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Alkaloids are a type of natural products which can be isolated from many
kinds of creature such as plants, animals, fungi, and bacteria. These kinds of natural
products possess interesting biological activities for instance anticancer,
antiflamatory, and antimalarial. Because of the useful properties, scientists including
the synthetic chemists intensely pay attention to alkaloids. They have attempt to
synthesize natural and unnatural analogues of alkaloids. One of the most commom
reaction for synthesis alkaloids is the N-acyliminium ion cyclization.

This thesis reports a synthetic study of alkaloids. The alkaloid is lycorine
which is found in the Amaryllidaceae family as Clivia miniata and Daffodil bulb. The
structure is a pentacyclic benzoindolizidine structure containing four stereo centers.
The heck reaction and N-acyliminium ion cyclization were applied as the crucial
reactions for the synthetic route. The synthetic strategy of lycorine was designed in
two synthetic routes. First, the construction of the tricyclic core from N-acyliminium
ion cyclization. However, this result was observed without the hydroxylactam peak of
the carbon NMR spectrum at 76.5 ppm. And second, the synthesis involved Suzuki
reaction followed by metathesis for generated tricyclic core from N-acyliminium ion
cyclization but metathesis did not give the desired product. Now, an alternative route
devised and it involves witting olefination and metathesis for generating a C-C bond
linkage.
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CHAPTER 1
INTRODUCTION

Alkaloids® are a major family of Natural Products with diverse structural
architectures and intriguing biological activities. Many plants containing alkaloids
have been used as herbal medicines since prehistoric time in all parts of the world.
Modern medicines also employ small molecule alkaloids as drugs for various
diseases. The structural complexity and medicinal benefits make alkaloids compelling
targets for synthetic chemists. Alkaloids can be divided in numerous subgroups. The
criteria for categorizing alkaloids include the origins of the compound as well as the
common core structures. Our research group studies substrate controlled asymmetric
synthesis of quinolizidine alkaloids  with 1-azabicyclo[4.4.0]decane system,
indolizidine alkaloids with  1-azabicyclo[4.3.0]nonane system, and other related
alkaloids. We have reported synthesis of Schulzeine B and C, Crispine A analogs as
well as synthesis of core structures of Erythrina alkaloids, hyperkinetic movement
disorder drug Tetrabenazine, and neuroprotective Rhynchophylline shown in
Figure 1.

Tetrabenazine core Crlsplne A methyl analog

Rhynchophylline core Erythrina alkaloid core

HO.
%O
OH
N
H

Figure 1 Examples of indolizidine and quinolizidine alkaloids

‘\\OSO3Na

Schulzeine C OSO3Na

Benzoquinolizidine? and benzoindolizidine structural moieties found in the
targets in Figure 1 can also be categorized as tetrahydroisoquinoline derivatives. The
reaction which is well-known for synthesis of tetrahydroquinoline alkaloids is the
Pictet-Spengler reaction. It is a cyclization between an arylethylamine and an
aldehyde that is usually catalyzed by acid. An intermediate of Pictet-Spengler reaction
is an iminium ion. Originally, the reaction employed formaldehyde and
phenethylamine to give the tetrahydroisoquinoline skeleton. The analogous reaction
of tryptamine results in tetrahydro-p-carboline system (Scheme 1).
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Scheme 1 Pictet-Spengler reaction

N-acyliminium ion cyclization? is.a more reactive variant of Pictet-Spengler
reaction which is very useful in alkaloid synthesis. N-acyliminium ions can be formed
from acylation of imine or cyclization of amido-aldehyde in acidic conditions are very
reactive intermediates and can act as high electron-deficient electrophiles toward
weak nucleophiles. Besides the aromatic ring, alkene can also act as nucleophile in
the reaction The reactions are especially useful method for intramolecular cyclization.
Tandem N-acyliminium ion cyclizations where the initial cyclization intermediate can
be trapped by nearby second nucleophile can lead to polycyclic framework in a single

operation (Scheme 2).
Rj ©/\/R3 @Rs
N O | —/—> N.__O
Cl_ .0 “®
] Rk

Rs Rs
| EEEEE— . /@
n
“n=o1 n=01
v T
N
—_— NS N 0
. ®
b @/\/ I ©/\/ @(Ej

I deiand idde iunbcos

Scheme 2 N-acyliminium ion cyclizations




Currently we are exploring the application of chiral succinimide and
glutarimide synthesized from cheap and readily available chiral pool starting
materials, namely, L-aspartic acid, L-asparagine or L-glutamic acid and L-glutamine
as chiral building block for alkaloid synthesis. The selected targets are shown in
figure 2 such as quinolizidine alkaloids (Protoemetinol and Lupinine), Indolizidine
alkaloids (FR901483, Tabertinggine, Lycorine, and Tashiromine, and a related
Amaryllidaceae alkaloid, Plicamine . We envision that N-acyliminium ion cyclization
and other reactions of the chiral cyclic imide intermediates would lead to asymmetric
total synthesis of these biologically active alkaloids.

Q
HO-)
0 P
iz Ik
N\ f ° ;
N I ‘ (OH OMe
H Ho = ~ 0
= O ‘.
Xo OH j N

Tabertinggine Lycorine T
FR901483

% o "
“” HO™ HO o
Lupinine Tashiromine
Protoemetinol .y

Plicamine

Figure 2 Example of quinolizidine, indolizidine and related alkaloids

Crispine A and Erythrina alkaloids whose structures are shown in Figure 1 are
benzo[g]indolizidine alkaloids. In this research, we will discuss synthetic studies of
lycorine which has the benzene ring fused to a different side of indolizidine. Its
structure consists of a pentacyclic system with benzo[f]indolizidine ABD core fused
with a dioxolane and a cyclohexene-diol (C ring) containing four stereocenters.

benzo[5,6-flindolizidine  6n70[6,7-glindolizidine

HO
Lycorine OH

Figure 3 Lycorine structure

Our synthesis plan has evolved during the course of our study. However,
the main strategy utilizes chiral succinimide intermediate prepared from L-asparagine
to form the D ring. This moiety is combined with bromopiperonyl which represents
the A ring and the resulting intermediate would be the precursor for closure of the B
ring with various methods. Among the methods that we have attempted for



construction of the B ring are N-acyliminium ion cyclization and Wittig reaction.
During the preparation N-acyliminium ion cyclization precursor multiple reactions
have been employed such as the Heck reaction, Suzuki reaction, Wittig olefination
and

aza-Sakurai reaction.

Heck reaction is the chemical reaction of an unsaturated halide with an alkene
in the presence of a base and palladium catalyst to give a substituted alkene.
Heck reaction is important in organic synthesis since it is an especially useful method
for formation of a C-C bond. The intermolecular Heck reaction begins with oxidative
addition of Pd (0) to the aryl halide to form aryl-Pd (Il) intermediate that adds into the
C=C bond to give alkyl-palladium complex that undergoes p-hydride elimination to
give the arylated alkene product.

(0]

Br S 0
©/ o [ 0Bt PuPPha OFt

7 (1) Br -
I_/pd\l_(o)Oxidative Ligand
HB addition exchange L
rA—YV L
\

g HPABrL, Pd\/Br
(1 (1) o
>z
N ot /;f
p-hydride 1\ B,

elimination Pd—y migratory

L (1) 1 i
OEt insertion

Scheme 3 Heck reaction and mechanism

Besides being powerful coupling reaction in an intermolecular fashion, Heck
reaction is a useful method for intramolecular cyclization. For example, in a
synthesis of a steroid by Tietz® in 1998 (Scheme 4), Z-2-bromostyrene underwent
oxidative addition with a palladium (0) catalyst formed in situ from palladium (1I)
acetate and triphenyl phosphine and reacted with hydroindene in an intermolecular
Heck reaction to form Z-styrene-indene intermediate. Subsequently, aryl-
bromide underwent oxidative addition with dimeric trans-bis(acetato)bis[o-
(diphenylphosphino)benzyl]dipalladium(ll) (A) resulting in an intramolecular Heck
reaction to form the B ring of the steroid estrone.



O'Bu 10% Pd(OAc),
©:§ /@j 22% PhgP
Bu4NOAc
1:1 DMF/MeCN 2% A
60 °C, 60 h BusNOAc
Ph, Ac 1:1:0.2 DMF/MeCN/H,0

©i/\ /D 60°C, 4.5 h

Scheme 4 Example of Heck reaction by Tietz

Asymmetric Heck reactions can also construct tertiary or quaternary
stereocenters. In the instance of establishing a quaternary center adjacent to the
palladium-carbon bond, B-hydride elimination is not possible. Thus, quaternary
stereocenters can be formed in a conformationally restricted system (Scheme 5).

| PdL,
Pd(0), base I e ",
= | — R — > R
1
Re Ry Rz
tertiary
Ry
L,Pd _
I CH2R2 R1/,, R2 R1/,,
| Pd(0), base
_— L By
R4
quaternary
COzMe COQMG

@(17 Pd(0), base ~
NR > NR
), ),

Scheme 5 Asymmetric Heck reaction

In 2017, Kong and a co-worker* developed the first Pd-catalyzed asymmetric
reductive Heck reaction using diboron-H.O as a hydride donor. C3-quaternary
stereocenter, a series of enantioenriched oxindoles were obtained in excellent yield
with high enantioselectivity (Scheme 6). In this example, initial addition of the aryl-
palladium to the alkene led to alkyl-palladium intermediate with quaternary center
that cannot undergo p-hydride elimination. The organopalladium intermediate
undergoes hydride reduction to give the methyl substituent instead.



PdCl,(MeCN), (0.1 eq.) HI H
R2f {BUPHOX (0.2 eq.) R
R > \''R2
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X 1 B,Cat, (2.0 eq.), D,O (2.0 eq.) R4
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N0 Voo NO
Me Me Me
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H D H \ D H D H
o9 Lok "0

Cl
v Y N0
Bn Me Me
21-D 62%, e.r. 95.5:4.5 2p-D 68%, e.r. 97:3 2t-D 64%, e.r. 96.5:3.5
98% D-incorporation 97% D-incorporation 94% D-incorporation

Scheme 6 Enantioselective synthesis of D-labeled oxindoles by Kong

and a co-worker

The role of water as hydride donor could be verified when DO was used.
In this way, the CH2D substituted oxindoles were synthesized using D-O as a D-donor
and a high level of D.incorporation.

Suzuki reaction is a reaction that a C-C bond is formed by coupling
an organoboron species and a halide using a palladium-catalyst and a base. The base
produces a trialkyl borate species which is -more nucleophilic and more reactive
towards the palladium complex present in the transmetalation step. Suzuki reaction is
widely used to synthesize polyolefin, styrenes, and substituted biphenyl.

[Pd] cat., base
Ri—X + Ry=BY, — > R—R;

/OH Pd(0), base
s, + oy —— ¢
OH



Br RO, Pd(0) X
/B\/\
©/ * RO -
base
RO_ OH base RO,
Br B RO/B\/\
(u) Br RO’
Oxidative transmetallation
addition
L. L
L/Pd\l_(o) Pd\
. L

reductive
elimination

Scheme 7 Suzuki reactions and mechanism

For example, in  synthesis of buflavine by Somsak Ruchirawat®,
3,4-dimethoxyphenylboronic acid reacted with (2-bromophenyl)acetonitrile in the
presence of tetrakistriphenylphosphinne ' palladium as catalyst and  potassium
carbonate as base to give biaryl product in 96% yield.

CN

H3CO . Br\f Pd(PPhg);, K,C05 HaCO O
:C\ " HsCO

HsCO B(OH)z EtOH, H,0, toluene O

96% l

/ NH,

CN

buflavine

Scheme 8 An example of Suzuki reaction

Wittig reaction is olefination of a ketone or an aldehyde with triaryl (or alkyl)
phosphonium ylide known as Wittig reagent. This reaction is most commonly used to
convert ketones and aldehydes to alkenes from methylene group using
methylenetriphenylphosphorane (PHsP=CH:) to other more highly substituted
alkenes.



+
R, PhoR Ri_ Ra
=0 + -C—R; — C=C  + PhgP=0
R2 R4 R2 R4

+ -
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Scheme 9 Wittig reaction

Wittig reaction can give E/Z selectivity depending on the type of phosphonium
ylide used for the reaction. Non-stabilized phosphonium ylides with alkyl substituent
give Z-alkene selectively, whereas stabilized phosphonium ylides with substituent that
can stabilized carbanion give E-alkene selectively.

® n-C43H,7,CHO
)\/\/\/Pph?’ Ea =

(@) n
91% yield all Z

A \)_O #_O
A
H® o) o)
a. \\‘&PPhS * H P 771277 N\ N P
E10™ N0 g Lo o-ﬁ E10™ 07 H o—(\

Z-isomer only

R_-PPh;

unstabilized ylide

O
—(\ O_(\
96% yield

b. all E-isomer
AcO, H
o % AcO OH o WO
N PPhs . Ny T Nty o
H oHC % © ! H °
E selective

PPh; a—
R 8 RJ\/PF’h3 R=H,0OR, alkyl

stabilized ylide

Scheme 10 Z-selective and E-selective Wittig reactions



Aza-Sakurai reaction is one of an important reactions in organic synthesis. It is
an especially useful method for formation of a C-C bond between an allylsilane as
nucleophile and an iminium ion as electrophile. The transformation can be either
intermolecular or intramolecular reaction that began with strong Lewis acid activation
(titanium tetrachloride, boron trifluoride, tin tetrachloride, and AICI(Et). being
essential for complete reaction between electrophilic carbon of iminium ion and
allyltrimethylsilane.

For example, Woerpel and Roberson® reported stereoselective total synthesis
of peduncularine in 2002, using an intermolecular aza-Sakurai allylation of N,O-acetal
3 with allyltrimethylsilane. The reaction was mediated by BF3-OEt> as a Lewis acid at
low temperature and gave the desired allylated product 4 as a single stereoisomer in
excellent yield (Scheme 11)

SiMe,Ph - N -SiMes SiMe,Ph
Me3S| 4.0 Me;Si (6]
.0eq.)
OJ( » Mo A :
EtO BF3OEt, (2.0 eq.) N
—
CH,Cly, -78 °C to -45 °C 4

3

N peduncularine (5)

Scheme 11 Intermolecular aza-Sakurai in synthesis of peduncularine
reported by Woerpel and Roberson

In 2013, synthesis of homoallylamines which is an intermediate for
preparation of carbohydrate-derived auxiliaries was reported by Kunz’. Aza-Sakurai
reaction of the N-galactosyl imine 33 in the presence of tin(IV)chloride with
allylsilanes yielded homoalkylamines 63 (Scheme 12).

P opiv /\/S|Me3 OPVopiv
Pivo&/N# SnCl,, THF, rt. PIVO&/ \(\/
OPiv Y 50-75%, dr 9:1-25:1 OPiv

R= 3-Furyl

R= Phenyl, Styryl or 2-CICgH,4
65% 76% 82%
14:1 15:1 271

OPVopiy

/\/SIMG;; H /
PivO N
SnCly, THF, r.t. OPiv
R

50-75%, dr 9:1-25:1
63b
R= Alkyl

Scheme 12 Syntheses of homoallylamines reported by Kunz
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Moreover, intramolecular aza-Sakurai reaction can form polycyclic framework
of alkaloids with high selectivity. For example, this reaction was used in a synthesis
of racemic cephalotaxine by Liu and coworkers® in 2015 (Scheme 13). The precursor
N-arylethylsuccinimide 6 reacted with allylmagnesium chloride to give
hydroxylactam intermediate 7. Treatment of this Z-TMS-allyl-hydroxylactam
precursor with titanium tetrachloride in mesitylene at -45 °C gave a 2.5:1 mixture of
cis:trans tricyclic core 8 of cephalotaxine (2) in good yield.

O O O O

o)
0
<o N < o. M Tici, € N
™S, /) — 0 — >0
™S | mesitylene / y
_~.MgCl - 9 87% 2.5:1

6 Et,0, 86% cis:trans 8 \
Zhan catalyst

RCM
3T O o
-
( * )-Cephalotaxine (2 HO

Scheme 13 Intramolecular aza-Sakurai reaction in cephalotaxine synthesis
reported by Liu

Wang and co-worker® reported a bioinspired and concise synthesis of
(£)-Stemoamide - (Scheme 14). The propargylsilane-hydroxylactam 8 could be
prepared from the corresponding bromide 7 and succinimide via N-alkylation and
subsequent reduction using NaBHa. This precursor was subjected to a FeCls-promoted
cyclization in toluene at 0 °C to give 3:1 mixture of cis:trans bicyclic core 10 of
stemoamide (1).

TMS

1. succinimide, K2CO3, Ry H TMS
\\ DMF, rt. |=eC|3 toluene; 0 °C, 2 h. S o1=r/
2. NaBH,, EtOH, 0 03 TBSO / — F')N 2
TBSO 86 % R,
93% over 2 steps cis/trans 3:1
O

R'=H, R?= OTBS
R'= OTBS, R=H

(+)-Stemoamide 1 10 (d.r. 3:1
8 steps, 37% overall yield (dr 3

Scheme 14 Bioinspired and concise synthesis of (+)-Stemoamide reported by Wang
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Enantioselective aza-Sakurai reaction using chiral catalyst has been developed
by Park!® (Scheme 15). N-(6-Trimethylsilyl-4-hexen-1-yl)-y-hydroxylactam 10
reacted with TMSCI in the presence of chiral thiourea catalyst 12 vyielded
8-vinylindolizidinone 11 in moderate yield with high enantiomeric excess.

™S o catalyst 12 (20 mol%) O
j\/\/\b TMSCI (2 equiv) N
~ N -
TBME (0.05 M)
10 HO -30°C, 24 h Z M

51%, 94% ee
b ve
\n/\N
Q O catalyst 12

Scheme 15 Enantioselective intramolecular aza-Sakurai reaction in synthesis of
8-vinylindolizidine by Park.

Nocket and co-worker!! reported a total synthesis of the tetracyclic
antimalarial alkaloid (+)-Myrioneurinol (Scheme 16). The precursor N-tosyl lactam
25 reacted with DIBAL-H to give allylsilane-hydroxylactam intermediate 26.
Subsequent addition of ferric chloride and slow warming to approximately 5 °C gave
spirotricyclic core 28 of myrioneurinol as a single stereoisomer in good yield.

H
o /—OMOM DIBALH, CH,Cly, OMOM OMOM
/ T8¢ o
Ne. SiMeg then FeCls, SIM93 SiMe;
Ts warm to 5 °C

25

H H

H OMOM H OH
—_—
- > [
N A\ N o
STs

Myrioneurinol 1

Scheme 16 The total synthesis of the Tetracyclic Antimalarial Alkaloid (+)-
Myrioneurinol reported by Nocket.
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A total synthesis of the marine tunicate alkaloid lepadiformine was reported
by Sun'? (Scheme 17) using aza-Sakurai reaction for producing spiro[cyclohexane-
pyrrolidine] 14 which is an intermediate for lepadiformine (Scheme 3). Starting with
combination of 2-methyl-1-pyrroline 10, which was first lithiated and reacted with Z-
[7-iodohex-2-enyl]trimethylsilane 11 via alkylation. Subsequent N-acylation with o-
nitrobenzoyl chloride gave a mixture of regioisomeric enamide 12 which was treated
with trifluoroacetic acid to generate spirocyclic 14 as a single stereoisomer in 57%
overall yield based upon 10.

T™MS
72
N 1. LDA, THF, -78 °C-rt 2
10 2. 0-NO,PhCOCI, NEt3 L

+ > - N

4
OyN
| - - T™S,, ‘ —
" 12 N
4 NH
— O ﬁ —_—
e}
TFA, CH,Cly, 57% O)\Ar @

NO,

14

Ar
<<l \

H

16

Scheme 17 A new total synthesis of the marine Tunicate alkaloid
Lepadiformine by Sun.

They proposed that spirocyclic 14 was formed via N-acyliminium ion in
conformation 13 while conformer 15 was probably destabilized relative to 13 due to a
steric interaction between the N-o-nitrobenzoyl group and the allylsilane.



13

Enantioselective total synthesis of aspidophytine was reported by He®
(Scheme 18). The heart of the synthesis of aspidophytine 1 was a cascade reaction
initiated by condensation of dialdehyde-allylsilane 11 with tryptamine 6. The
resulting dihydropyridinium ion underwent intramolecular aza-Sakurai cyclization to
form the pentacyclic framework of aspidophytine in a single step after treatment with
TFAA and subsequently, NaBH3CN in acetonitrile.

NH, CHO
oHC CHACN, 23 °C, then TFAA, 0°C,
Q o then NaBHiCN, 23°C
+ ’
MeO N o—( 66%
OMe Me MesSi

2. K3Fe(CN)g, NaHCOj, t-BuOH-H,0,

1. NaOH, EtOH, 75 °C, 24 h, 88%
92%

MeO

OMe Me

Aspidophytine 1 13

Scheme 18 Enantioselective total synthesis of aspidophytine reported by He

In this study, Heck reaction was used to synthesize farylacrylate intermediate
which would be converted to the N-acyliminium ion cyclization precursor in the first
synthetic route. In the second synthetic plan. Suzuki reaction/Olefin metathesis
sequence was used as an alternative approach to install the aryl-allylsilane which
would be suitable for-an aza-Sakurai reaction to form the B ring instead of N-
acyliminium ion cyclization. In the third approach, Wittig reaction installed the
methylene group to 6-bromopiperonal and subsequent Olefin metathesis with
trimethylallylsilane could also deliver the aryl-allylsilane for the aza-Sakurai reaction
to form the B ring.

Obijectives of Research
1. To develop a synthetic methodology for lycorine

2. To develop the N-acyliminium ion cyclization and other equivalent
reaction  such as  aza-Sakurai  reaction to  synthesize
benzo[f]indolizidine system
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CHAPTER 2
LITERATURE REVIEW

In this research, we would like to present the synthetic study of lycorine
containing a benzo[5,6-f]indolizidine tricyclic system. Lycorine is one of the
members of Amaryllidaceae alkaloid. It was first isolated by Gerrand and was called
narcissia in 1877 from the plant is Narcissus pseudonarcissus**. The alkaloid was later
named lycorine in 1897 by Morishima. Most reported Amaryllidaceae!* species
contain lycorine including Leucojum aestivum, Crinum macowanii, Brunsvigia,
Ammocharis coranica, Hippeastrum equestre, Hymenocallis littoralis, Leucojum
aestivum, flowers of Clivia nobillis, and Lycoris radiate. Lycorine'* is a colorless
crystal with a melting point of 260-262 °C and is insoluble in ether and alcohol
solutions. In addition, the biological activity of lycorine includes inhibition of the
termination of protein synthesis, anti-poliovirus in infected HeLa cells, bactericidal
effects in several bacterial strains, inhibition of DNA topoisomerase-I activity which
is important for the growth of cells in parasites, inhibition of NF-xB signaling that is
one of the inflammatory effects, and anti-tumor effect with an IC50 value not
exceeding 7.5 uM. The structure consists of five linked rings containing a benzo[5,6-
flindolizidine core fused with an dioxolane and a cyclohexne diol with four
stereogenic centers.

Narcissus pseudonarcissus*®

Figure 4 Structure of lycorine and Narcissus pseudonarcissus

Previous Synthesis Studies of Lycorine and Lycoranes

In 1996, Schults and a co-worker'® reported the first asymmetric total
synthesis of (+)-lycorine. A key step for the synthesis was the completely regio- and
stereoselective intramolecular radical cyclization reaction of aryl bromide and
enamine to give key ABCD core intermediate 12 which was converted to
(+)-lycorine in 7 steps (Scheme 11).
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1) NaBH,4, EtOH,
PhSeSePh
1) AcOH, Ac20,
on HoSO, 2) NalOjg, H,0, THF
ACO 0 2) di-methyldioxirane,
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PhH, tert-BuSH 2 % ,
< 2) LiAlH,4, THF, reflux <O H, (1 atm), EtOH
O
(+)-Lycorine 0 0
36b _ 32 Scheme
19 Syntheses of (+)- Lycorine by Schultz and a
co-worker

In 1999, Magnus and a co-worker*” reported the synthesis of lycorane core
structure in an enantiomerically enriched form. The synthesis was completed in 16
steps to give the lycorane core structure and started from benzodioxole 6. The key
reaction of the synthesis was a B-azidonation reaction to construct the mixture cis-
and trans- of compound 11 by reacting bicyclic 10 with (Ph1O)n/TMSN3 in CH.Cl>.
Reduction of the azide and treated with NaH/TsCl gave sulfonamide 13 which
underwent cobalt (I11)-mediated radical cyclization and dehydrogenation in the
presence of NaBH4+/MeOH in excellent yield (Scheme 12).

OTIPS OTIPS
Br 5 steps :‘/‘/ (PhlO), :‘/’/
< TMSN3/CH,Cly/-15°C O

(96%, ee>85% (trans/cts 3.5:1)

OTIPS 1. NaOH/CH,Cl, OTIPS
1. LiAH, ‘ BrCH,CH,Br/ H,,, H
2 NaH/TsCl < O n-BuyNI <O O
NHTs 2. Cobalt(lll) o ToN

mediated, NaBH, 15
(60% from 10) (90%)

Scheme 20 Key step for synthesis of the lycorane core structure by Magnus
and a co-worker

To complete the synthesis, the researcher reductively removed the
sulfonamide from 15 followed by Pictet-Spengler cyclization to give the lycorane
core structure. But the cyclization step gave low yield and undesired byproduct was
also obtained. So, they removed the triisopropylsilyl group from 15 followed by
acetylation to afford indolyl acetate 20. Reductive removal of the sulfonamide group
and acylation with methyl chloroformate gave the carbamate 21. Next, Bischler-
Napieralski reaction to give 22, which was hydrolyzed to alcohol 23 followed by
conversion to p-bromobenzoate 24 (Scheme 13).
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Scheme 21 Completed synthesis of the lycorane core structure by Magnus
and a co-worker

In 2009, Yamada and a co-worker8 reported that synthesis of (-)-lycorine was
completed using a chiral ligand-controlled asymmetric cascade conjugate addition
methodology that formed of two C-C bonds and generated three stereogenic centers in
one pot to afford chiral cyclohexane derivative 7. The core structure of lycorine could
be synthesized from Curtius rearrangement and a Bischler-Napieralski reaction
(Scheme 14).

o__0 PR, BN o_0
™S \ ™S
o Li MeO OMe
< NN 3 0 «.., ,COzt-Bu
) +Bu0O,C . CO,t-Bu 97;/?'33?/1"39 o CO,t-Bu
y 7 1) Hcl, EtOH
2) (CH,0H),
TsOH
3) DPPA, EtzN
+-BuOH
4) recrystallization
53%
1) TFA o__0O
2) NaOMe
3) LiAlH; TYS
4) CICO,Et 0 .., ,CO,t-Bu
- imi -
1) m-CPBA imidazole 5) POCI ( NHBoc g
2) ag. HF, MeCN 3 O
3) TMSOTY, EtoN 6) TIPSOTY, Et;N
4) PhSeCl 32% Asymmetric Conjugate
5) NalO, Addition Cascade

6) NaBH,, CeCly
30%

3-CICgH4CO,rr. .~ 1) 4-NO,CgH,CO,H,
DEAD, PPh,
<o 2) LiAIH,

52%

(-)-Lycorine

Scheme 22 Total Syntheses of (-)-Lycorine by Yamada and a co-worker

In 2018, Rocaboy and a co-worker'® reported the synthesis of lycorine
alkaloids in four steps. Palladium(0)-catalyzed double C-X/C-H arylation was the key
step. Starting with commercially available precursors 7 and 8 were combined using
NaH in THF to give the C-H arylation precursor 6C. Compound 6C was converted to
pyrrolophenanthridinone 5a via C-H arylation and selective hydrogenation of
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5a followed by reduction of the carbonyl group gave the desired product,
(x)-~Lycorane 3 (Scheme 15).

O

o] Br ( Br Pd(PCys), (10 mol%),
<0 Br o PivOH (30 mol%), Cs,CO3,
NaH, THF, reflux mesitylene, 140°C

7 + _—

NHAc Ji)
HI
1. Hy, R/C, HFIP, 25°C ; wmH

e - SO0
e} N 2. LiAlH4, THF, reflux e} N
o]

(+)-y-Lycorane 3

1449

Scheme 23 synthesis of (+)-j-Lycorane 3 by Rocaboy and a co-worker

In 2020, Tang and a co-worker?® synthesized racemic y-lycorane 11 which was
cis/cis fused aza-tetracyclic structure. Its involved a one-pot reaction between a
palladium(I1)-catalyzed aerobic aza-Wacker reaction, followed by a palladium(0)-
catalyzed Heck reaction to afford compound 1r and 6r which converted to lycorane 11
in 2 steps via hydrogenation and reduction of the lactam carbonyl (Scheme 16)

Br 1. SOCly, reflux, 2h 1. Pd(OAc,),, DMSO, O,,
< 2.5,DIPEA, THF, t, 3h n ¢ ]@;”/ _65°C.an_
2 n-Bu3P, DIPEA,

0 1100C, 38h
76%
Hy, (85 psi)
cat. PtO,, LAH, THF
< O EtOH, 20n reflux, Sh <
N
10 O 1
1r (73%) + 6r (5% 90% 80%

Scheme 24 One-pot reaction; aza-Wacker reaction and Heck reaction
of Tang and a co-worker

In 2022, Zhang and a co-worker?! reported the first collectively asymmetric
total synthesis of (+)-a-, (+)-/, (+)-)~, and (-)-&-Lycoranes. The key reaction of this
synthesis as an asymmetric, stereodivergent Ir/amine dual catalytic a-allylation of
2-phthalimidoactadehyde. benzylic alcohol 6 was combined with 2-phthalimido-
acetaldehyde 7 using proline-derived amine (S)-A, Carreira ligand (R)-L, and maleic
acid to give aldehyde 5ab. Sakurai reaction and ring closing metathesis gave the A-C
ring fragment 9 which was converted to carbomethoxymethylene-cyclohexene
intermediated 12 which was the common intermediate for total synthesis of (+)-a-
Lycorane (1a) and (+)-4-Lycorane (1b) (Scheme 17).
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[Ir(cod)Cl], (4 mol%)
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Scheme 25 Synthesis of intermediated 12 of total synthesis of (+)-a.-Lycorane (1a)
and (+)-pB-Lycorane (1b) by Zhang and a co-worker
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—_— H
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Scheme 26 Synthesis of (+)-a-Lycorane (1a) by Zhang and a co-worker

Intermidiate 12ab was converted to amino alcohol 14a with a high
stereoselectivity from hydrogenation using-palladium(0) in charcoal. This was
followed by intramolecular nucleophilic Mitsunobu reaction to give indoline 15a. To
complete the synthesis, (+)-a-Lycorane (1a) could be synthesized from indoline 15a
via Pictet Spengler reaction in 75% yield (Scheme 18). An epimer of (+)-a-Lycorane
(1a), (+)-p-Lycorane (1b) could be generated using nickel-catalyzed asymmetric
transfer hydrogenation of intermediated 12 to give 13b in 70%. and reduction of
methy| ester followed by intramolecular Mitsunobu reaction to afford 15b which was
converted to carbamate 16b. This was converted to 1b via an oxo-lycorane
intermediate by reaction with POCIs and reduction with lithium aluminum hydride in
80% in two steps (Scheme 19).
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Scheme 27 Synthesis of (+)-/~Lycorane (1b) by Zhang and a co-worker

Next, Synthesis of (+)-y-, and (-)-&-Lycorane, also used the same precursor as
previous synthesis. However, the step of the combination was different. In this
synthesis they used Carreira ligand (S)-A, (S)-L, and Bi(OTf)s instead, and after 11
steps this route gave a mixture of precursors 23c and 23d (Scheme 20).
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Scheme 28 Synthesis of precursor 23c and 23d by Zhang and a co-worker

(+)-y~Lycorane (1c) and (-)-o-Lycorane (1d) were completed in 2 steps.
Compound 23c underwent intramolecular reductive amination via methyl ester
reduction to aldehyde, imine formation/reduction with DIBALH. LAH reduction of
the lactam carbonyl gave (+)-y-Lycorane (1c), 75% in two steps. (-)-&-Lycorane (1d)
could be synthesized from minor compound 23d via reduction using LAH followed
by mesylate formation and intramolecular displacement by the isoquinoline N to close
the D ring and gave (-)-&-Lycorane (1d) 65% in two steps (Scheme 21).
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Scheme 29 Synthesis of (+)-y-Lycorane (1c) and (-)-6-Lycorane (1d)
by Zhang and a co-worker
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CHAPTER 3
SYNTHESIS STUDY

We have been studying the synthesis of Lycorine in many synthetic routes.
In this research, 1 will discuss Heck reaction which is the key reaction for our
approach toward lycorine. Starting with L-asparagine derivative as a chiral starting
material with a stereogenic center bearing a dibenzylamino group that can be used for
controls of regioselectivity and stereoselectivity of the reactions in the synthetic route.
Our synthesis plan for lycorine utilizes chiral dibenzylamino succinimide intermediate
which could be prepared from L-asparagine in a few steps sequence.

Retrosynthetic analysis I of lycorine

)@:}<;

pentacyclic intermediate 18

<O NBn, < léaNan D‘Ngnz
: HO
N-acyliminium ion reductlon
cyclization

benzylation

NBn:.
D‘Nan i )5/ 2 ! NH
NHZ 0o
Heck reaction wnth methylatlon L-asparagine
ethyl acrylate ]iji\

(e]
<°Kf”
9] Br

2-bromopiperonal

allylic reduction/
27 x | Cope Elimination/
Micheal reaction

Scheme 30 Retrosynthetic analysis | of lycorine

Scheme 22 illustrates our first retrosynthetic analysis of lycorine. Pentacyclic
intermediate 18 is the advanced intermediate of Lycorine which could be prepared
from diene 27 via RCM. The ABD core-diene 27 could be prepared from allylic
reduction with transposition of the C=C bond, Cope elimination and Michael addition
of dibenzylamino lactam 26. The B ring of lycorine is envisioned to be
derived from reduction and N-acyliminium ion cyclization of 3-N,N-dibenzyl-N-
(ethoxyacryloarylmethyl)succinimide 31 which could be made from intermolecular
Heck reaction between N-aryl-methyl succinimide 6 and ethyl acrylate. N-aryl-
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methylsuccinimide 6 could be synthesized from 3-dibenzylaminosuccinimide 4 and 2-
bromoarylmethyl chloride 5 via N-alkylation and 2-bromoarylmethyl chloride 5 could
be made from 2-bromopiperonal in 2 steps.

Synthetic study | of lycorine

The synthesis study of lycorine started from the benzylation of commercially
available L-asparagine in basic condition with benzyl chloride, NaOH, and K>COs3 in
MeOH and H.O to give N,N-dibenzyl-L-asparagine 1 in 69% yield. Methylation of
N,N-dibenzyl- L-asparagine 1 in Me.SO4 and K>COz3 in acetone gave methyl ester 2
followed by imide formation using LDA in THF to deliver desired succinimide 4 in
32% yield in 2 steps (Scheme 23).

[0} o o
NH
HO™ ™ 2 BnClI ,K,CO3 ,NaOH L HOT N NHz  Me;SOy4, KoCO5 oo NH,
NH, O ), N N
2 MeOH:H,0 reflux NBn; O acetone NBn, O
L-asparagine 69%

1 2

LDA, THF, -78 °C
32% in 2 steps

Scheme 31 Synthesis of 3-dibenzylaminosuccinimide 4 from L-asparagine

According to the retrosynthetic analysis, N-arylmethylsuccinimide 6 could be
derived from N-alkylation of succinimide 4 and 2-bromoarylmethyl chloride 5.
2-Bromoarylmethyl chloride 5 could be synthesized from 2-bromopiperonal by
reduction with LiAlH4 to give 2 -bromopiperonol 3. in 71% yield. The alcohol was
reacted with SOCI, and pyridine in CHCIs to affect chlorination and yielded the
desired product 5 in excellent yield (Scheme 24).

(0]
SOCl, ,pyridine
IO, s O S (T
—_— —_—
e} Br 71% o} Br quantitative 9] Br
2-bromopiperonal 3 5

Scheme 32 Synthesis of 2-bromoarylmethyl chloride 5 from 2-bromopiperonal

After obtaining precursors 4 and 5, we synthesized N-arylmethylsuccinimide 6
by N-alkylation using K>COs and Kl in DMF to give 82% vyield (Scheme 25).
N-arylmethyl-succinimide 6 is a key intermediate of this lycorine synthesis plan.
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Scheme 33 Synthesis of N-arylmethylsuccinimide 6

From retrosynthetic analysis, we investigated intermolecular Heck reaction of
N-bromoarylmethylsuccinimide 6 with ethyl acrylate 17. A variety of reaction
conditions were investigated. Different palladium catalysts such as Pd(OACc),
Pd2(dba)s and Pd(PPhs)4 were trialed, however we failed to obtain the desired product
(Scheme 26). We think N-bromoarylmethylsuccinimide 6 has too much steric
hindrance. we then tried to change the substrate.
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< > <

NEt;, DMF, reflux 80 °C [e) I

Scheme 34 A variety of reaction conditions of heck reaction

Next, we investigated Heck reaction of 2-bromopiperonal and 2-
bromopiperonol 3 with ethyl acrylate. However, both of them did not yield the desired
product 31 (Scheme 27). 2-Bromopiperonal reacted with ethyl acrylate in the presence
of Pd(PPhs)s and triethylamine did not give the coupling product. In case of
2-bromopiperonol 3, we found that the benzylic hydroxyl group was oxidized to
2-bromopiperonal in the presence of Pd(OAc)., NaxCOs, PPhs in DMF and Heck
reaction did not proceed.
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Scheme 35 Heck reaction of 2-bromopiperonal and 2-bromopiperonol 3
with ethyl acrylate

To prevent benzylic oxidation, we protected the alcohol as a TBS-silyl ether
with TBSOTT to give silyl ether 28 in quantitative yield (Scheme 10). Then silyl ether
28 reacted with ethyl acrylate 17 in the presence of Pd(OAc)2, Na,COs, PPhs in DMF
via Heck reaction to give ethyl aryl acrylate 29 in 6% vyield with concomitant
desilylation of silyl group and subsequent oxidation to the aldehyde was also observed

(Scheme 28).
<O:©(\OH TBSOTY, 2,6-Lutidine < j@(mss
0 Br Dry CH,Cl,
3

quant.

H(l
< :@f\oms , Pd(OAc), <0 H
PPh3 NaZCO3 DMF, 120°C_ 0

Scheme 36 Heck reaction of silyl ether 28 and ethyl acrylate

The result suggested that the benzylic alcohol and its silyl ether were not
compatible with the reaction condition and prone to oxidation. Once oxidation of the
alcohol to aldehyde occurred Heck reaction did not proceed in the selected conditions.
We then attempted Heck reaction of 2-bromoarylmethyl chloride 5 with ethyl acrylate
using Pd(OAc)2, NaxCOs, PPhs in refluxing DMF. The expected product 33 was
obtained in 6% vyield. We also found that hydrolysis of benzylic chloride to give
compound 32 as well as subsequent oxidation to the corresponding aldehyde 29 were
also observed (scheme 29).
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Scheme 37 Heck reaction of 2-bromoarylmethyl chloride 5

All the results suggested that benzylic oxidation was difficult to prevent.
Therefore we explored for a reaction condition for Heck coupling that would be
compatible with the aldehyde. Gratifyingly, 2-bromopiperonal reacted with ethyl
acrylate using Pd(OACc)2, Na2COs, and PPhs in DMSO as solvent afforded the desired
product 29 in 57% vyield (Scheme 30).
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Scheme 38 Synthesis of 2-(ethyl arylacrylate)piperonal 29

Then, 2-(arylacrylate)piperonal was converted to chloride 33 with reduction.
We were cautious to find a selective condition that would affect the reduction of the
aldehyde without hydride addition to the acrylate moiety in a 1,4-addition mode. This
was achieved using a Luche-type reduction with Ce(NOs)3.H20 and NaBH4 in MeOH
to give ethyl 2-(arylacrylate) piperonol 32 in 51% vyield. This was followed by
chlorination with thionyl chloride and pyridine in CHCIlz to give 2-(ethyl
arylacrylate)piperonyl chloride 33 (Scheme 31).

o
0
< H Ce(NO3);.6H,0, NaBH, <O OH SOCly, pyridine 0 cl
— oonec <
o MeOH, -78 °C o CHCl3, 0 °C o
OEt 51% | o quant | or
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Scheme 39 Synthesis of 2-(ethyl arylacrylate)piperonyl chloride 33
After obtaining precursors succinimide 4 and 2-(ethyl arylacrylate)piperonyl

chloride 33, we then synthesized the key intermediate 31. 3-N,N-dibenzyl-N-
(ethoxyacryloarylmethyl)-succinimide 31 could be prepared from N-alkylation of
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succinimide 4 with benzylic chloride 33 to give the desired product in 68% yield
(Scheme 32)

NBn2

cl NBn,
< KZCO3
KI ,DMF rt.
68%

Scheme 40 Synthesis of 3-N,N-dibenzyl-N-(ethoxyacryloarylmethyl)succinimide 31

The next task is to prepare the precursor for the key N-acyliminium ion
cyclization to form the ABD core of lycorine. This was achieved by reduction of the
imide and the ethyl ester concomitantly using LiAlIHs in dry THF to give
hydroxylactam 34. With the key precursor in hand, we attempted the N-acyliminium
ion cyclization of hydroxylactam 34 using 3 acid catalysts; TMSOTT, trifluoroacetic
acid (TFA) and BF3-OEtz in dry CH2Cl».
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Scheme 41 Synthesis of ABD core structure 26

Unfortunately, none of the conditions -has delivered the desired cyclized
product. TMSOTf gave a complex mixture of crude product which could not be
identified. In the case of TFA, isomerization of the primary allylic alcohol to two
diastereomers of benzylic alcohols without participation of the hydroxylactam in the
reaction (scheme 33).

Retrosynthetic analysis 11 of lycorine

From the results of attempted N-acyliminium ion cyclization, we assumed that
the 3-arylallyl alcohol in precursor 34 was not a sufficient nucleophile for our
purpose. Therefore, an alternative route was devised. We envision that the B ring can
be formed using allylsilane as the nucleophile to react intramolecularly with the
N-acyliminium ion derived from the hydroxylactam in aza-Sakurai type reaction.
The retrosynthetic analysis Il for lycorine is shown in scheme 34. The ABD core
diene 27 is the common intermediate used in retrosynthetic analysis I. It is envisioned
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to be derived from Cope elimination and 1,4-addition with allyl-metal nucleophile of
vinyl-ABD core 14. This intermediate, in turn, would be derived from reduction
and N-acyliminium ion cyclization with the allylsilane in compound 19. This
compound is envisioned to be derived from Suzuki coupling reaction of
N-bromoarylmethylsuccinimide 6 with vinyl boronic acid and subsequent metathesis

with TMSallylsialne.
§ O :> < )fé :> &
Lycorine Cope elimination
]i\;(\ Michael addition U o
NBn; NBn2 N .
o @o& «ta@@i% Seese

Suzuki coupling reduction and
and metathesis N-acyliminium ion 14
cyclization

Scheme 42 Retrosynthetic analysis 11

Synthetic study Il of lycorine

As previously described, the N-bromoarylmethylsuccinimide 6 was
synthesized from succinimide 4 which reacted with 2-bromoarylmethyl chloride 5 via
N-alkylation. According retrosynthetic analysis we would like to generate allylsilane
19. In the first step, N-bromoarylmethylsuccinimide 6 reacted with vinyl boronic acid
pinacol ester via Suzuki coupling using Pd(PPhs)s as the catalyst and K.COz as base
in benzene to afford the desired vinylarene 17 in39% vyield. Unfortunately,
subsequent olefin metathesis with “allyltrimethylsilane in the presence of either
Grubbs’ 2" generation catalyst or Hoveyda-Grubbs® 2™ generation catalyst did not
give a desired product. This was similar to the failure to perform Heck reaction with
N-bromoarylmethylsuccinimide 6. We assumed that there was too much steric
hindrance around the reaction center (Scheme 35).

Pd(PPh3)4 K,COg3, O | G-I, dry CHQC|2

PhH, reflux overnight
39%

Scheme 43 Synthesis of allylsilane 19

After that we try to change a substrate of Suzuki coupling reaction to
2-bromopiperonal. The conditions of the reaction will be similar to the previous
synthesis. That gave desired product in low yield and the material was not enough for
attempting olefin metathesis with allyltrimethylsilane in the next step (Scheme 36).
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The result of Suzuki reaction was unreliable and depends strongly on the quality of
the vinyl boronic acid pinacol ester used each time.

< : ll \\ Pd(PPh;), <o H
K,CO3, PhH, reflux o |
2-bromopiperonal l 35
l\/TMS Y 0
olefin 0 H
metathesis
O

Scheme 44 Synthesis of vinylpiperonal 35

From the difficulty in forming the allylsilane for intramolecular N-
acyliminium ion cyclization to form the ABD core which we expected that it is
resulted from steric hindrance around the reaction center, we turned our attention to
an intermolecular version of the reaction. In this regard, reaction of arylallylsilane
with the chiral hydroxylactam in the aza-Sakurai version can couple the A and D ring
by forming C12b and C3a bond prior to forming C7 and C8a bond.

7
O 8a N O HN O 8a N

< a <O a < @
0 12b 12b O 12b

Figure 5 Forming of A and D ring of Lycorine core structure

We started to synthesize arylallylsilane with~ Wittig olefination of 2-
bromopiperonal using methyl phosphoniumbromide, t-BuOK in THF to give 2-
bromoallyl 36 in 54% vyield. Subsequent reaction with allyltrimethylsilane via
metathesis using Grubbs® 2" generation catalyst in dry CHCl, afforded the desired
product 37 in 82% vyield (Scheme 37).

TMS TMS
o
<OIjLH CH3PPh,Br, THF < : J o
(6] Br t-BuOK, 0 °C G-ll, d.CH,Cl, <O Br
54% 82%
2-bromopiperonal 37

Scheme 45 Synthesis of 2-bromoallyl 36 and 2-bromoarylallylsilane 37
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After obtaining 6-bromoarylallylsilane 37 and the hydroxylactams, we
investigated the aza-Sakurai reactions. First, 6-bromoaryl-allylsilane 37 reacted with
N-Bn-hydroxy-lactam 38 in the presence of BFsOEt; (0.06 mL) and dry CHClI, as the
solvent to give the coupled product 39 in 57% brsm (Scheme 46). The product was
obtained as a single diastereomer (d.r.>20:1, 'H NMR detection limit). The
dibenzylamino group exerted the stereocontrol of the reaction. The configuration of
the product was assigned according to the approach of the allylsilane from the
opposite side of the dibenzylamino on the lactam ring. The assignment of the
configuration of compound 39 was based on NOESY experiments in which
correlations between olefinic protons at 5.8 and 5.1 ppm with the methine proton CH-
N at 4.1 ppm on newly generated adjacent stereogenic centers were observed,
indicating that the vinyl group and the methine proton are cis. This C-C bond
formation corresponds to the C4a-C10b linkage in lycorine synthesis.

O

TMS
BnN

Ph o
¢ - < NBn,
o ~ BF3OEty, dry CHoCl,  © .

0,
13 Y Z 16

19% isolated and 57% brsm

Scheme 46 Synthesis of 2-N-Bn-(6-bromopiperonyl)- pyrrolidine 39

Secondly, 6-bromoarylallylsilane =~ 37 reacted  with N-allyl-y-
allylhydroxylactam 41 in the presence of TFA (0.04 mL) as mediator in dry CH2Cl> to
give the coupled product 42 in 51% brsm (Scheme 47). The assignment of the
configuration of compound 42 was based on the same analogy as that of compound
39. The lower yield of this reaction could be attributed to the difficulty in forming the
quaternary center with intermolecular reaction. The C-C bond formation corresponds
to the C4-C5 linkage in cephalotaxine synthesis. In _both reactions, the unreacted
allylsilane 37 and hydroxylactam 38 or 41 were recovered.

o)
™S N
NBn2 |
- 0
o | OH 15 o Br |
¢ - < NBn,
o) Br TFA, dry CH,Cl, 0
o]
13 0°C 172 Q

15% isolated and 51% brsm

Scheme 47 Synthesis of 2-N-allyl-(6-bromopiperonyl) pyrrolidine 42
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Meanwhile, we try the Wittig olefination of N-arylmethylsuccinimide 6 with
methylphosphoniumbromide, t-BuOK in THF to give N-vinylsuccinimide 45 and then
we expect to generate the B ring using intramolecular Heck reaction as shown in

Scheme 39.

O

o)
NBn, _CHaPPhaBr, THE 0 N NBN2  py(0Ac),, PPh; <O N NB
< C g /o R % P n2
tBuOK o°c o Br Na,CO3, DMSO

45 reflux overnight 46

Scheme 47 Wittig olefination of N-arylmethylsuccinimide 6
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CHAPTER 4
EXPERIMENTAL PROCEDURE

General

Starting materials and reagents were obtained from commercial sources and
were used without further purification. Solvents were dried by distillation from the
appropriate drying reagents immediately prior to use. Tetrahydrofuran was distilled
from sodium and benzophenone under argon. Toluene and dichloromethane were
distilled from calcium hydride under argon. Moisture and air-sensitive reactions were
carried out under an atmosphere of argon. Reaction flasks and glassware were oven-
dried at 105 °C overnight. Unless otherwise stated, concentration was performed
under reduced pressure. Analytical thin-layer chromatography (TLC) was conducted
using Fluka precoated TLC plates (0.2 mm layer thickness of silica gel 60 F-254).
Compounds were visualized by ultraviolet light and/or by heating the plate after
dipping in a 1% solution of vanillin in- 0.1 M sulfuric acid in EtOH. Flash
chromatography was carried out using Scientific Absorbents Inc. silica gel (40 mm
particle size). Optical rotations were measured with a Kriss digital polarimeter P3000
series at ambient temperature using a 1 dm cell with 1 mL capacity which a value was
reported in grams per 100 mL. Infrared (IR) spectra were recorded on a Perkin Elmer
spectrum 100 FT-IR spectrometer. Proton and carbon nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker Avance-300 spectrometer.

1. Synthesis of N, N-dibenzyl-i-asparagine 1
0]

NH
HOM 2

NBn2 @]

L-Asparagine (5.16 g, 0.039 mol) benzyl chloride (18 mL, 0.156 mol), NaOH (3.92 g,
0.098 mol), and K,COs (13.5 g, 0.098 mol) dissolved in MeOH : H,O ratio 1:1 (100
mL) reflux 24 hours. When finished, added 1 M HCI (100 mL) followed by extracted
by CH>Cl, (3 x1 50 mL) and removed water from organic phase using anh.
Na>SO4Next concentrated under reduced pressure. Purified by plate chromatography
(silica gel, EtOAc pure) to give yellow oil product (8.35 g, 69%) 'H NMR (300 MHz,
CDCl3) 6 7.43-7.13 (m, 10H), 6.00 (br s, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>