caused a problem for the subsequent hydrogenation step to
reduce the ero-methylene group. After many trials, we
learned that the use of a benzene-pyridine (1:1) mixed
solvent was the key for the exo-mcthylene reduction and
bisdchydrostemonining (1b) was produced in 86 % yicld with
9:1 diastercoseleetivity.””! Notably, no column purilication is
needed [rom 20 1o 1h. Following the same protocol, 22 was
converied into 24, an analogue of 1b. The structures of 21, 23,
24. and synthetic bisdehydrostemoninine (1b) were unam-
biguously confirmed by X-ray crystallography."”)

In summary, we completed the first total syntheses of the
stemona alkaloids bisdehydroneostemoninine (1a) and bis-
dehydrostemoninine (1b) using a palladium-catalyzed car-
bonylative spirolactonization as the key step to constructing
the oxaspirolactone maoicly. We are currenily adopling this
approach 1o synthesize other related stemona alkaloids as
well as their analogues for biological profiling and target
identification.

Acknowledgements
‘We thank the NIH P30CA023168 for supporting shared NMR
resources to Purdue Center for Cancer Research. The XRD

data is collected on a new single crystal X-ray diffractometer

www.angewandte.org

108

Angewandte

Internatianaiedtion | _11EIMIHE

15211



GDCh
~—~

15212

supported by the NSF through the Major Rescarch Instru-
mentation Program under Grant No. CHE 1625543, We also
thank NSF (CAREELR 1553820) for financial support and Eli
Lilly for an unrestricted grant support via the EL Lilly
Grantee Award. MLK. thanks the [inancial support from the
China Scholarship Council {CSC).

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkaloids - cyclizations - natural products -
palladium - total synthesis

How to cite: Angew. Chem. Int. £d. 2018, 57, 1520915212
Angew. Chem. 2018, 130, 1542915452

|1] For reviews: a) R, AL Pilli, M. C. E de Oliveira, Nat. Prod. Rep.
2000, /7, 117-127; b) R. A. Pilli. G. B. Rosso. M. C. F. de Oli-
veira, Nat, Prod. Rep. 2010, 27, 1908 - 1937; ¢) H. Greger, Plante
Med. 2006, 72, 99— 113,

[2] D.C. Davis, K. L. Walker, C. Hu, R. N. Zarc. R. M. Waymouth,
M. Dai, [ Ami. Chem. Soc. 2016, 138. 1060310699,

3] X. Y H. Mohammad, H. E. Eldesouky, A. Abdelkhalek, M. N.
Seleem, M. Dai, Chem. Copunun, 2007, 53, 7238 - 7241.

[4] L.-G. Lin, . X. Zhong. T. Y. Cheng, C. P. Tang, C.-Q. Ke, 3. Lin,
Y. Ye, L Nat. Prod. 2000, 69, 1051-1054.

3] P Wang, A. L. Liu, Z. H. Li, G. H. Du, H. L. Qin. /. Asian Nat.
Prod. Res. 2008, /10,511 314,

[6] W. H. Lin, L. Ma. M. 8. Cai. R. A. Barnes. Phytochemisiry 1994,
36,1333 1335,

[7] D. Kakuta, Y. Hitotsuyanagi, N. Matsuura, H. Fukaya, K.
Takeya, Tetrafiedron 2003, 59, 7779 - 7786.

[8] D. Cheng, I. Guo, T.T. Chu, L Nat. Prod. 1988, 51, 202 211.

[9] L.-G. Lin, K. M. LL C.-P. Tang. C.-Q. Ke, . A. Rudd. G. Lin, Y.
Ye, J. Nat. Prod. 2008, 7/, 1107 - 1110.

[10] For reviews: a) R. A. Pilli. G. B. Rosso, M. C. T. de Oliveira in
The Alkaloids, Vol 62 (Ed.: G, A. Cordell), Elsevier, New York,
2005, pp. 77-173: b) R. Alibés, M. Figueredo, Eur J. Org. Chein.
2009, 2421 2435, For recent examples: ¢) C. K. G. Gerlinger, S.
Kriiger, T. Gaich, Cheni. Eur. J. 2018, 24,3994 -3997; d) S. Fujita,
K. Nishikawa, T. lwata, 1. lomiyama, H. lkenaga, K. Matsu-
moto, M. Shindo, Ckem. Eur L 2018, 24, 1539-1543: e) A.
Varela, L. K. B, Garve, D. Leonor, V. K. Aggarwal, Angew.
Chem. Int. Ed. 2017, 56, 2127-2131: Angew. Chem. 2017, 129,
2159-2163; 1) Y. Nakayama, Y. Macda, M. Kotatsu, R. Sckiya,
M. Ichiki, T. Sato, N. Chida. Chem. Eur. 1. 2016, 22, 3300-3303;
¢) P Q. Huang, S. Y. Huang, L. H. Gao. Z. Y. Mao, Z. Chang.
A. E. Wang, Cherm. Commun. 2015, 5/, 45764578 h) E. Ideue,
J. Shimokawa, T. Tukuyama, Org. Left. 2015, 17, 4964 - 4967; 1) J.
Fu, H. Shen, Y. Chang, C. Li, ). Gong, 7. Yang, Chemn. Eur J.
2015, 27, 12881 - 12888: j) C. Fang, C. 8. Shanahan, D. H. Paull,
S.F. Martin, Angew. Chem. Inr. Ed. 20012, 51, 10596-10599:
Angew. Chem. 2012, 124.10748—10751; k) Y. Wang. L. Zhu, Y.

www.angewandte.org

Communications

@ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Internationaledition | _11EITIIE

Zhang, R. Hong. Angew. Chem. Int. Ed. 2011, 50, 2787 -2790:
Angew. Chem. 2011, 123, 2839-2842: 1) Z. H. Chen, ). M. Tian,
Z. M. Chen, Y. Q. Tu. Chem. Asian J. 2012, 7,2199-2202; m) Z.-
H. Chen, Z.-M. Chen, Y.-Q. Zhang, Y.-Q. Tu, F-M. Zhang, /.
Org. Chem. 2011, 76, 10173-10186; n) K. J. Frankowski, V.
Sctola, J. M. Evans, B. Neuenswander, B. L. Roth, J. Aubé, froc.
Natl. Acad. Sei. USA 2011, /08, 6727-6732; o) M. Briiggemann.
AL McDonald, L. E. Overman, M. D. Rosen, L. Schwink, J. P.
Scotl, J. Am. Chem. Sec. 2003, 123, 15284 - 15285,

[11] For a review: G. A. Brito, R. V. Pirovani, Org. Prep. Proced. Ini.
2018, 50, 245-259.

[12] D. R. Williams, K. Shamim, J. P. Reddy, G. S. Amato. S. M. Shaw,
Org. Lett. 2003, 5, 3361 3364,

[13] M. Yoritate. Y. Takahashi, H. Tajima, C. Ogihara, T. Yokoyama,
Y. Soda, T. Qishi, T. Sato, N. Chida, J. Am. Chem. Soc. 2017, 139,
18386 18391.

[14] S. Li. F. Li, ). Gong, Z. Yang, Org. Lert. 2015, 17, 12401243,

[15] a) C. Liw, R.A. Widenhoeler, J. Am. Chem. Soc. 2004, 120,
10250-10251:b) C. Liu, R. A. Widenhoefer, Chesm. Eur. [ 2006,
12,2371 -2382.

[16] B.S. Gourlay, P. P Molesworth, I. H. Ryan, I. A. Smith, Tetrahe-
dron Leit. 2006, 47, 799 -801.

[17] B. Schmidt. S. Hauke. Qrg. Biomol. Chem. 2013, 11,4194 -4206.

[18] a) M. G. Banwell, . A.S. Beck, ). A, Smith, Org. Biomol.
Chem. 2004, 2, 157-159: b) N. A. Paras, D. W. MacMillan, /.
Am. Chem. Soc. 2001, 123, 4370-4371: ¢) R.W. Bates, S.
Sridhar, .. Org. Chem. 2011, 76, 5026 - 5035.

[19] CCDC 1839471, 1859473, 1839474, 1859476, 1859477, 1859475,
and 1859478 (7, 14, 1a, 21. 1b. 23 and 24) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

[20] a) O. G. Kulinkovich, Chem. Rev. 2003, 103, 2597 -2632; h) L.
Haym, M. A. Brimble, Org. Biomol, Chenr, 2012, 10,7649 - 7665,

[21] a) Y.-A. Zhang, Q. Liu, C. Wang. Y. Jia, Org. Lert. 2013, 15,
3662-3665. by E. Ohler, K. Reininger, U. Schmidt, Angew.
Chem. Int. Ed. Engl. 1970, 9,457, Angew. Chem. 1970, 82, 444 ¢}
AL LolMler, R. I Pratt, H. P. Ridesch, A. S. Dreiding, Hefv. Chem.
Acta. 1970, 53, 383 -403.

[22] a) LS. Kingsbury, E. . Corey, J. Am. Chem. Soc. 2005, 127,
13813-13815; b)E.I. Corey, S. A. Rao, M. C. Noe, J Am.
Chem. Soc. 1994, 116, 9345-9346.

[23] E. Yoneda, S.-W. Zhang, D.-Y. Zhou, K. Onitsuka, S. Takahashi,
S Org. Chem. 2003, 68, 8371 - 8576,

[24] A.1. Mikhaleva, A. V. Ivanov, E. V. S. Tseva, 1. A. Ushakov,

ACM. Vo Tsov. B AL Trofimov, Synthesis 2009, 587 - 590.
25] K. Miura, D. Wang, A. Hosomi. J. Am. Chem. Soc. 2005, 127,
9366 -9367.

[26] W. Chen, Q. Yang. T. Zhou. Q. Tian, GG. Zhang, Org. Leit. 2015,
17, 5236-5239.

[27] D. A. Horne, B. Fugmann, K. Yakushijin, G. Buchi, J. Org.
Chem. 1993, 58, 62 -64.

Manuseript received: Augusi 7, 2018

Revised manuscript received: September 14, 2018
Accepted manuseript online: September 19, 2018
Version of record online: October 18, 2018

Angew. Chem. Int. Ed. 2018, 57, 1520015212

109



Published on 11 May 2017. Downloaded by Purdue University on 3/18/2020 2:01:05 AM.

ChemComm

W) Check for updates

<b

Rapid synthesis of bicyclic lactones via palladium-

catalyzed aminocarbonylative lactonizationst

Cite this: Chem. Commun, 2017,
53,7238

Received 31st March 2017,
Accepted 28th April 2017

DOI: 10.103%/c7cc02494k

rsc.lifchemcomm

A novel and efficient palladium-catalyzed aminocarbonylative
lactonization of amino propargylic alcohols has been developed
to provide rapid access to various bicyclic lactones especially
dihydropyrrole-fused furanones, which are novel structures and
have not been explored in biological and medicinal settings. This
method can also be used to access fi-lactone products such as 16.
Preliminary biological evaluations revealed that compounds 13h and
13s dermonstrated promising activity against Clostridium difficile and
compounds 13h, 13k, 13s, and 16b showed activity against several
important fungal pathogens.

Our recent efforts’ ™ in developing tandem palladium-catalyzed
carbonylation reactions*® for complex natural produet synthesis
have resulted in a novel method to synthesize oxaspirolactones
from hydroxyl eyclopropanol starting materials (Fig. 1A).> We
envisioned that this new synthetic capability could be potentially
used to synthesize oxaspirolactone 5, an important precursor
for the total syntheses of stemofoline alkaloids {¢f 4).°** We
proposed a tandem process to prepare 5 from 7 vig a tandem
Mannich reaction and ketalization. Compound 7 could be derived
from hydroxyl cyclopropanol 8 via the palladium-catalyzed carbony-
lative oxaspirolactonization we have developed. Compound 8 could
be synthesized from dihydropyrrole-fused furanone 10. In order to
quickly access 10, we envisioned another palladium-catalyzed
amino-carbonylative lactonization of amino propargylic alcohol 11.
Surprisingly, there was no documented synthesis of dihydropyrrole-
fused furanone {(¢f 10), which turned out to be a novel scaffold.
Their potential biological activities and use in medicinal
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Fig.1 Background and research design

chemistry remain unknown. Therefore, we decided to develop and
generalize the proposed palladium-catalyzed aminocarbonylative
lactonizations to provide expedient avenues toward dihydropyrrole-
fused furanones.

Significant advances have been made in the area of metal-
catalyzed carbonylation of alkynes."® In 1979, Muray and Norton
reported an elegant pallacium-catalyzed carbonylation of homo-
propargylic aleohols to synthesize ¢-methylene y-lactones.""” Since
then, many palladium-catalyzed cyclocarbonylations of alkynes
have been reported. Notably, Alper and co-workers reported
carbonylative syntheses of 2{5H)-furanones from propargylic
alcohols;"® 2 vang,>™° Akita,”® Gabriele*’® and others®*%*
have reported oxy or amino-palladation-alkoxycarbonylation of
alkynes to synthesize various heterocycles. Despite these progresses,
the intramolecular aminopalladation-carbonylative lactonization of
amino propargylic alechols of type 11 to synthesize dihydropyrrole-
fused furanones {¢f. 10) has not been reported. Herein, we describe
elements of our recent efforts in developing such transformations to
rapidly construct dihydropyrrole-fused furanones, which would not
only facilitate total syntheses of complex natural products such as
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Table 1 Reaction condition optimizations
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OH COPd cat., ligand ESN;P/G‘
{balloon), oxidant —
Ph e e e =
/\/‘\/\NHPG MeCN (0025 M), RT O 0/ P
12a (PG =Ts) 13a (PG = Ts)
12a’ (PG = Boc) 134 (PG = Boc)

Entry Reaction conditions (equiv.) Yield® (%)
1 pdcl, (0.1), A (0.1), BQ (1.5), PG = Ts o
2 Pd(tfa), (0.1), A (0.1), BQ (1.5), PG = Ts 63
3 Pd(tfa), (0.1), B (0.1), BQ (1.5), PG = Ts 58
4 Pd(tfa), (0.1), C (0.1), BQ (1.5), PG = Ts 63
5 pd(tfa), (0.1), D (0.1), BQ (1.5), PG = Ts 58
6 Pd(tfa), (0.1), E (0.1), BQ (1.5), PG = Ts 53
7 Pd(tfa), (0.1), Xantphos (0.1), BQ (1.5), PG = Ts Trace
8 Pd(tfa), (0.1), F {¢.1), BQ (1.5), PG = Ts 33
] PdCl,(MeCN), (0.1), E (0.1), BQ (1.5), PG = Ts 1]
10 Pd(tfa), (0.1), C (0.2), BQ (1.5), PG = Ts 41
11 pd(tfa), (0.1), C (0.1), BQ (3.0), PG = Ts 51
12 Pd(tfa), (0.1), € (0.1), BQ (1.0), PG =Ts 61
13 Pd(tfa), (0.1), C (0.1), BQ (1.0}, PG = Ts, Gs,C0; (1.0) o
14 Ppd(tfa), (0.1), € (0.1), BQ (1.5), PG =Ts, CO (7 atm) 31
15 PACL,{MeCN), (0.1)/AgOTf (0.2}, C (0.1), BQ (1.5), PG =Ts 72
16 PACL{MeCN), (0.1)/AgOTf (0.2), G (0.1), BQ (1.5), PG = Ts 81
17 PACL(MeCN), (0.1)/AgOTE (¢.2), H (0.1), BQ {1.5), PG = Ts 42
18 [Pd(neoc)(0AC)],(OTH), (0.1), BQ (1.5), PG = Ts 69
19 PACL(MeCN), (0.1)/AgOTE (¢.2), G (0.1), CuCl, (1.5), PG = Ts o
20 PdCL,(MeCN), (0.1)/AgOTf (0.2), G (0.1), DDQ (1.5), PG =Ts 90
21 PACL(MeCN), (0.1)/AgOTE (0.2), G (0.1), DDRQ (1.5), PG = Boc ]
22 Pd(tfa), (0.1), BQ (1.5), PG = Boc, MeOH 247

x l\PhI\ I\ Me Ph \MePh
lon A N LN
N /IN cd IN ca IN

)
= N S Me Ph e PH
a B c D

Me, Me

PRh,  PPh,
Xantphos

[Pdineac){OAL)|2(CTf;

“ Isolated yield. ? Yield of 14 with MeCH as the solvent.

the stemofoline alkaloids, but also provide novel molecules for
therapeutic development.

Our investigation started with model substrate 12a {Table 1},
which was readily prepared via 1,2-addition of acetylide to
hydrocinnamaldehyde (see the ESIt). When the commonly
used carbonylation catalyst PdCl, was used in combination
with 2,2-bipyridine ligand A, no desired product 13a was
obtained. We hypothesized that a more cationic and electron-
deficient palladium catalyst should function better to activate
the triple bond for the aminopalladation step than the neutral
PdCl, catalyst. Thus, Pd{tfa), was explored next. To our delight,
the desired product 13a was produced in 63% yield with
p-benzoquinone (BQ, 1.5 equiv.) as an oxidant and MeCN as a
solvent. We then investigated the effect of different ligands and
several bipyridine and 1,10-phenanthroline-based ligands
{entries 3-6) were evaluated. These ligands are either the same
as ligand A or slightly less effective, but are much more effective
than BOX-ligand F {entry 8). Bidentate phosphine ligand Xantphos
{entry 7) turned off the reaction almest completely and only a trace
amount of 13a was obtained. We further found that a 1:2 ratio of

This journal is @ The Royal Society of Chemistry 2017

the palladium catalyst and the ligand is not as good as 1:1.
Increasing the amount of BQ from 1.5 equiv. to 3.0 equiv.
{entry 11) made the reaction messier with 51% yield of the
desired product, and decreasing the amount to 1.0 equiv.
slightly reduced the reaction yield {61%, entry 12). Adding a
base such as Cs,CO; was detrimental {entry 13) and increasing
the carbon monoxide pressure to 7 atm showed an inhibitory
effect {entry 14). To further improve the reaction vield, we
explored the more electron deficient PA{OTf), (0.1 equiv.)
complex generated from a combination of PACl,{MeCN), and
AgOTY (1:2 ratio). The yield did increase to 72% {entry 15).
Ligand G {entry 16, 81% yield) was found to be superior to
ligand C {entry 4) and ligand H {entry 16). [Pd{neoc){OAc)|,{OTf),, a
cationic dimeric palladium complex developed by the Waymouth
lab™ also worked for this transformation but with reduced reaction
yield. While CuCl, as an oxidant was deleterious, 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) increased the yield to 90%
{entry 20). Interesting, when the nitrogen-protecting group was
changed to Boc (12a'), even the optimized reaction conditions
did not give any desired product 13a’ {entry 21). When MeOH

Chem. Comynun, 2017, 53, 7238-7241 | 7239
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Table 2 Substrate scope

T
R! R? NHTs PdCl,(MeCN)2 (0.1 equiv.)/AgOTf (0.2 equiv.) N-TS
HO)&) G (0.1 equiv) o= =\ _qe
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- - Me
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NOy F CFs
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N-TS N=TS
gl 00
13k (48%) 131 (94%)
N-TS N=TS N-TE I
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O™ R 0o 0o\ .0 [Sian s WA Y
13p (34%, 1.44 9, R =Me) y3; (571 13s (99%) 13t (71%)

13q (38%, R = Ph)

was used as the solvent with Pd{tfa), as the catalyst and BQ as
the oxidant, product 14 was produced in 24% yield {entry 22),
which indicates that with the Boc-protected substrate, the
aminopalladation and alkoxycarbonylation steps could take
place, but not the lactonization step. These results suggest that
the formation of the furanone ring is the problematic step
presumably due to pseudo-Ag ;) interaction between the Boc
group and the alkyl side chain.

With optimized reaction conditions established, the substrate
scope of this new aminocarbonylative lactonization method was
assessed {Table 2). A variety of hydropyrrole-fused furanones can
be prepared. In general, for secondary propargylic alcohols with
an alkyl substituent, the reaction yield is excellent {¢f 13a-d).
The yield for secondary propargylic alcohols with an aryl sub-
stituent dropped slightly (¢ 134-h) or significantly (¢f. 13¢, 13i-j)
presumably due to the ease of oxidizing the secondary alcohol to
a ketone and other undesired reaction pathways. A primary
propargylic aleohol substrate gave modest yield of the desired
hydropyrrole-fused furanone product {cf. 13k). Notably, sterically
hindered tertiary alcohols {13i-t) are excellent substrates and
high yields were obtained except for the case of 13q. Tricyclic
products 13l-0 and 13r-t containing a spiroeyclic ring system
were produced in excellent yields. The structure of 130 was
unambiguously confirmed by X-ray analysis.*® Due to the mild
reaction conditions, functional groups such as sulfonamide,
Boc-carbamate, bromide, and nitro group are well tolerated.
The reaction can also be conducted on a gram-scale (13p).

We then prepared substrate 15 and wondered the possibility
of forming a 5,6-fused furanone product {¢f. 17, Fig. 2). With one
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Fig. 2 Formation of B-lactone product,

carbon added between the nitrogen nucleophile and the triple
bond, in addition to the expected 6-endo-dig amino-palladation,
a 5-exo-dig amino-palladation becomes a potential competing
pathway. If the latter occurs, we would be expecting a strained
B-lactone product {¢f 16). Interestingly, under the optimal reaction
conditions for the formation of 5,5-fused furanones, no fused
product 17 was identified in the reaction mixture, instead
B-lactone product 16 was produced in 40% {R = Ph) or 18%
(R = Me) yield.*” The structure and double bond geometry of
16a were unambiguously validated by Xray analysis (Fig. 2).%°

Mechanistically, as shown in Fig. 3, after ligand exchange, a
hydroxyl group-directed activation of the alkyne with the Pd{u)
catalyst would trigger a 5-endo-dig anti-aminopalladation to form the
dihydropyrrole ring and produce vinyl-palladium species 19 from 18.
Carbon monoxide migratory insertion followed by lactonization
would lead to product 13 and a PA(0) catalyst. The latter would be
oxidized to a Pd{n) catalyst by DDQ to continue the next catalytic
eycle. For the formation of 16, a 5-exo-dig enti-aminopalladation
overrides a &endo-dig amino-palladation. The rrans double bond
geometty of 16 supported the anfi-aminopalladation process over a
syrn-aminopalladation process.

Due to the structural novelty of the aminocarbonylative
lactonization products, we evaluated them against several
important bacterial, yeast and mold pathogens (see the ESIt).
Our preliminary results showed that compounds 13h and 13s
exhibited promising activity against toxigenic strains of Clostridium
difficile with 128 uM and 64 pM minimum inhibitory concentration
{MIC) values. Interestingly, these two compounds did not show side
effects on the beneficial intestinal microflora and were nontoxic to
Caco-2 cell lines up to 256 pM. Compounds 13h, 13k, 13s, and 16b

R! R? N-TS
HO' \ NHTs -
=N = R?
12 DDQ o |
ligand Pl ~——— pdoL 130 R
exchange Oxidation lactenization

R' R? N—Ts

Heg \’ NHTs -
N\ o al
R
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2
Fd“o R insertion
oC

19 H
Fig. 3 Proposed catalytic cycle,
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showed activity against several important fungal pathogens
including strains of Candida albicans, Candida glabrata, Candida
krusei, Cryptococcus gatiii, Cryptococcus negformans, Aspergilius
fumigatus, Aspergillus niger, and Aspergillus brasiliensis with
64-128 uM MIC values.

In summary, we have developed an efficient palladium-catalyzed
aminocarbonylative lactonization to synthesize various novel
dihydropyrrole-fused furanones. This method can also be used to
access fHactone product such as 16, another novel scaffold with
potential biological functions. Our preliminary biological evaluations
have identified several compounds including 13h, 13k, 13s, and 16b
with promising antibacterial and antifungal activity. We are currently
using this new synthetic capability to facilitate total syntheses of
complex natural products as well as preparing analogues of the
antibacterial and antifungal lead compounds to improve potency
and physicochemical properties for new therapeutic development.

This work was financially supported by NSF CAREER Award
(1553820). The NIH P30CA023168 supported shared NMR
resources to Purdue Center for Cancer Research. The XRD data
are collected on a new single crystal X-ray diffractometer supported
by the National Science Foundation through the Major Research
Instrumentation Program under Grant No. CHE 1625543,
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