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Preamble

The synthesis of urea by Friedrich Woéhler in 1828 and acetic acid by Hermann Kolbe in
1845, initiated a field of chemical science that has evolved remarkably during the past
decades and resulted in a number of achievements that have strongly contributed to the
well-being of the modern societies. In this process, the 19™ century witnessed the birth of the
"synthetic organic chemistry (or) organic synthesis discipline” that started a new era in the
field of chemical sciences. Imprecise categorization of synthetic organic chemistry can give
rise to mainly two subdivisions which often overlap and mingle into each other; development
of synthetic methodologies and application of the methodologies in the synthesis of target
molecules. Nevertheless, the eventual goal is always to contribute towards the synthesis of

simple or more complex molecules with biological or physical significance.?

Paul A. Wender gave a description for an ideal organic synthesis, which states that the target
molecule is prepared from readily available, inexpensive starting materials in one simple,
safe, environmentally acceptable and resource-effective operation that proceeds quickly and
in quantitative yield.* Though, in many occasions, it is almost impossible to practice an ideal
synthesis; however, the ideal synthesis as a concept can inspire and guide us to develop new
synthetic methodologies by touching the boundaries of an ideal organic synthesis. The best
example of an ideal synthetic organic chemist is the Nature, which performs
multistep-cascade reactions with the maximum selectivity control.® Notably, implementation
of such kind of cascade approaches in the chemical production requires thorough knowledge
of individual transformation steps and the mechanism of the reactions. Furthermore,
optimization of each step is required, (a) to find out an ideal reaction condition, (b) to obtain
the excellent conversion and chemo-, regio- and stereoselectivity, (c) to minimize the

formation of side products and (d) to maximize the yield of the final product.

Attempting to be a part of such community of synthetic chemists, in this thesis work, efforts
have been put forth to present a tiny contribution to the vast field of synthetic organic
chemistry. Precisely, the work discussed in this thesis deals with the development of simple
routes for the stereoselective synthesis of certain new classes of unnatural amino acid

derivatives.



Introduction and Background

2.1. Non proteinogenic (unnatural) amino acids.

Amino acids are vital to life as they are building blocks of peptides, proteins and a number of
natural products and exhibit several important and diverse functions.* Amino acids are also
used as additives in food products, pharmaceuticals and agrochemicals.> Notably, amino
acids constitute an important class of molecules which serve as building materials, synthetic

reagents or catalysts in chemical sciences.®""*2

Research on proteins, peptides and related systems is considered as important and
fundamental areas of science. However, the fundamental building blocks of proteins and
peptides are a small number of proteinogenic amino acids.®® Therefore, to understand and
study or mimic the chemistry of proteins and peptides, in the past decades, a vast amount of
synthetic work dealing with the synthesis of unnatural amino acids has been reported. In
addition to the synthetically derived unnatural amino acid derivatives, several non-
proteinogenic amino acids called as unusual amino acids are also found in the nature.
However, they are not naturally encoded or found in the genetic code of organisms.” Some of
the unusual amino acids are produced by microorganisms and have evolved to interfere with
biochemical pathways of other organisms. Thus, in spite of not being encoded by the genetic
code as proteinogenic amino acids, many non-standard amino acids are found in proteins (see
Figure 1 for representative examples of structurally modified unusual amino acids). The
unusual amino acids which are formed by post translational modifications, are often essential
for the function or regulation of a protein.® For example, carboxyglutamic acid® (1a, Figure
1) formed by carboxylation of glutamate provides better binding ability to calcium ions in
gamma-carboxy glutamate. In the case of 4-hydroxyproline® (1b, Figure 1), the hydroxyl
group is critical for proline to stabilize the triple helical structure of collagen through
additional water mediated hydrogen bonds, which in turn helps to maintain the connective
tissues. Certain amino acid analogues prop up translational errors that result in irregular
protein synthesis and have been used to understand the effects of protein misfolding in a
variety of physiological and pathological situations.® For example, canavanine (1i, Figure 1)
and azatidine-2-carboxylic acid (1j, Figure 1) exhibit greater degree of dose dependent

toxicity to primary rat neurons culture as compared to astrocytes.”
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Figure 1. Structurally modified amino acids.

In particular, amongst the families of structurally modified amino acids, the f,B'-disubstituted
a-amino acid family is relatively well known.'% The B,B'-disubstituted a-amino acids are also
one of the prevalent substructures found in a large number of natural products;***° e.g. 4-
hydroxyisoleucine (1k), halipeptin A (2a), nikkomycin B (2b), salinosporamide A (2c),
cyclomarine C (2d), furanomycin (2g), celogentin, lysobactin, papuamides, tamandarin B
and callipeltin A (Figures 1 and 2). Several B,B'-disubstituted a-amino acids are found to

exhibit a wide range of biological activities'®

(e.g. cytotoxic, anti-HIV, antiviral, proteosome
inhibition, antidiabetic, etc). Along this line, the B-alkyl aspartates which belong to the
family of B-substituted a-amino acids (unnatural amino acid derivatives) constitute an
important class of nonproteinogenic a-amino acid systems. Several B-alkyl aspartates have
been reported to exhibit diverse biological and biochemical actions.'* For example, (a) 3-
methyl aspartic acid**? (1c) occurs as a component of certain members of the highly toxic
microcystin and nodularin families of natural products and cyclic peptides (which are known
to be powerful inhibitors of several serine and threonine phosphatases), and (b) 3-benzyl

aspartic acid (1d) acts as blocker of excitatory amino acid transporters (EAAT). 4"

The functions and properties of native peptides vary from highly specific antibiotics or

cytotoxic antitumor drugs to hormones, neurotransmitters, immunomodulators, etc.'? For

12b

example, cecropin-melittin hybrid peptide,™" protect fish against infection caused by the fish

pathogen Vibrio anguillarum. Granulocyte-colony stimulating factor (G-CSF)'*® is a

3
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glycoprotein that stimulates the bone marrow to produce white blood cells and stem cells and
release them into the bloodstream, thereby acting as an immunomodulator. Despite the
potential utility as therapeutic agents, there are problems connected with the use of natural
peptides, due to the low stability against proteolysis, resulting in a short duration of in vivo
activity and a low bioavailability.”* One way to overcome some of the disadvantages of
native peptides is to use the modified peptides, called as peptidomimetics, which are
constituted from unnatural amino acids. For example, the incorporation of 3,p'-disubstituted
unnatural amino acids in a peptide chain results in higher stability against proteases and
increased levels of lipophilicity and bioavailability.** Additionally, by incorporating the
unnatural amino acids in a peptide chain, it is found that the conformational rigidity of the
peptide chain also increases, which is expected to be helpful in increased selectivity towards
biological receptors.™

COOH
§/NH
O
OH NH2
nikkomycin B 2b) sallnosporamlde A (2¢)

HOOC o

HN"  N-Me

/@/\rCOOH

7)\/\0 HN

7 ° N%
Ph NH

cyclomarine C (2d) farglitazar (2e) lotrafiban (2f)
:<NH2
(0]
O OH
(0] o HoN
)X\O ~Z N NH, 2
Me P Jj\/\/k
su N COOH HoN
furanomycin (29 cephalosporin C (2h) streptothricin F (2i)

Figure 2. Natural products with unnatural amino acid component as their sub-structural unit.
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N-Protected a-amino acids.

N-Protected a-amino acids containing peptides, isolated from a variety of sources'® and
secondary metabolites of these peptides (e.g. vancomycin, cyclosporin, actinomycin D) have
gained pharmaceutical importance due to the physical properties and chemical stability
bestowed by the N-protected a-amino acids present in their structures.'® Additionally, the N-

11f

protected o-amino acids also form the core framework of various medicinal agents.™ Many

of the N-protected a-amino acid derivatives are reported to display promising biological

activities, 1!

e.g. opaviraline (2n) acts as the non-nucleoside reverse transcriptase inhibitor,
farglitazar (2e) function as the insulin sensitizer, lotrafiban (SB-214857; 2f) acts as
anticoagulant factor Xa inhibitor and platelet aggregation inhibitor GP Ilb/Illa antagonist

(Figures 2 and 3).

o 0
e e

fibrinogen receptor antagonist (2j) glycin antagonist (2k) metalaxyl (2I) benzolactam-V8 (2m)  opaviraline (2n)

Figure 3. N-Aryl-a-amino acids as part of potential biologically important molecules.

Specifically, N-aryl-a-amino acids constitute the common core structural unit for a number of
synthetically challenging and medicinally important agents. These agents include protein
kinase C (PKC) activators, indolactam-V,*" and its analogue benzolactam-V8 (2m);'*
Ciba’s phenylamide fungicide, (R)-metalaxyl (21);*" fibrinogen receptor antagonist SB
214857 (2j);1%" angiotensin-converting-enzyme inhibitors (ACE inhibitors);’® and antiulcer

10k

agents— (Figure 3). It is worth to mention that a large number of synthetically derived

unnatural amino acids are also used to control the plant growth and plant diseases.**

As a result, the synthesis and evaluation of the biological properties of unnatural amino acids
considered as an important research area of chemical biology and drug discovery, which has
received considerable attention over a long period.’®*® Due to the immense biological
importance and because of their value as synthetic building blocks, numerous synthetic
methods have been developed for the synthesis of several unnatural amino acids and their

5
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derivatives and a vast amount of literature reports are available in this regard.****° In view of
the theme of this thesis work, the representative background works, especially, related to
synthesis of B-substituted a-amino acid and B,B'-disubstituted a-amino acid derivatives have
been presented in the following sections.

2.2. Synthetic approaches towards unnatural amino acid derivatives.

As mentioned earlier, amongst the family of synthetically derived unnatural amino acids, the
B-substituted a-amino acid and B,p'-disubstituted a-amino acid derivatives are relatively
popular and it is worth to mention that the B-substituted a-amino acid and B,p'-disubstituted
a-amino acid derivatives are prevalent in a large number of natural products.*** Given the
importance of the B-substituted a-amino acid and B,B'-disubstituted a-amino acid derivatives,
several methods have been reported in the literature dealing with their synthesis (Figure
4)1%%¢1% 5ome of the outstanding synthetic approaches dealing with the synthesis of B-
substituted unnatural amino acid derivatives are presented in the subsequent sections with the

main emphasis on Barbier- type metal mediated nucleophilic addition reactions.

Barbier-Type Reactions

Phase Transfer Catalysis Sigmatropic Rearrangements

Nucleophilic Addition Reactions \ o Transamination Reactions
\// PG \ /

. . . / HN” Y
Ring Opening Reactions ——— | R2 \ ————=> Cycloaddition Reactions
' COOR !
/ R J/
Mannich Type Reactions /~ §3 Carbene Mediated Reactions
Conjugate Additions C-H Activation Reactions
Asymmetric Reduction/Hydrogenation Strecker Reaction

Miscellaneous Reactions

Figure 4. Synthetic approaches towards B-substituted a-amino acid and B,p'-disubstituted o-

amino acid derivatives.
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2.2.1. Barbier- and Reformatsky-type reaction and their application for the synthesis of

B-substituted a-amino acid and p,B’-disubstituted a-amino acid derivatives.

Construction of carbon—carbon bond is one of the key transformations in synthetic organic
chemistry. The nucleophilic addition to carbonyl groups and imines is one of the most

exercised C—C bond forming reactions.*®!" Barbier reaction'®®

(formally an equivalent of
Grignard reaction) is a single step reaction, which involves the direct addition of an alkyl
halide 3b to a carbonyl compound 3a in the presence of magnesium metal in a one-pot
manner (Scheme 1). On the other hand, Grignard reaction*® is a two-step reaction, which
involves the addition of an organomagnesium reagent 3e that is separately prepared from the
corresponding organohalide 3b and magnesium metal, to a carbonyl compound 3a (Scheme
1). The Grignard reaction was accompanied with some drawbacks, such as (a) it requires the
use of an anhydrous solvent and (b) inability to tolerate a number of common functional

groups such as those containing acidic protons (e.g. -OH, -NH,, -COOH). On the other hand,

especially, the Barbier-type allylation procedure,*”*® which is typically mediated by indium,
zinc, tin or bismuth does not require anhydrous conditions.***¢
Barbier reaction
Xa R
o} oMg_ N OH
~ solvent X H30 1
RJ\H + RIS+ Mg Sovem RJ% ox oY . R/K/R
3a 3b ;:1 3d
3c
Grignard reaction
hyd )OL% I)\(/I R
annhydrous Mg OH
O v +
R">x + Mg solvent R' MgX R__H /U) ' L )\/R1
3b 3e anhydrous R ”P R 3d
solvent R!

Scheme 1. Barbier and Grignard reactions.
Indium-mediated Barbier-type allylation reactions.

Among the organometallic reagents used in the reactions involving the organometallic
nucleophilic addition to carbonyl and imino groups, the addition of allylmetals is considered
as a fundamental C-C bond forming method, which is widely used for synthesizing

functionalized acyclic- or cyclic- homoallylic alcohols/amines (Scheme 2).1*® Notably, the
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synthetic step involving the addition of allylmetals to carbonyl (C=0) and imino (C=N)
functional groups is considered as one of the important step in multistep synthesis.'” This is
because, after the allylation reaction, the olefin moiety present in the products (homoallylic
alcohols/amines) can be subjected to a wide range of functional group transformations such
as ring closing metathesis, dihydroxylation, hydrogenation, cycloaddition, ozonolysis and

hydration, etc."*8

A variety of allylmetal reagents prepared using metals, such as Li,® Mg,?* Sn,? zn,?° Bij,*
Mn,* Pb,% Ce,?” Cr,**4 Ti,%® B,'" etc have been very well studied for performing, typically,
the Barbier-type allylation of the carbonyl and imino functional groups.*”?" Alternatively, in
recent years, the Barbier-type reaction of allylmetals with carbonyl and imino functional

1727 sych as

groups, involving some of the above mentioned metals along with other metals
In, Ga, Zn, Sn and Bi, etc, has been well documented. It is worth to mention that Barbier-
type reaction protocol has an advantage as the prior preparation of allylmetal reagents is not
required and the reaction can be performed by directly reacting the substrate, metal powder
and allyl halide. Amongst the metals used for performing the Barbier-type allylation reaction,
the indium metal-based Barbier-type addition of allylic reagents to carbonyl and imino
systems has been well appreciated.'’*® Often the indium metal-based Barbier-type addition
of allylic reagents to carbonyl and imino systems has offered satisfactory yields of the
corresponding homoallylic alcohols/amines with very high regio- as well as stereoselectivity

and has been applied for the synthesis of a variety of functionalized molecules containing one

17,1
or more stereocenters (Scheme 2).}"
Y 3 R? 2
HY_ ! R
1J\ , t R\/\/x metal N < HY_ R?
R R 4 —_— R1 Y+ R1 X + R3
4 R" 4 o4 s R X
a R3 R R3 R4 R4
Y =0,NR; X=Cl,Br, | 4c; y-adduct 4d: v-
v - Ad;y-adduct 4e; o-adduct
metal = Li, Mg, Pb, Zn, In, Si, B, Sn, etc syn / anti isomers

Scheme 2. Barbier-type reactions of carbonyl compounds and imines.

Many studies have been carried out to explore the identity of the allylindium species in the
Barbier type allylation reaction and the nature of the reactive allylindium species has yet to
be fully confirmed.?® It was proposed that indium-mediated allylation in aqueous medium

proceeds on the metal surface with a single electron transfer (SET) from the metal to the allyl

8
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bromide to generate a reactive radical anion species.?®® This proposal lost its probability with
time, because of the evidences put forth by advanced studies. Madsen and Fristrup et al.
eradicated the involvement of radicals in the rate determining step and claimed that the
Barbier-type allylation in aqueous media proceeds through a discrete allylmetal species
which subsequently reacts with a carbonyl group involving a cyclic transition state.?®® A
computational study further supported the involvement of a six-membered transition state.
This conclusion was supported by the earlier work of Madsen and Norrby et al., where the
Hammett study performed by the authors did not give any indication on the involvement of
radical mechanism, but an organometallic reagent was suggested to be involved in the
reaction.?®® Subsequent studies led to the general acceptance that the allylindium intermediate
is involved in the reactions as predicted by Araki and Chan.28%28
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| B S — In —_——— > ,
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In 1 | Br N\ Ve
Ph ~_ Br —> Ph\/\/'”]; Ph A~ \/\ N solv, N \/\I /
THF 2 1Br | 1 ' = _~ oy + N

51 5k 5 ; X" 7 A X" X
L' =DMAP ' 5m Sn S0

Scheme 3. Plausible allylindium species (5b, 5d, 5f, 5g, 5k, 5n, 50).

Araki et al. proposed the formation of allylindium sesquihalide allylsin,X3 (5b or 5d) in
polar organic solvents such as THF or DMF (Scheme 3).23%2¢¢ Their proposal is based on the
observance of two sets of allylic methylene signals at 6 1.75 and 2.02 ppm with a relative
intensity of 2:1 in the proton NMR spectrum, when indium was mixed with an allyl halide.

This proposal is in agreement with results obtained by Gynane and Worrall in 1974 from the
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insertion of indium into an alkyl halide.?®" Chan and Yang proposed the allylindium' 5f as the
reactive species in the indium-mediated allylation reaction based on the 'H NMR study
(Scheme 3).2%9

Later, Chan et al. indicated that the reaction of allyl bromide with metallic indium (in polar
organic solvent or in ionic liquid) produces a mixture of two allylindium species, namely
allyl-In' (5f) and allyl-In'X, (5g) at the initial stage (Scheme 3)?" with predominance of
allylindium dihalide (allyl-In'X,, 5g) as the reaction proceeds. The formation of indium'
instead of indium"' intermediate is consistent with the observation that indium has a
relatively low first ionization potential but relatively high second or third ionization

potentials.?®

On the basis of these observations, Chan and Yang hypothesized that two types
of allylindium species were in fact produced in DMF and one of the species corresponds to
allylindium'. They thought that the signal observed at & 2.02 ppm as earlier, might be

allylindium" -

dibromide or its dimer; because allylindium™ dibromide prepared from the
insertion of In'Br into allyl bromide also displayed the same signal at & 2.02 ppm, which is
also consistent with what Araki’® had observed in the preparation of allylindium"' diiodide
from the reaction of In'l with allyl iodide in THF. Hence, they proposed that the two species
formed, either in organic solvent or ionic liquid, are allylindium' and allylindium"
dibromide. Few years later, Preite and Pérez-Carvajal® observed an analogous phenomenon

in their studies and arrived at the same conclusion as Chan and Yang.

Recently, Baba and co-workers studied the allylindium species generated from different
methods through X-ray crystallographic analysis.?®"?" When cinnamyl bromide (5I) was
treated with indium in THF, 'H NMR monitoring showed the presence of two types of
allylindium species, subsequently they managed to solve the X-ray structure of these
allylindium species upon complexing them separately with two different pyridine ligands (L
and L') (Scheme 3). The X-ray crystallographic analysis indicated the formation of a

cinnamylindium™ dibromide complex (5i) and a dicinnamylindium

bromide complex 5j. In
addition, authenticity of the cinnamylindium™ dibromide complex 5i was further confirmed
by the fact that its NMR signals were identical to those of authentic cinnamylindium"'
dibromide (5i), synthesized via transmetalation between tributyl-(cinnamyl)stannane (5h)

and InBrs, followed by complexation with ligand (L). Crystals of allylindium™ dibromide

10
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" bromide were also obtained in a similar manner.?®™ Because the actual

and diallylindium
organoindium species formed in the reaction were isolated and analyzed by X-ray

crystallography, findings of the Baba group may be more convincing and conclusive.

Lately, a new method attempting at determination of the allylindium species in DMF, THF,
and water, based on a combination of electrospray-ionization mass spectrometry,
temperature-dependent *H NMR spectroscopy and electrical conductivity measurements, was
reported by Koszinowski.”® The results obtained suggested the presence of allylindium
species 5m, which undergoes solvolytic heterolytic dissociation to yield ions such as
InR,(solv)™ (5n) and INRX3™ (50) (Scheme 3).

NMR study conducted by Bowyer and co-workers showed that indium reacted with allyl
halide in a ratio of 2:3 in aqueous media, likely pointing to the generation of an allylindium""

28928 also suggested that an allylindium"

compound under the conditions.”®® Singaram
species is the active allylating intermediate in a polar aprotic solvent based on the NMR

study.

On the basis of the above contributions from several groups to depict the nature of the
allylindium species, it can be summarized that allylindium"' dihalide (RInX;) and

diallylindium™ halide (R2InX), instead of an allylindium sesquihalide (RzIn,X3), are most
probable active allylindium species formed during allylation reactions both in organic
solvents and in aqueous media. However, formation of a transient allylindium' cannot be

overlooked.?®
Indium-mediated Barbier-type allylation of carbonyl compounds.

The first report for the use of indium in organic synthesis appeared in literature from
Rieke's” group, which revealed the use of activated indium powder for the Reformatsky-type
reaction. Later, Araki and co-workers performed indium-mediated allylation of a variety of
aldehydes and ketones in THF or DMF, which gave the corresponding homoallylic alcohols
6¢ (Scheme 4).2%%° Chan and co-workers demonstrated the attractiveness of allylindium
additions to carbonyl compounds 6a by performing the reaction in water (Scheme 4).%%
Various other researchers have also shown that no inert atmosphere or dry solvent is required

to carry out the indium-mediated allylation reaction.®

11
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Chemo- and regioselective indium-mediated Barbier-type allylation of carbonyl

compounds.

Reaction of one of the identical functional groups located in the same molecule would be a

very important selectivity concept. In this regard, Baba®?

and co-workers developed a one-
pot sequential double allylation of dicarboxaldehyde 6g with two different allyl groups,
which gave unsymmetrical bis-homoallylic alcohols 6i and 6j (Scheme 4). The difficulty in
avoiding the formation of 6j was overcome by quenching the monoallylated indium

homoallylic alkoxide species with AcOH prior to introduction of the second allyl group.
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HO, OH HO OH
AcOH B
30min AT +
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7 —
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Scheme 4. Chemo- and regioselective Barbier-type allylation of carbonyl compounds for the

synthesis of homoallylic alcohols (6¢, 6f, 6i, 7c, 7d, 7i, 7j).
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Allylation of carbonyl compound using y-substituted allyl halide can form either a-adduct or
y-adduct. Araki’®® et al. showed that reaction of the cinnamyl bromide (6e) with carbonyl
compound 6d proceeded exclusively at the y-position of the allyl halide 6e to give y-
substituted homoallylic alcohol 6f as the sole product, regardless of steric effect of the y-
substituent (Scheme 4). Loh®*%* and co-workers found a general method to prepare o-
adduct 7c by using just 6 equiv of water. The allylation of carbonyl compounds 7a worked
well in DCM with a variety of allyl halides 7b irrespective of their substitution pattern and
gave the a-adducts 7c¢ with high selectivities (Scheme 4). As shown by the mechanistic study,
the reaction proceeded normally to give the y-adduct 7d. After stirring the reaction for a
longer time period, the initially formed y-adduct 7d underwent a 2-oxonia-[3,3]-sigmatropic
rearrangement with 7a to furnish the corresponding a-adduct 7c with high regioselectivity.
Baba®® et al. also observed a similar kind of phenomenon which involves the complete
conversion of y-adduct 7i formed from a ketone 7g and ethyl 4-bromocrotonate (7h) into the

a-adduct 7j, when the reaction time was extended from 0.5 to 17 h (Scheme 4).

Stereoselective indium-mediated Barbier-type allylation of carbonyl compounds.

The addition of a y-substituted allylindium reagent to a carbonyl compound can give two
diastereomers (anti or syn isomer; e.g. 8d or 8e) of y-adduct (Scheme 5). Chan’s group®®
conducted an earliest study with regard to the diastereoselective allylation, the reaction of
allyl bromide (8b) bearing a small y-substituent (R = Me) with 8a furnished a mixture of both
anti (8d) and syn (8e) isomers in equal proportions. Whereas the use of a y-substituted allyl
bromide with a bulky y-substituent (R = Ph or COOR) gave 8d with good to excellent anti

33b,33c,28b

selectivities. Acyclic or Zimmerman—Traxler transition state 8c was proposed to

account for the observed diastereoselectivities (Scheme 5).

Paquette*?

et al. carried out the indium-mediated allylation of aldehydes 8a in aqueous
media, which gave the B-hydroxyesters 8h with good selectivity (Scheme 5). 3-Bromo-1-
acetoxy-1-propene (8j) underwent the allylation with aldehydes in the presence of indium in
THF to give the corresponding monoprotected 3,4-diols in good yields and selectivity.**"®
Allylation of aliphatic aldehyde furnished the anti adduct, whereas the allylation of a,f-

unsaturated aldehyde gave the syn adduct. When the protocol was applied to (S)-Garner

13
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aldehyde (8i), the anti—anti diastereomer 8| was obtained as the major product with high

diastereoselectivity. A justification for the stereochemical outcome was proposed, assuming

bicyclo[3.2.2]nonane-type TS structure 8k on the basis of steric grounds (Scheme 5).3*
o} In R OH OH
+ RALB — » g0
R)J\H 8b H,0, rt /\\\‘//\\In/l- > R)\_/\ + R)\l/\
8a H ™ yield up to 88% R! R
R=Ph, Pr, Cy, "CHyyi R' = Me, COOMe, Ph anti/ syn up to 96:4  8d; anti-isomer  8e; syn-isomer
OMe OH
H /
R™H MeOOC AN B THF, aq. NH,Cl | H—Y-7=( /
8a 8f R yield up to 88% Z0OMe
COOMe dr up to 16.5:1 8h
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/H)L (i) In, DMF N, L :
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Scheme 5. Stereoselective indium-mediated Barbier-type allylation of carbonyl compounds

for the synthesis of homoallylic alcohols (8d, 8h, 8l).
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Scheme 6. Stereoselective indium-mediated Barbier-type allylation of carbonyl compounds

for the synthesis of homoallylic alcohols (9d, 9g, 9I).
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Koo’s group studied the allylation of aldehydes by using haloallylic sulfone as allylating
agent.>**® The indium-mediated reaction of the haloallylic sulfone 9b or 9e and aldehyde 9a
proceeded efficiently in THF/H,O (Scheme 6). The diastereoselectivity was found to be
mostly dependent on the R substituent irrespective of the geometry of the C=C bond. When
the substituent was a methyl group, the reaction preferred a chair conformation in the
indium-coordinated six-membered cyclic transition state 9f to give the anti product 99 as the
major isomer. On the other hand, syn isomer 9d was obtained as the major isomer when the
substituent was a phenyl group, suggesting the involvement of a transition state 9¢ (Scheme
6). A highly stereoselective protocol is reported by our group®™° for customizing
functionalized carbocyclic hydroxy esters 9l containing contiguous stereocenters. The
observed stereoselectivity in the diastereofacial selective indium-mediated addition of allyl
bromide (9i) to hindered a,a-disubstituted cycloalkanones 9h was accounted with a plausible
reaction pathway involving the fleeting TS 9 and 9k (Scheme 6). We** also reported the use
of a catalytic amount of InCl; in combination with Al° for the allylation of a variety of o,a-
disubstituted cycloalkanones 9h. The stereoselective InCls-catalyzed Al-based allylation
gave the corresponding B-hydroxy esters 91 with moderate to excellent diastereoselectivity
(Scheme 6).

Chelation-controlled indium-mediated Barbier-type allylation of carbonyl compounds.

Loh and Li disclosed®®"

aldehydes with 1,1 I-trifluoro-4-bromo-2-butene (10b), which afforded the anti pB-

trifluoromethylated homoallylic alcohols 10d and water media was proved to be superior to

an exceptionally diastereoselective indium-mediated allylation of

DMF in inducing better diastereoselectivity (Scheme 7). Conversely, the allylation of 2-
pyridinecarboxylaldehyde (10e) and glyoxylic acid (10h) gave products 10g and 10j with syn
stereochemistry. This abnormal phenomenon is largely indicative of the adoption of a Cram-
chelation®*? (or anti-Felkin-Anh®") transition states 10f and 10i in the reaction, which
involves coordination of the pyridine and C=0 to the allylindium species, in respective cases

(Scheme 7). Paquette®®

performed a comprehensive study on the chelation phenomenon
involving the reaction of 2-pyridinecarboxaldehyde (10e) and methyl glyoxalate (10n) with
different allyl halides (Scheme 7).** A noteworthy example is the use of thermally stable

methyl (Z)-2-(bromomethyl)-2-butenoate (10k), in such case a competitive chelation of

15



Introduction and Background

allylindium reagent with ester functionality may be envisioned. When 2-
pyridinecarboxaldehyde (10e) was employed as substrate, a preferential formation of the anti
adduct 10m was observed, reflecting the involvement of chelation-controlled TS 10l.
Interestingly, the use of glyoxylic ester 10n led to the predominant production of the

corresponding syn adduct 10p involving the transition state 100.
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Scheme 7. Chelation-controlled indium-mediated Barbier-type allylation of carbonyl

compounds for the synthesis of homoallylic alcohols (10d, 10g, 10j, 10m, 10p).

Kumar3®®

et al. reported the allylation of a-ketoamide (11a; 2-oxo-N-phenylpropanamide)
afforded the allylated product 11d with excellent syn selectivity, involving chelation-
controlled TS 11c (Scheme 8). Baba’s group®*® showed the allylation of ketones with allyl
halides such as cyclohexenyl halides, cinnamyl halides and ethyl 4-bromocrotonate with high
diastereoselectivity. The choice of solvent medium was crucial in this reaction. The reaction
of a ketone 11e bearing a chelating group (OMe) with cinnamyl bromide (11f) occurred more

effectively in THF/water media rather than in an organic solvent (Scheme 8). A chelation-
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controlled transition state 11g was proposed by the authors to explain the observed syn

stereoselectivity. Chan and Li*®*

also reported the chelation controlled indium-mediated
allylation of unprotected carbohydrate (11i; D-(+)-mannose) with 2-bromomethylacrylate
(11)) in water. Interestingly, the allylated product 111 was obtained with dr 6:1 syn/anti (with
respect to the newly generated hydroxy group and the C-2 hydroxyl group of mannose,
Scheme 8). The observed syn selectivity was explained via the plausible transition state 11k

involving either Cram-chelation model or by Felkin—Anh model.**¢
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Scheme 8. Chelation-controlled indium-mediated Barbier-type allylation of carbonyl
compounds for the synthesis of homoallylic alcohols (11d, 11h, 11I, 12d, 12h, 12k).

Paquette®%&3%

et al. achieved a highly diastereoselective allylation of a-hydroxyaldehyde 12a
which led to the construction of syn 1,2-diol 12d in water (Scheme 8). This high syn-
diastereoselectivity was explained through the Cram-chelation transition state 12c. Notably,

the results also revealed that the presence of water does not compete with the hydroxy group

17



Introduction and Background

in coordination with the allylindium species (Scheme 8). Paquette's group®* reported the
allylation of unprotected 2-hydroxycyclohexanones 12f and 12i possessing a-hydroxy
substituent (Scheme 8). It is noteworthy to mention that in the case of substrate 12f, a
proposed twist-boat conformation 12g was adopted in order to facilitate the chelation and the
allyl group attacks from the equatorial direction to afford the trans 1,2-diol 12h. While in the
case of 12i, it is suggested that the product 12k could be formed via the transition state 12j
(Scheme 8).

Indium-mediated Barbier-type stereoselective allylation of imino systems.

The Barbier-type In-mediated non-stereoselective and stereoselective additions of simple or
unsubstituted allylic halides to the C=N bond systems, such as aldimines, ketimines,
hydrazones, oximes and sulfonimines have been well-studied.**** This approach provides an
easy access to racemic or enantiomerically pure homoallylic amines possessing one

stereocenter.

Mosset*%

was the first to use the fascinating properties of indium enabling the allylation of
aldimines 13a under simple Barbier type conditions to yield homoallylic amines 13c
(Scheme 9). Barbier-type In-mediated allylation of an N,N-(dimethylsulfamoyl)-protected
aldimine 13d with allyl bromide (13e) was investigated by Minnaard and Leino*® for the
preparation of homoallylic sulfamides 13f (Scheme 9). Ricci*® et al. reported the indium-
mediated allylation of oxime ether 13g derived from 2-pyridinecarboxaldehyde afforded the

homoallylic oximes 13i (Scheme 9). Loh*™

and co-workers described the first asymmetric
allylation of an imine system utilizing chiral auxiliary with a synthetically useful level of
diastereocontrol. The allylation of imines 13j derived from L-valine methyl ester in the
presence of indium afforded the product (S,S)-diastereomer 131 (Scheme 9). The observed

diastereoselectivity was accounted via the chelation-controlled TS 13k.

Vilaivan*%®

and co-workers reported the indium-mediated allylation of imines 14a (derived
from chiral (R)-phenylglycinol) in methanol, which resulted several enantiomerically pure
homoallylic amines 14c with good to excellent diastereoselectivities (Scheme 9).**" Foubelo
and Yus*? reported that the indium-mediated allylation of enantiomerically pure N-tert-

butylsulfinyl imines 14d in THF at 60 °C gave the corresponding enantiomerically pure N-
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tert-butylsulfinyl amines 14g. The observed high diastereoselectivity was explained via the
transition state 14f (Scheme 9). Further, Lin*®° and co-workers revealed that by adding
NaBr as an additive, the above reactions can be performed in water at room temperature to

get improved yields and diastereoselectivities.
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Scheme 9. Synthesis of homoallylic amines (13c, 13f, 13i, 13, 14c, 149, 14j, 14n) via

indium-mediated Barbier-type allylation of imines.

Cook*

and co-workers showed the indium-mediated allylation of valinol-based hydrazones
14h afforded the corresponding enantiomerically pure homoallylic hydrazones 14j with good
to excellent diastereoselectivities (Scheme 9). It was postulated that the Lewis acid chelated
hydrazone 14k acts as an activated substrate and the chelation effect restricts the
conformational mobility affording the product with high selectivity (Scheme 9). Jacobsen*®
et al. showed the bifunctional urea-catalyzed highly enantioselective allylation of acyl
hydrazone substrates 141 gave the enantiomerically pure homoallylic acyl hydrazine 14n with

excellent yield and enantioselectivity (Scheme 9).
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As mentioned earlier, the synthetic step involving the addition of allylmetals to carbonyl
(C=0) and imino (C=N) functional groups considered as important methods in multistep
synthesis. Because the olefin moiety present in the products (homoallylic alcohols/amines)
can be subjected to a wide range of functional group transformations.’”*® Especially, the
olefin moiety present in the products (homoallylic alcohols/amines) can be subjected to the
ring closing metathesis (RCM) reaction® to synthesize functionalized cyclic olefins.

The ring closing metathesis reactions with nitrogenated compounds (e.g. homoallylic amines)
have been studied in detail.** Particularly, several biologically relevant scaffolds such as
alkaloids, peptidomimetics and other compounds were synthesized via ring closing

44h.c :

metathesis reactions**** in the presence of a Grubbs' ruthenium carbene catalyst (Figure 5).*

N - N
PCys /a T
PCys; N = N | «ClI Cl
| .Ci /a T RuS _RUS
U= Cl c” | Cl |

R
cl” | Ph PN (0] Me-_ O
Cl | Ph Me
PCy3 \(
PCy3 Me Me
15a 15b 15¢ 15d

Figure 5. Ru-catalysts used for performing the ring closing metathesis (RCM): 1% generation
Grubbs' catalyst (15a), 2" generation Grubbs' catalyst (15b), 1 generation Hoveyda Grubbs'
catalyst (15c) and 2" generation Hoveyda Grubbs' catalyst (15d).

Behr*® et al. demonstrated a straightforward indium-mediated allylation of unprotected
glycosylamines generated from condensation of D-pentoses 16a and allylamine (16b)
afforded the homoallylaminopolyols 16d (syn isomer), which was then subjected to the ring
closing metathesis reaction to afford the optically active 1,2,3,6-tetrahydropyridine 16e
(Scheme 10). Foubelo®® et al. reported a highly diastereoselective addition of allylic indium
to enantiopure o-bromophenyl sulfinyl imines 16f. Then, the homoallylic amine derivatives
16g were transformed into lactams 16j via ring closing metathesis reaction (Scheme 10).
Qing
with 3-bromo-3,3-difluoropropene (17b) gave the a,a-difluorohomoallylic hydrazide 17c,

* ot al. reported the indium-mediated gem-difluoroallylation of N-acylhydrazone 17a

which was used as a starting material to synthesize the gem-difluoro-4-substituted a,f-

unsaturated lactam 17e (Scheme 10).
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Scheme 10. Indium-mediated Barbier-type allylation of imines followed by the RCM
reaction of the homoallylic amines (16d, 169, 17c).

Indium-mediated stereoselective Barbier-type allylation of imino systems and

construction of homoallylic amines possessing two vicinal stereocenters.

Though the Barbier-type In-mediated stereoselective addition of simple allyl halides (e.g.
allyl bromide and prenyl bromide) to C=N bond systems and the synthesis of homoallylic
amines possessing one stereocenter are well explored, however, there exists only limited
reports dealing with the Barbier-type In-mediated stereoselective addition of y-substituted
allylic halides (e.g. cinnamyl bromide and crotyl bromide) to C=N bond systems and the

synthesis of homoallylic amines possessing two vicinal stereocenters.*>*

Kumar*® et al. reported the indium-mediated allylation of imines (generated in situ from 2-
pyridinecarboxaldehyde (18a) with aryl amines 18b) with crotyl- or cinnamyl bromides (18c)
occurred in agueous media and gave the corresponding homoallylic amines 18d (syn isomer)
possessing two stereocenters with good to excellent diastereoselectivities (Scheme 11). Chan
and Lu*®*° showed the indium-mediated allylation of sulfonimine 18e in THF/H,O

furnished the homoallylic sulfonamides 18h (Scheme 11). The indium-mediated crotylation
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or cinnamylation of 18e selectively gave the y-adduct 18h depending on the solvent system
and the observed stereoselectivity was accounted via the cyclic transition state 18g. The
crotylation of sulfonimines 18i bearing a proximal chelating group led to the construction of
syn isomers 18l and the observed stereoselectivity was accounted via a chelation-based TS
18k (Scheme 11).® Similarly, the cinnamylation of oxime ether 18m led to the construction
of syn isomer 18p and in this case also the observed stereoselectivity was accounted via the
chelation-based TS 180 (Scheme 11).%%
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AN ATy I )\ THF / H,0 ﬂ\é " RO

iR __ _Br THF/ HO . 189 overnight H g 18h R

~o* NN 30 oC 5h L'\ ’,/') . 1 189
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Ar = aryl; R = Me, Ph synlanti up to 98:2
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N/SOZR1 TN R'0,S.

! X NH
l Me. . _~ Br L» _ N e /NHY\
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. — (] ‘\\\ » e
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' Pho~_B o » [P \I= L - | N X
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| 18n 7N L &
N 48m 180 s | 60% (syn/ anti = >99:1) 18p

Scheme 11. Indium-mediated synthesis of homoallylic amines (18d, 18h, 18I, 18p) with two
vicinal stereocenters.

Yanada, Kaieda, and Takemoto®®

reported the indium-mediated allylation of enantiopure
imine system 19a led to the construction of homoallylic amino alcohols 19d with
exceptionally high asymmetric induction. The observed stereoselectivity was accounted via
the chelation-based TS 19c¢ (Scheme 12). The indium-mediated allylation of (R)-N-benzyl-
2,3-O-isopropylideneglyceraldimine (19h) with 4-bromo-1,1,1-trifluoro-2-butene (19i) gave
the homoallylic amine 19j with excellent diastereoselectivity and the observed

stereoselectivity was accounted via the chelation-based TS 19k (Scheme 12).4%
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Scheme 12. Indium-mediated construction of homoallylic amines (19d, 19g, 19j, 19n) with

two vicinal stereocenters.

Kang*® and co-workers reported the intramolecular cyclization of the substrate 19e
embedded with both imine and allyl bromide moieties in the presence of indium and acetic
acid which led to the assembling of chromanes 19g possessing two stereocenters with cis
stereochemistry. The observed stereoselectivity was accounted via the chair like transition
state 19f illustrated in Scheme 12. Similarly, Cook’s group reported the indium-mediated
intramolecular allylation of the substrate 191 in the presence of trifluoroacetic acid, which
gave the product 19n bearing a chromane framework possessing two stereocenters with cis

stereochemistry (Scheme 12).4"

Stereoselective synthesis of B-substituted a-amino amino acid derivatives via allylation

of imino systems.

Regardless of the existing developments on the indium-mediated stereoselective addition of

17,40-51

allylic halides to C=N systems, a survey of the literature indicated that especially, the

theme of In-based addition of simple or y-substituted allylic reagents to C=N bond systems
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affording the a-amino acid derivatives possessing two vicinal stereocenters is relatively less

explored (Scheme 13).1"°%%!

0 R3 R! OH R! OH
RZOR! R* X —F 7 2 ~ X R
20a B -~ R N well explored
20b R* R3 R* R®
y-substituted allyl halide 20c 20d
Fg Fo
N R R NH R! NH
JI\ 1S In - P or g
27N + R X = 2 27N R?
R B - R N well explored
20e 20b Ré R® R* R®
20f 20g
_Fg 3 Fg Fg
)l\ + VR & In Rl NH Rj’ NH
ROOC™ "R! R X > o Ncoor O "NCoor less explored
20h p -, :
20b R* R3 R* RS
Fg = aryl, OR, NHTs, NHCOPh, (R)-'BuSO 20i 20
R = Me, Et, ‘Bu; R or R? = H, alkyl, aryl B-substituted a-amino acid derivatives
R3 or R*= H, Ph, Me, etc with two adjacent stereogenic centers

Scheme 13. Indium-mediated stereoselective Barbier-type allylation.

Formerly, Kang*®

and co-workers have reported the Barbier-type In- or Zn-mediated
addition of y,y’-dimethyl allyl halide 21b to N-aryl a-imino ester 21a in aqueous media
(Scheme 14). This protocol gave an access to y,6-unsaturated B,B’-dimethyl N-aryl a-amino
acid derivative 21c bearing only one stereocenter. This reaction clearly indicates that the
addition of the a- and/or y-substituted allylmetals to C=N bond of a-imino esters 21a would
be one of the direct methods to obtain the unnatural y,0-unsaturated B,B’-disubstituted o-
amino acid derivative 21c. However, in this regard, there exists only a few significant reports
dealing with the stereoselective production of B,p'-disubstituted a-amino acid derivatives

possessing two vicinal stereocenters. Kobayashi®®*

et al. reported a magnificent
methodology comprising the diastereoselective crotylation of a-hydrazono ester 21d using
silicon as well as boron (21e and 21g) reagents and the production of B-substituted a-amino
acid derivatives 21f and 21i with the excellent diastereocontrol for respective isomers

(Scheme 14).

Ritson et al. reported®™ the allylation of the O-functionalized oxime 22a in THF/NH,CI

mixture with allyl bromide (22b) in the presence of zinc. The reaction afforded the
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corresponding a-amino acid precursor 22c¢ (Scheme 14). Similarly, Ricci and co-workers

showed*®

that the indium-mediated diastereoselective allylation of oxime ether 22d (derived
from glyoxylic acid) in aqueous media successfully gave an access to a variety of B-
substituted a-amino amino acids 22g with promising yield and excellent diastereoselectivity

(Scheme 14).
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Scheme 14. Synthesis of B-substituted a-amino acid- and f,p'-disubstituted a-amino acid
derivatives (21c, 21f, 21i, 22c, 22q, 22j).

Hanessian®® reported the Barbier type reaction of sultam derivative of O-benzyl glyoxylic
acid oxime (22h) with cinnamyl bromide (22i) in the presence of zinc powder in aqueous
ammonium chloride, which successfully gave the enantiomerically pure allylglycine

analogues 22j with satisfactory yields and synthetically useful diastereoselection (Scheme
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14). Naito®® also reported a similar kind of methodology involving indium mediated

allylation of O-benzyl glyoxylic acid oximes.
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Scheme 15. Synthesis of B-substituted a-amino acid- and f,B'-disubstituted a-amino acid
derivatives (23d, 23h, 23l, 23p).

Jorgensen and co-workers demonstrated®® the addition of tributyl crotyl tin (23b) to N-tosyl

a-imino ester (23a) in the presence of a copper catalyst which afforded the B-substituted o-

amino acid derivative 23d (Scheme 15). A highly diastereoselective allylation protocol was

established by Raabe's group®™"® using titanium reagents. The reaction demonstrated the

allylation of N-sulfonimino esters 23g using titanium allylating reagent 23f which was

prepared in situ from allylic sulfonimide 23e, gave the B-substituted a-amino acid derivatives

23h with high diastereoselectivity (Scheme 15). Takemoto's group®™ reported the synthesis

of a-amino acid derivative 23l via the allylation and propargylation of glyoxylic oxime ether

23i in the presence of a catalytic amount of palladium(0) catalyst and indium(l) iodide.
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Allylation of glyoxylic oxime ether 23i proceeded in the presence of water to give the a-
amino acid derivative 23l with excellent diastereoselectivity (Scheme 15). Grigg et al.
described®® an efficient synthesis of functionalized o-amino acid derivatives 23p via the
diastereoselective palladium-catalyzed indium-mediated allylation of enantiomerically pure
N-sulfinyl-a-imino ester 23m by interfacing the process with catalytic cyclization—anion

capture (Scheme 15).
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Scheme 16. Synthesis of B-substituted a-amino acid- and f,p'-disubstituted a-amino acid
derivatives (24d, 24h, 241, 240, 24p).

Zhang and co workers demonstrated""

that the indium-mediated allylation of chiral imine
24a derived from trifluoropyruvate, gave the fluorinated quaternary a-amino acid derivatives
24d in excellent yield and diastereoselectivity (Scheme 16). The authors proposed the
chelated transition state 24c for the observed excellent diastereocontrol. Loh*™ also
established a highly stereoselective one-pot Barbier-type allylation methodology. The
preparation of chiral amino acid 24h was shown from the reaction of 24e and 24f involving

the TS 24g (Scheme 16). Cho*!' et al. devised a diastereoselective method for the preparation
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of a-amino acid derivative 24l. The reaction of imines of N-glyoxyloylbornane-10,2-sultam
(241) with allyl iodide (24j) in the presence of indium in DMF furnished the corresponding o-
amino camphor sultam derivative 241 with high diastereoselectivity (Scheme 16). Fustero®*®
and co-workers described a stereoselective method for the synthesis of cyclic B,B'-
difluorinated a-amino acid derivatives 240. The diastereoselective addition of allylzinc
reagents 24n to fluorinated a-imino esters 24m (prepared using (R)-phenylglycinol methyl
ether auxiliary) gave the PB,B'-difluorinated a-amino acid derivatives 240, which were
subjected to ring closing metathesis reaction (RCM to obtain the desired cyclic B,p'-

difluorinated a-amino acid derivatives 24p as shown in Scheme 16.
Reformatsky-type reactions for the synthesis of a- or p-amino acid derivatives.

In addition to the Barbier-type stereoselective addition of allylic halides to C=N systems (e.g.
o-imino ester systems) affording the a-amino acid derivatives; Reformatsky-type reaction®? is
an important and complimentary procedure for synthesizing the a- or B-amino acid

derivatives.>*®

% in which the Zn-mediated

Imino-Reformatsky reaction was first described by Gilman,’
reaction of an imine 25a with an a-halo ester 25b directly afforded the p-lactam 25¢ (Scheme
17). Although, the imino-Reformatsky reaction has great potential in synthetic chemistry,
however this protocol lagged behind until recently, because of the drawback of producing a
mixture of B-amino esters and B-lactams. Still the future of the imino Reformatsky reaction is
expected to be bright as recently the problem of getting mixture of B-amino esters and f-
lactams was claimed to be solved by various researchers.> After the invention of the imino-
Reformatsky reaction, enormous efforts have been invested to capitalize the imino-
Reformatsky protocol for the direct construction of B-amino acids.’*®* Adrian Jr. and co-
workers have developed™ a highly efficient three component nickel-catalyzed Reformatsky-
type reaction between an aldehyde 25d, an amine 25e and an a-halo ester 25f, which afforded
the p-amino esters 25g in astonishing yield (Scheme 17). Ando and Kumadaki

demonstrated®>

the formation of difluoro-B-lactams 25j from corresponding imines 25h via
the rhodium-catalyzed Reformatsky-type reaction (Scheme 17). The outcome of the reaction
can be switched to 3-amino-2,2-difluorocarboxylic esters 25i by adding the hydrated salt of

magnesium sulphate to the reaction mixture. Lou and co workers®™ demonstrated the
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synthesis of orthogonally protected aspartic acid derivatives 25m with desirable yields via
Reformatsky reaction of 25k with commercially available Reformatsky reagent 251 (Scheme
17). Cozzi demonstrated®® a highly enantioselective catalytic one-pot three-component
imino-Reformatsky reaction which afforded the diversely substituted f-amino esters 25¢g and
25r having stereochemistry complementary to each other (Scheme 17). Attainment of

opposite stereochemical outcome during the reaction was entirely dependent on the reaction

conditions.
. _R?
Ph o_ PhioO HNT 25%¢ e 70 R2
)N| , Brocooet o 4N, g NiClp(PPha)y ~ "NH O
Ph 25b toluene Ph 254 Br\)k DCM, 25°C R! OMe
56% i OMe . o 259
25a 25¢c , 25¢ yield up to 97%
i R'=alkyl, aryl; R? = aryl
BrCF,COOEt
Et,Zn, RhCI(PPhy); ; BrCF,COOEL \
iR MgSO,.7H,0 R Et,Zn, RhCI(PPhs)s R P
- _ THF,0°C Bl THF, 0°C - 1 :E
R CF,COOEL -~ . R1”R2 _ — RIFF
R 251 yield up to 65% 25h yield up to 93% R2 E

R" = aryl; R? = H, alkyl, aryl; R® = alkyl, aryl

R. R.
O THF O 'NH

N
| ! —_—
kCOOEt * Brn QJ\O’ B tBu\OJ\)\COOEt

yield up to 91%
25k R = aryl 2sl 25m

MesZn MeO

R1
O:@ I\Nller‘?é?hylephedrine Q OR! 0 NiCly(PPhg), :@
lR + + Br\)J\OR2 N-methylephedrine HN

NH,

HN
ield up to 93% ield up to 90% :
COOR? yie 25 25 yield up to 90% COOR?
R/'\/ ee up to 94% ° 25n P eeupto92% RN

2

5q 1 2 25r
R = alkyl, aryl; R" = Me, Ph; R* = Me, Et

Scheme 17. Stereoselective synthesis of B-lactams and a- or B-amino acid derivatives (25c,
25g, 25i, 25}, 25m, 25q, 25r).

Honda et al. demonstrated®™ the diastereoselective Rh-catalyzed Reformatsky-type three
component reaction of amines 26b, aldehydes 26a and ethyl bromoacetate (26d), which
successfully afforded enantiomerically pure p-amino esters 26f (Scheme 18). A bimetallic
chelation directed addition of a-halo ester was proposed by the authors as shown in the TS

58a

26e in Scheme 18. Poon’™ et al. described the scalable stereoselective synthesis of f-amino

ester derivatives 26j from N-tert-butyl-sulfinylaldimines 26g and zinc enolate 26h (Scheme
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18). Apart from this, diastereocontrol has been efficiently achieved in the Reformatsky type
reactions by many research groups for the construction of a range of f-amino acid derivatives
using a large variety of chiral auxiliaries.”® Duggan®® et al. developed a sonocatalyzed
imino-Reformatsky reaction of 27a (derived from (R)-phenylglycine ethyl ester auxiliary)
and the stereoselective preparation of difluoro-p-amino acid derivatives 27d with magnificent

yield and diastereoselectivity (Scheme 18).
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Scheme 18. Reformatsky reaction-based stereoselective synthesis of B-amino acid
derivatives (26f, 26j, 27d, 27h, 27K).

9 showed the Smly-based reaction of ethyl chloroacetate (27f) with the a-

Concellon®®
dibenzylamino-N-tert-butanesulfinimine (27e) which gave the corresponding enantiopure
3,4-diamino acid derivative 27h with very high diastereoselectivity (Scheme 18). Awasthi
and Clark have demonstrated the scalable synthesis of B-amino esters 27k with excellent

yield and stereoselectivities via the Zn-mediated Reformatsky-type reaction between zinc
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enolate of tert-butyl bromoacetate (27j) and aryl, alkyl and alkynyl chiral imines 27i (derived
from (S)-phenylglycinol) (Scheme 18).>°

Notably, the diastereoselective Reformatsky reactions are also employed in the total
synthesis of natural products. Few of the recent literature reports cover the application of the
coupling reaction to the stereoselective synthesis of acyclic or cyclic fragments as well as

biologically active molecules, including fluorinated moieties.®*

2.2.2. Sigmatropic rearrangement-based synthesis of functionalized unnatural a-amino

acid derivatives.
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Scheme 19. Synthesis of unnatural amino acid derivatives (28b, 28d, 28f, 28g, 28j).

Sigmatropic rearrangement is one of the fundamental rearrangement reactions in synthetic
organic chemistry. Several unnatural amino acid derivatives have been synthesized utilizing
the concept of sigmatropic rearrangement and some representative examples are given in this

section. Chandrasekhar®?

et al. designed controlled approaches to a-amino acid derivatives
28b and 28d via two classical reactions, such as the Beckmann and the Hofmann
rearrangements. The methodology was demonstrated on the precursor substrates 28a and 28c
having the 2,4,10-trioxaadamantane moiety (Scheme 19). Edmondson's®®® group showed the
Kazmaier's"® enolate-Claisen rearrangement of 28e as a key step for the synthesis of various

B-amide substituted phenylalanine derivatives 289 (Scheme 19) and also revealed that the
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a52462¢ and co-workers

synthesized derivatives can function as DPP-1V inhibitors. Sutherlan
reported the stereoselective synthesis of (2R,3S)-2-amino-3,4-dihydroxybutyric acid (28j; an
a-amino acid originate from Lyophyllum ulmarium) involving the transition metal-catalyzed
MOM-ether directed aza-Claisen rearrangement of an allylic trichloroacetimidate 28h

(Scheme 19).

d®? a thio—Claisen rearrangement method for preparing anti-p-

Hruby et al. develope
functionalized y,0-unsaturated a-amino acid derivatives 29e. Initially, the thioamide 29a was
subjected to allylation via Friedel Crafts alkylation type reaction resulting into the formation
of an intermediate 29c which further got transformed into thio—Claisen rearrangement
products 29d with excellent diastereoselectivities. The resulting rearrangement products 29d

were converted into nonproteinogenic amino acid derivatives 29e (Scheme 20).

S R3
NHCbz R! 2 3
C/\IJK/ , F j/LRZ EtsN, THF TR R Hooc. 4"
FeBr3 FeBr4 -78 to -45 °C W — e
29a * R3 S 04>® : —— N R
®_L__NHcbz S R CbzHN
BN R C/\l/ yield up to 82%  CbzHN 29d 29¢
R 29b B 29¢ i dr up to >49:1

R' = H, Me, COOEt; R? = H, Me, Ph, COOEt, COOMe; R® = H, Me

|
299 /\(
/ LDA ! @ NaN;
4

M COOEY 4204 (de 95%) COCE! 85% ‘" 80% Me
Me"
Me o/ 29j
29f 29h 20
Pg
Ph Ph 1R2 O
Ph - ) EtzN Ry R
BBr _( R! N .
e nte W \)L (|| )HCI / MeOH \)\_)LN
TsHN  NHTsDCM  TsN_ NTs > : Q
20k 3" Lol 29m yield up to 92% NHPg
Br R1, R2 = H, Me, Ph ee up to 99% 29n

Pg = Bn, allyl, PMB

Scheme 20. Synthesis of a-amino acid derivatives (29e, 29j, 29n).

53 ot al. described the diastereoselective alkylation of ethyl 2-methylacetoacetate

Suemune
29f (connected with (S,S)-cyclohexane-1,2-diol as an acetal chiral auxiliary) which gave the
enol ether 29h, which was transformed into a-keto ester 29i. Then, the a-keto ester 29i was

converted into optically active a-alkylated a,a-disubstituted amino acid 29j via the Schmidt
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rearrangement (Scheme 20). Somfai’s®*

group demonstrated the first asymmetric [2,3]-
sigmatropic rearrangement of achiral allylic amines 29m through quaternization of the
amines 29m with an enantiomerically pure diazaborolidine 291 (which was formed by mixing
the chiral ligand 29k and BBrs) followed by the treatment with EtsN which afforded

homoallylic a-amino acid derivatives 29n (Scheme 20).
2.2.3. Synthesis of unnatural a-amino acids via transamination reactions.

Shi's®™® group described the base-catalyzed transamination of a-keto esters 30a with o-
hydroxy benzylamine (30b) to construct a wide variety of a-amino esters 30c (Scheme 21).

64b-64d 1 biomimetic transamination of a-keto esters

Shi's group published a series of papers
30d using o-chloro benzyl amine (30e) in the presence of chiral base 30g derived from
quinine. A wide variety of a-amino esters 30f containing various functional groups were
synthesized with high enantioselectivity (Scheme 21).
0o NH Et;N, MeOH, 60 °C NH,
R)kcootBu + @(\ 2 N HCI / THF, rt PR
OH > R COOBu
30a yield up to 95%

R = alkyl or aryl 30b

/\)Ok CH,NH, !
ol (i) 30g, 4 A° MS, NH, !
Ar COOCEt; + benzene, 50°C /\/'\ !
Ar=aryl > Ar COOCEt; !
(iiy 1N HCI / THF, 4 °C 30f .

30d 30e

yield up to 70%
ee up to 92%

Scheme 21. Synthesis of a-amino acid derivatives (30c and 30f).

2.2.4. Synthesis of functionalized unnatural a-amino acid derivatives via cycloaddition

reactions.

Gautun®*

et al. described the diastereoselective aza-Diels—Alder reactions of ethyl (S)-N-
(tert-butanesulfinyl)iminoacetate (31a) with different dienes 31b in the presence of Lewis
acids. Reactions of unactivated dienes with stoichiometric amounts of TMSOTT afforded the
aza-Diels—Alder adducts 31c in modest yields with diastereoselectivities up to 99% (Scheme
22). Cleavage of the sulfinyl group under acidic condition gave the optically active non-

proteinogenic a-amino acid derivatives 31d.
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: R BFsELO or TMSOTY \$/ R
N-Sso N DCM, -78 °C oS R HCI/MeOH HCLHN"™
| + ] = H.., —_— Hi.,
EtOOC) R'  vyield upto 81% EOOC R' vyield upto 78% EtOOC
31a 31b dr up to >99:1 31c 31d
R, R' = alkyl
Me 31h : (0
N THF:PhF, rt MeOOC, 1o L%
| o) PN CH,N,, THF / Et,0 £ : PCy,AuOBz
PR + 2 COO0R ) N .
ph” O 31f > | »COOR | 0o PCy,AUOBz
31e yield up to 89% Ph < O
R = alkyl ee up to 99% 31g 0 31h
iProoc.__~ , .
R e s PN
PN 32d-AgCIO, Et,N or DABCO 00O A : b ©
Ph™ "N” "COOMe ,ene -20 to 0 °C COOMe | / Me
32a > Ph” 5 OO © o
81% (er 91:9 !
o (er ) 32¢
32d
CN Ar
N N " AgOAc (10 mol%) NC
N7 Sco,Me = > N .
[ 2 + oA EtsN (40 mol%) / N~ 'CO,Me
N e CN DCM, tt, 12 h N H

32f

93% (dr 90:10) 32g (major isomer)

Scheme 22. Synthesis of a-amino acid derivatives (31d, 31g, 32c, 329).

Toste®®

and co-workers showed an enantioselective [3 + 2] dipolar cycloaddition reaction
between azalactone 31e and acrylate esters 31f in the presence of the chiral gold catalyst 31h
which yielded the substituted amino acid precursors 31g (Scheme 22). Najera®™® et al.
described the 1,3-dipolar azomethine cycloaddition between imine 32a and dipolarophile 32b
catalyzed by chiral monodentate phosphoramidite (32d)-silver complex which afforded the
substituted proline derivative 32c (Scheme 22). Recently, our group®™? described the
diastereoselective synthesis of nornicotine analogs 32g (proline derivatives) comprising the
1,3-dipolar azomethine cycloaddition between imine 32e and Knoevenagel adduct 32f

(Scheme 22).

2.2.5. Synthesis of functionalized unnatural a-amino acid derivatives via Mannich-type

reactions.

Jorgensen®® et al. showed the organo-catalyzed route for the construction of the a-amino

acid derivatives 33c via the Mannich-type reaction of 33a and 33b (Scheme 23). Similarly,
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Barbas 111 reported®® the synthesis of a-amino acid derivatives involving the Mannich-type

reaction. Cérdova's group®®

reported the three-component asymmetric Mannich reaction
between ketones 33e, p-anisidine (33f) and ethyl glyoxalate (33g) catalyzed by an acyclic

chiral amine 33i which gave the corresponding amino acid derivatives 33h (Scheme 23).

R._CHO 5C

F
33b /©/O'V'e O CF,
/@OMG 33d, MeCN, rt HN : CFs
—_— '
N EtOOC/'\;/CHO ! N O
: .

yield up to 83%

Pl 238 dr up to 91:9 : OTMS
EtOOC ee up to 98% R=alkyl 33¢c 33d CF3
NH, OMe |
o o 33i, DMSO, rt /©/ ! J\\/
! N
1 2 | ZZ
rRi_M_R2 4 o )LCOQEt yieldupto 73% o H ; FaN i
33e 23 dr up to >19:1 " COOEt o33 N
R R2= alkvi OMe 9 ee up to >99% R? :
. R®=alkyl 33f

33h

Scheme 23. Synthesis of a-amino acid derivatives (33c and 33h).

2.2.6. Synthesis of functionalized unnatural a-amino acid derivatives via conjugate

additions.

Jorgensen®”

et al. reported an organocatalytic conjugate addition reaction of an a,f-
unsaturated aldehyde 34a and azalactone 34b with proline-derived catalyst that afforded the
product 34c, which was further hydrolyzed to provide the corresponding protected amino
acids 34d (Scheme 24). Koksch and Czekelius®® et al. described the conjugate
hydrofluoroalkylation of the a,B-unsaturated acyl-oxazolidinones 34e and the importance of
the protocol by preparing the enantiomerically pure B-trifluoromethylated amino acid
derivatives 34h (Scheme 24). Diez®”° et al. devised a unique approach for the synthesis of
glutamic acid analogues 35d in which the diastereoselective addition of cyclopropanol vinyl
sulfone 35b to the lithiated Schollkopf bislactim ether 35a provided an access to the a-amino

acid derivative precursors 35¢ (Scheme 24).
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R N OTMS 1
1 N/S: " R __cHo R
Ri A~ Ar: 3,5-(CF3),CgH3 - H .
CHO + L /70 ene N — > MeOOC:, OH
34a Ph oluene, )l\ (o) » o N\
R! R = alkvl 34b yield up to 75% Ph o 34d COPh
» R=alky dr up to 5:1 34c
ee up to 96%
Rd, EtsB/0 (i) KHMDS
j\ o YL(OTSf)3.nH220 j)\ O R, trisy-Ng )OL 7R Hooc\j(kf
0 N/Zk%\ DCM, THF 1o) NJQ/( then AcCOH O NM H,0, Y R
\—4 R hexane, -78 °C \——( R : R oyion NHBoc
Bn —_—— Bn (ii) Hp, Pd/C Bn NHBoc
3de yield up to 70% 34f Boc,0O 34 34h
: ]
(@r1:1) yield up to 65%
R =H, alkyl; R = flouroalkyl dr up to >95:5
TBSO AcQ
TBSO MeO___N K COOMe
eyt M s TR A
—_— P —
+ > NH
N”“OMe “sopn 95% r N o Mo
35a 35b Sso,Ph 35¢ 35d

Scheme 24. Synthesis of a-amino acid derivatives (34d, 34h, 35d).

2.2.7. Synthesis of functionalized unnatural a-amino acid derivatives via asymmetric

reduction and hydrogenation.

F
Hooc_N /©/\
°S

F o F
H
N
HOOCVN\S/@ HOHN)K/ °S

S 36b-RuCl,L,, Y
| g o Et;N, H,, EtOH : 40 — : do
—_—> ~_ 0 —
36a ee 97% O 36c O
(@) 0 o)
anthrax lethal factor inhibitor
e
37e, 18-crown-6 = ;
Me PN ¢ ’ : t (i) IN HCI/THF Me
+ N| COO'Bu toluene, 50% aq. KOH Ph/\_/COO Bu (i) BzCl, Et3N, DCM - COO!Bu
Ph Br 37b 0°C.6h ,il Ph o Ph/\/
Ph Ph 2 > X ee (syn) 95% =
37a 37c \( NHBz
88% (dr 95:5) Ph 37d

36b

@ v
;Q—’_?/ Ar Br
P('Bu) O
Ph,P - 2
" Fe : % are FC l ! CF,4
OO Ar OO CF;4 CF,
37e

Scheme 25. Synthesis of a-amino acid derivatives (36¢ and 37d).
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Shultz®™® et al. demonstrated a highly enantioselective Ru-catalyzed hydrogenation of N-
sulfonylated-a-dehydroamino acids 36a (Scheme 25) which successfully afforded the N-
sulfonylated amino acids 36c. Further, the process was used for the synthesis of an anthrax
lethal factor inhibitor (LFI). Ishida’s®”® and Chandrasekhar’s®”" groups also showed the
synthesis of enantiopure unnatural amino acid derivatives involving hydride reduction and

reductive amination strategies, respectively.

2.2.8. Synthesis of functionalized unnatural a-amino acid derivatives via phase transfer

catalyst-based reactions.

68a

Maruoka™ et al. described the stereoselective synthesis of B-alkyl a-amino acid derivative

37c via the phase transfer catalyst-based alkylation of glycinate Schiff base 37b with
secondary alkyl halide 37a under the influence of the chiral quaternary ammonium bromide
37e and 18-crown-6 (Scheme 25). The syn isomer of B-alkyl a-amino acid derivative 37c was
selectively converted into the corresponding anti isomer, allowing the preparation of all the

7868b

stereoisomers of B-alkyl a-amino acid derivatives. Along this line, Jergensen and

,SGBC

Takemoto groups also showed the synthesis of enantiopure polyfunctionalized amino

acid derivatives involving the phase transfer catalysts.

2.2.9. Synthesis of functionalized unnatural e-amino acid derivatives via carbenes.

Ph
38d (5-10 mol%) EtO0C ' Q
N ,
Npn 0 L = H,0, Et,0 o S O =
| + N—< . N
P H” “COOEt _ | Rd
A~ 38a yield up to 58% A Ph P’ p
) 38b dr up to 93:7 ' ' Phy L Ph,
Ar = aryl ee (cis) up to 93% 38¢c
38d
o Ph
Rhy(OAC),,
o 2 4 M
Me_ Me > e
toluene, 85-90 °C Me ><_§\
COOMe ~ 'Oluens, 6o-5v L — = COOMe
BocHNW 82% >q§\COOMe me N
N Me | Boc 38g
38e 2 Boc 38f

Scheme 26. Synthesis of a-amino acid derivatives (38c, 38f, 38g).

Mezzetti®®

et al. reported the enantioselective Rh-catalyzed aziridination of imines 38a with
ethyl diazoester 38b (carbene source), which gave the substituted aziridine-based amino acid

systems 38c (Scheme 26). The proposed reaction mechanism®? implied the carbene transfer
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from an intermediate diazoalkane complex rather than from a carbene complex. Cativiela®®

developed a versatile method for the preparation of racemic 0,60-dimethylproline and 6,6-
dimethyl-B-phenylproline derivatives 38g. Cativiela showed that the treatment of an a-diazo-
[-oxo ester 38e with rhodium diacetate followed by the intramolecular N—H insertion of the
metal carbenoid generated in situ led to the formation of 8,5-dimethyloxoproline system 38f.
Further functional group transformation on the &,6-dimethyloxoproline system 38f

successfully afforded the 8,6-dimethyl-B-phenylproline derivative 38g (Scheme 26).

2.2.10. Synthesis of functionalized unnatural a-amino acid derivatives via C-H

activation reactions.

X
\ X
—
NTad / Pd(OAc), P
O<__NH N
o} Pd(OAc), Oxone, T
: Ar _A9OAc, 110°C Ac,0, Mn(OAG), 0°
“H yield up to 93% M N 'I/OAc
¢} yield up to 63% H
39b S
Ar = aryl 390
SO,NH, N SO,NH, N
J T ) )
Vg § %9 O«__NH §
339 O _NH s o
R'-1, Pd(OAc), o R2-I, Pd(OAc), N ,
N Ag,CO3, NaOCN N Agch3, NaOCI\(l) N
1,4-dioxane, 80 °C Ly 1,4-dioxane, 80 )C R
4’ . o
o) yield up to 87% o) yft’pl‘tg tf3%?1/°
39d :
39%e R1 = aIkyI; R2 = alky|, al’y| 39f
o)
) N.ph (i) EDTA (2 equiv)
Ner ] 40 0 _ NpH,.H,0/ EtOH
TSNy o-chloranil (i) 6N HCI -

IIZZ/N \ Ph THF, rt, 24 h 85% (ee 98%)
4 64% (dr 4.6:1) /f

de (syn/ anti) 99% / 88%
40a

Scheme 27. Synthesis of a-amino acid derivatives (39b, 39c, 39, 39f, 40d).

9a

Corey®® et al. discovered a method in which N-phthaloyl a-amino acid amides of 8-
aminoquinoline 39a was selectively acetoxylated or arylated via C-H activation at the (-
carbon. This method provided an easy access to a broad range of unnatural (S)-a-amino acid

derivatives 39b and 39c (Scheme 27). Shi®® et al. developed the palladium-catalyzed
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stereoselective synthesis of various f,B'-disubstituted a-amino acids 39f through a sequential
C(sp®)-H functionalization approach using the 8-aminoquinoline auxiliary (Scheme 27).
Shi®®® et al. also described a method for diastereoselective fluorination of B-methylene
C(sp®)-H bonds of a-amino acid derivatives with the help of picolylamine based directing
group. The process led to the formation of an array of B-fluorinated a-amino acid derivatives.

89 et al. reported the Pd-catalyzed alkylations of methylene C(sp®)-H

Along this line, Chen
bonds of N-phthaloyl a-amino acid amides of 8-aminoquinoline. Liu®® et al. devised the C-H
activation of amine 40b with chiral nickel (11) glycinate 40a using o-chloranil as the oxidant
that afforded the adduct 40c via the oxidative crossdehydrogenative coupling (CDC)

reaction. Product 40c was further transformed into an amino acid system 40d (Scheme 27).

2.2.11. Synthesis of functionalized unnatural e-amino acid derivatives via Strecker

reaction.

Arasappan’®

et al. developed an efficient route towards the synthesis of amino acid
derivatives 41e containing B-quaternary center via the diastereoselective Strecker reaction of
imine generated from aldehydes 41a and (R)-phenylglycinol (41b). The addition products
41c were subjected to hydrolysis and hydrogenolysis to afford the amino acid derivatives 41e

(Scheme 28).

Ph = e H,, Pd/C Boc
CHO B : 2 HN”
. . I;'\SCS;ICNﬂ HN- > 6 M Hel 7 MeoH HN O Boc,0 Ve
RIS Me — HaN' 3 Me 0°tort Me MeOH,rt MeOOC
iy a1p OF T NCT N, e MeOOC > e RIF
a 41c R’ yield up to 45% 41d R! yield up to 100% 41e
R'-R2? = cycloalkyl  vyield up to 85%; dr up to 9:1
. Me O Me
(i) (S)-NH,CH(Me)Ph-HClI, NG y—Ph OH COOH
THPQ  CHO  MeOH/H.O o J—Ph :
A 20, THPQ NH o\ Hel NH  — Me NH,
(i) KCN, 0 °C to rt, 48 h p SR . —
Me Me > Me' . Me
423 Me Me Me overall yield 39%
42b 420 42d
CF
N,Bn 43b, TMSCN HN,Bn ’
| MeOH, toluene. -30 °C NHBoc Me Bu S
Et > Et — g Moo M. i L
Me"l 43a  99% (ec 96%) Me CN  — S COOH | e\r TW/\N N CFs
Et 43¢ Et 43d Me O ‘gb H

Scheme 28. Synthesis of a-amino acid derivatives (41d, 41e, 42d, 43d).

Sasaki’®

et al. reported the synthesis of optically pure (2S,3R,4S)-4-hydroxyisoleucine (42d)
involving the asymmetric Strecker reaction of an imine generated from an aldehyde 42a and
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(S)-a-methylbenzylamine as a key step (Scheme 28). Jacobsen’™

et al. reported the synthesis
of highly enantiomerically enriched unnatural amino acid 43d using a chiral thiourea catalyst

43b to control the hydrocyanation of imine 43a (Scheme 28).

2.2.12. Synthesis of functionalized unnatural a-amino acid derivatives via nucleophilic

addition reactions.

Fustero™ et al. described the diastereoselective addition of chiral 2-p-tolylsulfinylbenzyl
carbanions 44a to trifluoromethyl a-imino ester 44b to afford a series of fluorinated

quaternary a-amino acid derivatives 44c (Scheme 29). Trost’®

et al. reported a
zinc—prophenol (45c) catalyzed direct asymmetric aldol reaction between glycine Schiff
bases 45a and aldehydes 45b for obtaining the syn-f-hydroxy-a-amino esters 45d (Scheme

29).

Me
OMe /©/OM6
. NO LDA, THF,-78°C HN
gt P& yield up to 82% coo
Et
~0 F,C~ “COOEt dr up to 75:25 ¢~OR1 CF;
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44a R Me
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Ph 2 ’ ' "
/)\ toluene, rt 1 ?H ' O‘Phol:'hl
R'00C N Phy o MO (i) A“?HNBMH%H ROC g | Ph—y N § Ph
452 4sp _POLNVEPR L b KM P bh Ho Ph
_ yield up to 96% E
R', R? = alkyl dr up to 19:1 Ph 454 45¢
ee up to 95% ' Me
OSiMe;
Rk/\Rz 46b

N- S 46cor46d, THF or DCM  Ts. .
I -78t00°C
EtOOC > Etooc)\)L R2!

46c; R" = CgHs, ML, = CuCIO,
46d; R" = p-MeCgHy, ML, = CuCIO,

yield up to 86% z

46a o up to >99% 46e R
dr up to 20:1
B2 46h, ZnF, B2 Ph Ph
_NH OSiMe, additive, H,O HN.
N oc NH O

1 A
| + R Ags , > :
Etooc) R yleld up to 94% EtOOC R3

/’ :
0 - . MeO NH HN OMe
ee up to 97% 46i ' 46h

46f R? 469 syn/ anti up to 94:6 R

Scheme 29. Synthesis of a-amino acid derivatives (44c, 45d, 46e, 46i).
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Lectka's”™ group reported the synthesis of unnatural amino acids through the catalytic,
asymmetric alkylation of a-imino ester 46a with enol silanes 46b using the chiral transition
metal-phosphine complexes 46¢/46d as the catalysts (Scheme 29). Kobayashi’® et al.
developed an organo-catalyzed efficient enantio- and diastereoselective Mannich-type
reactions of a hydrazono ester 46f with silicon enolates 46g in water medium to obtain the

syn or anti adducts 46i from (E)- or (Z)-silicon enolate (Scheme 29).

2.2.13. Synthesis of functionalized unnatural e-amino acid derivatives via ring opening

reactions.

Couty's'*®

group showed the ring-opening of enantiopure azetidinium salts 47a (which was
prepared by alkylation of the corresponding azetidine with methyl trifluoromethanesulfonate)
by the treatment of azetidinium salts with an array of nitrogen or oxygen nucleophiles

(Scheme 30).

Ph Ph
Me Ph NaN3;, DMF
N COOEt = NaOAo, DUF (g-..cooa : — > Nsv'\/COOEt
Bn~ 80% SN quantitative yield H
47p OAc (regiomeric ratio 63:37) Me/ '/Bn (regiomeric ratio 97:3) Me/N‘Bn
47a 47c
LIHMDS, ZnCl, NHTFA R
NHTFA o
< N R—<1 BF3.0Ety, THF fBuOOC/'\/\OH p-TSOH _ j;;o
COOBu 47e yield up to 82% F_{ TFAHN
47d R = aryl dr up to 85:15 47f 47g 0o
\\OH
N“’YO QO Bup, (i) TFA, MeOH / H,0
No-h. o 05\ THF,-65°C WO 100°C, MW HoN
‘ * /\\\\/ 2h Me_ Jl (ii)) NaOH, MeOH : "IOH
! w2 (droaay 070 100 °C, MW HOOC
48b 42% (dr 94:6) e 48d
48a 48c  65%
PMB r-|>|v|B
) N__OM Br THF, -78 °C ) N__O MeOOC, H
i ]/ + J\ yield up to 85% /]/i R —> H2N>\\\<R
0“ >N R™aMe  Grupto97.5:25 07> N - Me"
49b vy Vo Tive H
Fl’MB de up to >98% PMB H 49d
49a M =K, Li; R = aryl, COOEt 49¢

Scheme 30. Synthesis of a-amino acid derivatives (47b, 47c, 47f, 48d, 49d).

Regioselective opening occurred at the C-4 position of azetidinium ion 47a with azide, which
afforded the B-substituted a-amino acid derivative 47c. On the other hand, the C-2 ring
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opening of azetidinium ion 47a by the attack of acetate afforded the y-amino acid derivative
47b. Kazmaier™ et al. performed a regioselective ring opening reaction of aryl epoxides 47e
with amino acid ester enolates 47d. This method gave a direct access to B-hydroxymethyl
phenylalanine derivatives 47f (Scheme 30).

2.2.14. Miscellaneous methods for synthesis of unnatural a-amino acid derivatives.

Wanner and Kulig™® reported the synthesis of all four stereoisomers of 1-amino-3-hydroxy-
cyclopentane-1-carboxylic acid (48d) based on a chiral glycine equivalent 48a (Scheme 30).
The phosphazenic base 'BuP, mediated alkylation of (S)- and (R)-glycine equivalent with the
respective stereoisomers of 4-(2-iodoethyl)-1,3,2-dioxathiolan-2-oxide (48b) was considered

to be the crucial step of the performed synthetic sequence. Davies’

et al. showed highly
enantioselective alkylations of enolates of (S)-N,N'-bis-(p-methoxybenzyl)-3-iso-
propylpiperazine-2,5-dione (49a) with 49b which afforded the substituted diketopiperazines
49c containing two new stereogenic centers (Scheme 30). Deprotection followed by
hydrolysis of 49c provided a route to the homochiral methyl 2-amino-3-aryl-butanoates and

3-methyl-aspartates 49d.

Giacomo and Serra’*®

et al. reported the stereoselective synthesis of a-D-C-mannosyl-(S)-
amino acid derivatives 50e. The Pd-catalyzed reaction of 4,6-di-O-acetyl a-pseudoglucal
carbonate 50a with racemic alanine-, valine-, and phenylalanine-derived azalactones 50b
gave the corresponding (4S)-4-a-D-C-mannosyl-2-phenyloxazol-5(4H)-one derivatives 50d
which were transformed into the a-D-C-mannosyl-(S)-amino acid derivatives 50e (Scheme
31). Malinakova™" et al. demonstrated a Pd(l1)-catalyzed three-component coupling of
boronic acids 51b, allenes 51a and ethyl iminoacetate 51c, which gave highly substituted

72a

unnatural a-amino acid derivatives 51d (Scheme 31). Breit’™ et al. reported the

diastereoselective synthesis of B-substituted a-amino acids 52c via a copper-mediated o-
DPPB directed allylic substitution reaction with Grignard reagents. (Scheme 31). Hruby's72b
group synthesized (2S,3S)-p-methyltryptophan 53c with the aid of an oxazolidinone chiral
auxiliary. Michael addition of 53a with methyl magnesium bromide and CuBr-Me,S in
methyl sulfide was carried out to afford the trans Michael addition product which was further
converted into an azide 53b. Hydrolysis of the chiral auxiliary and hydrogenation of 53b

gave (2S,3S)-pB-methyltryptophan (53c; Scheme 31).
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Scheme 31. Synthesis of a-amino acid derivatives (50e, 51d, 52c, 53c).
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Scheme 32. Synthesis of a-amino acid derivatives (54c, 55c, 56e).
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C

Lipton’® et al. synthesized the nonproteinogenic amino acid (2R,3R)-B-methoxytyrosine
derivative 54c (54c is a constituent of several cyclic depsipeptide natural products, Scheme
32). The synthesis of 54c started with aziridination of 54a. The aziridine thus formed was
dissolved in methanol to give 54b. The compound 54b was further converted into (2R,3R)-p-
methoxytyrosine derivative 54c (Scheme 32). Jiang’®® et al. reported the HZSM-5-supported
palladium-catalyzed amidocarbonylation reaction of aldehydes for the construction of N-
acylated amino acid derivatives. Szymoniak*® et al. described a simple and stereoselective
method for the preparation of (Z)-2-substituted 1-aminocyclopropanecarboxylic acid

derivatives involving the stereoselective Ti-mediated coupling reaction.

Me P
O,N COOEt
ve T Me ) 2 s COOEt  Zn
© Me, AcOH
NH toluene o c
" THF

A (il) EtOH, "heptane

N s7a  89% (dr>99:1) 89% (dr >99:1)
R >cocl (i) 58e

58a proton sponge PhOC. 4 , Me;N  NMe,
N toluene, rtto -78 °C to rt 1 \\\\K/COOMe
oc (ii) MeOH, reflux R'O0OC < :

PhOC. > -

)N\H yield up to 64% s8d R .

dr up to 14:1 proton sponge
;
R'00C Cl ee up to 96%
58b
Boc (i) NaH / DMF NH. HCI
A/N OH BnBr NHBoc (i) CrO3, acetone -2

OJ( 'CFs (ii) p-TsOH HO._~._CF; (ii) HCI, EtOAc HOOC/\‘/CFs

59 H MeoH 84% OBn

a 43% 59b OBn ° 59c

Scheme 33. Synthesis of a-amino acid derivatives (57d, 58d, 59c).

Yajima™ et al. reported the synthesis of racemic and optically pure B-perfluoroalkyl a-
amino acid derivatives 55b and 55c involving the In-mediated addition of perfluoroalkyl
radicals to dehydroamino acid derivatives 55a followed by asymmetric protonation (Scheme
32). Hutton™ et al. demonstrated the Petasis reactions of substituted styrenylboronic acids
56a, glyoxylic acid (56b) and tert-butylsulfinamide (56¢) to produce f,y-
dehydrohomoarylalanine derivatives 56d. Subsequent asymmetric dihydroxylation gives the

corresponding protected B,y-dihydroxyhomoarylalanines 56e (Scheme 32).
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Sawai’* et al. developed the C—C bond forming reaction of 57a with ethyl nitroacetate (57b)

to give 57c as mixture of diastereomers. The subsequent reduction of nitro group of major
diastereomer of 57c using zinc in THF/acetic acid successfully proceeded without
epimerization to provide rac-threo-p-methyltryptophan ethyl ester (57d; Scheme 33).
Lectka’ et al. reported a catalytic asymmetric procedure for the preparation of B-substituted
a-amino diacid ester 58d from N-acyl-a-chloroglycine esters 58b and acid chlorides 58a in
the presence of cinchona alkaloid catalyst 58e (Scheme 33). Miller’* et al. described an
efficient synthesis of the non-proteinogenic amino acid (2R,3S)-4,4,4-trifluoro-O-benzyl-
threonine (59c). Starting with commercially available (S)-Garner’s aldehyde, the desired

amino acid 59c¢ was prepared as its hydrochloride salt in five steps (Scheme 33).

2.3. 3-Substituted-3-aminooxindoles and oxindole-based unnatural amino acid

derivatives.

Oxindole framework having a tetra-substituted carbon stereocenter (C3-carbon) is a

promising bioactive heterocyclic scaffold”™"’

and present as the core unit in several
pharmaceutical lead compounds, synthetic and naturally occurring oxindoles.”"® Oxindole
molecules possessing a heteroatom (N or O or S) at the C3 position are considered as

important heterocyclic building blocks, e.g. convolutamydine A (60j),"*

spirobrassinin
(60i)"® and chartellines A-C (60a-60c)’*“"* (Figure 6). Several 3-amino oxindole
derivatives were reported to exhibit a variety of biological activities.*® The 3-amino-2-
oxindole molecule AG-041R (60d)%%®® was reported to function as a gastrin/CCK-B
receptor antagonist and the 3-amino-2-oxindole (60k) was reported to work as HIV protease
inhibitor.”® The thiazolidinone spiro-fused to indolin-2-one (60e) function as inhibitors of
the Mycobacterium tuberculosis protein tyrosine phosphatase B.*® The spirotetrahydro f-

carboline (60g) was reported to act as the potential antimalarial agent.®*

The spirooxindole
spiroindolinone (60f) was found to act as the antagonists of CRTH2® (Figure 6).
AstraZeneca’s spirohydantoin®"% was reported to function as a TRPV1 antagonist for
chronic pain control. The 3-aminooxindole molecule SSR-149415 (60h),%"%% was reported

to control anxiety and depression.
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spirobrassinin (60i) convolutamydine A (60j) HIV protease inhibitor (60k)

Figure 6. Biologically relevant compounds having 3-amino-oxindole core unit.

Due to their synthetic utility and biological activities, several methods have been developed
for synthesizing, especially, 3-aminooxindole molecules which includes, nucleophilic
addition of organometallic agents to isatin-derived ketimines,®’ alkylation of 3-
aminooxindoles® amination of 3-substituted oxindoles,® intramolecular arylation,®
Mannich reaction®™ and other transformations® have been devised to synthesize 3-substituted

3-aminooxindoles.

Noticeably, the metal-mediated addition of carbon nucleophiles to ketimines derived from
isatin represents a straightforward route to 3-substituted-3-aminooxindoles, however, only
limited reports are available which deal with the metal-mediated addition of carbon

1a ot al. described the

nucleophiles to ketimines derived from isatin. Formerly, Silvani®
addition of allylmagnesium bromide (61b) to imino-isatins 6la to give 3-allyl-3-

aminooxindoles 62a (yield up to 77% and dr up to 80:20, Scheme 34). The same group also
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reported the synthesis of 3-allyl-3-aminooxindoles 62b via the addition of allylmagnesium

bromide (61b) to chiral imino-isatin 61c having a chiral auxiliary.

TBDMSO
N MgBr.
/ Pho L~ MgBr Mgbr, o
N -40°Ctort |
61a R R = PMB, Boc yield up to 77% R 62a

dr up to 80:20

N’S\\
;O + o~ MgBr MgBr,
o 61b DCM
N -40°C to rt
61c PMB yield up to 46% PMB 62b
dr up to 85:15
R?Z  N-PMP \
( B In R? H
Pavly N_
+ = R
N © THF / NH,CI, rt OP'V'P
63a R’ 63b yield up to 90% N
R'l
R'=H, Me, Bn; R2=H, Br 64
R2  N-PMP Me\
/ Me Br R2 H
Y\/ In Me y
(o] + _— ~PMP
N Me THF / NH,CI, rt °
63a R’ 63c yield up to 87% N
R!
R'=H,Bn;RZ=H, Br 65

Scheme 34. Construction of homoallylic-3-amino oxindoles (62a, 62b, 64, 65).

Successively, Alcaide and Almendros®™® group reported the allylation of isatin ketimines 63a
with allyl bromide (63b) which gave 3-allyl-3-aminooxindoles 64 with one stereocenter
(Scheme 34). They also carried out the addition of prenyl bromide (63c) to isatin ketimines
63a which gave the y-addition product 3-(2-methylbutene)-3-aminooxindoles 65 (Scheme
34). Along this line, Zhou®'® et al. demonstrated Hg(Cl04),-3H,0-catalyzed Sakurai—Hosomi
allylation of isatin ketimines 66a using allyltrimethylsilane (66b) (Scheme 35). After that,
Xu® and co-workers reported the Zn-mediated addition of allyl bromide (68b) to isatin
ketimines 68a derived from chiral N-tert-butanesulfinamide. They have also shown the
prenylation of isatin ketimines 68a afforded the y-addition product 3-(2-methylbutene)-3-

81d

aminooxindoles 69b. Xu™ and co-workers also showed an example of crotylation of N-tert-
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butanesulfinyl isatin ketimine 68e, which gave the corresponding enantiomerically enriched

quaternary 3-aminooxindole 69c as diastereomers (dr 77:23, Scheme 35).

N’R1 \ H
/
N Hg(ClO,),.3H,0 N< o1
R?1- o + ANAMS SR T R
AN MeOH, 40 °C R%- o
H o6b ield up to 87% ~ N
yield up to
66a  R'=aryl; R?=Cl, F, Me, OMe ’ 67
0=S,
/N
Z
N + AN e
R'<- o) THF / HMPA
F N 68b rt
Tr ] yield up to 90%
68a R" =Br, F, Me, OMe de up to 99%
-8,
/N
i A Me = Br Zn
R o + WN THF / HMPA
=
N Me 68 rt
Tr R ohE ¢ yield up to 85%
68a ’ de up to 99%
0=S,
N
! + Me _~ Br L»
o) NN THF / HMPA
N 68d rt
Tr 83% (dr 77:23)
68e de (major) 99%

Scheme 35. Construction of homoallylic-3-amino oxindoles (67, 69a, 69b, 69c).

Apart from these reports, Barbier-type or Grignard-type diastereoselective addition of
substituted allyl halides with isatin-ketimines and the stereoselective synthesis of 3-allyl-3-
amino oxindoles having vicinal stereogenic centers is not explored well.®* Furthermore, the
addition of allyl metal derived from ethyl 4-bromocrotonate with isatin ketamine would be an
interesting study to accomplish the synthesis of oxindole-based unnatural amino acid
derivatives with multiple stereocenters. A literature survey revealed that there have been only
few reports dealing with the construction of oxindole-based unnatural amino acid derivatives,

especially, oxindole derivatives appended with a p-amino acid motif.?’
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Scheme 36. Synthesis of oxindolinyl B-amino acids/lactams (71, 74, 75, 79).

b87a

Weinre et al. demonstrated the construction of spirocyclic B-lactam moieties 71 as a

model system for the synthesis of chartelline alkaloids using a Staudinger imine—ketene

87b

cycloaddition as one of the key steps (Scheme 36). Nishikawa and Isobe®™ showed the

Mannich reaction of isatin imine 72 with ketene silyl acetal 73 which gave the f-amino ester
74 followed by the formation of B-lactam 75 (Scheme 36). Matsunaga and Shibasaki®’
reported an enantioselective amination of 3-alkylsubstituted oxindoles 76 with
azodicarboxylates 77a to give 3-aminooxindoles 78 with the help of Ni,-Schiff base chiral
complex 77b. The product 78 was converted to oxindolinyl B-amino acid methyl ester 79
(Scheme 36).

Reddy®*®"® and co-workers reported the stereoselective synthesis of oxindole-derived a-
alkoxy B-amino acid derivatives 83 with excellent diastereoselectivity involving a three-
component reaction of isatin ketimine 80, benzyl alcohol 81 and methyl 2-diazoarylacetate
82 (Scheme 37). The synthesis of 2-oxindole-based chiral -amino acid ester 87 was reported
by Sha and Wu®" involving the Mannich-type reaction of N-Boc ketimine 84 with

pyrazoleamide 85 catalyzed by chiral thiourea organocatalyst 86 (Scheme 37).
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1
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| (i) MeOH, 5 h N
84 Me 89% (ee >99%)

Scheme 37. Construction of oxindole-based p-amino acids (83 and 87).
2.4. Homoserine lactone scaffolds (a-amino butyrolactone scaffolds).

Homoserine y-lactone skeletons (y-butyrolactones) are a common feature in certain
biological analogs including antiallergic, immunosuppressant and antineoplastic agents.®®®
Several N-protected homoserine y-lactones were employed in numerous biological studies
and have served as precursors of various non-proteinogenic amino acid derivatives and
organic molecules.® Nealson's™ and Eberhard's®™ groups independently described the cell
density phenomenon of bioluminescence in bacteria and identified the signaling component

as N-(3-oxohexanoyl) homoserine lactone.®*

Many bacterial species control their physiology in response to the change in their population

size by the activation of complex signaling pathways called quorum sensing (QS).%*

Quorum
sensing is cell to cell communication phenomena between bacteria by sensing the level of a
chemical signal using small diffusible molecules, also known as autoinducers. N-acylated
derivatives of L-homoserine lactone (AHLs or N-AHLS) act as autoinducers in Gram-
negative bacteria to achieve quorum sensing (Figure 7).%% Revealing the mechanism of the
quorum sensing process could be highly beneficial to figure out the secrets of other signaling
processes and provide potential hints to develop new anti-infective strategies. In this regard,
significant amount of work related to the synthesis and testing of various homoserine lactone

analogs has already been reported. %%

The native or non-native homoserine lactone analogs examined so far have been assembled

(a) by varying the acyl unit while keeping the lactone skeleton unchanged and (b) from the
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amino acid resources having one stereocenter e.g. the relatively very expensive homoserine
y-lactone or L-homoserine and L-aspartic acid or L-methionine.®’**"® Enormous methods are
available for synthesizing the native or non-native homoserine lactone analogs having no

other substituents at the B- or y-carbons of homoserine lactones.”’®™"

native homoserine lactones [j\/l(
R o M M q
: N A

WN ‘_g O\
Hp
88 o)

agonist (90a) antagonists (90b superagonist ( 900)
non-native homoserine lactones ' H o
. N\/[<
o | /\/\/\:/\/\:/\[( %
@\(\/)JL 5 ' OH O -/
n N7: ' 3-OH-C14:1-HL (91a)

O o
WNQO o,

H o H Hs e |WH
W o) o i 91f
7 N ; OHHL (91c) o
H o o)

n=1
n = 3; OOHL (91d)
n=7; OdDHL (91e) AHL from streptomycete

3-OH-C12-HL (91b)

~Alp o A o AL

BHL (919) p-cAHL (91h) cinnamoyl HL (91i)

Figure 7. Native and non native homoserine lactones (AHLS).

Some of the representative literature methods available for synthesizing the native or non-

native homoserine lactone analogs are outlined here. Formerly, Fillman®"

et al. reported the
synthesis of y-hydroxyleucine lactone hydrochloride (92b) as an intermediate during the
hydrochloric acid promoted hydrolysis of methallylacetamido malonic ester 92a into -
hydroxyleucine (Scheme 38). Similarly, the lactone hydrochloride 93 was also synthesized

as an intermediate during the synthesis of y-hydroxynorvaline by Roumestant®™

(Scheme
38). Schwan®"® et al. revealed the preparation of (S)-N-protected homoserine y-lactones 94c
by converting L-aspartic acid (94a) to an oxazolidinone 94b followed by selective reduction

and acid-catalyzed or microwave assisted cyclization (Scheme 38).

Scrimin and Licini®™® reported highly chemo- and stereoselective synthesis of the y-lactones

95b via iodolactonization of (S)-allylalanine derivatives 95a (Scheme 38). Sames's®"® group
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revealed the regio- and stereoselective C-H bond functionalization of amino acids 95c giving
the lactones 95d (Scheme 38). Neilsen®" and co-workers synthesized the new class of
homoserine lactone-based autoinducers 96b and 96c having substituent at the 3- and 4-
positions of the lactone ring from a-substituted amino acids 96a (Scheme 39).

Ac NH,.HCI NH,.HCI
Me NH HCI ' :
MCOOEt 85% Me (0] ' o
COOEt S ! o
92a Me . Me
92b 93
. o)
cooH ()PGClbase O NMM/IBCF, THF H
HOOC™ ™Y~ _vieldupt092% HOOCMO NaBH,, MeOH o N .
NH, (i) PTSA, toluene N—/  Gitric acid -
aspartic acid (94a) yield up to 87% PG . 0 o 94c
PG = Boc, Cbz, Fmoc, Ac, Ts, Ns 94b yield up to 84%
7
Me . O
Me y Y = | K,PtCl, (5 mol%)
v /2/ NIS, Ti(PrO), QQJ ; RJ\‘/COOH CuCl, (7 equiv) e ©
N7 SCcoox 0o 1ap : =2 " =
H 95a DCM, 20 C, 18 h o) (35b ; NH2 Hzo, >100 OC, 10 h NH2
X = H. Me yield up to 90% 95¢ yield up to 56% 95d
Y = Te, Boc dr up to 93:7 R =H, alkyl anti/ syn up to 3:1

Scheme 38. Synthesis of homoserine lactone analogues (92b, 93, 94c, 95b, 95d).

Hegedus®"®

et al. demonstrated the preparation of 4-substituted 2-aminobutyrolactones 97c
using aldol reaction of optically active chromium aminocarbene complexes 97a. Photolysis
of the aldol product 97b gave optically active 4-substituted 2-aminobutyrolactones 97c,

" et al

which were hydrolyzed to obtain y-hydroxy o-amino acids (Scheme 39). Pyne®’
reported the synthesis of optically active homoserine derivatives 979 via the photoinduced
radical addition of alcohols 97e or ethers with chiral 4-methyleneoxazolidin-5-one 97d

(Scheme 39).

A literature survey revealed that there exist only limited reports dealing with the
stereoselective construction of N-protected homoserine y-lactones having substituents at the
B- or y-carbon. Therefore, a part of the thesis work deals with a straightforward
stereoselective lactonization protocol which enables the introduction of some substituents at

the B- or y-carbon of the lactone ring with high degree of stereocontrol.
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Scheme 39. Synthesis of homoserine lactone analogues (96b, 96c, 97c, 979).

It is apparent from the above illustrated examples in various sections that a variety of
strategies exist for the synthesis of unusual or unnatural amino acids and related scaffolds.
Moreover, a concise survey in the literature revealed that there have been continuous efforts
on the synthesis and chemistry of unnatural amino acid derivatives and there exist numerous
bioactive molecules having the unnatural amino acid moieties. Furthermore, unnatural amino
acid derivatives having multiple stereocenters are recognized as common structural units in a

range of naturally existing biologically relevant compounds.

Conceptually, the Barbier type reactions represents a valuable strategy for the construction of
unnatural amino acid derivatives starting from relatively simple precursors. Hence, efforts to
approach the naturally existing amino acid based bioactive molecules and other synthetic
unnatural amino acid scaffolds via Barbier-type reactions with high degree of stereocontrol

would be an interesting and appealing method to explore.
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3.1. Objective 1. Inspired by the encouraging developments on the construction of unnatural
amino acid analogs, the foremost objective of the present work is to explore the metal-
mediated addition of substituted alkyl halides to imine systems for synthesizing new [-

substituted unnatural amino acid derivatives.

Objective la. Diastereoselective Barbier-type addition of y-substituted allyl halides to a-

imino esters and construction of -substituted N-aryl a-amino acid derivatives.

_Fg P Fg Fg,
/"i . R/\B/\x ol H NH H NH o
— g (or) y —
EtOOC™ H J-substituted /%cooa /\:(<COOEt —»Q
a-imino ester allyl halide R /’H R H H COOEt

tetrahydropyridine
derivatives

Fg = aryl, PhCONH, TsNH, (R)-'BuSO B-substituted N-aryl a-amino acid derivatives

choice of metals metal = indium, zinc, tin, bismuth

Objective 1b. Diastereoselective Reformatsky-type addition of a-halo esters to a-imino

esters and construction of functionalized aspartic acid derivatives.

-Fg X -Fg _Fg
NI J\ metal HN HN
A+ RTgoR T S
Et00C” “H N : COOEt (o) /Y~ “COOEt
o-imino ester o-halo ester “.__.COOR “.__.COOR
Fg = aryl, PhCONH, TsNH, (R)-BuSO B-substituted N-aryl aspartate derivatives
choice of various a-halo esters Br
n
P Me ><Me F><F F><H Et ><H Hex><H o

Br COOR Br COOEt Br COOEt Br COOEt Br COOEt Br COOEt (0]
choice of metals metal = indium, zinc, tin, bismuth

Especially, it was planned to examine (a) the indium-mediated Barbier-type reaction and the
reactivity pattern of the addition of a variety of y-substituted allyl halides to a-imino ester

systems (objective 1a); (b) the indium-mediated Reformatsky-type reaction and the reactivity
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pattern of the addition of various a-halo esters to a-imino ester systems (objective 1b); and
(c) the stereoselective construction of new classes of highly functionalized N-aryl a-amino
acid derivatives having two vicinal stereocenters via the indium-mediated Barbier and

Reformatsky-type reactions.

After obtaining the unnatural amino acid derivatives from the corresponding Barbier- or
Reformatsky-type reactions, further synthetic transformations are expected to afford various
functionalized amino alcohols, N-aryl-tetrahydropyridine derivatives and other valuable
synthetic intermediates.

3.2. Objective 2. Considering the importance of oxindole molecules containing a heteroatom
(N or O or S) at the C-3 position, it was envisioned to investigate (a) the diastereoselective
construction of 3-aminooxindole systems (oxindole-based homoallylic amines) having two
adjacent stereocenters via the indium-mediated Barbier-type reaction of a variety of y-
substituted allylic halides with the C=N bond of isatin ketimines (objective 2a); (b) the
indium-mediated Barbier-type reactions of alkyl 4-bromocrotonate to isatin ketimine for
synthesizing new classes of oxindole-based p-amino acid derivatives possessing two vicinal
stereocenters (objective 2a); and (c) the indium- or zinc-mediated Reformatsky-type
reactions of a-halo esters with isatin ketimines for synthesizing new classes of oxindole-

based f-amino acid derivatives (objective 2b).

Objective 2a. Barbier-type addition of y-substituted allyl halides to isatin ketimines and

construction of 3-amino-oxindole-based f—amino acid derivatives.

Fg.
/N H R2 H COOH
N —>
R y-substituted (or) 0
allyl halide
isatin ketimine
oxmdollnyl
Fg = aryl, PhCONH, TsNH 3-substituted 3-aminooxindoles f-amino acids

choice of various y-substituted allyl halides

PR N"Br MeT B rooe g )\/\/K/\Br QBr

choice of metals metal = indium, zinc, tin, bismuth
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Objective 2b. Reformatsky-type addition of a-halo esters to isatin ketimines and

construction of 3-amino-oxindole-based f—amino acid derivatives.

Fg,
N / COOR fo Vi H
R§< l HN N. COOR®
meta 2
O+ Xx"Scoor T X CO0H__ \{
N 00 R4
R1 a-halo ester N
isatin ketimine R!
Fg = aryl, PhACONH, TsNH, (R)-‘BuSO oxindolinyl -amino acid derivatives and their dipeptides

choice of various a-halo esters

Br~ “COOEt Br~ “COOMe Br~ “COOBu  Br~ “COOEt Br><COOEt

choice of metals metal = indium, zinc, tin, bismuth

After obtaining the oxindole-based B-amino acid derivatives from the Reformatsky-type
reactions, further synthetic transformations are expected to afford various oxindole moiety-
appended amino alcohols, dipeptide derivatives and other valuable synthetic intermediates.

3.3. Objective 3. Given the importance of homoserine lactones (a class of amino acid
derivatives) due to their widespread biological applications and usefulness as versatile
synthetic building blocks, as a part of the objective of this thesis, it was envisioned to explore
(@) the triflic acid-promoted intramolecular stereo- and regioselective direct lactonization of
a-amino vy,5-unsaturated carboxylic acid esters (objective 3); and (b) the stereoselective

synthesis of new class of homoserine lactones having multiple stereocenters.

Objective 3. Stereoselective construction of homoserine lactones possessing multiple

stereogenic centers.

HN-R’

N 2N R2
R X
A p metal - O  _TOH _ ﬁ
E— = O
ROOC™ H y-substituted @ dr 72 o

a-imino ester allyl halide

N o homoserine lactones
1,5-cyclization

v, 0—unsaturated a—amino acid esters ~ TfOH = trifluoromethanesulfonic acid

choice of various vy, 6—unsaturated a—amino acid ester substrates

R* HN HN' Ige HN"' Ogs
o. :
%??(Rbo( R /\e\oooa Etooc)\(\ /\/\W EtOOC/sk(& EtoocM

R?2 R? R? R?
R = Me, Et, ‘Bu, Bn; R = aryl, alkyl; R?, R® = H, Me, Ph, COOEt; R* = H, Me; Fg = (R)-'BuSO
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4.1. Outline of results and discussion.

In an initial subsection, a brief description about devising and synthesis of starting materials
used in the work to explore the diastereoselective Barbier-type reactions for the construction
of unnatural amino acid derivatives has been provided. The next subsection deals with the
indium-mediated Barbier-type reaction and the reactivity pattern of addition of various -
substituted allylic halides such as E-cinnamyl bromide, E-crotyl bromide, cyclohexenyl
bromide, geranyl bromide and E-alkyl 4-bromocrotonate to N-aryl a-imino- and N-
acylhydrazono esters. Then, the next subsection deals with the indium-mediated

Reformatsky-type addition of a-halo esters or a-halo lactone to N-aryl a-imino esters.

Subsequent subsection deals with the indium-mediated Barbier-type addition of various y-
substituted allylic halides such as E-cinnamyl bromide, E-crotyl bromide, cyclohexenyl
bromide, geranyl bromide and E-alkyl 4-bromocrotonate to ketimines and hydrazones
derived from isatins. Along this line, next subsection deals with the Reformatsky-type
addition of a-halo esters to the ketimines of isatins and enantiomerically enriched ketimines

derived by the condensation of enantiomerically pure tert-butyl sulfinamide and isatin.

. . H R3
Barbier-type allylation — H: N~R3 | N~
4 3 g
R~ Br RSNH ~~ “COOEt
I 2 P COOEt
> R RYH w 4
= R R* v
R3\N R* v H NHpHCI R3
1 _metal | RS — N
1 2 - >
R | R EOOC)\B RS . 2 COOH COOEt
t r NH HOOC H 4
1] _ R2 vii R* X
> EtOOC
R R
Reformatsky-type alkylation RS v HoN HNfR3
RY,
/:O /ES:O
N Me (¢}
X XI

Scheme 40. Brief outline of the results and discussion part.

The final subsection deals with the diastereoselective construction of new homoserine
lactones (y-butyrolactone structural motifs) via triflic acid-mediated stereoselective direct

lactonization of a variety of a-amino y,8-unsaturated carboxylic acid esters (Scheme 40).
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In all the above mentioned processes, (a) extensive screening of the reaction conditions was
carried out to obtain the products with high stereoselectivity for the respective series, (b) the
stereochemistry of the synthesized products was unambiguously established from the X-ray
structures of representative compounds, and (c) the mechanism and observed high
diastereoselectivities in the reactions involving the metal-mediated addition of y-substituted
allylic halides or a-halo esters with N-protected a-imino esters or isatin ketimines were

accounted by using chelation-controlled TS in concurrence with the literature reports.
4.2. Design and synthesis of required starting materials.
4.2.1. Preparation of a-imino esters.

Table 1. Synthesis of a-imino- or hydrazono esters 100a-g.

o Na,SO, (5 mmol) R
I, o+ — -~ )
EtOOC” ~H DCM (2 mL) Et0OC” “H
98 (0.6 mmol) 99 (0.5 mmol) 25°C, 3-6 h 100
EtOOC EtOOC EtOOC EtOOC)\ EtOOC EtOOC
100a 100b 100c 100d 100e 100f
@ @ £ 1 Q O HOJ@
EtOOC EtOOC EtOOC EtOOC EtOOC EtOOC
100g 100h 100i 1oo, 100k 1001
I : Me
N ! @ j“
A
EtOOC” ~H EtOOC EtOOC H EtOOC EtOOC
100m 100n 1000 100p 100q

To study the diastereoselective construction of unnatural amino acid derivatives via the
Barbier- and Reformatsky-type reactions of various y-substituted allyl halides with imines
(C=N systems), in particular, a-imino esters and ketimines derived from 2,3-dioxoindoles

(isatins) were chosen as suitable substrates. Accordingly, a library of a-imino and hydrazono
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esters as well as isatin ketimines and isatin hydrazones was prepared from the corresponding

primary amines and hydrazides using the standard methods available in literature. 99102103

Various anilines having electron-donating and electron-withdrawing groups, tosylhydrazide
and benzoylhydrazide were utilized for the synthesis of various N-protected a-imino esters
100a-n, N-benzoylhydrazono esters 1000, N-phthaloylhydrazono ester 100p and N-
tosylhydrazono ester 100q from ethyl glyoxalate (98) and all these reactions were carried out
using the standard literature procedures (Table 1).%22%? The g-imino esters 100a-n as well as

hydrazono esters 1000-q thus formed were used immediately without further purification.

NPh,. Ph
j\ EtOH NS j\ pn  DCM(2mL) B
2mL : 2eoe an
Ph” “COOEt * phN- 12 (ﬂ—)> EtOOC)l\Ph W~ SCOOEt i"’ Me 25°C.3h N| R Me
reflux |
101a (1 mmol)  99r (1 mmol) g, 102a ! 98 (1 mmol) 103a(1 mmol) E‘OO1COO
' r
i EtOH NERL - DM (2 mL) Ph
NH 2mL \ + m : OH
Me COOMe + PhyN” 2 u’ l :H/U\COOEt /\/OH o A & N/R\/
101b (1 | reflux  MeOOC” "Me HoN 25°C,3h B
(1'mmol)  99s (1 mmol) g h 102b ! 98 (1 mmol)  103b (1 mmol) EtOOC” “H
' 100s
Ph\fo '
i 3 A° MS (9g)
0 EtoH  HN e \L/
N )L NH @mb) N | +oRE o DeMuomy o Bs
M Me + Ph 2 | ! -85 ~o
e” “COOMe + PR ! H7COOEt  H,N" S0 25°C,48h
101b (1 mmol oo~y COOMe: ’ /t
(1 mmol) 99t (1 mmol) 6h 102¢ ! 98 (1mmol) 103c (1.2 mmol) EtOOC
: 100t
o ﬂ/ Ti(OE), RY : 3 A° MS (9g) \l/
R - S . 9 B
Ph)kCOOE + Sy THF (5mL) NS0l 0 \l/ DCM (10 mL) S
t HN" 70 g50c 6121 P J +  Ssg . —— N" =0
i H7 COOEt  H,N" S0 25°C,48h P&
101a (1 mmol) 103¢ (1.2 mmol) EtOOC™ "Ph 2 EtOOC” “H
102d " 98 (1mmol) 103d (1.2 mmol) 100u

Scheme 41. Synthesis of a-hydrazono esters and sufinylimine esters (100r-100u and 102a-
102d).

Subsequently, hydrazono esters 102a-c were synthesized from ethyl 2-oxo-2-phenylacetate
(101a) and methyl 2-oxopropanoate (101b) using the standard reaction conditions (Scheme
41).%919% Enantiomerically enriched o-imino ester 100r-100u were prepared by reacting 98
with  (R)-1-phenylethanamine (103a), (R)-2-amino-2-phenylethanol (103b), (R)-2-
methylpropane-2-sulfinamide (103c) and (S)-2-methylpropane-2-sulfinamide (103d) in DCM
by using the procedure reported in the literature (Scheme 41).%8100¢10¢ gimjjarly,
enantiomerically enriched a-imino ester 102d was prepared by reacting 98 with (R)-2-
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methylpropane-2-sulfinamide (103c) in the presence of Ti(OEt), in THF by using the

procedure reported in the literature (Scheme 41),1000101d
4.2.2. Preparation of isatin ketimines.
Table 2. Synthesis of isatin ketimines 105.
RL=
o NH, N\
EtOH (7.5 mL) N
(@] + X ’ R /
N | R 85 °C, 45 min o
R N
104 (4 mmol) 99 (4 mmol) 105 R
Me Cl MeO, MeO, Cl
N N N N N N
/) / /) / cl /) cl /
N N N N N
H H H H H H
105a 105b 105¢ 105d 105e 105f
MeO,
O o Q Q1 O
N N N N
N / / / /
Br
N N N N N
H Me Me Bn CH,COOEt
1059 105h 105i 105j 105k

Then, an assorted number of anilines having electron-donating and electron-withdrawing
groups, tosylhydrazide (99qg) and benzoylhydrazide (990) were reacted with various isatins
104 to afford a variety of isatin ketimines 105a-k (Table 2),'%% isatin N-tosylhydrazone 106

and isatin N-benzoylhydrazone 107 (Scheme 42).*%

p-tol . Ph

SO,NHNH, SO, | o
O ! O CONHNH,
MeOH N-NH MeOH N-NH
10 mL / : e /
" O+ (_)> : N O+ (10 mL)
\ reflux o . \ — O
Me Me 15 min N | Me reflux N
l\/l , 15 min l\vl
104a (4 mmol)  99q (4 mmol) 106 ¢ 104a (4 mmol) 990 (4 mmol) 107 V€

Scheme 42. Synthesis of isatin hydrazones (106 and 107).
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The synthesis of isatin ketimines 105a-k and isatin hydrazones 106 and 107 was performed

by using the procedures reported in the literature and the compounds 105a-k, 106 and 107

were characterized by matching the characterization data with the literature data. 210310

Next, enantiomerically enriched sulfinyl imines 108a,b were synthesized by reacting isatin
104b with R or S 2-methylpropane-2-sulfinamide 103c and 103d in the presence of Ti(O'Pr),

by using the procedure reported in the literature (Scheme 43).2%* The compounds 108a,b

were characterized by matching the characterization data with the literature data.'%®

N g R N
_s s °S

‘N HN"" S0

/
(o
N -

103c (1.2 mmol)
Ti(O'Pr), (2 mmol)

o HN" Yo .
o 103d (1.2 mmol) /
N Ti(O'Pr), (2 mmol) ©j$:0

< > N
e DoM (2 L) a SoMen en
Ph pp, 25°C, 12 h : PH
108b 104b (1 mmol) 108a

Scheme 43. Synthesis of sufinylimines of isatin (108a and 108b).
4.2.3. Synthesis of N-protected allyl glycine esters as precursors for lactonization.

Table 3. Synthesis of N-protected allyl glycine esters 110.

R‘N In (1.5 mmol) HN’R
m + /\/Br o
100 (1 mmol) MeCOOH (0.2 mL) 110 O
25°C,12h

110a © 110b © 110¢c © 110d © 110e ©
| X
J N
HN HN HN HN
= Osg MO\Et /\)\[(0\5 M(O‘Et
o) o) 0 o)
110f 110g 110h 110i
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A library of N-protected allyl glycine esters 110a-i, 112a-e were prepared by reacting the
corresponding a-imino esters 100 with different allyl bromides in the presence of indium
under reported reaction conditions (Tables 3 and 4).** Similarly, bis N-protected allyl
glycine esters 115a-d (having two units of 2-amino-pentenoic acid esters linked via a linker)

were also made from the indium-mediated allylation of bis a-imino esters 114 (Table 5).*%

Table 4. Synthesis of N-protected allyl glycine esters 112,

R
R! 1 P
|:\>‘N In (1.5 mmol) R* HN
Ik + Br O\Et
100 (1 mmol) 111a (2 mmol) MeCOOH (0.2 mL) 112
25°C,12h

T HNO en? e W

Me Me O Me Me O
112a 112b 112¢ 112d 112e

N-benzoyl allyl glycine ester 112f was also prepared to explore the compatibility of
stereoselective lactonization process with the starting materials having acyl N-protection
(Scheme 44).10%¢4

)OJ\ 0 AP |
CIH.H,;N" >COOEt Ph™ Cl ph)J\N/\COOEt ~ - i
> H LiIHMDS, THF, -78 °C Ph N COOEt
113a Et;N, DCM, 0-25°C, 24 h 113b 3h
112f
Scheme 44. Synthesis of N-benzoyl allyl glycine ester 112f.
Table 5. Synthesis of bis N-protected allyl glycine esters 115.
—_—
)N| le r ZX DMF (0.5 mL) HN hH
EtOOC COOE R R MeCOOH (0.4 mL) Ag\cooa Etooc%(\
114(1 mmol) 111b(4mm0|) 250C,12h R R 15 R R

X
/

/\)\cooa EtOOC)\/\ />(kcooa EtOOC)>(\ NH
115a; X = CH
115b; X = O 115c 115d
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Table 6. Synthesis of N-protected allyl glycine esters 110j-110n.

p-tol

p-tol

/\/Br (1.5 equiv) p-tol
P > NaBH, (1.1 equiv) )
N 10% aq. NaOH (5 mL) N R - HN o
o. TBAHSO, (0.1 equiv) o._, R20H (10 mL) o
1 2 - = ~
R )ﬁ( R > R ~30°C to rt =~ R?
o DCM (5 mL) 0 10h o
100AA 25°C,5-10h 1008B 110in
(1 mmol) p-tol = CgHy-(4-Me) d
p-tol p-tol p-tol p-tol p-tol
HN)Me HN) HN) HN) HN)
(o) o. o. 0. o.
M( “Et M( Me M( Et M( Bu Bn
o) o] 0 0 0
110j 110k 110l 110m 110n
R
%Br
N,Bn (2 equiv) Bn\/r\t/R& BnBr (3 equiv) Bn\N’BnR
)| In (1.5 equiv) K,CO3 (3 equiv) )\/&
—_— EtOOC -
EtOOC DMF (0.5 mL) ACCN (5 mL) EtOOC
100v MeCOOH (0.2 mL) th} Ef’\"/'l 80°C, 12 h 116a; R = H
25°C ¢ R =NMe 116b; R = Me
o)
R \\S
O
o) /J»\/Br HN™ R é
\ -
N/S"'”é (4 equiv) E00C" 3 1. HCIEtOH (5 mL) Bn.-BNg
R . -
)| In (4 equiv) o 2. BnBr (3 equiv) /\&
EtO0C N R ) EtOOC” R
100t sat. aq. NaBr sol. (5 mL) dr 98:2 KoCO; (3 equiv) 1192 R = H
30°C, 12 h 117;R=H  ACN(GEmL) 119b; R = Me
118, R=Me 80°C.12h
Q
R -S
o HN s‘ﬁ
Bn. .B
%5 A EOOC 1. HCVEtOH (5 mL) NTR
N (4 equiv) S > /k/&
)I In (4 equiv) R 2. BnBr (3 equiv) EtOOC g
EtOOC > dr 98:2 K2COs3 (3 equiv) 122a;R = H
100u sat;)aq. NaBr sol. (56 mL) 120 R o H ACCN (5 mL) 122b: R = Me

Scheme 45. Synthesis of N-protected allyl glycine esters 116a, 116b, 119a, 119b, 122a,
122b.

Additionally, a variety of N-protected allyl glycine esters 110j-n having an easily removable
p-methylbenzyl protecting group were constructed starting from their respective imino ester
precursors 100AA via the base-mediated allylation strategy (Table 6)."® Along this line,

racemic 2-amino-pent-4-enoic acid ester derivatives 116a,b were synthesized from their
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respective precursors involving a series of reaction sequences by using the literature
procedures (Scheme 45).* Furthermore, enantiomerically enriched 2-amino-pent-4-enoic
acid ester derivatives 119a,b and 122a,b were assembled from their respective precursors
involving a series of reaction sequences by following the procedures reported in the literature
(Scheme 45).4°

4.3. Studies on the diastereoselective indium-mediated Barbier-type allylation and

Reformatsky-type reactions of N-aryl a-imino esters.

4.3.1. Diastereoselective indium-mediated Barbier-type allylation of N-aryl a-imino

esters.
,Fg Y o Fg Fg
N AR ) 1 -Fg
)|\ + R B X metal Hz/ NH (or) H’c N — || \
EtOOC”™ "H y-substituted /%COOEt /Y( COOEt COOE
a-imino ester allvl halide 3
y R H RH R
Fg = aryl, PhCONH, TsNH, (R)-‘BuSO B-substituted N-aryl a-amino acid derivatives tetrahydropyridine

derivatives

choice of various y-substituted allyl halides

N
P8 MeT B oo N "Ng )\/\/K/\Br er

choice of metals metal = indium, zinc, tin, bismuth

Scheme 46. Diastereoselective Barbier-type addition of y-substituted allyl halides with a-

imino esters and construction of B-substituted N-aryl a-amino acid derivatives.

At the outset, it was envisaged that the addition of y-substituted allylindiums to a-imino
esters will affect the construction of two contiguous stereogenic centers and the synthesis of
highly functionalized v,5-unsaturated (,p'-disubstituted N-aryl a-amino acid derivatives

having more than one stereocenter as illustrated in Scheme 46.

To begin with, optimization reactions were performed to find out the best reaction conditions
comprising the indium-mediated addition of y-substituted allyl halide such as E-cinnamyl
bromide (123a) to a-imino ester 100a. A mixture of 100a and E-cinnamyl bromide (123a)
was treated with indium metal powder in anhydrous N,N-dimethylformamide (DMF) and the
mixture was stirred at room temperature for 2 h, which afforded y-adduct 124a having two

vicinal stereocenters in 42% vyield with an excellent diastereoselectivity (dr 98:2; entry 1,
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Table 7). The product 124a was characterized by the NMR and X-ray analysis and was found

to be the syn stereoisomer (Figure 8).

Table 7. Optimization of reaction conditions. Diastereoselective addition of 123a to 100a.

or
N

A

EtOOC™ H
100a (0.5 mmol)
+
Y o
Ph X" Br
E-geometry
123a (1.25 mmol)

metal H H H
_— g g
solvent /Y< + /\(< + Ph\/\><
time, rt pH :H COOEt B y COOEt = COOEt
124a; syn 125a; anti 126a
y—adducts o—adduct

diastereomers

(not observed)

entry metal solvent (mL) time (h) 124a / 125a; yield (%) (dr)?
1 In DMF (1.5) 02 42 (98:2)
2 In DMF (1.5) 12 48 (98:2)
3 In THF (3) 12 52 (98:2)
4 In THF (3) 12 53 (98:2)°
5 In THF (3) 12 55 (98:2)°
6 In DMF (1.5) : H,O (1.5) 12 47 (98:2)
7 In THF (2) : H,0 (4) 12 53 (98:2)
8 In THF (4) : H,0 (2) 12 50 (98:2)
9 In THF (3) : H,0 (3) 05 47 (98:2)
10 In THF (3) : Hx0 (3) 12 64 (98:2)
11 In THF (3) : H20 (3) 12 38 (98:2)°
12 In THF (3) : H20 (3) 12 67 (98:2)4
13 In THF (3) : H,0 (3) 24 63 (98:2)°
14 In THF (3) : H,0 (0.2) 12 66 (98:2)
15 In THF (0.2) : H,0 (3) 12 50 (98:2)
16 In THF (3) : sat. aq. NH,CI (3) 12 38 (98:2)
17 In THF (3) : sat. aq. NH,CI (3) : MeCOOH (0.18) 12 40 (98:2)
18 Zn THF (3) : H,0 (3) 12 27 (98:2)
19 Zn THF (3) : sat. aq. NH,4CI (3) 12 5

20 Zn THF (3) : sat. aq. NH,CI (3) : MeCOOH (0.18) 12 26 (98:2)
21 Sn THF (3) : H,O (3) 12 5

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis. The product 126a was not observed in any of the reaction.

b The reaction was carried out at 80 °C. ¢ The reaction was carried out at —10 to 0 °C. ¢ The reaction was carried

out at 5 °C. ® Indium powder was added in 3 portions (each portion was added after every 4 h).
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It is worth to mention that indium-mediated addition of y-substituted allyl halide E-cinnamyl
bromide (123a) to a-imino ester 100a selectively afforded the y-adduct and the indium-
mediated reaction of E-cinnamyl bromide (123a) to a-imino ester 100a did not afford the
corresponding a-adduct 126a.%® Next, when the indium-mediated reaction of 100a and 123a
was extended to 12 h, the product 124a was obtained in 48% vyield (entry 2, Table 7). The
cinnamylation of 100a in anhydrous tetrahydrofuran afforded the product 124a in 52% yield
(entry 3, Table 7). There was no effect of increasing or lowering the reaction temperature in
the yield of 124a (entries 4 and 5, Table 7). It is well documented in the literature that the
allylindium compounds are tolerant to water or protogenic solvents and the indium-based
allylation of carbonyls or imines were performed in water media.3*8404850"%01 | the present
work, employment of DMF/H,O mixture as solvent for the reaction successfully afforded the
product 124a in 47% yield (entry 6, Table 7). After that, various THF/H,O combinations
were examined which were also found to promote the formation of the syn isomer 124a,
bearing two contiguous stereocenters (entries 7-10, Table 7). Reaction at ambient
temperature for 12 h reaction time gave the product 124a in 64% yield (dr 98:2; entry 10,
Table 7). The reaction in THF/water at 80 °C as well as at 5 °C gave the product 124a in
38% and 67% vyield, respectively (entries 11 and 12, Table 7). Whereas, portion wise addition
of indium powder to the reaction in THF/water at ambient temperature gave 63% of the
product 124a (entry 13, Table 7). Furthermore, small amount of water in THF or small
amount of THF in water gave the product 124a in 66% and 50% yield, respectively (entries
14 and 15, Table 7). Use of saturated ammonium chloride alone and in combination with
acetic acid did not improve the yield of 124a (entries 16 and 17, Table 7). Employment of Zn
and Sn, in place of indium, failed to yield the product 124a in satisfactory yields (entries 18-
21, Table 7). Therefore, indium metal powder and THF/water system were found as the best
choice for the diastereoselective synthesis of 124a (syn isomer) having two contiguous
stereocenters. Notably, the product 126a (a-adduct) was not obtained in any of the above
reactions. Though the formation of a-adduct from the addition of y-substituted allyl halide
such as E-cinnamyl bromide (123a) to carbonyls or imines in anhydrous solvents is reported

in the literature, 32232

the corresponding o-adduct 126a was not obtained in the present
reaction system. It is also worth to mention that in the present reaction system, solvent has no

significant role on the diastereoselectivity of the products formed. However, apart from the
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main product 124a, minor by-products 126b, 126¢ and 126d were detected in the indium-
mediated reaction of 100a with 123a. In one of the optimization reaction condition (entry 10,
Table 7 and Scheme 47), the minor by-products 126b, 126¢c and 126d were completely
isolated from the column chromatography purification.

Br ph"X""Br Br
: 123a (1.25 mmol) (?
N

)l\ In (0.75 mmol) 124a/ 125a N /%
EESEEE—— .

EtOOC™ H THF (3 mL) 64% (dr 98:2) N o oh N oh COOEt

100a (0.5 mmol) H,0 (3 mL) -~ oSN Ph H

12 h,rt 126b; 5% 126¢; 12% 126d; 8%

Scheme 47. Indium-mediated cinamylation of a-imino ester 100a.

Correspondingly, the compounds 126b and 126c¢ were identified as N-allylated compounds of
4-bromoaniline and the compound 126d was identified as homoallyl alcohol of ethyl
glyoxalate. The a-imino ester 100a was hydrolyzed under the reaction condition (entry 10,
Table 7, Scheme 47) and subsequently, the compounds 126b, 126¢ and 126d were formed
from 4-bromoaniline and ethyl glyoxalate. For all other reactions shown in Table 7, the
attention was paid to isolate the main product 124a and the corresponding minor products

were not isolated in pure form (Scheme 47).

Table 8. Synthesis of y,3-unsaturated B,B'-disubstituted N-aryl a-amino acid derivatives 124.%

Fg H HN-Fg H HN—Fg
- In (0.75 mmol -,
)N|\ + PPXY"Br ( ) N NG
Et0OC” “H E-geometry IZHi(f’t mL) : H,0 (3 mL) prf %, COOE Y COOEt
100 (0.5 mmol) 123a (1.25 mmol) ’ 124; syn 125; anti
IH IH
@ O H N OMe H N cl
/%cooa /%cooa /Y(cooa /Y(cooa
PH H PH H PH H PH H
124b; 71% (dr 98:2) 124c; 65% (dr 98:2) 124d; 60% (dr 98:2) 124e; 65% (dr 98:2)

124d; <10%P
Cl Me

A Q HH O
H N cl Q H N-N
/Y(cooa COOEt COOEt /Y(cooa

PH H Ph H Ph H PR H
124f; 45% (dr 98:2)° 124g; 70% (dr 98:2) 124h; 50% (dr 98:2) 124i; 71% (dr 75:25)
124f; 57% (dr 98:2)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was carried out in H,O (3 mL). ¢ The

reaction was carried out with 123a (1 mmol).
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The scope of the Barbier-type cinnamylation was tested by using various a-imino esters 100,
prepared from anilines with electron donating and withdrawing groups (Table 8). The
indium-mediated cinnamylation of various a-imino esters 100 furnished the respective a-
amino acid derivatives 124b—g (syn isomers, dr 98:2; Table 8). The cinnamylation of 100d in
water as solvent produced unsatisfactory result and the corresponding product 124d was
obtained in <10% vyield (Table 8). The cinnamylation of 100m prepared from the
condensation of ethyl glyoxalate and a-naphthylamine gave the syn isomer 124h (Table 8).
The Barbier-type addition of 123a to a-hydrazono ester 1000 in the presence of indium
afforded the product 124i with moderate diastereoselectivity (dr 75:25; Table 8).

0 In (0.75 mmol) O
J + HzN@Br + P ————— >
H™ "COOEt 123a THF (3 mL) COOEt
98 (0.5 mmol) 99a (0.5 mmol) (1.25 H,0 (3 mL) Ph H
mmol) rt, 12 h 124a; 63% (dr 98:2)
o)
)k In (0.75 mmol)
98 (0.5 mmol) 123a m
99¢ (0.5 mmol) (1.25 H,O (3 mL) COOEt
mmo|) I"t, 12 h
124c; 62% (dr 98:2)
o
)J\ In (0.75 mmol)
98 (0.5 mmol 123a m
( ) 99e (0.5 mmol) (1.25 H,0 (3 mL) /P#COOEt
mmol rt, 12 h
) 124e; 35% (dr 98:2)
i e In (0.75 )
n . mmo
HJ\COOEt + HZNOMe + PPX"Br  — . O
98 (0.5 mmol) 123a THF (3 mL)
99g (0.5 mmol) (1.25 H,O (3 mL) COOEt
mmol) rt, 12 h

124g, 50% (dr 98:2)

Scheme 48. Synthesis of y,0-unsaturated f,B’-disubstituted N-aryl a-amino acid derivatives

(1244a, 124c, 124e, 1249) via one-pot multicomponent cinnamylation.

Next, the synthesis of y,5-unsaturated B,p’-disubstituted N-aryl a-amino acid derivatives
without the prior preparation of the corresponding a-imino esters was envisioned.
Accordingly, the Barbier-type cinnamylation comprising a three-component one-pot reaction
of ethyl glyoxalate (98), aniline (99) and cinnamyl bromide (123a) in the presence of indium
powder was carried out. The three-component one-pot reactions of ethyl glyoxalate (98),
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anilines 99a,c,e,g and cinnamyl bromide (123a) in the presence of indium powder in THF /
water successfully afforded the respective products 124a, 124c, 124e and 124g in 35-63%

yields with very high diastereoselectivity (syn isomers, dr 98:2; Scheme 48).

Based on single crystal X-ray structure analyses of compounds 124a, 124e and 124i, the
stereochemistry of the vicinal stereocenters of the compounds 124a, 124e and 124i was
found to be syn (Figure 8). Consequently, the stereochemistry of other adducts listed in the
Tables 7 and 8 and Scheme 48 was also assigned based on the X-ray structure analyses of
representative products 124a, 124e and 124i coupled with the similarity in their NMR

spectral patterns.

H N-N
/Y(COOEt
PR H

Figure 8. X-ray structures of 124a, 124e and 124i.

After investigating the indium-mediated cinnamylation of a-imino esters 100, the addition of
the crotyl bromide (123b) to o-imino esters 100 was studied (Table 9). Optimization
reactions were carried out to find out the best reaction conditions comprising the indium-
mediated addition of crotyl bromide to a-imino ester 100a. The reaction of crotylindium
formed in situ from crotyl bromide (123b) and indium with 100a in THF/water gave the a-
amino acid derivative 127a (syn isomer) with two vicinal stereocenters in 61% yield with
very high diastereoselectivity (dr 98:2; entries 1-3, Table 9). The crotylation of a-imino ester
100e in THF/water successfully afforded a-amino acid derivative 127b (syn isomer) having
two vicinal stereocenters in 60% yield with very high diastereoselectivity (dr 98:2; entry 4-6,
Table 9).
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Table 9. Synthesis of N-aryl a-amino acid derivatives via crotylation of a-imino ester 100.

Fo HHN—Fg 1y HN—Fg

- In (0.75 mmol P -,

)N|\ + MeTX"Br [n(©.75 mmol) 4 e
Et0OC” “H E-geometry solvent Z ¥, cooet * S\ COOEt

12 h, rt Me 7 Me H

100 (0.5 mmol) 123b (1.25 mmol) 127: syn 128: ant]

entry solvent (mL) product 127 / 128; yield (%) (dr)?

. H . .9\b

1 THF (3) : H,0 (3) H N Br 127a; 43 (98:2)

THF (3) : H,0 (3) 7 127a; 61 (98:2)

23" SCOOEt
THF (3) : Ho0 (3) < 127a; 62 (98:2)°

o o w N

- - -

8\© J@ Q@ |

5 S o 9 w | T
5 (@} D |a

o
=
o

-\\©\
o
(=]
Q.

Me
10 g §
100c
11 Cl
i QC,
100f
Me
o
13 100g
14 ! 100m
H
—N
15 )—Ph
O 1000

THF (3) : H,O (3)
THF (4) : H,O (2)
THF (2) : H,O (4)

THF (3) : H,O (3)

THF (3) : H,0 (3)
DMF (2)

THF (3) : H,0 (3)

THF (3)
THF (3) : H,O (3)

THF (3) : H,O (3)

THF (3) : H,0 (3)

THF (3) : H,0 (3)

<
o
I

Res
N T
Z
@}

127b; 60 (98:2)
127b; 52 (98:2)
127b; 46 (98:2)

127c; 54 (98:2)

127d; 59 (98:2)
127d; 82 (75:25)¢

127e; 59 (98:2)

127f; 43 (98:2)
127f; 49 (98:2)

127g; 48 (98:2)

127h; 40 (98:2)

127i; 65 (75:25)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis. ® The reaction time was 6 h. ¢ The reaction time was 24 h.

4 The reaction time was 2 h.
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Then, the indium-mediated crotylation of a-imino esters 100b—d gave the respective a-amino
acid derivatives 127c—e (syn isomers) having two vicinal stereocenters with very high
diastereoselectivity (dr 98:2; entries 7-10, Table 9). The crotylation of 100d in DMF gave
the product 127d in 82% yield with moderate diastereoselectivity (dr 75:25; entry 9, Table
9). Furthermore, the crotylation of a-imino esters 100f,g also furnished the respective syn
isomers 127f,g (entries 11-13, Table 9). The crotylation of 100m prepared from o-
naphthylamine gave the syn isomer 127h in only 40% yield (entry 14, Table 9). Along this
line, the crotylation of the a-hydrazono ester 1000 successfully gave the product 127i in 65%

yield with moderate diastereoselectivity (dr 75:25; entry 15, Table 9).

Me” X" Br Br Br
H
123b (1.25 mmol) H N < > Br
100a In(0.75mmol)  127a/128a Mev\)<
0.5mmol) T A > 619 2) + + +
(05 mmol) T 3Dy 61% (dr 98:2) 7 COOEt . U o w
H,0 (3 mL) y—-adduct o—adduct NN N HN X Me
12 h, rt 126e (not observed) 126f; 12% 126g; 5%

Scheme 49. Indium-mediated crotylation of a-imino ester 100a.

Similar to the process comprising the cinnamylation of a-imino esters (Tables 7 and 8), the
corresponding a-adduct 126e was not obtained in the indium-mediated crotylation of a-imino
esters 100 in THF/water. However, apart from the main product 127a, the formation of other
minor by-products 126f and 126g was observed (Scheme 49). The by-products 126f and
1269 were isolated and identified as N-allylated products of 4-bromoaniline similar to the
case of cinnamylation (Scheme 48). For all other reactions shown in Table 9, the attention
was paid to isolate the main product 127a and the corresponding minor products were not

isolated.

Then, the addition of indium-mediated crotyl bromide (123b) to hydrazono esters 102a-c
(prepared from ethyl benzoylformate and methyl pyruvate, Table 10) was explored. The
indium-mediated reaction of crotyl bromide (123b) with hydrazono esters 102a and 102b in
anhydrous THF or THF/water (1:1) did not afford the corresponding products (entries 1-3,
Table 10).
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Table 10. Stereoselective crotylation of a-imino esters 102a-c.

N/Fg R! HN—Fg R! HN—Fg
A In (0.75 mmol)
)|\ + Me Br N, , + N )
R2OOC R1 E-geometry solvent M 2 COOR M o COOR
e
102 (0.5 mmol) 123b (125 mmol) 2" 8127'.-'3},,7 128 anti
entry 102 solvent (mL) product 127 / 128; yield (%) (dr)?
NPh, H i
1 /NI( THF (3) Ph. N—NPh, 1275 0
THF (3) : H,O (3 g i:
E0OC” ~Ph (3) 1 H20 (3) NN CooE 127;; 0
102a Me ’H
NPh, H,
/Nl/ Me N-NPh,
THF (3) : H,O (3 g -
MeOOC™ “Me (3):H:0 () ANy cooMe 127k; 0
102b Me H
H
|- NHeoPh THF (3) Me. N—NHCOPh 1271; 81 (70:30)
5 | THF (3) : H,0 (3) g 1271; 63 (72:28)
MeOOC)\Me 2y CoOMe

02c Me H

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis.

Though an exact reason is not clear for the failure of the crotylation of hydrazono esters 102a
and 102b, however, it is assumed that the hydrolysis of esters 102a and 102b could have
happened under the experimental condition and the crotylindium might be having a poor
reactivity with the electrophilic center of 102a and 102b. Surprisingly, the crotylation of
102c in THF as well as THF/water afforded the product 1271 in 81% and 63% yields,
respectively, with moderate diastereoselectivity (entries 4-5, Table 10).

Figure 9. X-ray structures of 127h and 129a.

The observed moderate diastereoselectivity of 1271 may be due to the involvement of less

rigid cyclic TS in the crotylation of 102c. Based on the single crystal X-ray structure analysis
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of the compound 127h, the stereochemistry of the vicinal stereocenters of the compound
127h was found to be syn (Figure 9). Consequently, the stereochemistry of other adducts
listed in Tables 9 and 10 was also assigned based on the X-ray structure analysis of
representative product 127h coupled with the similarity in their NMR spectral patterns.

Table 11. Synthesis of N-aryl a-amino acid derivatives via cyclohexenylation of 100.

F HN—F HN—F
N~ 9 In (0.75 mmol) ~H & H,,” o
A v me OOA - (OX
r S\ "COOEt ”—,H COOEt

EtOOC H Z-geometry ;?A\ée:tt
100 (0.5 mmol)  423¢ (1.25 mmol) '

129; anti 130; syn
entry _-Fg solvent (mL) time (h) product 129/ 130; yield (%) (dr)?
1 Br THF (3) : H,O (3) 12 H 129a; <5
2 THF (3): H,0 (3) 24 H NO& 129a; <5

— %
3 THF (3) 12 C\(( COOR 129a; 50 (98:2)
N . .7\b
4 100a THF (3) 12 H 129a; 40 (98:2)
H
cl
H NOQ
5 THF (3) 12 G\(( 129b; 37 (98:2)
X~ COOEt : :
6 THF (3) 24 N H 129b; 45 (98:2)
100e cl
H
cl
H NGCI
= -,
7 Cl THF (3) 24 C}((COOEt 129¢; 45 (98:2)
100f H

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® This reaction was carried out using Zn dust (2 mmol)
instead of In.

Then, it was envisaged to optimize the reaction conditions for the Barbier-type indium-
mediated direct addition of cyclohexenyl bromide (123c) to the a-imino esters 100 (Table
11). Unlike the indium-mediated reactions of cinnamyl- or crotyl bromide with a-imino
esters 100 in THF / water, the indium-mediated addition of 123c to 100a in THF / water
system failed to give the products 129a/130a (entries 1 and 2, Table 11). The reason for the
failure of the indium-mediated addition of 123c to 100a in THF / water system could be
attributed to the instability of the cyclohexenylindium in water. However, indium-mediated
direct addition of cyclohexenyl bromide (123c) to 100a in anhydrous THF was successful
and gave the corresponding amino acid derivative 129a (anti isomer) bearing two vicinal

stereocenters with very high diastereoselectivity (dr 98:2; entry 3, Table 11). Similar result
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was obtained from the reaction of 100a with 123c in the presence of zinc powder instead of
indium (entry 4, Table 11). Next, the indium-mediated direct addition of cyclohexenyl
bromide (123c) to 100e,f in anhydrous THF gave the corresponding amino acid derivatives
129b,c (anti isomers) bearing two vicinal stereocenters with very high diastereoselectivity
(dr 98:2; entries 5-7, Table 11). Additionally, the one-pot treatment of cyclohexenyl bromide
(123c), 4-bromo aniline (99a), and ethyl glyoxalate (98) mediated by indium in THF also
successfully gave the product 129a in 44% yield with very high diastereoselectivity (dr 98:2;

Scheme 50).
j\ Q In (0.75 mmol) ~ H,,HNOBF
+  H.N Br + N g
H~ “COOEt 2 Q Br THF (2 mL) C‘\(<cooa
H

98 (0.5 mmol) 99a (0.5 mmol) 123¢ (1.25 mmol) rt, 12 h 1298, 8454 (01 662
a; o (dr 98:

Scheme 50. In-mediated one-pot multicomponent cyclohexenylation.

Based on single crystal X-ray structure analysis of the compound 129a, the stereochemistry
of the vicinal stereocenters of the compound 129a was found to be anti (Figure 9).
Consequently, the stereochemistry of other adducts listed in the Table 11 was also assigned
based on the X-ray structure analysis of representative product 129a coupled with the
similarity in their NMR spectral patterns.

Subsequently, the reactivity pattern of y-substituted allylindiums generated from geranyl
bromide (123d) with a-imino esters (100) was explored to synthesize highly functionalized
y,0-unsaturated f,B’-disubstituted N-aryl a-amino acid derivatives (131) having more than
one stereocenter as illustrated in Scheme 51. The indium-mediated reactions of geranyl
bromide (123d) with a-amino esters 100a, 100d and 100f were performed in DMF, which
led to the stereoselective synthesis of ,'-disubstituted derivatives 131a—c (dr 90:10) bearing
a terpene unit and two contiguous stereocenters (including an all carbon quaternary center) in
55-61% yield (Scheme 51). The geranylation of a-hydrazono ester 1000 also occurred to give
the respective product 131d in 80% yield with very good diastereoselectivity (dr 90:10;
Scheme 51). Nal was used as an additive in these reactions since the reactions were not
fruitful in the absence of Nal, perhaps because of the lesser reactivity of geranyl bromide

towards indium.

74



Results and Discussion

Br
In (1.5 mmol)
N/©/ . )\/H\A Nal (2 mmol)
—_—
Pl DMF (1 mL)

EtOOC
123d (2 mmol) 24 h, 1t
100a (1 mmol) mmol)

OMe
/©/ In (1.5 mmol)
N + Nal (2 mmol)
Pl —_—

Et00C 123d (2 mmol) DMF (1 mL)
100d (1 mmol) 24 h,rt
cl o
Cl Me
e In (1.5 mmol)
N /( j " Me Br Nal (2 mmol) c
I Me DMF (1 mL
EtOOC 123d (2 mmol) oah (t mL)
100f (1 mmol) o R )
131c; 55% (dr 90:10)
H  COPh
Me N— NH
N-NHCOPh “ In (1.5 mmol) H
Pl . Me Br Nal (2 mmol)
EtOOC e N — = COOEt
e DMF (1 mL
1000 (1 mmol) 123d (2 mmol) 24 h, (rt )

131d; 80% (dr 90:10)
Scheme 51. Stereoselective geranylation of a-imino esters 100.

Furthermore, the indium-mediated addition of ethyl 4-bromocrotonate (123e) to a-imino
ester 100d was investigated to synthesize N-aryl B-vinyl aspartic acid derivative having two
vicinal stereocenters. At first, the optimization reactions were performed to find out the best
reaction condition to obtain the y-adducts 132a/133a from the indium-mediated addition of
ethyl 4-bromocrotonate (123e) to a-imino ester 100. The reaction of a-imino ester 100d,
ethyl 4-bromocrotonate (123e) and indium powder in dry DMF at 30 °C for 12 h furnished
the diastereomers 132a (y-adduct) in 70% yield with very high diastereoselectivity (dr 90:10)
and also the corresponding a-adduct 134a in 25% vyield (entry 1, Table 12). A similar
regioselectivity was observed when the reaction was carried out in THF or 1,4-dioxane or
toluene (entries 2-4, Table 12). The reaction of a-imino ester 100d, ethyl 4-bromocrotonate
(123e) and indium powder in 1,2-DCE or MeOH or DMSO gave only the diastereomers
132a (y-adducts) in 25-63% yields with dr up to 85:15 (entries 5-7, Table 12). The addition
of 123e to 100d in THF-water mixture exclusively gave the y-adduct 132a (syn isomer) in
46% vyield with an excellent diastereoselectivity (dr 98:2; entry 8, Table 12).
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Table 12. Optimization of the reaction conditions for the diastereoselective addition of 123e

with a-imino ester 100d.

OMe H\N/@/OMe
H H, OMe
metal g H N

N
)I\ + E00C X "g, (0.5mmol) . (;)C COOEt + EtOOC\/\)<
EtOOC” “H E-geometry > Et H =

solvent, time .
100d (0.25 mmol)  123e (0.75 mmol) 132a/133a (syn/anti)

COOEt

temprature (y-adduct) 134a (a-adduct)

entry metal solvent (mL) temp (°C) time (h) 132a/ 133a; yield (%) (dr)® 134a; yield (%)

In DMF (1) 30 12 70 (90:10) 25
2 In THF(1) 30 12 40 (70:30) 25
3 In 1,4-dioxane (1) 30 24 30 (82:18) 13
4 In toluene (1) 30 24 31 (81:19) 25
5 In 1,2-DCE (1) 30 24 5 (76:24) ND
6 In MeOH (1) 30 12 40 (69:71) ND
7 In DMSO (0.5) 30 12 63 (85:15) ND
8 In THF (1): H,O (1) 30 12 46 (98:02) ND
9 In EtOH (1) : H,O (1) 30 12 53 (98:02) ND
10 In DMF (1) : H,O (1) 30 12 60 (98:02) ND
11 In EtOH (1) 30 03 66 (>95:05) ND
12 In EtOH (1) 30 06 91 (>95:05) ND
13 In EtOH (1) 30 24 90 (>95:05) ND
14 In EtOH (1) -5 06 95 (>95:05) ND
15 In EtOH (1) 80 06 51 (>93:05) ND
16 In EtOH (1) 30 06 95 (>95:05)° ND
17 In EtOH (1) 30 06 92 (>95:05)° ND
18 In EtOH (1) 30 06 77 (94:06)4 ND
19 In EtOH (1) 30 06 91 (>95:05)° ND
20 In EtOH (1) 30 06 84 (>95:05)f ND
21 Sn EtOH (1) 30 06 65 (>95:05) 23
22 Zn EtOH (1) 30 06 5 (>95:05) ND
23 Bi EtOH (1) 30 06 65 (>95:05) ND

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® 20 mol% of Nal was added as an additive. 20 mol% of
KI was added as an additive. ¢ 20 mol% of I, was added as an additive. ¢ 20 mol% of MeCOOH was added as an
additive. " The reaction was carried out using 100d (0.5 mmol), 123e (1.5 mmol) and indium powder (0.75
mmol). ND = Not Detected.

Use of EtOH/water and DMF/water solvent media could not improve the yield of the reaction
to an appreciable amount (entries 9-10, Table 12). The indium-mediated reaction of 123e to
100d in EtOH underwent smoothly (entries 11-20, Table 12). The y-adduct 132a (syn
isomer) was obtained from the reaction of 123e with 100d in EtOH at 30 °C in 91% yield
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with very high diastereoselectivity (dr >95:5; entry 12, Table 12) and in this case, the
corresponding a-adduct 134a was not obtained. Some more optimization reactions were also
performed to improve the yield of the product 132a. Lowering the temperature of reaction of
a-imino ester 100d, ethyl 4-bromocrotonate (123e) and indium powder in EtOH to -5 °C
exclusively gave the y-adduct 132a in 95% vyield (dr >95:5; entry 14, Table 12). Yield of the
reaction of 100d with 123e in the presence of indium in EtOH got diminished at higher
temperature (entry 15, Table 12). The reaction of a-imino ester 100d, ethyl 4-bromocrotonate
(123e) and indium powder in the presence of Nal as an additive gave the y-adduct 132a in
95% vyield (dr >95:5; entry 16, Table 12). Employment of the additives like KI and acetic
acid did not alter the course of reaction much (entries 17 and 19, Table 12). Use of iodine as
an additive decreased the yield of the reaction (entry 18, Table 12). Decrease in the amount
of indium in the reaction gave the product 132a with decreased yield (entry 20, Table 12).
Use of other metals such as Sn, Zn and Bi gave the y-adduct 132a in 65%, 25% and 65%
yields (dr >95:5), respectively (entries 21-23, Table 12).

Next, the scope and generality of the indium-mediated Barbier-type addition of ethyl 4-
bromocrotonate (123e) to various N-aryl a-imino- and N-acyl/tosylhydrazono esters (100,
102c) was tested (Table 13). The indium-mediated addition of ethyl 4-bromocrotonate (123e)
to various a-imino esters 100 synthesized from various anilines having electron withdrawing
and electron donating groups in EtOH afforded the respective B-vinyl aspartate derivatives
132b-j (syn isomers) having two contiguous stereocenters with very high diastereoselectivity
(dr >95:5; Table 13). The indium promoted addition of ethyl 4-bromocrotonate (123e) to
100m in EtOH furnished the product 132k in 58% yield with very high diastereoselectivity
(dr >95:5; Table 13). The indium-mediated addition of ethyl-4-bromocrotonate (123e) to N-
biphenyl a-imino ester 100k furnished the corresponding N-biphenyl B-vinyl aspartate 132I
in very high yield and diastereoselectivity (dr >95:5; Table 13). The reaction of the a-imino
ester 1001 derived from 2-hydroxyaniline provided the product 132m in 59% yield with
moderate  diastereoselectivity (dr 76:24; Table 13). The observed moderate
diastereoselectivity could be due to the disturbance caused by the hydroxyl group in the
aromatic ring in the chelation-assisted TS. Interestingly, the indium-promoted addition of

123e to the a-imino ester 100n derived from 4-acetylaniline provided the product 132n (syn
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isomer, dr 95:5) with very high diastereoselectivity and chemoselectivity as the acetyl group

was unaffected in the indium-mediated addition of 123e to the a-imino ester 100n (Table 13).

Table 13. Diastereoselective synthesis of N-aryl B-vinyl aspartic acid esters 132b-q.?

-Fg H HN—Fg H HN—Fg
i + Etooc” X"p; In(immol) _ /Y< .
=
EtOOC” “H E-geometry ?E)(tﬁ*; (é r:L) EtO/O ya COOE ool COOE
100 (0.5 mmol) 123e (1.5 mmol) : 132 H 13:': .
, Syn ;anti
cl

132b; R" = H, 83% (dr >95:05)
O 132c; R' = Me, 84% (dr >95:05)
/% COOEt 132d; R" = CI, 94% (dr >95:05) /%COOEt o
EtOOC H 132e: R = EtOOC
e; R = Br, 87% (dr >95:05)
132j; 48% (dr >95:05)
132f; R' = COOEt, 90% (>95:05) 1; 48% (ar

H 132g; R? = Me, R® = Me, 70% (dr >95:05)
H N R® 2 3
/% 132h; R? = CI, R® = Cl, 96% (dr >95:05)
% . COOEt
. "COOEt 132i; R? = Me, R® = Br, 69% (dr >95:05
etood i o ( ) EtOOC H

132k; 58% (dr >95:05)

Nig BT e

COOEt /Y(cooa 2" ookt
EtOOC H EtOOC H EtOOC H

1321; 91% (dr >95:05) 132m; 59% (dr 76:24)P 132n; 65% (dr 95:5)°

0
HHO H N HHO
H N-N H N Me, N—N—k©

3 3 5 :
/Y(cooJEtKQ /%cooa /Y(cooa

EtOOC H EtOOC H EtOOC H
1320; 81% (dr 90:10) 132p; 50% (dr 70:30) 132q; 46% (dr 70:30)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was performed using 100 (0.25 mmol),

123e (0.75 mmol) and indium powder (0.5 mmol).

Subsequently, the reaction of the ethyl 4-bromocrotonate (123e) with N-acylhydrazono esters
1000, 100p and 102c in the presence of indium metal powder in EtOH furnished the
functionalized B-vinyl aspartate derivatives 1320 (81%, dr 90:10), 132p (50%, dr 70:30) and
132q (50%, dr 70:30), respectively (Table 13). The products 132p and 132q were obtained
with moderate diasteroselectivity and perhaps, this is due to the involvement of less rigid

cyclic TS.
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Table 14. Diastereoselective synthesis of orthogonally protected aspartic acid esters 132r-u.?

-Fo H HN—Fg H, HN—Fg
)NI\ + Me0OC gy In(1mmo) .
Eto0C™ "H E-geometry EIOH (2 mL) y (;) P y (; 3 COOEt
100 (0.5 mmol) 123f (1.5 mmol) 30°C,6h e H o o
132; syn 133; anti
H
) @/&
MCOCE COOEt COOEt COOE
MeOOC H MeOO MeOOC % MeOOC H
132r, 72% (dr >95:05) 1325 72% (df >95:05) 132t; 93% (dr >95:05) 132u; 57% (dr 95:5)°

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was performed using 100 (0.25 mmol),
123f (0.75 mmol) and indium powder (0.5 mmol).

o H OMe
J\ + HQN@OMe + EtOOC X""Br In (0.75 mmol) HON
H”™ “COOEt —_ >

98 (0.5 mmol) 99d (0.5 mmol) 123e (1 mmol) Eé?)';(z :‘L) " NCOOEt
, EtOOC H
132a; 80% (dr >95:05)

0]

J\ PN In (0.75 mmol) /@/
+ HZNQCI + EtOOC™ ™ Br ———— >
H COOEt EtOH (2 mL)

98 (0.5 mmol
(0.5 mmol) 99e (0.5 mmol) 123e (1mmol) 3500 g /Y(COOEt
EtoOC H

132d; 95% (dr >95:05)

o cl
P In (0.75 mmol) /@/
H” >cooet t H2N Cl + EtoOC X" ————— >

EtOH (2 mL)
98 (0.5 mmol 123e (1 I COOEt
( ) 99f (0.5 mmol) (tmmoh 350¢, 61 EtOOC H

132h; 74% (dr >95:05)

o Me In (0.75 1) o
n (0.75 mmol “—NH
chooa + N /©/ + BOOCTN"Br ———————> "0
Ho,N™ S EtOH (2 mL
98 (0.5 mmol) 2 0, 123e (1 mmol) ) (2mL) "y, “COOEt
30°C,6h EtOOC H

994 (0.5 mmol
4 (0.5 mmol) Ts = p-Me-CgHs-SO,  132v: 54% (dr >95:05)

Scheme 52. One-pot diastereoselective and regioselective synthesis of N-aryl B-vinyl aspartic

acid derivatives.

Then, the synthesis of orthogonally protected N-aryl B-vinyl aspartic acid derivatives having
two vicinal stereocenters was envisaged. Accordingly, the indium-mediated Barbier-type

reaction of a-imino ester with methyl 4-bromocrotonate (123f) was explored. The addition of
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methyl 4-bromocrotonate 123f with a-imino esters 100a, 100f, 100k and 100n in the
presence of indium powder in EtOH successfully gave the orthogonally protected B-vinyl

aspartate derivatives 132r-u, respectively (syn isomers, dr >95:5; Table 14).

Next, the synthesis of N-aryl B-vinyl aspartic acid derivatives having two vicinal
stereocenters without the prior preparation of the corresponding a-imino esters was
envisioned. Accordingly, the Barbier-type reaction comprising a three-component one-pot
reaction of ethyl glyoxalate (98), aniline (99) and ethyl 4-bromocrotonate (123e) in the
presence of indium powder was explored. The three component Barbier-type reactions of
ethyl glyoxalate (98), anilines 99d-f,r and ethyl 4-bromocrotonate (123e) in the presence of
indium metal were performed, which successfully led to the construction of respective B-
alkyl aspartate derivatives 132a, 132d and 132h (syn isomers) with high degree of
stereocontrol (dr >95:5; Scheme 52). Similarly, the one-pot indium mediated three
component reaction of ethyl glyoxalate (98), p-toluenesulfonyl hydrazide (99q) and ethyl 4-
bromocrotonate (123e) in EtOH exclusively afforded the syn isomer 132v (y-adduct with

very high diastereoselectivity (dr >95:5; Scheme 52).

y N'H 3 N’H

/
/Y(COOEt /%cooa /Y(cooa

EtOOC H 132l MeOOC H 132t EtOOC H 132v

Figure 10. X-ray structures of 1321, 132t and 132v.

Based on single crystal X-ray structure analysis of the compounds 1321, 132t and 132v, the

stereochemistry of the vicinal stereocenters of the compounds 1321, 132t and 132v was found
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to be syn (Figure 10). Consequently, the stereochemistry of other adducts listed in the Tables
12-14 and Scheme 52 was also assigned based on the X-ray structure analysis of
representative products 132l, 132t and 132v coupled with the similarity in their NMR
spectral patterns.

4.3.2. Discussion on the observed regio- and diastereoselectivity in the indium-mediated

addition of y-substituted allyl halides to a-imino esters.

To account for the reactivity and selectivity patterns of y-substituted allyl halides with
carbonyl (C=0) and imine (C=N) functionalities, various plausible mechanisms have been
reported in the literature.®?°8*% The coupling of an allylindium species 135d which exists
in equilibrium with its regioisomeric species 135e with an imine considered to proceed
through the plausible Zimmerman type transition states (135f-135h; Scheme 53). In the case
of allyl bromides having a bulky y-substituent (e.g. silyl or tert-butyl), the reaction affords a-
adducts via the preferred TS 135h. While in other cases, the metal-mediated addition of y-
substituted allyl halides with imines affords y-adducts via the favoured cyclic transition states
135f or 1359 and the diastereoselectivity is also governed by the steric size of the substituent
on the imine systems.***#843% Thys the regio- and diastereoselectivity can be explained by

the preferred Zimmerman type transition state (Scheme 53).28>-33033¢

Generally, very high diastereoselectivities were obtained when the indium-mediated
allylation of C=0 and C=N bonds of compounds were performed in protogenic solvents
(e.g., aqueous or alcoholic media).}"'83823941248 Gjyen the fact that the allylindium species

28a,31

formed are tolerant to protogenic solvents, in the Barbier-type reactions comprising

indium-mediated addition of y-substituted allyl halides to a-imino esters described here, the
aqueous/alcohol media promotes the fast quenching of the transient indium amide,6%1"™m28
which is formed after the addition of the corresponding allylindium to o-imino ester.
Moreover, the very high degree of stereocontrol and diastereoselectivity observed in these
reactions revealed that the addition of allylindiums to a-imino esters seems to be kinetically

controlled 17,18,38a,39,41a,48

Furthermore, the stereoselective addition of allylindiums to C=0O and C=N bonds of

compounds having the heteroatom-based functional groups (e.g. OR or NRj, carbonyl
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oxygen, etc) at the a-carbon has been well documented.****%° various research groups
proposed the involvement of the chelation-assisted TS for the observed very high
diastereoselectivity in the addition of allylindiums to C=0 and C=N bonds of compounds
having the heteroatom-based functional groups (e.g. OR or NR3, carbonyl oxygen, etc) at the
a-carbon. It is assumed that the involvement of a chelation-assisted and rigid TS is an
essential factor for obtaining the high degree of diastereoselectivity irrespective of the

solvent system used to carry out the reaction, '’ 18383941248

HN—F -
Fa . H,”’ g H HN Fg H HN—Fg
/m + R AB —— > = 2 N\ TN . + R pZ
R oH 123 R H Ky R R
135a 135b 135¢
y-adduct y-adduct o-adduct
(syn and anti diastereomers)
R X
RA~A_Br+ n — R _A_Il) =——
Ph A~ Br 123 135d n(L)n
123a 135e
Me _~_ Br l l
' N R
123b /H\/\\\In(Ln) /R\/\\\In(Ln) //\R\y\Jn(Ln)
R#N -~ R#N 115N
BIOOC A~ Br HR g HH g Ho g
123e 135f 135g 135h
MeOOC._~~__Br l l ’ l
123f H |jN—Fg H N‘Fg

/% H HN—Fg
Br /»:)\ ' = A R' RM/\X
W & R R H R'

123d 135b; anti-diastereomer 135a; syn-diastereomer 135¢
y-adduct y-adduct

Scheme 53. Plausible transition states (135f, 135g, 135h) for the regio- and

diastereoselectivity.

It is also worth to mention regarding the nature of the allylindium species involved in the
allylation reactions. The involvement of both the indium' and indium"" species was assumed
to be possible as proposed in various reports.?® Various groups, observed the formation of
two discrete species from allylic halides and indium with the help of *H NMR studies and the
addition of both the species to a carbonyl compound revealed that one species was more

reactive than the other species.?®*? The nature of the active indium species remains elusive
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because of its fleeting character. Recent reports strongly suggest the involvement of an In""

281-28n 280

species in the TS (proposed by Singaram,?%?®" Baba and Koszinowski®), however, in

282,280,280 o1

the present reactions, the involvement of an In' species (proposed by Chan
Hilt?®) is also very likely as a chelation-controlled rigid TS, essential for obtaining very high

degree of diastereoselectivity, might favor a low-valent indium species.

cyclic chelation TS

EQ o H HN—Fg
(a) Z_n(Ly) *
/A N
> Ph%\N\ - > /Ph’a COOEt
HH Fg H
124; syn
136a
N/Fg
B o P g I
EtOOC™ 'H E-geometry _ _
100 123a cyclic chair TS
H HN—F
) ——=In(Ly) Hoo o
‘ RN 7 X “coort
H COOEt Fg PR Y
125; anti

136b

Scheme 54. Plausible transition states (136a and 136b) for the observed diastereoselectivity

in the cinnamylation of a-imino esters.

In concurrence with the literature reports, the present study also involves the indium-
mediated allylation of C=N bond of a-imino ester having the heteroatom-based functional
group i.e. COOEt at the a-carbon. Accordingly, the observed very high degree of
diastereoselectivity in the reaction of the indium-mediated addition of y-substituted allyl
halide such as E-cinnamyl bromide (123a) to a-imino esters 100 and the exclusive formation
of syn isomers 124 (confirmed from the X-ray structures of 124a, 124e and 124i; Figure 8)
could be elucidated via the proposed chelation-assisted TS 136a (Scheme 54).171833-39.48-50
On the other hand, the corresponding product with anti-stereochemistry is expected to form

from the non-chelated cyclic chair TS 136b (Scheme 54).

Similarly, the observed very high degree of diastereoselectivity in the reaction of the indium-
mediated addition of E-crotyl bromide (123b) to a-imino esters 100 and the exclusive
formation of syn isomers 127 (confirmed from the X-ray structure of 127h; Figure 9) could

be accounted via the proposed chelation-assisted TS 136¢ (Scheme 55).1718:33-39.48-50
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cyclic chelation TS

g Eto/o, H HN—Fg
N In(L g
A £oMENe D Me‘/;:ﬁ 2y COOEt
EtOOC” “H E-geometry o Me H
100 123b H Fg 127, syn

136¢

Scheme 55. Plausible transition state (136¢) for the observed diastereoselectivity in the

crotylation of a-imino esters.

The indium-mediated addition of 3-bromocyclohexene (123c) to a-imino esters 100 gave the
products 129 with anti stereochemistry with very high degree of stereocontrol. The observed
very high degree of diastereoselectivity and the exclusive formation of anti isomers 129
(confirmed from the X-ray structure of 129a; Figure 9) could be accounted via the proposed

chelation-assisted TS 136d (Scheme 56).7:18:33-39.48-50

cyclic chelation TS

HN—F
- Fg EtO /O,’/I ] - H” 9
O e e (X
EtoOC” H H N <\, "COOE
100 Z-geometry Fg .
123¢ 136d 129; anti

Scheme 56. Plausible transition state (136d) for the observed diastereoselectivity in the

cyclohexenylation of a-imino esters.

Next, the indium-mediated addition of ethyl 4-bromocrotonate (123e) or methyl 4-
bromocrotonate (123f) to a-imino esters 100 furnished the products 132 with syn
stereochemistry with very high degree of stereocontrol. The observed very high degree of
diastereoselectivity and the exclusive formation of syn isomers 132 (confirmed from the X-
ray structures of 132l, 132t and 132v; Figure 10) could be explained via the proposed

chelation-assisted TS 136e (Scheme 57).17:18:33-3948-50

Along this line, the exclusive formation of syn isomers 131 from the addition of E-geranyl
bromide (123d) to a-imino esters 100 could be accounted via the proposed chelation-assisted
TS 136f (Scheme 57). Noticeably, the reaction of a-imino esters with allyl halides having E-
geometry, such as, cinnamyl bromide or crotyl bromide or ethyl/methyl 4-bromocrotonate

gave the corresponding y-adducts 124/127/132 in which the N-aryl moiety and the respective
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groups Ph/Me/COOQEt obtained from the corresponding allyl halides were found to be syn. In
analogy, the stereochemistry of the products 131 obtained from geranyl bromide having E-
geometry was proposed based on the syn stereochemistry of the products 124/127/132 (major
isomers) which were obtained from the other y-substituted allylic halides, e.g. cinnamyl

bromide, crotyl bromide, ethyl 4-bromocrotonate having the E-geometry.

cyclic chelation TS

g Eto/o, H HN-Fg
N In(L
A+ ROOC™N"Vgr 1L =" e
EtOOC” “H ROOC—"/=N > "COOEt
E-geometry \ ROOC H
100 123 HH Fg
e 132; syn

136e

cyclic chelation TS

EtOOC H E-geometry
100 123d

Scheme 57. Plausible transition states (136e and 136f) for the observed diastereoselectivity

in the crotonate addition and geranylation of a-imino esters, respectively.

4.3.3. Scope and utility of the N-aryl a-amino acid derivatives obtained from the
indium-mediated addition of y-substituted allyl halides to a-imino esters.

The indium-mediated addition of various y-substituted allyl halides such as, cinnamyl
bromide or crotyl bromide or ethyl/methyl 4-bromocrotonate to a-imino esters led to the
construction of several vy,6-unsaturated B,B'-disubstituted N-aryl a-amino acid derivatives
124, 127, 129, 131 and 132 with high degree of stereocontrol. To elaborate the scope of this
protocol and to obtain different synthetic intermediates, it was envisioned to perform
additional synthetic transformations using the representative compounds from the pool of
amino acid derivatives 124, 127, 129, 131 and 132. Accordingly, the synthetic
transformations performed using the representative compounds from the pool of amino acid
derivatives 124, 127, 129, 131 and 132 are delineated in Schemes 58-62.

Reduction of the representative compounds 124b, 124c, and 131b gave the respective

functionalized d,m-unsaturated N-aryl B-amino alcohols 137a—c bearing two contiguous
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stereocenters. Additionally, reduction of the representative compounds 132a, 132c, 132d and
132h afforded the corresponding functionalized 1,4-diols 137d-g having two contiguous

stereocenters (Scheme 58).

preparation of functionalized g-amino alcohols

H H
/ \
H N R LiAlH, (2 equiv) H N R

/Y(cooa 124b 124c THF (4 mL), 12 h, 0°C to rt = 137a; R = Me; 65%

PR H (0.5 mmol) PhH OH  137b;R=H;60%

LiAIH, (2 equiv)

~ “COOEt THF (4 mL), 12 h, 0 °C to rt
Me  431p
(0.5 mmol)

137¢; 80%

preparation of functionalized 1,4-butanediols

R1
H‘ R1 H\ /@ 1 2 0,
H N H N 137d; R' = OMe, R = H; 50%

P 2
M R2 LiAH, (4 equiv) _~ A_OH R® 137¢;R'=Me, R2=H; 71%
2 COOEt > 4 . p1 = 2.
4 2 137F;R" = = H; 459
Et0OC H THF (4 mL), 12h, 0 °C to rt H (R =CLR = H45%

132a,132¢,132d,132h oH 137g; R" = CI, R? = CI; 59%
(0.5 mmol)

Scheme 58. Synthesis of f-amino alcohols (137a-137g).

preparation of alloisoleucine derivative

3 A
g s
/Y< Hy (1 atm), Pd / C (10 mol%) />/<
= ) > HC™
-~ COOEt THF (4 mL), rt, overnight YEAT COOEt

Me H
127e 138a; 80%
(0.5 mmol) N-aryl alloisoleucine derivative

preparation of B-ethyl aspartate derivatives

H R’ 1
H N H, (1 atm) H R
B , Pd/C(10mol%) H N 138b; R = Et, R' = OMe, R? = H; 88%

=~y “COOEt THF (4 mL), rt A ookt R2 138c;R=Et R'=Cl, R?=Cl; 65%
ROOC H overnight " 138d; R = Me, R = CI, R? = CI; 96%
132a,132h,132s O o9 rRooC H o
(0.5 mmol)

Scheme 59. Synthesis of B-ethyl unnatural a-amino acid derivatives (138a-138d).
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In this line, the catalytic olefin hydrogenation of the compound 127e (syn isomer) was
carried out to accomplish the synthesis of a novel N-aryl alloisoleucine derivative 138a
(Scheme 59). Next, catalytic olefin hydrogenation of representative aspartate derivatives
132a, 132h and 132s led to the synthesis of N-aryl p—ethyl aspartate derivatives 138b-d (syn

isomers, Scheme 59).

Subsequently, It was envisaged to construct various 2,3-disubstituted N-
aryltetrahydropyridine derivatives bearing two contiguous stereocenters using the
representative compounds from the pool of amino acid derivatives 124, 127, 129, 131 and
132 (Scheme 60). Accordingly, the N-allylation of the secondary amine group of the
compounds 124b, 124d, 124q, 127a, 127d, 127e and 132a led to the assembling of N-
allylated y,0-unsaturated B,B'-disubstituted N-aryl a-amino acid derivatives 139a-g. Further,
the ring closing metathesis of the compounds 139a-g in the presence of a catalytic amount of
Grubbs' 11 generation catalyst* successfully led to the production of various 2,3-disubstituted
N-aryltetrahydropyridine derivatives 140a-g bearing two contiguous stereocenters in very

good yields (Scheme 60).

R2

2 R2 /©/R1
R ! :

_ ) 7\ Grubbs' Il generation
::f " allyl bromide (6 equiv), /H, NOW catalyst (0.05-0.1 equiv) N

HHN KoCOg3 (3 equiv), o g >
- 2Ny, COOEt DCM (2 mL), rt
/%COOEt Nal (0.1 equiv), PH i overnight COOEt
P H A VY 139a; R' = H, R? = H; 64% Fh
reflux, 24-48 h a; =H, =H; ( . pl = 2 .
124b,124d,124g 139b; R! = OMe, R? = H; 65% 1403; R1 =HR"= r 95%
y 5 140b; R' = OMe, R“ = H; 75%

(1 mmol) 139¢; R' = Me, R? = Me; 81%

140c; R' = Me, R? = Me; 91%

R‘l
/, 1 /©/
H HN@W allyl bromide (6 equiv), /H,, NOR Grubbs' Il generation | N
Ko,COg3 (3 equiv),

] ‘ talyst (0.05-0.1 equi
3 > > “COOEt catalyst caun). COOEt
Z ), “COOEt Nal (0.1 equiv), Me H DCM (2 mL), rt Me
Me H MeCN (5 mL) 1 overnight
reflux, 24-48 h 139d; R" = Br; 69% 140d; R = Br; 84%
127a,127d,127e 139e; R' = OMe; 75% 140e; R' = OMe; 76%
(1 mmol) 139f; R" = Me; 90% 140f; R' = Me; 60%
OMe
HH\N/O/OMe allyl bromide (6 equiv), P OMe /©/
K2CO;3 (3 equiv), - /H,’ N Grubbs' Il generation N
Z 2~ “COOEt Nal (0.1 equiv), pZ A COOEt catalyst (0.05-0.1 equi\Q |
EtOOC H MeCN (5 mL) = - COOEt
EtOOC H DCM (2 mL), rt
132a reflux, 24-48 h 139 50% overnight COOEt
(1 mmol) g; 50% 140g; 92%

Scheme 60. Synthesis of cyclic unnatural amino acid derivatives (140a-140g).
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N

H, (1 atm) N/©/ H, (1 atm)
2 T

N i
] N
Pd/C |
| Pd/C
COOEt (10 moi%) o coom : COOEt (10 mol%) COOE
Ph 1 40b vt 141a;54% | COOE THF (2 mL) COOEt 141b; 65%
overnignt, r 2.3-disubstituted N-aryl 1409 overnight, it ¢js piperidine-2,3-dicarboxylate
(0.15 mmol) : (0.15 mmol) (pipecolic acid) derivative

piperidine derivative
Scheme 61. Synthesis of pipecolic acid derivatives (141a and 141b).

Subsequently, the hydrogenation of a representative compound 140b was performed to give
the 2,3-disubstituted N-aryl piperidine derivative 14la (Scheme 61). Similarly, the
hydrogenation of the compound 140g gave the pipecolic acid derivative 141b*" (Scheme
61).

/%COOEt

' Me
H 1 M KOH (aq.) H :
H NOR (3 mL) H NOR g M§ M KOH (aq.) N/©/
MeOH (1 mL) />/< ; (3 mL) El\/K
—_— 7 N

MeOH (1 mL)
_—

b reflux, 48 h - COOH 'l COOH
H h H ' reflux, 48 h
COOEt Me  1a2c: 90%
124a,124c 142a; R = Me; 55% Me 440 P IR
(0.5 mmol) 142b; R = Br; 65% N-aryl
° (0.5 mmol) Baikiain derivative
H OMe (i) (NH,),S,05 (2 equiv), H NH,.HCI
H N CAN (0.1 equiv), -~ “COOH
N COOEt MeCN (2 mL):H,0 (1 mL) HOOC™ 4
EtoOC H 0-35°C,3h o 142d; 50%
138b (ii) 6 N HCI (5 mL), reflux, 3 h (2R*,35%)-2-amino-3- ,
(0.2 mmol) ethylsuccinic acid hydrochloride

Scheme 62. Synthesis of phenylalanine derivatives (142a and 142b), N-aryl baikiain acid
derivative (142c) and B—ethyl aspartic acid hydrochloride (142d).

Then, the alkaline hydrolysis of compounds 124a and 124c gave the respective unnatural
B,B'-disubstituted N-aryl a-amino acids 142a and 142b and the compounds 142a and 142b
were obtained as single diastereomers (Scheme 62). Successively, hydrolysis of the
compound 140f was performed to give the 3-methyl-1-(p-tolyl)-1,2,3,6-tetrahydropyridine-2-
carboxylic acid 142c. The NMR spectrum of 142c revealed that the compound 142c is
obtained as a mixture of diastereomers (dr 80:20) after the hydrolysis of 140f and this is due
to the occurrence of epimerization under the alkaline hydrolysis condition. It is worth to

mention that the synthesized compound 142c is an analogue of N-aryl baikiain acid (Scheme
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62).297° Then, the deprotection of the amine group of 138b, i.e. removal of the p-
methoxyphenyl group followed by the ester hydrolysis reaction afforded the new unnatural

amino acid B—ethyl aspartic acid hydrochloride 142d (Scheme 62).

4.3.4. Synthesis of enantiomerically enriched y,6-unsaturated p,B’-disubstituted a-amino

acid derivatives from the indium-mediated Barbier-type allylation of a-imino esters.

Asymmetric addition of carbon nucleophiles to a-imino esters or oximes having chiral
auxiliary represents a straightforward route to chiral a-amino acid derivatives. As many
reports are available with satisfactory results, none of them deals directly with the synthesis

of chiral aspartate derivatives with two vicinal centers,*0d1ms0i-5om5ia

Therefore, it was envisioned to disclose an effective method for the highly diastereoselective
synthesis of enantiomerically enriched y,6-unsaturated [3,B’-disubstituted aspartic acid
derivatives through the coupling of allylindium generated in situ with enantiopure imines
(100r-100u). This method would be a convenient route to obtain a series of enantiopure B,B'-

disubstituted aspartic acid and related derivatives.

In (0.5 mmol
+ Et0OC”\""Br ( A H HN"<< R

Me

N"r Me -
| E-geometry EtOH (2 mL), 30 °C =

EtOOC~ "H 123e (0.75 mmol) 12h COOEt

100r (0.25 mmol) EtOOC H
. 143a; 60% (dr 70:30)

® O

B In (0.5 mmol)

JE_OH + E00CTNr - HOIN N on
N E-geometry 0
P& EtOH (2 mL), 30 °C =
EtOOC”~ “H 123e (0.75 mmol) 12h Et0oc” 4 COOEt
100s (0.25 mmol)
143b; <5%

Scheme 63. Diastereoselective synthesis of enantiopure B-vinyl aspartic acid derivatives
(143a and 143b).

At first, the indium mediated Barbier-type allylation of enantiopure a-imino ester 100r
derived from (R)-1-phenylethanamine (103a) was investigated by reacting 100r with 123e
(Scheme 63). The reaction of 123e with 100r in EtOH gave the chiral aspartate derivative
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143a in 60% vyield with moderate stereoselectivity (dr 70:30; Scheme 63). Similarly, the
reaction of 123e with 100s (derived from (R)-2-amino-2-phenylethanol; 103b) did not give
the corresponding chiral aspartate derivative 143b (Scheme 63).

Moving ahead in search of a better chiral auxiliary, the Barbier-type allylation of enantiopure
a-imino ester 100t and 100u (derived from (R) and (S)-2-methylpropane-2-sulfinamide,
respectively) was investigated by reacting 100t and 100u with 123e and 123f in the presence
of indium metal powder (Scheme 64). The reaction of 123e with 100t in the presence of
indium in EtOH gave the enantiopure aspartate derivative 143c in 90% yield with an
excellent stereoselectivity (dr 95:05; Scheme 64). Similarly, reaction of 123e with 100u gave
the aspartate derivative 143d in 70% yield with an excellent stereoselectivity (dr 95:05;
Scheme 64). Furthermore, the reaction of 100t with 123f underwent smoothly under similar
reaction conditions to provide 143e having orthogonally protected ester groups with an

excellent stereoselectivity (dr 95:05; Scheme 64).

Q
S,
j/ In (0.5 mmol) HHN R K
n (0.5 mmo -
T +  Etooc”N"Br - s Ar
| E-geometry ~  COOEt
100t (0.25 mmol) 143c; 90% (dr 95:05)
O
\l/ s
= 7
s : In (0.5 mmol) H HN sj<
NS0 +  Et00CTN"Br > PN
)I\ E-geometry EtOH (2 mL), 30 °C, COOEt
Etooc” H 123 (0.75 mmol) 12h EtOOC H
100u (0.25 mmol) 143d; 70% (dr 95:05)
(0]
g
\k In (0.5 mmol) H HN/R (/K
R : 3
NS0 +  MeOOC” ""Br > AR
)I\ E-geometry EtOH (2 mL), 30 °C “ COOEt
Et0OC™ "H 123f (0.75 mmol) 12h MeOOC"  H
100t (0.25 mmol) 143e; 65% (dr 95:05)

Scheme 64. Diastereoselective synthesis of enantiopure B-vinyl aspartic acid derivatives
(143c-e).

The enantiomerically enriched B-vinyl aspartic acid derivatives 143c-143e (major isomers)

were obtained as liquid samples and it was not possible to assign the stereochemistry of the
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vicinal stereocenters. To establish the stereochemistry of the major compounds, some
functional group transformations were tried to obtain a solid compound from a representative
compound 143c (dr 95:5). At first, the reduction of the ester groups present in the compound
143c (dr 95:5) was performed, which afforded the corresponding amino alcohol 144a as a
liquid (Scheme 65). Then, it was envisaged to remove the chiral auxiliary from a
representative compound 143c (dr 95:5) and to obtain a new derivative of 143c as a solid that
could be recrystallized and characterized by the X-ray structure analysis. Accordingly, the
enantiopure compound 143c (dr 95:5) was treated with HCI dissolevd in EtOH and without
purification the resulted compound 144b was subjected to catalytic olefin hydrogenation to
afford the compound 144c. Then, without further purification the compound 144c was treated
with p-chlorobenzene sulfonyl chloride in DCM and this reaction afforded the compound
144d as a solid sample. The ratio of diastereomers, presented in the parenthesis in case of
compounds 144a-d, was calculated from the NMR spectra of the corresponding crude

reaction mixture.

(0]
|l (@)
_S., I H NH,.HCI
y HNTR ’< HN/g»,,K
_ < LiAIH, (2 equiv) H HCI/EtOH (5mL) 2 NcooEt
Z  “CH = r,5h EtOOC” H
el 2 TI;IF (4 mL) ~ “COOEt
\OH OH 0°C-rt,12h  Et0OC" H 144b (dr 95:05)
144a; 55% (dr 95:05) 143c (dr 95:05)
Cl
4 NH.HCI H NHp.HCI p-chlorobenzene
B H, (1 atm) - sulfonyl chloride so
2 9 A (3 equiv) HHN=S52
Z COOE Pd / C (10 mol%) _ . NCOOE -
etooc” H THF (5 mL) etooc” H ;i':/l (f’eeq‘:')") ) .
. o m etooc”
144b (dr 95:05)  25°C, 12h 144c (dr 95:05) .05 °C. 30 min H

144d; 45% (dr 95:05)

Scheme 65. Functional group transformations using enantiopure B-vinyl aspartic acid

derivative 143c.

The compound 144d was recrystallized and subjected to the single crystal X-ray structure
analysis. The stereochemistry of the vicinal stereocenters of the compound 144d was found
to be syn from the single crystal X-ray structure of the compound 144d (Figure 11).
Consequently, the stereochemistry of the vicinal stereocenters of the compounds 143c-143e

(major isomers) was assigned to be syn based on the X-ray structure of 144d.
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Cl

H HN’SOQ

“. COOEt
Etooc” H

144d

Figure 11. X-ray structures of 144d and 148b.

4.3.5. Indium-mediated Reformatsky-type addition of a-halo esters to a-imino esters

and synthesis of aspartate derivatives.

In line with the objective of the present work and after investigating the indium-mediated
Barbier-type allylation of o-imino esters for the synthesis of y,5-unsaturated B,p'-
disubstituted a-amino acid derivatives, it was envisioned to explore the indium-mediated
Reformatsky-type reactions of a-halo esters 145 with N-aryl a-imino esters 100 for

synthesizing aspartate derivatives (Scheme 66).

_Fg X .Fg _Fg
NI /k metal HN HN
M+ R“"Scoor @ —> R! rRI_L
EtO0C H . COOEt (or) /’ - COOEt
a-imino ester o-halo ester \.__.COOR .__.COOR
Fg = aryl, PhCONH, TsNH, (R)-'BuSO B-substituted N-aryl aspartate derivatives
choice of various a-halo esters Br
n
R Me><Me F><F F><H Et. H Hex_ H [S: o
Br COOR Br COOEt Br COOEt Br COOEt Br COOEt Br COOEt (0]
choice of metals metal = indium, zinc, tin, bismuth

Scheme 66. Diastereoselective Reformatsky-type addition of a-halo esters to a-imino esters

and construction of functionalized aspartic acid derivatives.

To begin with, optimization reactions were performed to find out the best reaction conditions
for the Reformatsky-type reactions of a-halo esters 145a,b with N-aryl a-imino esters 100
(Table 15). The reaction of a-halo ester 145a with the a-imino ester 100d in DMF in the

presence of indium metal gave the aspartate derivative 146a in 65% yield (entry 1, Table 15).
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Employment of other metals, such as Zn, Bi and Sn provided the product 146a in 5-41%
yields (entries 2-4, Table 15). The reaction of the o-halo ester 145b with 100d at 80 °C
furnished the product 146b in 40% vyield (entry 5, Table 15). Then, the addition of 145a to
other a-imino esters successfully afforded the aspartic acid derivatives 146c-e in 60-69%
yields (entries 6-8, Table 15).

Table 15. Reformatsky-type addition of a-halo esters 145 to a-imino esters 100 and synthesis
of aspartic acid derivatives 146.

H

N’Fg ROOC™ Br metal (0.5 mmol) H N—Fg
| + —_—
EtOOC/kH 145a; R = Ft DMOF (0.5 mL), EtOOC COOEt
100 (0.25 mmol) 145b; R ='Bu 30°C,3-6h .
(0.75 mmol)

entry —Fg metal product 146; yield (%)?
p In H 146a; 65

OMe \ ’
2 /©/ Zn H NOOMe 146a; 41
3 100d Bi EtOOC\)<COOEt 146a; <5
4 Sn 146a; 38

OMe H

n 146b; 40
¢ ;
100d BuOOC COOEt
H
cl H ‘NOQ
6 100e In 146¢; 69
E
100C COOEt
H\
O -0

7 In \>< . R7C

100k E00C._* o0 146d; 67

H\
M L N-NHCOPh

8 el In Etooc\)< 146e; 60°

o COOEt

% 1solated yields are given. ® The reaction was carried out at 80 °C. ® The reaction was carried out at 0 °C for an
initial 1 h then at 30 °C for 10 h.

Next, the indium-mediated addition of the substituted a-halo ester 145c to the a-imino ester
100d in THF or DMF gave the B3,-dimethyl aspartate derivative 147a in very good yield
(entries 1 and 2, Table 16). The reaction of the a-halo esters 145d and 145e with the a-imino
ester 100d in the presence of indium powder afforded the B, B'-difluoro- and B-fluoro

aspartates 147b and 147c, in 40 and 59% yield, respectively (entries 3 and 4, Table 16).
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Table 16. Reformatsky-type addition of a-halo esters 145 to a-imino esters 100 and synthesis

of aspartic acid derivatives 147.

N/Fg R! R? In (1 mmol) H HN—Fg
Mo+ Br~ “COOEt solvent EtOOC
Et0OC” H o COOEt
12-24 h, 30 °C
100 (0.5 mmol) 145 (1.5 mmol) R R2147
entry solvent 145 100 product 147; yield (%) (dr)?
/®/0Me
1 DMF (0.5mL) Me Me 100 H AN 147a; 78
EtOOC
2 THF (1 mL) Br COOEt COOEt 147a; 85
145¢c M€ Me
OMe
RF HN/O/
100d H . a0b
3 THF (1 mL) BrXCOOEt EOOC 147b; 40
145d COOEt
F F
F /O/OMe
HN
4 THF (1 mL) Py 1004 H 147¢; 59 (60:40)°
Br~~ “COOEt EtOOC
145e COOEt
F H
Me /O/OMe
5 DMF (1 mL) P 100d H N 147d; 66 (65:35)°
Br COOEt Me
145f COOEt
EtOOC H
Et /®/0Me
6 THF (1 mL) PR H N 147e; 62 (65:35)
Br~~ “COOEt 100d
1459 COOEt
EtOOC H
/O/Ph
HN
7 THF (1 mL) /E\ 100K H _ _
Br~” “COOEt 147f; 50 (60:40)
145h COOEt
EtOOC H
CGH18 HN/@/OMG
8 THF (1 mL H ; 220)°
( ) B~ “COOE 100d 147g; 35 (80:20)
145ij COOEt
EtOOC H

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis. ® The reaction was done at 75 °C. ¢ Indium was first

allowed to react with 145i for 2 h, then the organoindium was added to 100 slowly.

Then, it was envisioned to perform the diastereoselective indium-mediated reaction of

substituted a-halo esters (145f-i) with the a-imino esters 100 to obtain the corresponding

aspartate derivatives with vicinal stereocenters. The indium-mediated reaction of ethyl 2-
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bromopropanoate (145f) with the a-imino ester 100d at 75 °C gave the product 147d in 66%
yield with low diastereoselectivity (dr 65:35; entry 5, Table 16). Similarly, the reaction of
ethyl 2-bromobutyrate (145g) with the a-imino ester 100d in the presence of indium gave the
product 147e in 62% vyield with low diastereoselectivity (dr 65:35; entry 6, Table 16). The
reaction of ethyl 2-bromopentanoate (145h) with the a-imino ester 100k also gave the
corresponding product 147f as diastereomers in 50% yield with low diastereoselectivity (dr
60:40; entry 7, Table 16). There was a notable improvement in the diastereoselectivity in the
indium-mediated reaction of ethyl 2-bromooctanoate (145i) with 100d, which gave the
product 147g in only 35% yield with good diastereoselectivity (dr 80:20; entry 8, Table 16).

Furthermore, the indium-mediated reactions of the a-imino esters 100d and 100k with a-
bromo-y-butyrolactone (145j) furnished the corresponding B-substituted aspartate lactones
148a (67%, dr 73:27) and 148b (72%, dr 82:18) with relatively good diastereoselectivity
(Scheme 67). The formation of the products 147c-g with relatively low diastereoselectivity
might be due to the involvement of a less rigid cyclic TS in the respective Reformatsky
reactions. The respective compounds 147c-g were obtained as liquids and mixture of
diastereomers and hence, the stereochemistry of the compounds 147c-g were not assigned.
The major isomer of the compound 148b (dr 82:18) was isolated in pure form and the
stereochemistry of the products 148a and 148b was assigned based on the single crystal X-

ray structure of the major diastereomer of 148b (Figure 11).

OMe H HNOOMe

In (1 mmol) 2,
+ Br\do . = (\_<<cooa

N
' THF (1 mL OH
EtOOC)\H a5 (1) o 2AE ] ) 0\,
.0 MmOl - . .
100d (0.5 mmol) ) 50 °C 148a; 67% (dr 73:27)

/©/ Br. 7 In (1 mmol) “,
— >
N + o THF (1 mL) X, COOEt
| OH
A 12-24 h 0y

EtOOC™ "H 145j (1.5 mmol) 30 °C
100k (0.5 mmol) 148b; 72% (dr 82:18)

Scheme 67. In-mediated addition of a-bromo y-butyrolactone (145j) to 100.

It was envisaged that due to the enormous value of enantiomerically pure molecules, there is

a scope to explore the synthesis of enantiomerically enriched aspartic acid derivatives from
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the indium-mediated Reformatsky-type reactions of a-halo esters 145 with a-imino esters
100. Accordingly, the Reformatsky-type reactions of the a-halo esters 145 with
enantiomerically pure a-imino ester 100t (prepared using (R)-2-methylpropane-2-sulfinamide
chiral auxiliary) or 100u (prepared using (S)-2-methylpropane-2-sulfinamide chiral auxiliary)
in DMF gave the corresponding enantiomerically enriched aspartate derivatives 148c and
148d with moderate diastereoselectivity (Scheme 68). Similarly, the enantioselective indium-
mediated Reformatsky-type reactions of a-halo ester 145¢ with enantiopure a-imino ester
100t and a-halo ester 145a with enantiopure a-imino esters 102d afforded the corresponding
enantiomerically enriched aspartate derivatives 148e and 148f (Scheme 68). Though, the
stereochemistry of the chiral auxiliary part is known the stereochemistry of the respective
major isomers of compounds 148c-f could not be assigned since the respective compounds
148c-f were obtained as liquids and mixture of diastereomers.

9
q( 2
R In (0.5 mmol) HHNT R K

NS0 + EtoOC” “Br -
EtOOC
P 145a (0.75 mmol) ~ DMF (0.5 mL) COOEt
EtOOC” “H 30°C, 24 h
100t (0.25 mmol) 148c; 70% (dr 70:30)
N> 2
I
f In (0.5 ) -3
: n (0.5 mmo HN ST<
NSso  + E00CBr > H
EtOOC
Py 145a (0.75mmol) ~ DMF (0.5 mL) COOEt
EtoOC” “H 30°C, 24 h
100u (0.25 mmol) 148d; 65% (dr 70:30)
1l
/S"
: Me Me In (0.5 mmol) HHNTR K
N~ \\O + >
bt Br~ “COOEt DMF (0.5 mL) EtOOC
Et0O0C~ “H 145¢ (0.75 mmol) 30°C, 24 h Me” Ve COOEt

100t (0.25 mmol)
148e; 56% (dr 70:30)

¥
R In (0.5 mmol) S K

HN R
oS0+ Etooc” er > c000 Ph
)I\ 145a (0.75 mmol) THF (1 mL), 80 °C COOE
EtOOC” “Ph 24 h
102d (0.25 mmol) 148f; 40% (dr 90:10)

Scheme 68. Enantioselective synthesis of aspartic acid derivatives (148c-f).
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4.4. Stereoselective construction of various 3-amino-2-oxindole scaffolds via the indium-

mediated Barbier-type and Reformatsky-type reactions.
4.4.1. Diastereoselective indium-mediated Barbier-type allylation of isatin ketimines.

Considering the importance of oxindole molecules containing a heteroatom (N or O or S) at

the C-3 position,

it was envisioned to investigate the diastereoselective construction of 3-
aminooxindole (oxindole-based homoallylic amine) systems having two adjacent
stereocenters via the Barbier-type metal-mediated addition of y-substituted allylic halides to
the C=N bond of isatin ketimines. Along this line, it was envisioned to explore the synthesis
of oxindole-based unnatural -amino acid derivatives possessing vicinal stereocenters via the
Barbier- and Reformatsky-type reactions as delineated in Scheme 69. The metal-mediated
Grignard- or Barbier-type allylations of ketimines derived from isatins and the synthesis of 3-
amino-oxindole based homoallylic amines possessing one stereocenter has been well
documented.®* However, the diastereoselective indium-mediated addition of y-substituted
allyl halides to ketimines derived from isatins and the construction of 3-amino-oxindole
based homoallylic amines and B—amino acid derivatives possessing vicinal stereocenters have

not been explored well.

Fg,
N COOH
/ HN H
N 04 RN x metal
'\:{1 y-substituted (on)
o o allyl halide
isatin ketimine diastereomers
oxmdoImyI
Fg = aryl, PhCONH, TsNH; R = H, Me, Bn 3-substituted 3-aminooxindoles B-amino acids
Fg,
N / COOR

/) 2 2 H 3
R R HN COOR
o X metal R2 N
N + X7 >COOR — * — COOH
R a-halo ester

R'=H, Me, Bn, Tr
Fg = aryl, PACONH, TsNH, (R)-'BuSO oxindolinyl B-amino acid derivatives and their dipeptides

Scheme 69. Barbier-type addition of y-substituted allyl halides and a-halo esters to isatin

ketimines and construction of 3-amino-oxindole-based —amino acid derivatives.
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Table 17. Optimization of reaction conditions. Diastereoselective synthesis of 3-substituted-

3-amino-oxindole 149a.

{ H Ph Ph
Ph/\N metal (0.5 mmol) § -~ N AN = Ph
@Egzo - T N}ZO + @ﬁ\lgﬂ
H 123a (0.75 mmol) time, 30 °C yr'adduct a:’;dduct
105a (0.25 mmol) 149a (major) / 150a (minor) 151a
entry metal  solvent (mL) time (h) 149a/ 150a; yield (%) (dr)? 151a; yield (%)
1 In THF (2) 24 59 (86:14) 20
2 In DMF (0.5) 24 30 (50:50) 65
3 In 1,4-dioxane (1) 24 65 (90:10) ND
4 In EtOH (2) 06 78 (95:5) ND
5 In THF (1) : H,O (2) 24 30 (95:5) ND
6 In THF 2):H,0 (0.2) 24 53 (95:5) ND
7 In THF (0.2):H,0 (2) 24 83 (95:5) ND
8 In THF (0.2) : H,O (2) 36 83 (95:5) ND
9 In THF (0.2): H,0 (2) 12 80 (95:5) ND
10 In THF (0.2):H,0 (2) 06 80 (95:5) ND
11 In THF (0.2): H,0 (2) 03 65 (95:5) ND
12 In THF (0.2): H,0(2) 15 60 (95:5) ND
13 In THF (0.2): H,0 (2) 03 13 (- ND
14 In THF (0.2): H,0 (2) 03 70 (95:5)° ND
15 In DMF (0.2): H,0 (2) 03 13 () ND
16 Zn THF (0.2): H,0 (2) 03 23 (95:5) ND
17 Sn THF (0.2): H,0 (2) 06 <5() ND

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was carried out at 70 °C. © The reaction was
carried out at 5 °C. ND = Not Detected.

At first, the Barbier-type reaction of isatin ketimines with y-substituted allylic halides was
examined and various optimization reactions were performed comprising the indium-
mediated addition reaction of y-substituted allyl halide such as E-cinnamyl bromide (123a) to
isatin ketimine 105a to obtain the 3-aminooxindole 149a (y-adduct) having contiguous
stereocenters with very high diastereoselectivity. A mixture of isatin ketimine 105a,

cinnamyl bromide (123a) and indium metal powder in anhydrous THF was stirred at 30 °C
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for 24 h. Then, the reaction was quenched with water, extracted with ethyl acetate and
concentrated in vacuum to afford a crude reaction mixture. Column chromatographic
purification of the reaction mixture gave the 3-aminooxindoles 149a/150a (y-adducts) as
diastereomers in 59% vyield with very good diastereoselectivity (dr 86:14) and also the 3-
aminooxindole 15l1a (a-adduct) in 20% vyield (entry 1, Table 17). Performing the same
reaction in N,N-dimethylformamide (DMF) afforded the diastereomers 149a/150a in 30%
yield (dr 50:50) and the a-adduct 151a in 65% vyield (entry 2, Table 17). The indium-
mediated addition reaction of 123a with 105a in 1,4-dioxane afforded the 3-aminooxindole
diastereomers 149a/150a in 65% yield with very high diastereoselectivity (dr 90:10; entry
3, Table 17) and the a-adduct 151a was not obtained in this reaction. The reaction of isatin
ketimine 105a with 123a in the presence of indium in EtOH gave the diastereomers
149a/150a with an improved yield and diastereoselectivity (78%, dr 95:5; entry 4, Table 17).
Subsequently, the reaction of isatin ketimine 105a, cinnamyl bromide (123a) and indium
metal powder was tested in various THF-water combinations (entries 5-7, Table 17). The
THF-water (0.2:2) combination smoothly promoted the indium-mediated addition reaction of
123a with 105a and 3-aminooxindoles 149a/150a were obtained in good yields (up to 83%)
with very high diastereoselectivity (dr 95:5; entries 7-12, Table 17). Notably, the a-adduct
151a was not obtained in these reactions (entries 5-12, Table 17). The indium-mediated
addition reaction of 123a with 105a at 70 °C gave the diastereomers 149a/150a in very low
yield (13% entry 13, Table 17). On the other hand, the reaction of 105a with 123a in THF-
water at 5 °C gave the diastereomers 149a/150a in 70% vyield (dr 95:5; entry 14, Table 17).
The indium-mediated addition reaction of 123a with 105a in a mixture of DMF-water
furnished the diastereomers 149a/150a in very low yield (13%; entry 15, Table 17). The
addition reaction of 123a with 105a in the presence of Zn or Sn metal powder instead of In
metal powder provided the diastereomers 149a/150a in 23 and <5% vyield, respectively
(entries 16-17, Table 17).

Additionally, it was envisaged to perform the Barbier-type reaction of isatin ketimine 105i
with E-cinnamyl bromide (123a) in the presence of Mg powder instead of In powder.
Accordingly, a mixture of 105i, 123a and Mg powder in anhydrous THF was stirred at 30 °C.
After the standard work-up procedure and purification of the crude reaction mixture afforded
the products 151b and 151c (Scheme 70). Notably, the reaction of 105i, 123a and Mg powder
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did not afford the expected y-adducts 149h/150h. Thus, In metal powder and THF-water
(0.2:2) system are the best reaction conditions for the diastereoselective Barbier-type reaction
of isatin ketimine with y-substituted allylic halide 123a and for synthesizing the oxindole-
based homoallylic amine 149a bearing two vicinal stereocenters.

Ph X" Br Ph
/@ 123a (0.5 mmol) N
N Ph—\_~HN-Ph Ph—_~ N-Ph
/ Mg powder
" o (0.33 mmol) 149h/150h 4+ o 4 o
\ THF (2 mL) 0% N N
Me o Me Me
105i (0.25 mmol) 0.5-24 h, 30°C 151b; 23-45% 151c; 13-23%

Scheme 70. Mg-mediated addition of 105i and 123a. Formation of 151b and 151c.

Table 18. Diastereoselective synthesis of 3-substituted-3-amino-oxindoles 149b-j and 150k.?

R‘N /R /R
Ph Ph
R2 J In (0.5 mmol) NN i\
n (0.5 mmo = =
N O + Ph X" Br THF (0.2 mL) =0 * @Eg/
2m Van
) 123, .
R a (0.75 mmol) H,0 (2 mL) H ”
105 (0.25 mmol) 6h,30°C 149 ( maJor) 150 (minor)

I%z@z

; / / ; Ph
HN HL
N
149b; 88% (dr 95:5)  149c; 95%( r95:5)  149d; 71% (dr 90:10)  149e; 83% (dr 95:5) 149f; 90% (dr 95:5)

;th HPh

HN “NH
HN /@ W H Ph o%NH
/"H Ph
“, =
Me /_ © @Eg/
N
149h; 65% (dr 95:5)

149g; 50% (dr 90:10)  149h; 75% (dr 70:30)°  149i; 60% (dr 95:5)  149j; 75% (dr 90:10)° 150k; 50% (dr 95:5)°

Ph

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was carried out in EtOH. ¢ The reactions
was carried out with 106 or 107 (0.25 mmol), 123a (0.63 mmol) and indium powder (0.38 mmol) in a mixture
of THF (0.5 mL) and H,O (1 mL) for 24 h. In all these reactions, the corresponding a-adducts were not
detected.
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After finding the optimized reaction conditions, the generality of the protocol comprising the
Barbier-type cinnamylation of isatin ketimines was explored and the diastereoselective
synthesis of a number of cinnamylated 3-aminooxindoles was accomplished (Table 18). The
indium-mediated cinnamylation of various isatin ketimines prepared from diversely
substituted anilines and isatins in THF-water media successfully gave the corresponding
cinnamylated 3-aminooxindoles 149b-i having two vicinal stereocenters in 50-95% vyields
and excellent diastereoselectivity (dr up to 95:5; Table 18). The In-mediated Barbier-type
cinnamylation of isatin ketimine 105h having a free hydroxyl group also smoothly underwent
the addition reaction in THF-water media to afford the product 149i in 60% yield with high
diastereoselectivity (dr 95:5; Table 18).

Figure 12. X-ray structures of 149b, 149i, 149j and 150k (major isomers).

Next, the cinnamylated 3-aminooxindole 149j having two vicinal stereocenters was obtained
from the indium-mediated cinnamylation of tosylhydrazone 106 (derived from N-methyl
isatin) in 75% vyield with high diastereoselectivity (dr 90:10; Table 18). Similarly, the
indium-mediated cinnamylation of benzoylhydrazone 107 furnished the corresponding

cinnamylated 3-aminooxindole 150k having two adjacent stereocenters in 50% yield with
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good diastereoselectivity (dr 95:5; Table 18). The stereochemistry of the cinamylated 3-
amino oxindoles 149a-j and 150k was assigned on the basis of the X-ray structures of

representative major isomers of 149b, 149i, 149j and 150k (Figure 12).

Table 19. Diastereoselective synthesis of 3-substituted-3-amino-oxindoles 152a-e.?

R/‘N 3 Me
In (0.5 mmol) N
O + Me X" —>
N solvent /—O /_O
I\?1 E-crotyl bromide time, 30 °C R1
105 123b 152 153
(0.25 mmol) (0.75 mmol) 5 (maJor) 53 (minor)
entry imine solvent (mL) time (h) product 152 / 153; yield (%) (dr)?
1 DMF (0.5) 03 152a; 95 (60:40)
2 Q THF (1) 06 152a; 66 (60:40)
uN HMe
3 THF (0.2) : HxO (2) 06 < 152a; 65 (70:30)
4 @Eg:o EtOH (1) 06 /:O 152a; 56 (60:40)
N
105a N
R2
THF (0.2) : H,O (2) 06 HN; H Me 152b; R? = CI; 80 (68:32)

/ 2 = 2
o THF (0.2):H,0(2) 06 - 152¢; R? = OMe; 60 (70:30)
“—0
105¢,105d

N
H
Q/ Rs/@
7 THF (0.5): H,0 (2) 12 un H Me 152d; R® = H; 70 (69:31)
8 THF (0.5): H,0 (2) 12 X~ 152e; R3 = OH; 75 (60:40)
=0
. 105h,105i N
Me Me

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis.

After investigating the indium-mediated cinnamylation of isatin ketimines 105, the Barbier-
type In-mediated direct addition of crotyl bromide (123b) to isatin ketimines 105 was studied
(Table 19). Optimization reactions were carried out to find out the best reaction conditions
comprising the indium-mediated addition of crotyl bromide (123b) to isatin ketimine 105a.
The-indium mediated reaction of isatin ketamine 105a with crotyl bromide (123b) in various

solvents such as DMF, THF, THF/water mixture and EtOH afforded the 3-aminooxindoles
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152a/153a (y-adducts) as a mixture of diastereomers in 56-95% vyield with moderate
diastereoslectivity (dr up to 70:30; entries 1-4, Table 19). Amongst the solvent systems
employed, only the THF/water media was found to afford the 3-aminooxindoles 152a/153a
(v-adducts) in moderate diastereoslectivity (dr up to 70:30). Subsequently, the indium-
mediated reactions of crotyl bromide with other isatin ketimines 105c, 105d, 105h and 105i
were carried out in THF/water solvent media to afford the corresponding crotylated 3-amino-
oxindoles 152b-e in 60-80% yields with moderate diastereoselectivity (dr up to 70:30; entries
5-8, Table 19). When compared to the cinnamylation of isatin ketimines, the crotylation of
isatin ketimines gave the 3-aminooxindoles 152 with moderate diastereoselectivity. The
reason for the relatively low diastereoselectivity in the In-mediated reactions of crotyl
bromide (123b) to isatin ketimines 105 might be due to the involvement of a less rigid cyclic
TS and the smaller size of the methyl group (in crotyl bromide) when compared to the phenyl
group in case of cinnamyl bromide. The stereochemistry of the crotylated 3-amino oxindoles
152a-e was assigned on the basis of the X-ray structures of the representative major isomers
of 152d and 152e (Figure 13).

Figure 13. X-ray structures of 152d and 152e (major isomers).

Then, it was envisaged to examine the Barbier-type indium-mediated direct addition of
cyclohexenyl bromide (123c) to isatin ketamine 105a to obtain the 3-cyclohexenyl-3-
aminooxindole 154a having adjacent stereocenters (Table 20). At first, we performed various
optimization reactions to find out the best reaction conditions for synthesizing the 3-
cyclohexenyl-3-aminooxindole 154a with very high diastereoselectivity (Table 20). The
reaction of isatin ketimine 105a, cyclohexenyl bromide (123c) and indium powder in THF or
1,4-dioxane or DMSO or EtOH gave the 3-cyclohexenyl-3-aminooxindole diastereomers
154a/155a in 34-65% vyields with moderate to good diastereoselectivity (dr up to 80:20;
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entries 1-4, Table 20). The indium-mediated addition of cyclohexenyl bromide (123c) to
105a in toluene or THF/water media failed to give the diastereomers 154a/155a (entries 5
and 6, Table 20). The addition of cyclohexenyl bromide (123c) to isatin ketamine 105a
underwent smoothly in DMF and gave the 3-cyclohexenyl-3-aminooxindole diastereomers
154a/155a in good vyields (up to 91%) and diastereoselectivity (dr up to 80:20; entries 7-9,
Table 20). To get better diastereoselectivity, the reaction was carried out in DMF at 5 °C,
which furnished the diastereomers 154a/155a in 93% yield (dr 79:21; entry 10, Table 20).

Table 20. Diastereoselective synthesis of 3-cyclohexenyl 3-aminooxindole 154a.

E;Eg: @ metal (0.37 mmol)
solvent

105a (0. 25, mmol)  123c (0.5 mmol) time, 30°C

154a (major) 155a (minor)
entry metal solvent (mL) time (h) 154a / 155a; yield (%) (dr)?
1 In THF (2) 06 4 (60:40)
2 In 1,4-dioxane (1) 12 36 (80:20)
3 In DMSO (0.5) 12 57 (67:33)
4 In EtOH (0.5) 12 65 (77:23)
5 In toluene (2) 12 ND
6 In THF (0.5) : H,0 (0.5) 12 ND
7 In DMF (0.5) 12 91 (80:20)
8 In DMF (0.5) 06 0 (80:20)
9 In DMF (0.5) 03 5 (79:21)
10 In DMF (0.5) 06 3 (79:21)°
11 In DMF (0.5) 06 3 (67:33)°
12 In DMF (0.5) 06 0 (80:20)°
13 In DMF (0.5) 06 2 (80:20)°
14 Bi DMF (0.5) 06 4(-)
15 Sn DMF (0.5) 06 2 (58:42)
16 Zn DMF (0.5) 06 0 (82:18)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was carried out at 5 °C. © The reaction was
carried out at 80 °C.  The reaction was carried out with 105a (0.25 mmol), 123c (0.5 mmol) and metal powder
(0.5 mmol). © The reaction was carried out with 105a (0.25 mmol), 123¢ (0.75 mmol) and metal powder (0.5

mmol).
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On the other hand, the reaction in DMF at 80 °C afforded the product 154a/155a in only 23%
yield and low diastereoselectivity (dr 67:33; entry 11, Table 20). Increased equivalents of
indium powder or 3-bromocyclohexene (123c) did not improve the diastereoselectivity
(entries 12 and 13, Table 20). Employment of Bi or Sn powder instead of indium was
ineffective (entries 14 and 15, Table 20). The use of Zn powder instead of indium powder for
the addition of cyclohexenyl bromide (123c) to isatin ketimine 105a in DMF furnished the 3-
cyclohexenyl-3-aminooxindole 154a/155a in 80% vyield with good diastereoselectivity (dr
82:18; entry 16, Table 20) and the result of this reaction was comparable to that of the
indium-based reaction (entry 7, Table 20).

Table 21. Diastereoselective synthesis of 3-cyclohexenyl-3-aminooxindoles 154b-g and
155h.2

\©\/g: @ In (0.37 mmol)
—_—

DMF (1 mL)
105 (0.25 mmol 123¢ (0.5 mmol) 6h,30°C

Cl al

154b; 93% (dr 70:30)  154c; 88% (dr 80:20) 154d; 71% (dr 78:22) 154e; 50% (dr 75:25)°
154b; 92% (dr 71:29)°

s

154f; 90% (dr 90:10) 154g; 89% (dr 77:23) 155h; 50% (dr 90:10)°

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction was carried out using zinc dust. ¢ The

reaction was carried out in EtOH. ¢ In this case the major isomer is 155h and the minor isomer is 154h.
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After finding the optimized reaction conditions for the addition of cyclohexenyl bromide
(123c) to isatin ketimine 105a, the generality of the reaction was explored (Table 21). The
Barbier-type addition of cyclohexenyl bromide (123c) to various isatin ketimines 105 in the
presence of indium powder in DMF gave the corresponding 3-cyclohexenyl-3-
aminooxindole scaffolds 154b-g/155b-g with moderate to good diastereoselectivities (dr up
to 90:10; Table 21). When the reaction of cyclohexenyl bromide (123c) with isatin ketimine
105c was performed in the presence of Zn as well as In and the yield and diastereoselectivity
obtained for 154b/155b were comparable. In the case of Zn, the product 154b/155b was
obtained in 92% yield with dr 71:29. In the case of indium, the product 154b/155b was
obtained in 93% yield with dr 70:30. Notably, the reaction of cyclohexenyl bromide (123c)
with isatin ketimine 105i in EtOH also gave the product 154e/155e in 50% vyield with dr
75:25 (Table 21). The indium-mediated cyclohexenylation of benzoylhydrazone 107 (derived
from N-methyl isatin) in DMF afforded the corresponding 3-cyclohexenyl-3-aminooxindole
scaffolds 155h/154h having two contiguous stereogenic centers in 50% yield with good
diastereoselectivity (dr 90:10; Table 21).

154a

Cl

Figure 14. X-ray structures of 154a, 154b, 154c and 155h (major isomers).
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Table 22. Stereoselective synthesis of 3-aminooxindole scaffolds 156a-f/157a,f.?

R. I
N “ HN M8,
R! / Br In (0.5 mmol) R! =
:
N o + | Nal (0.75 mmol) N/=0
L EtOH (2 mL) L
R 8 R
105 (0.25 mmol) 123d (0.75 mmol) 30°C,24h 156 / 157 (major / minor)
OMe OMe
HN M8 s HN M8 s HN Me &
= = cl =
“=0 156a; 63% (dr 85:15)b =0 =0
N 156a; 65% (dr 78:22) N N

156a; <5% ©
¢ 156b; 59% (dr 80:20) 156¢; 62% (dr 81:19)

O~ oL O

Me < HN M€ s HN VI8 s
HN > > = =
N N N
Me LPh \\COOEt
156d; 40% (dr 83:17) 156e; 70% (dr 87:13) 156f; 60% (dr 80:20)
N A
J + In (0.5 mmol)
o Br —_—
N | Nal (0.75 mmol)
R EtOH (2 mL)
105a or 105k 123g (0.75 mmol) 30°C,24h
(0.25 mmol) 157a; R = H; 58% (dr 81:19)¢

157f; R = CH,COOEt; 42% (dr 80:20)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the
crude reaction mixture) is reported in the parenthesis. ® The reaction of 105a with geranyl bromide (123d) was
carried out in THF and the corresponding a-adduct 158a was obtained in 10% yield in addition to the
diastereomers 156a/157a. © The reaction was carried out in DMF. ¢ In this case, the major isomer is 157 and the
minor isomer is 156.

The stereochemistry of the 3-cyclohexenyl-3-aminooxindole scaffolds 154a-g and 155h was
assigned on the basis of the X-ray structures of the representative major isomers of 154a,
154b, 154c and 155h (Figure 14). Consequently, it was envisaged to explore the reactivity
pattern of geranyl bromide (123d, E-geometry) with isatin ketimines 105 for synthesizing 3-

aminooxindole scaffolds bearing a terpene unit and two contiguous stereocenters.
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Accordingly, the indium-mediated reaction of 105a with E-geranyl bromide (123d) in the
presence of sodium iodide as an additive in EtOH as a solvent at 30 °C was performed. This
reaction afforded the 3-aminooxindole scaffolds 156a/157a in 63% yield with very good
diastereoselectivity (dr 85:15; Table 22). Use of THF instead of EtOH for the same reaction
resulted in slight decrease in diastereoselectivity of 156a/157a (dr 78:22; Table 22).

Table 23. Optimization of the addition of ethyl 4-bromocrotonate (123e) to 105a.

N metal HN; H_COOE HN;
o (0.5 mmol) N = COOE
/\/\ —_— “, +
N + EtOOC™ ™S Br  solvent ~0 0
H N N
H H

123e time, temp

105a (0.75 mmol) _ .
(0.25 mmol) 159a (major) / 160a (minor) 161a

(v-adduct) (a-adduct)

entry metal solvent (mL) temp (°C) time (h) 159a/160a; yield (%) (dr)® 161a: yield (%)

1 In THF (2) 30 24 30 (77:23) 40
2 In DMF (0.5) 30 12 53 (72:28) 42
3 In 1,4-dioxane (1) 30 12 75 (73:27) 20
4 In EtOH (1) 30 12 93 (81:19)

5 In EtOH (1) 30 06 93 (82:18)

6 In EtOH (1) 30 03 93 (82:18)

7 In EtOH (1) 0 03 92 (82:18)

8 Zn EtOH (1) 30 12 >5

9 Bi EtOH (1) 30 12 10 (-)

10  Sn EtOH (1) 30 12 10 (-)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis.

The reaction of geranyl bromide 123d with isatin ketimine 105a in DMF did not work. Then,
the generality of this In-based Barbier-type addition of geranyl bromide (123d) to various
isatin ketimines 105 was elaborated and various examples of 3-substituted-3-aminooxindole
scaffolds bearing a terpene unit and two contiguous stereocenters 156b-f/157b-f were
obtained as mixture of diastereomers with good diastereoselectivity (dr up to 87:13; Table
22). Along this line, the reaction of neryl bromide (1239, Z-geometry) with the corresponding
isatin ketimines 105a and 105k in the presence of indium powder and sodium iodide in EtOH
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at 30 °C was performed and this reaction successfully gave the corresponding 3-substituted-
3-aminooxindole scaffolds 157a,f/156a,f as mixture of diastereomers with good

diastereoselectivity (Table 22).

Table 24. Diastereoselective synthesis of oxindole-based p-amino esters 159b-h.?

R, R R
, /N uN H COOEt LN H COOEt
R In (0.5 mmol) 2 NG ~ X
E0OC "B — xR 3 + R2 2 =
mo + EtOH (1 mL) =0 o
R 123e 3h,30°C N N
105 (0.75 mmol) R R!
(0.25 mmol) 159 (major) 160 (minor)
OMe cl

Et Et E Q
HN; H::COO HN; H::coo HN; H COOEt " COOEt
= =
s s @& @\y&

H H

159b; 95% (dr 82:18) 159c; 96% (dr 77:23)  159d: 95% (dr 84:16) 1506 980/ (dr 81:19)
; (] :

COOEt
HN H /@
/:o H_COOE! H_COOE

159f; 91% (dr 85:15) 159g; 80% (dr 90:10) 159h; 76% (dr 92:8)

% Isolated yields are given and the ratio of (syn / anti) diastereomers (calculated from the NMR spectra of the

crude reaction mixture) is reported in the parenthesis.

After investigating the indium-mediated Barbier-type cinnamylation, crotylation,
cyclohexenylation and geranylation of isatin ketimines, it was envisioned to explore the
indium-mediated Barbier-type reactions of ethyl 4-bromocrotonate (123e) to isatin ketimine
105a for synthesizing oxindole-based p-amino esters. A number of reactions were performed
to find out the optimized reaction condition to obtain the oxindole-based -amino esters 159a
(v-adduct) having contiguous stereogenic centers with high diastereoselectivity. A mixture of
isatin ketimine 105a, ethyl 4-bromocrotonate (123e) and indium metal powder was stirred in
various solvents such as THF, DMF and 1,4-dioxane, which furnished the oxindole-based -
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amino ester 159a/160a (y-adducts) as diastereomers having two contiguous stereocenters
(30-75%, dr up to 80:20; entries 1-3, Table 23). Notably, in these reactions the corresponding
a-adduct 161a was also obtained in 20-42% yield (entries 1-3, Table 23).

Encouragingly, the indium-mediated reaction of isatin ketimine 105a with ethyl 4-
bromocrotonate (123e) in EtOH cleanly afforded the oxindole-based B-amino ester
159a/160a (y-adducts) as diastereomers in very high yield (up to 93%, dr up to 85:15; entries
4-7, Table 23). Lowering the reaction temperature to 0 °C could not improve the
diastereoselectivity much (dr 86:14; entry 7, Table 23). Noticeably, the-adduct 161a was not
observed when the reaction was performed in EtOH (entries 4-7, Table 23). Employment of
other metal powders such as Zn, Bi and Sn for the Barbier-type addition of ethyl 4-
bromocrotonate (123c) to isatin ketimine 105a was ineffective (entries 8-10, Table 23).

Figure 15. X-ray structures of 159e, 159h and 162 (major isomers).

Then, the generality of this indium-based Barbier-type addition of ethyl 4-bromocrotonate
(123e) to various isatin ketimines 105 was elaborated and various examples of oxindole-
based B-amino ester scaffolds bearing two contiguous stereocenters 159b-h (major isomers)
were obtained with very high diastereoselectivity (dr up to 95:5; Table 24). Notably, the
indium-mediated reaction of ethyl 4-bromocrotonate (123e) with isatin ketimine 105h having

a free OH group in EtOH appreciably gave the corresponding product 159h (76%, dr 92:8;
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Table 24). The major isomers were isolated in pure form in most of the reactions and the
stereochemistry of the products 159a-h was assigned based on the X-ray structures of

representative major isomers of 159e and 159h (Figure 15).

PMP

/
/ H_COOEt Hy (1 atm) M, COOEt
_— Pd/C (10 mol%) :
> =0  162; 90%
/_ © THF (4 mL) N °
H

12h,25°C

H
159b (0.5 mmol) PMP = p-methoxyphenyl

oxindole-based
B-amino acid derivative

PMP PMP
HN/ H COOEt / y —OH
_— LiAIH,4 (4 equiv) HN S P
/—O THF (4 mL) /—O 163a; 68%
N 12 h, 0-25 °C

H
oxindole-based
y-amino alcohol

159b (0.2 mmol)

PMP PMP
/" COOEt / y —OH
HN LiAlH, (4 equiv) HN T\
@fg/ THF (4 mL) =0
H 12 h, 0-25 oC H 163b; 70%
162 (0.2 mmol) oxindole-based
y-amino alcohol
PMP
[ ' COOE . H COOEt
AN H\ (NH,);8,05 (2 equiv) HoN
. CAN (0.1 equiv) %
H MeCN (2 n’(l]L) :H,O (1 mL) H 164; 60%
162 (0.2 mmol) 12h,0-45°C oxindole-based

B-amino acid derivative
Scheme 71. Synthetic transformations of oxindole-based B-amino ester scaffolds.

The indium-mediated addition of ethyl 4-bromocrotonate to isatin ketimines led to the
construction of oxindole-based B-amino ester derivatives 159a-h with high degree of
stereocontrol. To explore the scope of this protocol and to obtain different synthetic
intermediates, it was envisioned to perform additional synthetic transformations using the
representative compounds from the pool of oxindole-based B-amino ester derivatives 159a-h
(Scheme 71). The catalytic olefin hydrogenation of the oxindole-based B-amino ester
derivative 159b led to the synthesis of 162 and the stereochemistry of the compound 162 was
confirmed from the X-ray structure analysis (Figure 15). The reduction of the oxindole-based

B-amino ester derivatives 159b as well as 162 using LiAIH; gave the corresponding
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oxindole-based y-amino alcohols 163a and 163b having adjacent stereocenters. Deprotection
of the p-methoxy phenyl group (PMP group) from substrate 162 led to the production of 3-
aminooxindole substrate 164 equipped with two contiguous stereocenters (Scheme 71).

4.4.2. Discussion on the observed regio- and diastereoselectivity in the indium-mediated

addition of y-substituted allyl halides to isatin ketimines.

Various research groups proposed the involvement of the chelation-assisted TS for the
observed very high diastereoselectivity in the addition of allylindiums to C=0 and C=N
bonds of compounds having the heteroatom-based functional groups (e.g. OR or NRj,
carbonyl oxygen, etc) at the a-carbon. It is assumed that the involvement of a chelation-
assisted and rigid TS is an essential factor for obtaining the high degree of
diastereoselectivity irrespective of the solvent system wused to carry out the
reaction,'’ 183823941248 Lig\vever  the reaction in protogenic solvents (e.g. aqueous or
alcoholic media) afforded very high degree of diastereoselectivity.”!83823941348 Gjyen the

28231 it is believed

fact that the allylindium species formed are tolerant to protogenic solvents,
that the aqueous/alcohol media promotes the fast quenching of the transient indium amide
that formed after the allylation reaction. ®**"™2?82 The very high degree of diastereoselectivity
observed in the In-based allylation reactions revealed that the addition of allylindiums to
C=0 and C=N bonds seems to be kinetically controlled.’183833%41a48 The natyre of the
active indium species remains elusive because of its fleeting character. Recent reports

strongly suggest the involvement of an In" 289,281

280

species in the TS (proposed by Singaram,
Baba®®28" and Koszinowski’®®), however, in the present reactions, the involvement of an In'
species (proposed by Chan?&28928 and Hilt?®) is also very likely as a chelation-controlled
rigid TS, essential for obtaining very high degree of diastereoselectivity, might favor a low-

valent indium species.

With regard to the present work, with some minor deviations, in general, the addition of y-
substituted allyl halides to isatin ketimines underwent smoothly in protogenic solvent
systems such as THF/water and EtOH and afforded the corresponding allylated products with
very high diastereoselectivity. The very high diastereoselectivities obtained in the indium-

mediated y-substituted allyl halides with isatin ketimines are perhaps due to the involvement
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of chelation-assisted TS as proposed in the following discussions (Scheme 72-76), however,
the involvement of more than one possible TS cannot be ignored as delibrated in the
literature, 7183823941248 Aqditionally, in general, the geometry of the C=N bond of isatin
ketimines (predominant isomers) reported to be E.'® We have also obtained the X-ray
structure of 105i and 105k . The stereochemistry of C=N bond in 105i and 105k was found
to be E from the X-ray structure analysis. The observed high diastereoselectivities in the
indium-mediated addition of vy-substituted allyl halides to isatin ketimines may be
independent of the E/Z ratios of C=N bond of the isatin ketimines. This assumption is
supported by the literature reports dealing with the stereoselective addition of the y-
substituted allylmetals to C=N bond of ketimine systems, in which very high

diastereoselectivites were obtained, "8 4t.50m

R
R
N [ H Ph
HN "\
R? / In R2 =
0 4+ PPV —> —_— ~
N /=0
1y 123a N
105 R R
149
Ph
=0 Ph
HN_ o<
N NH
/ /"H Ph
AR In HN/ 9
0 4+ P X""Br - 3 =
'\Il\vl 123a [e)
107 ° N‘
Me
150k

Scheme 72. Plausible transition states (165a and 165b) for the observed diastereoselectivity

in the cinnamylation of isatin ketimines.

In concurrence with the literature reports, the present study also involves the indium-
mediated allylation of C=N bond of isatin ketimines having the heteroatom-based functional
group i.e. CONH at the a-carbon.®3%%% Accordingly, the observed very high degree of
diastereoselectivity in the reaction of the indium-mediated addition of y-substituted allyl
halide such as E-cinnamyl bromide to isatin ketimines and the exclusive formation of the

major isomers of 3-aminooxindoles 149a-j (confirmed by the X-ray structures of 149b, 149i,
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and 149j; Figure 12) could be exemplified via the chelation-assisted TS 165a (Scheme 72).
Similarly, the formation of the major isomer of 3-aminooxindole 150k (confirmed by the X-
ray structure; Figure 12) from the cinnamylation of benzoylhydrazone 107 could be
accounted via the plausible TS 165b (Scheme 72). The plausible TS for the exclusive
formation of the major isomer of 3-aminooxindole 150k was proposed based on a literature
report that revealed the addition of allylboronic acid to hydrazone system in which the

authors proposed a TS involving hydrogen bonding for the observed diastereoselectivity.*™

R

R, / Me
N N H
R ! In R2 =
0 + Me "B —> “_
=
N 123b N
105 R R
152

Scheme 73. Plausible transition state (165c) for the observed diastereoselectivity in the

crotylation of isatin ketimines.

Similar to the cinnamylation case, the formation of the major isomers of crotylated 3-
aminooxindoles 152a-e (confirmed by the X-ray structures of 152d and 152e; Figure 13) in
the indium-mediated crotylation of isatin ketimines could be explained via the chelation-
assisted TS 165¢ (Scheme 73).17:18:33-3948-30

R\
N
R2 / il R{ o)
0 In HN T L
+ e \g\\/, n| ——
N 7N
R 123¢ R
105 165d

O
HN\ Br
/N
+ In HN\//:\\//InITn
o Me— "N S5N Ty
; O
N ~ N
Me 123c O“H/ -
107 165e

155h

Scheme 74. Plausible transition states (165d and 165e) for the observed diastereoselectivity

in the cyclohexenylation of isatin ketimines.
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The exclusive formation of the major isomers of 3-cyclohexenyl 3-aminooxindole 154a-f
(confirmed by the X-ray structures of 154a, 154b and 154c; Figure 14) could be exemplified
via the chelation-assisted TS 165d (Scheme 74).171833-394830 A discussed earlier, similar to
the stereochemistry of the cinnamylated product 150k, which was obtained from the
cinnamylation of the benzoylhydrazone 107, the stereochemistry of the product 3-
cyclohexenyl 3-aminooxindole 155h (major isomer, confirmed by the X-ray structure; Figure
14) obtained in the cyclohexenylation of 107 could be accounted via the TS 165e (Scheme
74), which presumably involves the hydrogen bonding.*™

R B R! N R
N \__0 . H COOEt
ZBN -
R? ) In EtOOC. i Z i, R? _
0 + Et00C™"Br —> AN | — “—o
N1 123e R N
105 R R
165f
L R . 159

Scheme 75. Plausible transition state (165f) for the observed diastereoselectivity in the

crotonate addition to isatin ketimines.

The exclusive formation of the major isomers of oxindole-based B-amino acid derivative
159a-h (confirmed by the X-ray structures of 159e and 159h; Figure 15) could be
exemplified via the chelation-assisted TS 165f (Scheme 75).171833394850 The reaction of
isatin ketimines with allyl halides having E-geometry, such as, cinnamyl bromide or crotyl
bromide or ethyl 4-bromocrotonate gave the corresponding y-adducts 149/152/159 in which
the N-aryl moiety and the respective groups Ph/Me/COOEt obtained from the corresponding
allyl halides were found to be anti. The reaction of isatin ketimines with allyl halides having
Z-geometry, such as, cyclohexenyl bromide gave the corresponding y-adducts 154 in which
the N-aryl moiety and the respective group (-CH,-) obtained from the cyclohexenyl bromide
were found to be syn. In analogy, the stereochemistry of the products 156 obtained from
geranyl bromide having E-geometry and 157 obtained from neryl bromide having Z-
geometry, were proposed based on the anti stereochemistry of the products 149/152/159
(major isomers) which were obtained from the y-substituted allylic halides, e.g. cinnamyl
bromide, crotyl bromide, ethyl 4-bromocrotonate having the E-geometry and the syn

stereochemistry of the products 154 (major isomers) which were obtained from cyclohexenyl
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bromide having the Z-geometry, respectively. Further, the observed diastereoselectivity in
the geranylation/nerylation also could be accounted via the chelation-assisted TS model
1659/165h as proposed for the cinnamylation/crotylation/cyclohexenylation/crotonylation
(Scheme 76).

R\
N
R2 / Ny
o +
N |

105 R’
123d

R\
R2 /N AN
TLy -
N | Br
105 R’
123g

Scheme 76. Plausible transition states (165g and 165h) for the observed diastereoselectivity

in the geranylation and nerylation of isatin ketimines.
4.4.3. Zinc-mediated Reformatsky-type addition of a-halo esters to isatin ketimines.

In line with the objective of the present work and after investigating the indium-mediated
Barbier-type allylation of isatin ketimines, it was envisioned to explore the indium- or zinc-
mediated Reformatsky-type reactions of a-halo esters 145 with isatin ketimines 105 for

synthesizing oxindolinyl $-amino esters.

At first, various reactions were performed to find out the best reaction conditions for
obtaining oxindolinyl B-amino esters. To a mixture of isatin ketimine 105a and ethyl
bromoacetate (145a) in THF was added zinc metal powder and the reaction mixture was
stirred at 30 °C for 24 h to yield the product 166a in 67% yield (entry 1, Table 25). The
reaction of 105a with 145a at 80 °C gave the product 166a in 77% vyield (entry 2, Table 25).
The zinc-mediated addition of 145a to 105a in acetonitrile gave the product 166a in only
25% yield (entry 3, Table 25). The zinc-mediated addition of 145a to 105a in 1,4-dioxane or
EtOH failed to give the product 166a (entries 4 and 5, Table 25). The zinc-mediated addition
of 145a to 105a in DMF furnished the product 166a in 92-93% vyields (entry 6, Table 25).
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Addition of 145a to 105a in the presence of indium instead of zinc in DMF or THF gave the
product 166a in 93 and 92% vyields, respectively (entries 7 and 8, Table 25). The
Reformatsky-type addition of 145a to 105a in the presence of Bi and Sn metal powder
afforded the product 166a in <5% and 60% yields, respectively (entries 9 and 10, Table 25).
The addition of 145a to 105a with lesser amount of zinc or reduced amounts of ethyl
bromoacetate 145a gave the product 166a in moderate yields (entries 11-13, Table 25). It is
worth to mention that both zinc and indium metal aptly promoted the Reformatsky-type
reactions of a-halo ester 145 with isatin ketimine 105a and afforded the oxindolinyl B-amino
ester 166a in comparable yield (entry 6 and 7, Table 25).

Table 25. Synthesis of oxindole-based -amino ester 166a.

Q)

/N . Br- >COOEt metal (0.5 mmol) - HN
w o 145a (1 mmol) EOm";egtO o ©\)Qooooa
N N
105a (0.25 mmol) 166a
entry metal solvent (mL) time (h) 166a; yield (%)?
1 Zn THF (1) 24 67
2 Zn THF (1) 24 77°
3 Zn MeCN (1.5) 24 25
4 Zn 1,4-dioxane (1) 24 <5
5 Zn EtOH (1) 24 <5
6 Zn DMF (0.5) 24 (12) 92 (93)
7 In DMF (0.5) 24 93
8 In THF (2) 24 92
9 Bi DMF (0.5) 24 <5
10 Sn DMF (0.5) 24 60
11 Zn DMF (0.5) 24 56°
12 Zn DMF (0.5) 12 454
13 Zn DMF (0.5) 12 66°

% Isolated yields are given. ® The reaction was carried out at 80 °C. ° Zn (0.375 mmol) was used. ¢ 145a (0.5

mmol) was used. ® 145a (0.75 mmol) was used.

After finding the optimized reaction conditions for obtaining the oxindolinyl -amino ester

166a via the Zn-mediated Reformatsky-type reaction, various oxindolinyl f-amino esters
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166b-j (Table 26) were prepared in good yields (48-89%) by using the optimized condition
as shown in Table 25 (entry 6).

Table 26. Synthesis of oxindole-based -amino esters 166b-j.

3
R3 /R
/N HN
RZ R2 COOEt
\Cfg:o + B coor  Zn(0Smmol) \Cfgo
N 145 (1 mmol) DMF N
R! 30°C, 12 h R
105 (0.25 mmol) 166
OMe OMe OMe
HN HN HN
COOEt Cl COOEt Br COOEt
o) o) o)
N N N
H H H
166b; 73% 166¢; 80% 166d: 64%
HN HN HN
COOEt COOEt COOEt
o o) 0
N N "
Me Bn COOEt
166e; 79% 166f; 85% 1669; 74%
Ph
o=
NH
HN HN HN
COOEt COOMe COO'Bu
o)
N o) o)
\ N N
Me H H
166h; 48% 166i; 89% 166j; 78%

Then, to show the usefulness of the products obtained from the Zn-mediated Reformatsky-
type reaction of a-halo ester 145 with isatin ketimines 105, various synthetic transformations
were carried out by using a representative compound 166b (Scheme 77). Deprotection of the
p-methoxy phenyl group from 166b successfully produced ethyl 2-(3-amino-2-oxoindolin-3-
yl)acetate (167a) (Scheme 77). The LiAlH4-promoted reduction of the oxindole-based f-
amino ester 166b led to the assembling of the corresponding oxindole-based y-amino alcohol
167b. Next, alkaline hydrolysis of the compound 166b successfully gave the N-protected
oxindolinyl B-amino acid 167c (Scheme 77).
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(NH4)28208 (2 eqUiV)

CAN (0.1 equiv)

MeCN (2 mL) : H,0 (1 mL)
0-40°C, 12 h

166b (0.2 mmol)

HN
COOEt
o} 0-25°C, 6 h
N
H

166b (0.2 mmol)

HN
COOEt
O
N
H

166b (0.5 mmol)

LiAlH, (4 equiv)
THF (4 mL)

LiOH (3 equiv)
THF (6 mL)
MeOH (2 mL)
H,O (2 mL)

0-25°C, 12 h
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COOEt

167a; 60%
oxindole based B-amino ester

OMe

OH

167b; 64%
oxindole based y-amino alcohol

OMe

COOCOH

167c; 90%
oxindole based B-amino acid

Scheme 77. Synthetic transformations of oxindole-based f-amino ester scaffold 166b.

O

HN

COOEt
(0]
N
Me

166e (0.5 mmol)

O

HN

@f/{z\cooa

166e (0.5 mmol)

(i) LIOH (3 equiv), MeOH (1 mL), THF (3 mL)
H,0 (1 mL), 0-25°C, 12 h

(ii) glycine ethyl ester hydrochloride (2 equiv)
EDCI (2 equiv), HOBt.xH,O (2 equiv)
DIPEA (2 equiv), DCM (5 mL), 30 °C, 12 h

(i) LiOH (3 equiv), MeOH (1 mL), THF (3 mL)
H,O (1 mL), 0-25 °C, 12 h

Y

(i) (R)-phenylalnine methyl ester hydrochloride (2 equiv)
EDCI (2 equiv), HOBt.xH,0O (2 equiv)
DIPEA (2 equiv), DCM (5 mL), 30 °C, 12 h

HN H\/COOEt

00
N
Me  168;84%

O

HN H  coome

U5k Ca

N
Me
169; 75% (dr 60:40)

Scheme 78. Synthesis of oxindole moiety appended dipeptide derivatives 168 and 169.

119



Results and Discussion

Subsequently, it was decided to further elaborate the utility of the products obtained from the
Zn-mediated Reformatsky-type reaction of a-halo ester 145 with isatin ketimines 105. In this
regard, it was envisaged to synthesize oxindole moiety appended dipeptide derivatives
starting from a representative oxindolinyl B-amino ester 166e. Accordingly, oxindolinyl -
amino ester 166e was subjected to the alkaline hydrolysis reaction followed by the EDC
driven peptide bond formation with glycine ethyl ester hydrochloride to afford the oxindole
moiety appended dipeptide derivative 168 (Scheme 78). Similarly, the substrate 166e was
subjected to the alkaline hydrolysis reaction followed by the EDC driven peptide bond
formation with (R)-phenylalanine methyl ester hydrochloride to afford the oxindole moiety

appended dipeptide derivative 169 (Scheme 78).

0=SF Br~ “COOEt R;S:O ; \/SL ;
145a (1 mmol) HN ‘N Br~ “COOEt HN

) :
e i ) NN
©\/¥o Zn (0.5 mmol) @gooa : 145a (1 mmol) COOEt
e — ' O O
N DMF (1 mL) N | N Zn (0.5 mmol) N
' _— >
J—Ph  30°C, 12h Jph : Jpn  DMF(imD) ke

Phph PH ppy L Py 30°C, 12h PH phy
108a (0.25 mmol) 170a; 90% (dr 80:20) ' 108b (0.25 mmol) 170b; 60% (dr 80:20)

Scheme 79. Synthesis of oxindole-based chiral f-amino ester scaffolds (170a and 170b).

It was envisaged that due to the immense value of enantiomerically pure oxindole derivatives
in organic chemistry, exploring the synthesis of enantiomerically enriched oxindole-based f-
amino esters from the Reformatsky-type reaction would be a valuable task. Reformatsky-type
reaction of enantiomerically enriched isatin ketimine 108a (derived from isatin and (R)-tert-
butylsulfinamide) with 145a in the presence of zinc in DMF at 30 °C successfully gave the
enantiomerically enriched oxindolinyl $-amino ester scaffold 170a in 90% yield with good
diastereoselectivity (dr 80:20; Scheme 79).

The stereochemistry of the major isomer of enantiomerically enriched oxindolinyl 3-amino
ester scaffold 170a was unambiguously assigned on the basis of X-ray structure analysis of
the major isomer of 170a. Similarly, the Zn-mediated Reformatsky-type reaction of
enantiomerically enriched isatin ketimine 108b (derived from isatin and (S)-tert-

butylsulfinamide) with 145a afforded the enantiomerically enriched oxindolinyl f-amino
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ester scaffold 170b in 60% yield with good diastereoselectivity (dr 80:20; Scheme 79). The
stereochemistry of the major isomer of enantiomerically enriched oxindolinyl B-amino ester
scaffold 170b was unambiguously assigned on the basis of X-ray structure analysis of the
major isomer of 170b (Figure 16). These successful attempts dealing on the synthesis of
enantiomerically enriched oxindolinyl f-amino ester scaffolds (170a and 170b) need to be

further elaborated and in this regard, additional works are in progress in our research group.

Figure 16. X-ray structures of major isomers of 170a and 170b. The unit cell contains two
molecules and only one molecule is shown here and hydrogens are omitted for better

visualization.

4.5. Triflic acid-mediated diastereoselective synthesis of homoserine lactone scaffolds.

Intramolecular stereoselective direct lactonization

1
R P " , HNR'
)Nl\ + RZ/\/\X | - (0] promoter R
B meta a ‘R o
— H - >
RO.O.C H y-substituted /\ﬁg dr ?2? o
a-imino ester R Me

allyl halide .
homoserine lactones

1,5-cyclization

v, 6—unsaturated o—amino acid esters

Scheme 80. Stereoselective construction of homoserine lactones possessing multiple

stereogenic centers.

Homoserine lactones (a-amino butyrolactones, a class of amino acid derivatives) are highly
privileged class of synthetic targets due to their widespread biological applications and
usefulness as versatile synthetic building blocks.®® Notably, N-acylated derivatives of L-

homoserine lactone (AHLs or N-AHLSs) act as autoinducers in Gram-negative bacteria to
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arbitrate the quorum sensing process.®? Though a significant amount of work related to the
synthesis of various homoserine lactone analogs having one stereocenter in the lactone part
and testing for their biological activities were already reported.**®" However, still there is a
scope for the new methods revealing the synthesis of homoserine lactone analogs having

multiple stereocenters with stereocontrol.

Consequently, it was decided to explore the stereoselective synthesis of homoserine lactone
analogs having multiple stereocenters and the lactonization reaction starting from easily
accessible y,0-unsaturated a-amino esters 110/116, which were synthesized from the indium-

mediated Barbier-type allylation of a-imino esters 100 (Scheme 80).

Table 27. Optimization of the reaction conditions for direct lactonization of 110a.

OMe
Q/ . /@/OMQ OMe
HN reagent (3 equiv) HN HN/@/
o solvent (2 mL)
M{ “Et temp (°C), time (h) /EOS:O + ES:O

(o}

110a (0.3 mmol) © 171a (major) Me 172a (minor)
entry  reagent solvent temp (°C)  time (h) 171a/172a; yield (%) (dr)®?®
1 TfOH DCM 25 24 N.D. -
2 TfOH DCM 40 24 N.D. -
3 TfOH THF 70 24 N.D. -
4 TfOH MeCN 80 24 22 80:20
5 TfOH DCE 85 24 45 80:20
6 TfOH 1,4-dioxane 110 24 36 80:20
7 TfOH toluene 110 24 67 81:19
8 TfOH DMF 120 24 N.D. -
9 TfOH DMSO 130 24 N.D. -
10 TfOH toluene 110 24 65P 81:19
11 TfOH toluene 110 24 69¢ 81:19
12 TfOH toluene 110 06 30 81:19
13 TfOH toluene 110 12 50 81:19
14 PTSA toluene 110 24 N.D. -
15 CH;COOH toluene 110 24 N.D. -
16 TFA toluene 110 24 N.D. -
17 camphor-10- toluene 110 24 N.D. -

sulfonic acid

18 BF3.Et,0O toluene 110 24 18 85:15
19 In(OTf)3 toluene 110 24 424 81:19
20 TfOH toluene 110 24 o€ -
21 TfOH toluene 110 24 15f -

?solated yields are given.” 2 equiv of TfOH was used. ¢ 1.1 equiv of TFOH was used. ¢ 2 equiv of In(OTf); was
used. ¢ 10 mol% of TfOH was used. "50 mol% of TfOH was used. N.D. = Not Detected/Not formed.
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The lactonization of y,8-unsaturated carboxylic acids under various procedures is well

d -93-97

documente However, the lactonization reaction involving the v,56-unsaturated

9397 since

carboxylates (y,0-unsaturated carboxylic acid esters) would be an ideal procedure,
in this procedure there is no need to prepare the y,6-unsaturated carboxylic acids. Because,
sometimes handling the carboxylic acids is a challenging task. Based on the literature work,
it was intended that the direct lactonization of y,8-unsaturated a-amino esters 110/116 would
be highly possible to carry out and the stereoselective synthesis of homoserine lactone

analogs having multiple stereocenters is also an achievable task (Scheme 80).

To begin with, several reactions were carried out to find out the best reaction conditions and
suitable promoter for promoting the direct lactonization of the y,6-unsaturated a-amino ester
110a. The lactonization of 110a was tried in DCM or THF in the presence of triflic acid as a
promoter, however, the reaction failed to give any product (entries 1-3, Table 27). The
reaction of 110a (1 equiv) and TfOH (3 equiv) in MeCN at refluxing temperature gave the a-
amino vy-butyrolactones scaffolds 171a/l172a as diastereomers in 22% yield with good
diastereoselectivity (dr 80:20; entry 4, Table 27). Similarly, heating a mixture of 110a (1
equiv) and TfOH (3 equiv) in 1,2-DCE or 1,4-dioxane afforded the homoserine lactone
derivatives 171a/172a in 45 and 36% yields, respectively, with good diastereoselectivity (dr
80:20; entries 5 and 6, Table 27). Utilization of toluene as solvent for the reaction of 110a (1
equiv) with 3 equiv of TfOH at 110 °C for 24 h afforded the homoserine lactone derivatives
171a/172a with improved vyield (67%, dr 81:19; entry 7, Table 27). However, the
lactonization of 110a in DMF or DMSO was ineffective (entries 8 and 9, Table 27). When
the lactonization of 110a (1 equiv) was performed in toluene at 110 °C for 24 h with lesser
equiv of TfOH (2 equiv or 1.1 equiv), there was no significant change in the yield and
diastereoselectivity of 171a/172a (entries 10 and 11, Table 27). The lactonization of 110a (1
equiv) in toluene at 110 °C in the presence of TfOH (3 equiv) for reaction time of 6 and 12 h
resulted in the significant decrease in yield of 171a/172a (entries 12 and 13, Table 27). The
lactonization of 110a with other acids such as PTSA, AcOH, TFA and CSA failed to give the
products 171a/172a (entries 14-17, Table 27). Further, the lactonization of 110a with Lewis
acids such as In(OTf); or BF3;-OEt, gave the products 171a/172a in only 42% and 18%
yields (dr 81:19; entries 18 and 19, Table 27). The lactonization of 110a in the presence of
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catalytic amounts of triflic acid furnished the products 171a/172a in very low yield (entries

20 and 21, Table 27).

Table 28. Triflic acid-mediated diastereoselective synthesis of a-amino y-butyrolactones

(homoserine lactones) 171b-k.

RZ2 _R!
N
M(O‘

(e}
110/116a (0.3 mmol)

TfOH (1.1 equiv)

toluene (2 mL)

RZ
\N’R1

0 . vield@ 92b
o 171b-k; yield® (%) (dr)

110°C, 24 h Me
substrate product substrate product
3 7N
R X N
HN

110f

I&O (dr 80:20)
Me o

171b; R® = Me; 62%
171¢c; R® = Br; 81%

Br.
HN/@
,C%
Me o
171d; 66% (dr 80:20)

MeS

;k

171e 65% (dr 85:15)

By

,E%
Me O

171f; 67% (dr 85:15)

! HN
! Mo\

Pt

171g 42% (dr 70:30)
171g; 75% (dr 75:25)°
HN-Bn

Pas

171h 65% (dr 85:15)

///Ph
HN

Pas

171i; 75% (dr 90:10)

171j; 85% (dr 85:15)

N—Bn

Pas

171 k, 89% (dr 85:15)

% 1solated yields are given. °

2.2 equiv of TfOH was used.

Succeedingly, it was envisioned to explore the generality of the triflic acid-mediated direct

lactonization of several 2-amino-pent-4-enoic acid esters. In this regard, several 2-amino-

pent-4-enoic acid esters 110b-j (having different aryl- or naphthyl- or quinolinyl ring or

alkyl/Bn group as protecting group for the amine functionality) and 116a (having two Bn
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group as protecting group for the amine functionality) were assembled by using the literature
procedures.*?® Then, the compounds 110b-g were subjected to the triflic acid-mediated direct
lactonization reaction to afford various N-arylated homoserine lactone derivatives 171b-171g
having two stereocenters in moderate to very good yields with appreciable
diastereoselectivity (dr up to 85:15; Table 28). Similarly, the reaction of 110h-j (N-benzyl,
N-phenethyl and N-p-methylbenzyl 2-amino-pent-4-enoic ester derivatives) with triflic acid
yielded the respective homoserine lactone derivatives 171h-j containing two stereocenters in
65-85% yield with very good diastereoselectivity (dr up to 90:10; Table 28). The reaction of
ethyl 2-(dibenzylamino)pent-4-enoate (116a) led to the assembling of 171k in 89% vyield
with very good diastereoselectivity (dr up to 85:15; Table 28).

Table 29. Triflic acid-mediated lactonization of 110k-n. Effect of various ester groups.

p-tol
p-tol HN—
HN o
(o) TfOH (1.1 equiv)
~ _—
M( R1 Me O 1711
o toluene (2 mL)
110k-n (0.3 mmol) 110°C, 24 h p-tol = p-Me-CgHy
substrate 1711/ 1721; yield (%) (dr)®%°
110k; R" = Me 73% (75:25)
1101; R' = Et 71% (80:20)
110m; R" = 'Bu 72% (80:20)
110n; R'=Bn 69% (77:23)

Further, the effect of ester functionality on the TfOH-mediated lactonization process was
tested by using various 2-amino-pent-4-enoic acid ester derivatives 110k-n having different
alkyl groups (R = Me, Et, tert-butyl and Bn). The TfOH-mediated lactonization 110k-n
smoothly afforded the homoserine lactone derivative 1711 in 69-73% yields. There was no
significant change in the diastereoselectivity by changing the alkyl groups (R = Me, Et, tert-
butyl and Bn) in the starting material (110k-n) for the lactonization process (Table 29).

Subsequently, it was envisioned to elaborate the scope of the lactonization protocol to obtain
homoserine lactone derivatives 173a-e possessing substitutions at the  and y-positions by
using the y,d-unsaturated a-amino acid esters 112/116b having substitutions at the f§ and y-

positions (Table 30). Accordingly, The triflic acid-promoted direct lactonization of various 2-
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amino-pent-4-enoic acid esters 112/116b underwent smoothly to afford the corresponding
homoserine lactone derivatives 173a-e containing substitutions at the P and y-positions
(Table 30). It is worth to mention that the construction of N-benzoylated homoserine lactone
derivative 173f was also achieved but with relatively low yield and moderate
diastereoselectivity (35%, dr 73:27; Table 30).

Table 30. Triflic acid mediated diastereoselective synthesis of a-amino y-butyrolactones

(homoserine lactones) 173a-f.

R5 4 R5

R'] \N/R ] RZ \N 4

TfOH (1.1 equiv) R3 R
(0N > 1
% Et toluene (2 mL) R o
R* Rz O 110°C, 24 h Me™ "0
112/ 116b (0.3 mmol) 173a-f; yield (%) (dr)®?®
substrate product substrate product

Cl

OMe Cl
Me HN HN
>E¥ Ve
173a; 57% ! S

112a O Me Me O
112d Me
O 173d; 82% (dr 80:20)

O O O

Me HN " \ e
O

Me ¢}

(0]

Me
0,
112b 173b 50% 116b 173e; 69%

Q @ | HN-COPh
oy i@ z Phi e o

N~ “COOEt
Me Me O ' H Me o

112e 173c; 62% (dr 75:25) | 112f 173f; 35% (dr 73:27)

Then, it was intended to investigate the triflic acid-mediated direct lactonization of the bis-
allylated substrates 115a-d (Table 31). The substrates 115a-d were constructed by using a
linker and two units of 2-amino-pent-4-enoic acid esters from their respective imines (Table
5). Table 31 reveals the triflic acid-mediated lactonization reactions of substrates 115a-d led
to the stereoselective synthesis of compounds 174a-d with good diastereoselectivity (dr up to

81:19). The compounds 174a-d contain two lactone units linked via different linkers.

126



Results and Discussion

Table 31. Triflic acid mediated diastereoselective synthesis of a-amino y-butyrolactones

(homoserine lactones) 174a-d.

- N

HN NH TFOH (2.2 equiv) . HN - INH
> o}
Ag\cooa EtOOC)Y\ toluene (2 mL) n ° 5
R R R R 110°C, 24 h o) 9
Me Me
115a-d (0.3 mmol) 174a-d; yield (%) (dr)?°
substrate product
HNNH
HN NH o o
= COOEt  EtOOC X o o}
115a Me' Me'

o
HN \©\NH
Mcooa Etooc)\/\

115b

HN NH
MCOOEt EtOOC)>(\

Q

Me® Me 115¢ Me® Me
() (
EtOOC COOEt

NH
) 4
115d

NH
(0]
(o)
Me
174b; 51% (dr 80:20)

174d; 40% (dr 80:20)

Furthermore, it was planned to extend the generality of the stereoselective lactonization

protocol and get densely substituted lactones possessing substitutions at the § and y-positions

and three contiguous stereogenic centers. The synthesis of densely substituted lactones 175a-
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i can be achieved by treating the vy,6-unsaturated a-amino acid esters 124/127/132 (syn

isomers) having substitutions at the p and y-positions with TfOH.

Table 32. Triflic acid mediated diastereoselective synthesis of a-amino y-butyrolactones

(homoserine lactones) 175a-i.

R1
HN” 1
2 o TfOH (1.1 equiv) HN-R
= ~ > R?,/
_ R2 O oluene (2 mL) O  175a-i: yield (%) (dr)°2°
(syn isomer) 110°C, 24 h M o
124 /127 / 132 (0.3 mmol) ©
substrate product substrate product

Oo. :ES:O
Y E Me” O

124¢ 175c¢; 70% (dr 81:19)

@ @/E%@

Ph 175d; 67% (dr 80:20)
Me

175e; 46% (dr 95:5)

\

O
©f¥o

175f; 69% (dr 95:5)

S ﬁ

127b 175g; 50% (dr 67:33)

ﬁ

175h; 30% (dr 60:40)

/@/OMe
HN
HN EtOOC,,
/\:/YO‘ Et o
- me” ©O

EtooC O
132a 175i; 0%

Accordingly, the triflic acid-promoted direct lactonization of various 2-amino-pent-4-enoic

acid esters 124/127/132 (syn isomers) proceeded smoothly and successfully afforded the

corresponding homoserine lactone derivatives 175a-h (dr up to 98:2) containing substitutions

at the B-position (e.g. Me or Ph) and y-position (Me) with very good regio- and stereocontrol
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(Table 32). It is a limitation that the product 175i could not be obtained from the diester 132a
and in this case, the presence of a second ester group might be hindering the lactonization
reaction (Table 32).

Bn_ _Bn R
N TfOH (1.1 equiv) s o
: > o
EtOOC R X Me

toluene (2 mL)

119a (0.3 mmol) 110°C, 24 h 176a; 80% (dr 85:15)
(major isomer; ee 96%)

Bn_
N-Bn
Bn_. .Bn . ':s
N TfOH (1.1 equiv)
J >~ rL /O
EtOOC s> XX toluene (2 mL) Me® O
122a (0.3 mmol) 110°C, 24 h 176b; 81% (dr 85:15)
(major isomer; ee 84%)
Bn_
Bn. _Bn N-Bn
N™ Me TfOH (1.1 equiv) R
EtoocM toluene (2 mL) Me o o
119b (0.3 mmol) 110°C, 24 h Me
176¢; 69% (ee 86%)
Bn
Bn\N,BnMe !\I/Bn

Y

J\/& TfOH (1.1 equiv) Is
EtOOC”s Me>E\Fo
(0]

toluene (2 mL)
122b (0.3 mmol) 110°C, 24 h Me
176d; 65% (e 86%)

Scheme 81. Enantioselective synthesis of a-amino y-butyrolactones 176a-d.

Subsequently, it was envisaged to prepare the enantiomerically enriched homoserine lactones
and in this regard, at first the enantiomerically enriched a-amino vy,5-unsaturated acid esters
substrates 119a,b and 122a,b were assembled (Scheme 45). Then, the enantiomerically
enriched substrates 119a,b and 122a,b were subjected to the direct lactonization in the
presence of triflic acid, which led to the assembling of the corresponding enantiomerically
enriched homoserine lactones 176a-d in good yields (65-81%) with high stereoselectivity (dr
85:15, ee up to 96%; Scheme 81). After assembling various homoserine lactones from the
direct lactonization of various vy,5-unsaturated o-amino esters, it was envisioned to explore
the utility of the homoserine lactones by performing the synthetic transformations by using

representative homoserine lactones. The reaction of the homoserine lactone 171a with
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hexanoyl chloride or 4-chlorobenzoyl chloride afforded the corresponding homoserine
lactone analogs 177 and 178 having two different protecting groups at the amino group

(Scheme 82).

cl
MeOQ,
cl cocl o ool MeO,
e
e s O
N (3 equiv) /ES: (3 equiv) N
o
/ES:O ¢ I&O

y

TEA (3 equiv)

DCM (6 mL) Me TEA (3 equiv)

o
Me DCM (6 mL (e}
0-30°C,12h 171a (dr 80:20) LomL) Me
177; 90% (dr 80:20) 0-30°C,12h
178; 80% (dr 80:20)
MeQ, MeQO MeO
NH LiAIH,4 (2 equiv) _ NH PTSA (30 mol%) NH
o THF (4 mL) CH,OH toluene (2 mL) /Eg
Me” O 0-30°C, 12 h Me” “OH 130°C, 20 h \e? 0
171a (dr 80:20 : -
(dr ) 179; 50% (dr 80:20) 180; 67% (dr 80:20)
Scheme 82. Synthetic transformations of homoserine lactone 171a.
H
N-g, NH,
n H, (1 atm), Pd / C (cat.) C[
Me” >0 N0 EtOH, 30 °C, 12 h Me™ "0 O
171h (dr 95:5) 181a (dr 95:5)
H (i) H2 (1 atm) NH,.HCI (i) cyclohexene (15 equiv) BnN
B Pd/C(cat) Pd/ C (cat.) “Bn
EtOH, 30 °C, 12 h i 1 EtOH, 30 °C, 12 h ,[ 1
Me” S0 N0 > Me™ 0" "0 - Me” ~0" N0
. i 181 : ii
171h (dr 95:5) (i) 6 N HCI (2 mL) 81b (dr 95:5) (i) 6 N HCI (2 mL) 171K (dr 95:5)
25°C, 12 h 25°C, 12 h

Scheme 83. Deprotection of benzyl protecting group of homoserine lactones (171h and

171K).

Then, the homoserine lactone 171a was subjected to the LiAlH4-mediated reduction to afford
the compound 179, which was then treated with p-toluenesulfonic acid to afford the
substituted THF derivative 180 having two stereogenic centers (Scheme 82). The
deprotection of the benzyl group of the compounds 171h and 171k was performed under the
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standard hydrogenolysis procedures to afford the a-amino-y-butyrolactone 18la and a-
amino-y-butyrolactone hydrochloride 181b (Scheme 83). A fraction with dr 95:5 from

column purification of 171h and 171k was used for the hydrogenolysis reactions.

171f

Figure 17. X-ray structures of major isomers of 171f, 175b, 175e and 175f.

Knight's approach (ref. 91d)
5-endo cyclization

A 1 /Ts Ph R2
v/H\N R? ® /<COOR'
, H,N®
Ph.5_ o. TFOH (0.6 equiv) )

2 &
R’ —_— Ph@(R 2X V. 182¢

182a
R

intramolecular 182b D
L 5
(1,6-cyclization) hydroamination Ph R
5 H,N® COOR
2X N 182d

1 1
“_ _O. TfOH (1.1 equiv)
6/\/\[(1 Et - = o Me /s, o
R2 ] 1 (0}

= 24 intramolecular o 2 \  182e
1,5-cyclization lactonization 175 (major isomer)

Scheme 84. Plausible mechanism for the formation of homoserine lactones.
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The stereochemistry of the major isomers of 171f, 175b, 175e and 175f was unambiguously
established from the he X-ray structure analysis. Notably, the relative stereochemistry of the
a- and vy stereocenters is found to be syn in all the major isomers of 171f, 175b, 175e and
175f (Figure 17). Consequently, the stereochemistry of the major isomers of the products of
the respective series 171, 173, 174 and 175 was assigned on the basis of the X-ray structures
of the major isomers of 171f, 175b, 175e and 175f and the similarity in the NMR spectral
pattern of the products of the respective series 171, 173, 174 and 175. The diastereomeric
ratio of the products were determined from the NMR spectra of the corresponding crude

reaction mixtures.

proposed mechanism for the observed diastereoselectivity
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Me" O 175 (minor)  Me” © 175 (major)

Scheme 85. Plausible mechanism for the formation of homoserine lactones.

¢ revealed the triflic acid-based reaction of §-substituted a-amino v,3-

Knight’s group91
unsaturated carboxylic acid esters (182a) selectively produced pyrrolidines (182b). In this
case, pyrrolidines are formed from the 5-endo cyclization and intramolecular

hydroamination®-"

via the plausible intermediate 182c involving a more stable benzylic
(20) carbocation (Scheme 84). Contrastingly, in the present case, the a-amino y,5-unsaturated

carboxylic acid esters (e.g. 124) having no substituent at the &-position underwent
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lactonization instead of hydroamination to give the homoserine y-lactone scaffolds 175 with
contiguous stereocenters via the 1,5-cyclization. Excess triflic acid is needed for the
lactonization of a-amino vy,5-unsaturated carboxylic acid esters, because, perhaps, amine
group is protonated under the experimental condition. Since the amine group is protonated,
the regioselective lactonization is predominant than hydroamination. Furthermore, on the
basis of the observed very good diastereoselectivity in the lactonization reactions and the
unambiguous assignment of the stereochemistry of the major isomers 171f, 175a, 175b and
175d based on the single crystal X-ray structure analysis of the major isomers 171f, 175a,
175b and 175d, a plausible mechanism is proposed via the TS 183e comprising a more stable
2° carbocation and favorable conformers 183c/183e in which the Ar- and Me groups are
pseudo anti to each other, thereby, leading to the formation of the major isomer 175 from 124
(Scheme 85).
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General: Melting points are uncorrected. IR spectra were recorded as neat or thin films or
KBr pellets. *H and **C NMR spectra were recorded with 400 and 100 MHz spectrometers,
respectively, with TMS as an internal or external standard. Column chromatography was
carried out on silica gel (100-200 mesh) or neutral Al,O3;. Reactions were conducted in
anhydrous solvent under nitrogen atmosphere where required. Solutions were dried using
anhydrous sodium sulfate. Reagents were added to the reaction flask by using a syringe. Thin
layer chromatography (TLC) was performed on silica plates or neutral Al,O; and
components were visualized by observation under iodine. Isolated yields of all the products
are reported (yields were not optimized). Ratios of diastereomers were determined from the
'H spectra of either crude reaction mixtures or after isolation, in all the reactions, only the
major diastereomer was isolated in pure form. The ratio of diastereoselectivity (dr 98:2)
refers to the predominant presence of the major diastereomer and rarely, traces of the
corresponding minor isomer was detected in the NMR spectrum of the crude reaction
mixture. The stereochemistry of major isomers was assigned based on the X-ray structure
analysis of representative compounds. Good quality single crystals were grown by using a
combination of dichloromethane or hexanes or methanol or ethyl acetate by slow solvent
evaporation technique at 25 °C and the single crystal X-ray diffraction data for all the
compounds was collected using four circle CCD diffractometer (monochromatic Mo Ko
radiation). Data collection and unit cell refinement for the data sets were done using APEX-II
suit. The crystal structures were solved using Olex2 or WinGx packages using SHELXS97,
and the structures were refined using SHELXL97. All the hydrogen atoms have been fixed at
their geometrically ideal positions and refined using the riding model available within
SHELXS97. All figures have been generated using Mercury. Chiral compounds were
analyzed by HPLC using AD-H (0.46 cm IDR25 cm length) as a chiral column.

General procedure for the synthesis of a-imino esters 100a—q:***%

a-Imino esters 100a—q
were synthesized by using the standard literature procedures and used without further

purification (see Table 1).
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d: %1010 4 _1mino

General procedure for the synthesis of a-imino esters 100r-u and 102
esters 100r-u and 102d were synthesized by using the standard literature procedures and

used without further purification (see Scheme 41).

General procedure for the synthesis of a-imino esters 102a—c:* o-Imino esters 102a—c
were synthesized by using the standard literature procedures and used without further

purification (see Scheme 41).

General procedure for the synthesis of isatin ketimines 105a—k:'%% |satin ketimines
105a-k are known in the literature and were synthesized by using the standard literature

procedures and product was used without further purification (see Table 2).

General procedure for the synthesis of isatin hydrazones 106 and 107:'* Isatin
hydrazones 106 and 107 were known in the literature and were synthesized by using standard
literature procedures and product was used without further purification (see Scheme 42).

General procedure for the synthesis of isatin ketimines 108a and 108b:'®* Isatin
ketimines 108a and 108b were known in the literature and synthesized by using the standard

literature procedures (see Scheme 43).

General procedure for the preparation of N-protected allyl glycine esters 110a-i, 112a-e
and 115a-d:** Compounds 110a-i, 112a-e and 115a-d were prepared using the
reported/standard procedures. To a mixture of the respective a-imino ester (0.5 mmol) and
indium powder (0.75 mmol) in DMF (0.5 mL), acetic acid (3 mmol) was added at room
temperature. While stirring the mixture allyl bromide (1 mmol) was added slowly. The
mixture was stirred for 12 h at room temperature, then transferred to a separating funnel and
extracted with EtOAc (3x15 mL). The combined organic layers were dried with anhydrous
Na,SO,, then, the solvent was evaporated under vacuum. Purification of the resulting crude
reaction mixture by column chromatography on silica gel (EtOAc/hexane) gave the product
110a-i, 112a-e and 115a-d (see Tables 3-5).

Compounds 110a, 112a are known in the literature*?® and its characterization data matches

with that of reported data.
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Ethyl 2-(p-tolylamino)pent-4-enoate (110b): Following the general procedure described
above, 110b was obtained after purification by silica gel column chromatography
: . EtOAc/hexane). IR (neat): o = 3389, 2982, 1732, 1520, 1184 cm*. *H
g/mb I e NMR (400 MHz, CDCl3): 6 = 7.04 (d, J =8.1 Hz, 2 H), 6.61 (d, J = 8.1
Hz, 2 H), 5.91-5.81 (m, 1 H), 5.24-5.19 (m, 2 H), 4.24 (q, J=7.1 Hz, 2 H), 4.17 (t, J = 6.1
Hz, 1 H), 4.00 (br. s, 1 H), 2.68-2.59 (m, 2 H), 2.29 (s, 3 H), 1.30 (t, J = 7.1 Hz, 3 H). °C
NMR (100 MHz, CDCl3): 6 = 173.5, 144.4, 133.0, 129.9, 127.6, 118.8, 113.8, 61.1, 56.5,
37.1, 20.5, 14.3. HRMS (ESI): calcd. for C14H20NO; [M + H]" 234.1494; found 234.1508.
Ethyl 2-(4-bromophenylamino)pent-4-enoate (110c): Following the general procedure
described above, 110c was obtained after purification by silica gel column chromatography
"""""""""""""""""" Bri (EtOAc/hexane, 15:85) as a colorless oil (124 mg, 84%); R; = 0.73 (15%
: HN/©/ EtOAc/hexane). IR (neat): & = 3386, 2981, 1738, 1505, 1190 cm ™. 'H
§/1100 I e NMR (400 MHz, CDCl3): 6 =7.26 (d, J = 8.8 Hz, 2 H), 6.51 (d, J = 8.8 Hz,
2 H), 5.83-5.73 (m, 1 H), 5.20-5.16 (m, 2 H), 4.25 (br. s, 1 H), 4.21 (g, J = 7.1 Hz, 2 H), 4.10
(t, J = 5.9 Hz, 1 H), 2.62-2.57 (m, 2 H), 1.27 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 6 = 173.0, 145.6, 132.5, 132.0, 119.2, 115.1, 110.0, 61.3, 55.9, 36.8, 14.3. HRMS
(ESI): calcd. for C13H17BrNO, [M + H]" 298.0443; found 298.0435.
Ethyl 2-(2-bromophenylamino)pent-4-enoate (110d): Following the general procedure
described above, 110d was obtained after purification by silica gel column chromatography
"""""" B~ i (EtOAc/hexane, 15:85) as a colorless oil (96 mg, 65%); Ry = 0.73 (15%
@ EtOAc/hexane). IR (neat): & = 3388, 2981, 1738, 1510, 1189 cm*. *H NMR
OE* (400 MHz, CDCl3): 6 = 7.46 (d, J = 7.5 Hz, 1 H), 7.18 (t, J = 7.5 Hz, 1 H),
6.65-6.57 (m. 2 H), 5.89-5.78 (m, 1 H), 5.26-5.21 (M, 2 H), 4.91 (d, J = 7.8 Hz, 1 H), 4.26-
4.16 (m, 3 H), 2.70-2.65 (m, 2 H), 1.29 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): ¢
=172.6, 143.6, 132.7, 132.4, 128.5, 119.4, 118.7, 111.8, 110.4, 61.3, 56.0, 36.9, 14.3. HRMS
(ESI): calcd. for C13H;7,BrNO, [M + H]* 298.0443; found 298.0435.
Ethyl 2-(2-(methylthio)phenylamino)pent-4-enoate (110e): Following the general
procedure described above, 110e was obtained after purification by silica gel column
chromatography (EtOAc/hexane, 15:85) as a colorless oil (104 mg, 79%); Rs = 0.73 (15%

EtOAc/hexane). IR (neat): 5 = 3369, 2982, 1738, 1504, 1187 cm . *H NMR (400 MHz,
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T . CDCls): 6= 7.44 (d, J = 7.5 Hz, 1 H), 7.18 (t, J = 8.0 Hz, 1 H), 6.70 (t, J =
HN@ | 7.5Hz, 1 H), 6.55 (d, J = 8.0 Hz, 1 H), 5.90-5.79 (m, 1 H), 5,51 (d, J = 8.1
/Am)ﬁ( ©&t Hz, 1H),5.26-5.19 (m, 2 H), 4.24-4.18 (m, 3 H), 2.72-2.63 (m, 2 H), 2.35 (s,
7 e I

3 H), 1.27 (t, J = 7.2 Hz, 3 H). **C NMR (100 MHz, CDCls): § = 173.0,
146.9, 134.7, 132.8, 1295, 120.6, 119.1, 117.9, 110.5, 61.2, 55.8, 37.0, 18.3, 14.3. HRMS
(ESI): calcd. for C14H,0NO,S [M + H]* 266.1215; found 266.1215.

Ethyl 2-(naphthalen-1-ylamino)pent-4-enoate (110f): Following the general procedure
described above, 110f was obtained after purification by silica gel column chromatography

110f EtOAc/hexane). IR (neat): 5 = 3422, 2923, 1732, 1583, 1194 cm . 'H NMR
o i (400 MHz, CDCly): § = 7.94-7.82 (m, 2 H), 7.51-7.49 (m, 2 H), 7.38-7.30 (m,
-

/ Et:

- H), 6.59 (d, J = 7.2 Hz, 1 H), 5.97-5.87 (m, 1 H), 5.31-5.24 (m, 2 H), 5.03
(br.s, 1 H), 4.36 (t, =59 Hz, 1 H), 4.27 (9, J = 7.1 Hz, 2 H), 2.83-2.74 (m, 2 H), 1.31 (t, J
= 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): ¢ = 173.4, 141.8, 134.4, 133.0, 128.7, 126.4,
125.9, 125.0, 123.7, 120.1, 119.2, 118.4, 105.2, 61.3, 56.0, 36.9, 14.3. HRMS (ESI): calcd.
for C17H,0NO, [M + H]* 270.1494; found 270.1501.

Ethyl 2-(quinolin-8-ylamino)pent-4-enoate (110g): Following the general procedure
described above, 110g was obtained after purification by silica gel column chromatography
., | (EtOAc/hexane, 25:75) as a colorless oil (81 mg, 60%); Rt = 0.45 (25%
§mg " EtOAc/hexane). IR (neat): 5 = 3390, 2981, 1738, 1519, 1181 cm *. *H NMR
NYOB (400 MHz, CDCl5): 6 =8.77 (dd, J = 4.2, 1.7 Hz, 1 H), 8.07 (dd, J = 8.2, 1.7
o Oei Hz, 1 H), 7.41-7.35 (M, 2 H), 7.12 (dd, J = 8.2, 1.0 Hz, 1 H), 6.70 (d, J = 8.2
Hz, 1 H), 6.66 (d, J = 7.6 Hz, 1 H), 5.98-5.88 (m, 1 H), 5.29-5.19 (m, 2 H), 4.34 (g, J = 6.4
Hz, 1 H), 4.23 (g, J = 7.1 Hz, 2 H), 2.81-2.76 (m, 2 H), 1.26 (t, J = 7.1 Hz, 3 H). *C NMR
(100 MHz, CDCl3): 0 = 173.1, 147.3, 143.3, 138.3, 135.9, 133.0, 128.6, 127.5, 121.5, 118.8,
115.1, 105.4, 61.1, 56.0, 37.0, 14.3. HRMS (ESI): calcd. for C1gH19N20, [M + H]* 271.1447,
found 271.1453.

Ethyl 2-(benzylamino)pent-4-enoate (110h): Following the general procedure described
prro s above, 110h was obtained after purification by silica gel column
o. chromatography (EtOAc/hexane, 15:85) as a colorless oil (69 mg, 59%); Rs =

L0 0.75 (15% EtOAc/hexane). IR (neat): o = 3335, 2981, 1731, 1454, 1184 cm”
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! 'H NMR (400 MHz, CDCl3): 6 = 7.36-7.26 (m, 5 H), 5.84-5.74 (m, 1 H), 5.15-5.09 (m, 2
H), 4.24-4.18 (m, 2 H), 3.86 (d, J = 12.9 Hz, 1 H), 3.69 (d, J = 12.9 Hz, 1 H), 3.37 (t, J = 6.4
Hz, 1 H), 2.45 (t, J = 6.9 Hz, 2 H), 1.93 (br. s, 1 H), 1.30 (t, J = 7.1 Hz, 3 H). **C NMR (100
MHz, CDClg): ¢ = 174.6, 139.7, 133.6, 128.4, 128.3, 127.1, 118.0, 60.7, 60.2, 52.0, 37.7,
14.4. HRMS (ESI): calcd. for C14H2NO; [M + H]* 234.1494; found 234.1501.
Ethyl 2-(phenethylamino)pent-4-enoate (110i): Following the general procedure described
above, 110i was obtained after purification by silica gel column chromatography
: " EtOAc/hexane). IR (neat): 5 = 3331, 2977, 1732, 1454, 1185 cm . *H NMR
/A)YOH (400 MHz, CDClg): 6 = 7.33-7.28 (m, 2 H), 7.24-7.21 (m, 3 H), 5.77-5.67 (m,
1 H), 5.13-5.08 (M, 2 H), 4.21-4.14 (m, 2 H), 3.73 (br. s, 1 H), 3.28 (t, J = 6.4 Hz, 1 H), 2.92-
2.78 (m, 4 H), 2.43 (t, J = 6.8 Hz, 2 H), 1.26 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz,
CDCly): 6 = 174.2, 139.5, 133.2, 128.7, 128.5,126.2,118.3, 60.8, 60.7, 49.2, 37.4, 36.2,14.3.
HRMS (ESI): calcd. for CisH22NO, [M + H]* 248.1651; found 248.1663.
Ethyl 2-(4-biphenylamino)-4-methylpent-4-enoate (112b): Following the general
procedure described above, 112b was obtained after purification by silica gel column
FR— . chromatography (EtOAc/hexane, 15:85) as a colorless oil (116 mg, 75%);
: Qph Rt = 0.69 (15% EtOAc/hexane). IR (neat): o = 3388, 2980, 1732, 1526,
o, 1191 cm ™. *H NMR (400 MHz, CDCls): 6 = 7.58 (d, J = 7.9 Hz, 2 H), 7.48
(d,J=8.3Hz,2H),4.95(s,1H),4.90 (s, 1 H), 4.25(q, J =7.2 Hz, 4 H), 2.68-2.54 (m, 2 H),
1.84 (s, 3 H), 1.31 (t, J = 7.2 Hz, 3 H). **C NMR (100 MHz, CDCls): § = 173.9, 146.2, 141.1,
140.8, 131.3, 128.7, 128.0, 126.4, 126.2, 114.6, 113.6, 61.2, 55.0, 41.3, 21.9, 14.3. HRMS
(ESI): calcd. for CyH24NO, [M + H]" 310.1807; found 310.1800.
Ethyl 2-(benzylamino)-4-methylpent-4-enoate (112c): Following the general procedure
described above, 112c was obtained after purification by silica gel column chromatography
MeHNBn """" (EtOAc/hexane, 20:80) as a colorless oil (93mg, 75%); R = 0.72 (20%
j O EtOAc/hexane). IR (neat): 5 = 3331, 2980, 1731, 1454, 1184 cm . 'H NMR
...... 12 © (400 MHz, CDCl3): 6 = 7.34-7.26 (m, 5 H), 4.83 (s, 1 H), 4.77 (s, 1 H), 4.20
(9,J=7.1Hz,2H),3.87 (d,J=13.0 Hz, 1 H), 3.69 (d, J = 13.0 Hz, 1 H), 3.45 (t, J = 7.4 Hz,
1 H), 2.40 (d, J = 7.4 Hz, 2 H),1.99 (br. s, 1 H),1.71 (s, 3 H),1.30 (t, J = 7.1 Hz, 3 H). °C
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NMR (100 MHz, CDCly): ¢ = 174.8, 141.4, 139.5, 128.4, 128.3, 127.1, 113.7, 60.7, 59.0,
52.1, 41.9, 22.0, 14.3. HRMS (ESI): calcd. for CisH,,NO, [M + H]* 248.1651; found
248.1659.

Ethyl 2-(3,4-dichlorophenylamino)-3,3-dimethylpent-4-enoate (112d): Following the
general procedure described above, 112d was obtained after purification by silica gel column

/@CI chromatography (EtOAc/hexane, 15:85) as a colorless oil (88 mg, 56%); Rt

POHN CI = 0.75 (15% EtOAc/hexane). IR (neat): & = 3390, 2976, 1731, 1494, 1133
: o.
m % 1 cm™ 'H NMR (400 MHz, CDCl,): § = 7.18 (d, J = 8.7 Hz, 1 H), 6.71 (d, J

= 2.8 Hz, 1 H), 6.47 (dd, J = 8.7, 2.8 Hz, 1 H), 5.93 (dd, J = 17.4, 10.7 Hz, 1 H), 5.22-5.12
(m, 2 H), 5.24-5.15 (m, 3 H), 3.75 (d, J = 9.7 Hz, 1 H), 1.27 (t, J = 7.1 Hz, 3 H), 1.20 (s, 3
H), 1.17 (s, 3 H). *C NMR (100 MHz, CDCls): ¢ = 172.2, 146.8, 142.7, 132.9, 130.7, 120.8,
114.8, 114.8, 113.3, 64.4, 61.0, 40.2, 24.9, 23.7, 14.3. HRMS (ESI): calcd. for C15H20CI,NO,
[M + H]" 316.0871; found 316.0866.

Ethyl 2-(4-methoxyphenylamino)-3,3-dimethylpent-4-enoate (112e): Following the
general procedure described above, 112e was obtained after purification by silica gel column
""""""""""""""""" ome! chromatography (EtOAc/hexane, 15:85) as a colorless oil (80 mg, 58%);
: HN/©/ Rt = 0.73 (15% EtOAc/hexane). IR (neat): o = 3380, 2970, 1731, 1514,
mOE‘ 1240 cm ™. *H NMR (400 MHz, CDCls): 6 = 6.77 (d, J = 8.9 Hz, 2 H),
6.62 (d, J = 8.9 Hz, 2 H), 5.97 (dd, J = 17.4, 10.7 Hz, 1 H), 5.19-5.11 (m, 2 H), 4.16 (q, J =
7.2 Hz, 2 H), 3.75 (br. s, 1 H), 3.75 (s, 3 H), 1.24 (t, J = 7.2 Hz, 3 H), 1.22 (s, 3 H), 1.18 (s, 3
H). C NMR (100 MHz, CDCl3): 6 = 173.1, 152.7, 143.5, 141.4, 115.3, 114.8, 114.0, 66.0,
60.6, 55.7, 40.1, 24.9, 23.7, 14.3. HRMS (ESI): calcd. for C1gH24NO3 [M + H]* 278.1756;
found 278.1748.

Ethyl 2-benzamidopent-4-enoate (112f):%%1%4 Glycine ethyl ester hydrochloride (4 mmol)
in DCM (10 mL) was cooled using an ice bath. To the cold mixture was added NEt; (4.4
""""""""""" |1 mmol) with stirring. After 10 min, benzoyl chloride (4 mmol) was
)OL ﬁ oa introduced. Then, the mixture was allowed to stir at 0 °C for 2 h and then
................... 112f i allowed to attain the room temperature and stirring was continued for 24 h.
The solvent was removed under reduced pressure and the residue was taken up in saturated
aqueous NaHCO3 (100 mL) with stirring. After 30 min of stirring, N-benzoylglycine ethyl

ester precipitated. After filtration and drying, N-benzoylglycine ethyl ester (113b) was
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obtained as a crystalline white powder. The compound monoallylated N-benzoylglycine ethyl
ester (112f) can easily be obtained by the double deprotonation of the N-benzoylglycine ethyl
ester (113b; 1 mmol) with LIHMDS (1.4 mL) in THF (5 mL) at -78 °C, followed by
treatment with allyl bromide (1.5 mmol) to selectively produce the C-alkylated product 112f.
After the completion of reaction as revealed by TLC, saturated ammonium chloride solution
(2 mL) was added to the reaction mixture. Then, the reaction mixture was transferred in to a
separating funnel and extracted with EtOAc (3x15 mL). The combined organic layers were
dried with anhydrous Na,SQOy, the solvent was evaporated under vacuum. Purification of the
resulting crude reaction mixture by column chromatography on silica gel (EtOAc/hexane,
20:80) gave the product ethyl 2-(benzamido)pent-4-enoate (112f) as a colorless liquid (222
mg, 90%); R: = 0.46 (20% EtOAc/hexane). IR (neat): & = 3335, 2931, 1750, 1655, 1190 cm~
! IH NMR (400 MHz, CDCls): 6 = 7.80 (d, J = 7.08 Hz, 2 H), 7.51 (t, J = 7.36 Hz, 1 H),
7.44 (t, J=7.8 Hz, 2 H), 6.78 (d, J = 7.0 Hz, 1 H), 5.82-5.71 (m, 1 H), 5.19-5.14 (m, 2 H),
4.88 (g, J =5.96 Hz, 1 H), 4.29-4.21 (m, 2 H), 2.77-2.71 (m, 1 H), 2.67-2.60 (m, 1 H), 1.31
(t, J = 7.12 Hz, 3 H). **C NMR (100 MHz, CDCls): ¢ = 171.8,166.9, 134.0, 132.3, 131.7,
128.6, 127.0, 119.3, 61.6, 52.0, 36.6, 14.2. HRMS (ESI): calcd. for C14H1sNO3 [M + H]*
248.1287; found 248.1285.

Compound 115a: Following the general procedure described above, 115a was obtained after

purification by silica gel column chromatography (EtOAc/hexane, 20:80) as a colorless oil

i (184 mg, 82%); Rt = 0.67 (20% EtOAc/hexane). IR (neat): o =
HN NH 5

Ncooa o )\/\ 3387, 2982, 1738, 1518, 1216 cm™. 'H NMR (400 MHz,
1154 . CDCl3): 9=6.99 (d, J =8.4 Hz, 4 H), 6.56 (d, J = 8.4 Hz, 4 H),
émé'é"'&'3""7"6"("r‘ﬁmzwﬁ')wé"é'iménie (m, 4 H), 4.21 (g, J = 7.2 Hz, 4 H), 4.12 (t, J = 6.0 Hz, 4 H),
3.78 (s, 2 H), 2.64-2.55 (m, 4 H), 1.27 (t, J = 7.2 Hz, 6H). *C NMR (100 MHz, CDCls): 6§ =
173.5, 144.7, 132.9, 131.7, 129.7, 118.9, 113.7, 61.1, 56.3, 40.1, 37.1, 14.3. HRMS (ESI):
calcd. for Co7H35N,0,4 [M + H]" 451.2597; found 451.2611.
Compound 115b: Following the general procedure described above, 115b was obtained
e g after purification by silica gel column chromatography
HNQ/ ONH (EtOAc/hexane, 20:80) as a colorless oil (169 mg, 75%); R; =
g/\)\cooa Etooo)v\é 0.66 (20% EtOAc/hexane). IR (neat): & = 3383, 2981, 1731,
A "M% . 1504, 1230 cm ™. H NMR (400 MHz, CDCly): 6 = 6.83 (d, J =
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8.9 Hz, 4 H), 6.58 (d, J = 8.9 Hz, 4 H), 5.86-5.76 (m, 2 H), 5.21-5.16 (m, 4 H), 4.21 (q, J =
7.1 Hz, 4 H), 4.08 (t, J = 6.2 Hz, 2 H), 2.62-2.55 (m, 4 H), 1.27 (t, J = 7.1 Hz, 6H). *C NMR
(100 MHz, CDCl3): 6 = 173.5, 150.4, 142.3, 132.8, 119.6, 118.9, 114.7, 61.1, 56.8, 37.1,
14.3. HRMS (ESI): calcd. for CosH33N2Os [M + H]" 453.2389; found 453.2398.

Compound 115c: Following the general procedure described above, 115c was obtained after

purification by silica gel column chromatography (EtOAc/hexane, 20:80) as a colorless oil

i (114mg, 45%); R = 0.68 (20% EtOAc/hexane) IR (neat): o =
HN NH :

| 3391, 2969,1737,1518, 1202 cm’ H NMR (400 MHz,

/%\cooa Etooc)Y\

i Me” Me 11sc M Me i CDCls):6=6.98 (d, J=8.2Hz 4 H), 658 (d,J=8.2Hz 4 H),
6.02-6.94 (m, 2 H), 5.24-5.06 (m, 4 H), 4.16 (9, J = 7.0 Hz, 4 H), 3.82 (s, 2 H), 1.72 (d, J =
12.0 Hz, 4 H), 1.26 (t, J = 7.0 Hz, 6H), 1.22 (s, 6H), 1.19 (s, 6H). *C NMR (100 MHz,
CDCly): 0 = 173.0, 145.4, 143.4, 131.7, 129.6, 114.1, 113.8, 64.9, 60.7, 40.2, 25.0, 23.7,
17.9, 14.3. HRMS (ESI): calcd. for Ca3H43N204 [M + H]* 507.3223; found 507.3240.
Compound 115d: Following the general procedure described above, 115d was obtained

after purification by silica gel column chromatography (EtOAc/hexane, 20:80) as a colorless

e <ﬁ ............. il (160 mg, 78%); R, = 0.69 (20% EtOAc/exane). IR (neat): & =
§Et000§t COOE‘E 3403, 2979, 1731, 1434, 1203 cm ™. *H NMR (400 MHz, CDCls):

1154 § = 7.32-7.30 (m, 6H), 6.57 (dd, J = 5.5, 2.7 Hz, 2 H), 5.92-5.83
(M. 2 H), 5.28-5.15 (m. 4 H), 4.99 (br. 5, 2 H), 4.38-4.21 (m, 6H), 2.77-2.70 (m, 4 H), 1.28 (&
J = 7.1 Hz, 6H). *C NMR (100 MHz, CDCly): d = 173.4, 142.3, 132.9, 125.4, 119.1, 110.1,
105.4, 70.0, 61.3, 56.0, 36.9, 14.3. HRMS (ESI): calcd. for CosHsiNO4 [M + H]* 411.2284;

found 411.2304.

General procedure for the preparation of N-protected allyl glycine esters 110j-n:'®® To a
suspension of the corresponding amino acid ester hydrochloride (1.2 mmol) and anhydrous
Na,SO4 (1.3 mmol) in DCM (1.5 mL) was added Et3N (1.2 mmol). The mixture was stirred
at room temperature for 1 h, then, the p-tolualdehyde (1.0 mmol) was added. The reaction
was stirred at room temperature overnight, and then the resulting precipitate was removed by
filtration. The filtrate was washed with water (2 mL), the aqueous phase was extracted with
DCM (2x5 mL), and the combined organic phases were washed with brine, dried over
anhydrous Na,SO, and concentrated under reduced pressure. The resulting pure imino esters
100AA (Table 6) were directly used in next step.
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The imino ester 100AA was dissolved in DCM (5 mL) and 10% aqueous NaOH solution (5
mL), allyl bromide (1.5 equiv), and TBAHSO, (0.1 equiv) were added to the solution. The
reaction mixture was stirred at 25 °C for 5-10 h (check TLC), then transferred to a separating
funnel and extracted with DCM (3x5 mL). The combined organic layers were dried with
anhydrous Na,SO,, then, the solvent was evaporated under vacuum. The resulting crude
product 100BB was dissolved in respective anhydrous alcohol (10 mL) at 30 °C, cooled to -
30 °C and sodium borohydride (1.1 equiv) was added. The mixture was stirred for 3 h at -30
°C and then for 10 h at room temperature. To the resulting mixture, glacial acetic acid (1.1
equiv) was added drop-wise; the mixture was stirred for 1 h and filtered. The solvent was
removed under reduced pressure. Purification of the resulting crude reaction mixture by

column chromatography on silica gel (EtOAc/hexane) gave the product 110j-n (see Table 6).

Ethyl 2-methyl-2-((4-methylbenzyl)amino)pent-4-enoate (110j): Following the general
procedure described above, 110j was obtained after purification by silica gel column
ey iis: chromatography (EtOAc/hexane, 20:80) as a colorless oil (130 mg, 50%); R
= 0.65 (20% EtOAc/hexane). IR (neat): & = 3333, 2980, 1731, 1462, 1209
L 1o - em™. *H NMR (400 MHz, CDCl5): 6 = 7.25 (d, J = 7.9 Hz, 2 H), 7.15 (d, J =
M. 7.9 Hz, 2 H), 5.86-5.76 (m, 1 H), 5.16-5.12 (m, 2 H), 4.23 (q, J = 7.1 Hz, 2
e H), 3.66 (d, J = 11.5 Hz, 1 H), 3.59 (d, J = 11.5 Hz, 1 H), 2.53-2.40 (m, 2 H),
2.35 (s, 3 H), 1.82 (br. s, 1 H), 1.38 (s, 3 H), 1.33 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 0 = 176.0, 137.3, 136.6, 133.0, 129.1, 128.3, 118.7, 62.0, 60.7, 48.2, 43.5, 21.9,
21.1, 14.4. HRMS (ESI): calcd. for C1H24NO, [M + H]" 262.1807; found 262.1812.

Methyl 2-( (4-methylbenzyl)amino)pent-4-enoate (110k): Following the general procedure

described above, 110k was obtained after purification by silica gel column chromatography

? EtOAc/hexane). IR (neat): & = 3331, 2951, 1738, 1435, 1197 cm *. *H NMR
; (400 MHz, CDCly): 6 = 7.22 (d, = 8.0 Hz, 2 H), 7.15 (d, = 8.0 Hz, 2 H),
MOM 5.80-5.70 (m, 1 H), 5.19 (br. s, 1 H), 5.15-5.10 (m, 2 H), 3.81 (d, J = 12.8
b Bt Hz, 1 H), 3.74 (s, 3 H), 3.69 (d, J = 12.8 Hz, 1 H), 3.45 (t, J = 6.6 Hz, 1 H),
247 (t, J = 6.6 Hz, 2 H), 235 (s, 3 H). ®C NMR (100 MHz, CDCly): § =
174.6,136.9,135.7,133.2,129.1,128.5,118.4, 59.8, 51.8, 51.4, 37.3, 21.1. HRMS (ESI): calcd.
for C14H20NO, [M + H]" 234.1494; found 234.1496.
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Ethyl 2-((4-methylbenzyl )amino)pent-4-enoate (1101): Following the general procedure
described above, 110l was obtained after purification by silica gel column chromatography
g iie: (EtOAc/hexane, 20:80) as a colorless oil (135 mg, 55%); Ri = 0.64 (20%
EtOAc/hexane). IR (neat): & = 3335, 2981, 1732, 1463, 1183 cm *. *H NMR
110l (400 MHz, CDClg): 6 =7.23 (d, J = 8.0 Hz, 2 H), 7.15 (d, J = 8.0 Hz, 2 H),
o. 5.84-5.73 (m, 1 H), 5.15-5.08 (m, 2 H), 4.21 (q,J=7.1Hz,2 H),3.82(d, J =
S— 0.5 128Hz 1 H), 3.65 (d, J = 12.8 Hz, 1 H), 3.37 (t, J= 6.8 Hz, 1 H), 2.45 (t, J =
6.8 Hz, 2 H), 2.36 (s, 3 H), 1.88 (br. s, 1 H),1.30 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 0 = 174.6, 136.7, 136.6, 133.7, 129.1, 128.2, 118.0, 60.6, 60.1, 51.7, 37.7, 21.1,
14.4. HRMS (ESI): calcd. for C15H22NO, [M + H]* 248.1651; found 248.1644.

tert-Butyl 2-((4-methylbenzyl)amino)pent-4-enoate (110m): Following the general
procedure described above, 110m was obtained after purification by silica gel column
g chromatography (EtOAc/hexane, 20:80) as a colorless oil (105 mg, 38%); Ry
gj = 0.68 (20% EtOAc/hexane). IR (neat): & = 3335, 2978, 1730, 1456, 1154
A . e "H NMR (400 MHz, CDCly): 6 = 7.24 (d, J = 8.0 Hz, 2 H), 7.15 (d, J =
/\)\H/OB 8.0 Hz, 2 H), 5.84-5.73 (m, 1 H), 5.15-5.07 (m, 2 H), 3.81 (d, J = 12.7 Hz, 1
A— . H), 3.65 (d, J =12.7 Hz, 1 H), 3.25 (t, J = 6.4 Hz, 1 H), 242 (t, J = 6.4 Hz, 2
H), 2.35 (s, 3 H), 2.30 (br. s, 1 H), 1.50 (s, 9H). **C NMR (100 MHz, CDCls): § = 173.8,
136.7, 136.6, 133.8, 129.1, 128.3, 117.8, 81.2, 60.6, 51.6, 37.8, 28.2, 21.1. HRMS (ESI):
calcd. for Cy7H2sNO, [M + H]™ 276.1964; found 276.1963.

Benzyl 2-((4-methylbenzyl)amino)pent-4-enoate (110n): Following the general procedure
described above, 110n was obtained after purification by silica gel column chromatography
gy vie 1 (EtOAc/hexane, 20:80) as a colorless oil (127 mg, 41%); Rt = 0.70 (20%
EtOAc/hexane). IR (neat): 5 = 3335, 2923, 1732, 1455, 1172 cm *. 'H NMR
§"°“ (400 MHz, CDCly): 6 = 7.41-7.38 (m, 5 H), 7.20 (d, J = 7.9 Hz, 2 H), 7.14

H HN H
NYOB (d, J = 7.9 Hz, 2 H), 5.81-5.70 (m, 1 H), 5.19 (d, J = 1.6 Hz, 2 H), 5.12-5.06
bt (m, 2 H), 381 (d, J = 12.8 Hz, 1 H), 3.64 (d, J = 12.8 Hz, 1 H), 3.4 (t, J =

6.5 Hz, 1 H), 2.47 (t, J = 6.5 Hz, 2 H), 2.35 (s, 3 H), 1.92 (br. s, 1 H). *C NMR (100 MHz,
CDCls): 6 = 174.4, 136.7, 136.5, 135.8, 133.5, 129.1, 128.6, 128.4, 128.4, 128.3, 118.1, 66.5,
60.2, 51.6, 37.6, 21.1. HRMS (ESI): calcd. for CyH2NO, [M + H]" 310.1807; found
310.1813.
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General procedure for the synthesis of N,N-dibenzylated allyl glycine ethyl esters 116a
and 116b: To the amino ester 110h/112¢ (0.5 mmol, 1 equiv) in MeCN (5 mL) was added
benzyl bromide (3 equiv) and activated K,CO3 (3 equiv). The resulting reaction mixture was
heated to reflux for 12 h. After completion of the reaction as indicated by the TLC, the
reaction mixture was cooled to room temperature, water (5-6 mL) was added, and the
resulting reaction mixture was transferred to a separating flask and extracted with EtOAc
(3x15 mL). The combined organic layers were dried with anhydrous Na,SO, and the solvent
was evaporated under vacuum. Purification of the resulting crude reaction mixture by column

chromatography on silica gel gave the respective product 116a/116b (see Scheme 45).

Ethyl 2-(dibenzylamino)pent-4-enoate (116a): Following the general procedure described
above, 116a was obtained after purification by silica gel column chromatography
B H:;l':.é;; """" (EtOAc/hexane, 05:95) as colorless oil (129 mg, 80%); R; = 0.88 (5%
Etooc)\A EtOAc/hexane). IR (neat): 5 = 2980, 1731, 1454, 1182, 746 cm . 'H NMR
foo.Mea 0 (400 MHz, CDCl3): 6 = 7.42 (d, J = 7.4 Hz, 4 H), 7.35 (t, J = 7.4 Hz, 4 H),
7.24 (t,J = 7.4 Hz, 2 H), 5.82-5.72 (m, 1 H), 5.11-5.07 (m, 2 H), 4.33-4.21 (m, 2 H), 3.97 (d,
J=13.8 Hz, 2 H), 3.59 (d, J = 13.8 Hz, 2 H), 3.46 (t, J = 7.6 Hz, 1 H), 2.56 (t, J = 7.6 Hz, 2
H),1.38 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 172.4, 139.6, 135.1, 128.9,
128.2, 127.0, 116.9, 60.7, 60.2, 54.5, 34.1, 14.6. HRMS (ESI): calcd. for C;1H26NO; [M +
H]* 324.1964; found 324.1963.

Ethyl 2-(dibenzylamino)-4-methylpent-4-enoate (116b): Following the general procedure
described above, 116b was obtained after purification by silica gel column chromatography
el B 1 (EtOAc/hexane, 05:95) as a colorless oil (143 mg, 85%); R = 0.90 (5%
EtoocJ\/& EtOAc/hexane). IR (neat): & = 2979, 1731, 1454, 1172, 747 cm™. 'H NMR
b MPE (400 MHZ, CDCly): 6 = 7.40 (d, 3 = 7.2 Hz, 4 H), 7.33 (t, J = 7.2 Hz, 4 H),
7.26 (t, J=7.2 Hz, 2 H), 4.81 (5, 1 H), 4.71 (s, 1 H), 4.32-4.20 (m, 2 H), 3.96 (d, J = 13.7 Hz,
2 H), 3.56-3.52 (m, 3 H), 2.51 (d, J = 7.6 Hz, 2 H), 1.52 (5, 3 H), 1.38 (t, J = 7.1 Hz, 3 H).
3¢ NMR (100 MHz, CDCl3): 6 =172.6, 141.9, 139.6, 129.0, 128.1, 127.0, 113.0, 60.1, 58.9,
54.4, 38.1, 21.7, 14.6. HRMS (ESI): calcd. for CxHxNO, [M + H]" 338.2120; found
338.2125.
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General procedure for the preparation of N-protected allyl glycine esters 117, 118, 120
and 121:*® To a suspension of indium powder (115 mg, 1 mmol) and (R)-N-tert-
butanesulfinyl imine or (S)-N-tert-butanesulfinyl imine (100t or 100u) (0.25 mmol) in
saturated aqueous NaBr solution (5 mL) was added allyl bromide/2-methyl allyl bromide (1
mmol) at room temperature. The resultant mixture was then stirred at room temperature for
12 h. The reaction was quenched with 10-20 mL of saturated aqueous NaHCO3, extracted
with ethyl acetate, dried over anhydrous Na,SO,. After concentration, the residue was
purified by flash column chromatography to afford the desired allylation products 117, 118,
120 and 121 (see Scheme 45).

Compound 117 is known in the literature**® and its characterization data matches with that of

reported data.

(S)-Ethyl 2-((S)-1,1-dimethylethylsulfinamido)pent-4-enoate (120): Following the general
procedure described above, 120 was obtained after purification by silica gel column
.o i chromatography (EtOAc/hexane, 40:60) as a colorless oil (34 mg, 55%); R =
0.35 (40% EtOAc/hexane). IR (neat): o = 3284, 2982, 1738, 1366, 1216 cm™
Foa20 N ! 'H NMR (400 MHz, CDCls): 6 = 5.78-5.68 (m, 1 H), 5.15-5.10 (m, 2 H),
4230 7572 Hz, 2 H), 416 (d, J = 6.6 Hz, 1 H), 4.04 (q, J = 6.6 Hz, 1 H), 2.57-2.50 (m, 2
H), 1.30 (t, J = 7.2 Hz, 3 H), 1.25 (s, 9H). *C NMR (100 MHz, CDCl5): § = 172.5, 132.4,
118.8, 61.8, 56.9, 56.1, 38.1, 22.6, 14.2. HRMS (ESI): calcd. for C1;H»NO3S [M + H]'
248.1320; found 248.1317.

(R)-Ethyl 2-((R)-1,1-dimethylethylsulfinamido)-4-methylpent-4-enoate (118): Following
the general procedure described above, 118 was obtained after purification by silica gel
o o i column chromatography (EtOAc/hexane, 40:60) as a colorless oil (40 mg,
1o “Nsé 61%); Ry = 0.37 (40% EtOAc/hexane). IR (neat): & = 3281, 2969, 1738,

{EI00C R 11
Vo : 1367, 1205 cm*. "H NMR (400 MHz, CDCls): 6 = 4.85 (br. s, 1 H), 4.76

(br.s, 1 H), 4.23 (q, J = 7.2 Hz, 2 H), 4.10-4.03 (m, 2 H), 2.51 (dd, J = 14.3, 5.4 Hz, 1 H),
2.40 (dd, J = 14.3, 7.6 Hz, 1 H), 1.76 (s, 3 H), 1.30 (t, J = 7.2 Hz, 3 H), 1.24 (s, 9H). °C
NMR (100 MHz, CDCls): 6 = 173.2, 140.3, 114.6, 61.7, 56.2, 42.5, 22.6, 22.1, 14.1. HRMS
(ESI): calcd. for C1oH24NO3S [M + H]" 262.1477; found 262.1479.
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(S)-Ethyl 2-((S)-1,1-dimethylethylsulfinamido)-4-methylpent-4-enoate (121): Following

the general procedure described above, 121 was obtained after purification by silica gel

: column chromatography (EtOAc/hexane, 40:60) as a colorless oil (36 mg,

121 .S H
- M 1T BB%); Re = 0.37 (40% EtOAc/hexane). IR (neat): & = 3280, 2969, 1738,
{EtOOC
M: : 1366, 1216 cm . *H NMR (400 MHz, CDCl5): 6 = 4.85 (br. s, 1 H), 4.77 (br.

HITTTSTIPPP M AT §

s, 1 H), 4.24 (q, J = 7.1 Hz, 2 H), 4.11-4.04 (m, 2 H), 2.51 (dd, J = 14.3, 5.4 Hz, 1 H), 2.40
(dd, J = 14.3, 7.2 Hz, 1 H), 1.77 (s, 3 H), 1.31 (t, J = 7.1 Hz, 3 H), 1.25 (s, 9H). °C NMR
(100 MHz, CDCls): 6 = 173.2, 140.3, 114.6, 61.7, 56.2, 42.5, 22.7, 22.6, 14.1. HRMS (ESI):
calcd. for C1oH2sNOsS [M + H]* 262.1477; found 262.1473.

General procedure for the synthesis of chiral N,N-dibenzylated allyl glycine ethyl esters
119a, 119b, 122a and 122b: The corresponding compound 118a/118b/121a/121b (0.5
mmol) was dissolved in EtOH (5 mL) and dry HCI was bubbled into the solution for 5 h.
Then the solvent was removed under vacuum to afford the free amine hydrochloride salt (0.5
mmol, 1 equiv) to which MeCN (5 mL) was added followed by benzyl bromide (3 equiv) and
activated K,COj3 (3 equiv). The resulting reaction mixture was heated to reflux for 12 h.
After completion of the reaction as indicated by the TLC, the reaction mixture was cooled to
room temperature, water (5-6 mL) was added, and the resulting reaction mixture was
transferred to a separating flask and extracted with EtOAc (3x15 mL). The combined organic
layers were dried with anhydrous Na,SO, and the solvent was evaporated under vacuum.
Purification of the resulting crude reaction mixture by column chromatography on silica gel
gave the products 119a, 119b, 122a and 122b, respectively (see Scheme 45).

(R)-Ethyl 2-(dibenzylamino)pent-4-enoate (119a): Following the general procedure
described above, 119a was obtained after purification by silica gel column chromatography
r BnNBn (EtOAc/hexane, 05:95) as a colorless oil (98 mg, 61%); Ry = 0.88 (5%
tooc >~ EtOAc/hexane). [a]p™ = +67.7 (c 0.2, DCM). IR (neat): 5 = 2979, 1730,
_Tsa 1369 1182, 746 cm . *H NMR (400 MHz, CDCl3): 6 =7.42 (d, J= 7.4 Hz, 4
H), 7.35 (t, J = 7.4 Hz, 4 H), 7.27 (t, J = 7.4 Hz, 2 H), 5.82-5.72 (m, 1 H), 5.12-5.07 (m, 2 H),
4.33-4.21 (m, 2 H), 3.98 (d, J = 13.8 Hz, 2 H), 3.59 (d, J = 13.8 Hz, 2 H), 3.46 (t, J = 7.6 Hz,
1 H), 2.58-2.54 (m, 2 H), 1.38 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 172.3,
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139.6, 135.1, 128.9, 128.2, 127.0, 116.9, 60.7, 60.2, 54.5, 34.1, 14.6. HRMS (ESI): calcd. for
C21H26NO, [M + H]" 324.1964; found 324.1976.

(S)-Ethyl 2-(dibenzylamino)pent-4-enoate (122a): Following the general procedure
described above, 122a was obtained after purification by silica gel column chromatography

Etooc)SV\ EtOAc/hexane). [a]p?® = —66.2 (c 0.2, DCM). IR (neat): 5 = 2979, 1729,
m 1453, 1182, 746 cm *. *H NMR (400 MHz, CDCls): 6 = 7.45 (d, J = 7.6 Hz, 4
H), 7.37 (t, J = 7.3 Hz, 4 H), 7.29 (t, J = 7.3 Hz, 2 H), 5.84-5.74 (m, 1 H), 5.14-5.09 (m, 2 H),
4.35-4.23 (m, 2 H), 3.40 (d, J = 13.9 Hz, 2 H), 3.62 (d, J = 13.9 Hz, 2 H), 3.49 (t, J = 7.9 Hz,
1 H), 2.62-2.55 (m, 2 H), 1.40 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCl5): 6 = 172.3,
139.6, 135.1, 128.9, 128.2, 127.0, 116.9, 60.7, 60.2, 54.5, 34.1, 14.7. HRMS (ESI): calcd. for
Cx1Ha6NO, [M + H]" 324.1964; found 324.1953.

(R)-Ethyl 2-(dibenzylamino)-4-methylpent-4-enoate (119b): Following the general
procedure described above, 119b was obtained after purification by silica gel column
£ B”NB”M chromatography (EtOAc/hexane, 04:96) as a colorless oil (145 mg, 86%); Rt
oo >N = 0.90 (4% EtOAc/hexane). [a]p™ = +65.0 (¢ 0.2, DCM). IR (neat): & =
.M 2979 1731, 1454, 1172, 747 cm L. *H NMR (400 MHz, CDCly): § = 7.43 (d,
J=74Hz, 4H), 736t J=74Hz 4H),7.28 (t,J=6.6 Hz, 2 H), 4.84 (s, 1 H), 4.75 (s, 1
H), 4.35-4.23 (m, 2 H), 4.00 (d, J = 13.7 Hz, 2 H), 3.59-3.56 (m, 3 H), 2.54 (d, J = 7.5 Hz, 2
H), 1.55 (s, 3 H), 1.40 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.6, 141.9,
139.7, 129.1, 128.2, 127.0, 113.1, 60.1, 58.9, 54.4, 38.1, 21.8, 14.7. HRMS (ESI): calcd. for
C22H2sNO, [M + H]" 338.2120; found 338.2120.

(S)-Ethyl 2-(dibenzylamino)-4-methylpent-4-enoate (122b): Following the general
procedure described above, 122b was obtained after purification by silica gel column
Y B”NB”M chromatography (EtOAc/hexane, 04:96) as a colorless oil (126 mg, 75%); R:
eooc >N = 0.90 (4% EtOAc/hexane). [alo® = -66.0 (¢ 0.2, DCM). IR (neat): & =
o 1220 2979, 1731, 1454, 1172, 747 cm ™t 'H NMR (400 MHz, CDCls): 6 = 7.40 (d,
J=7.1Hz,4H), 733 J=7.1Hz 4H),7.26(t J=7.1Hz 2H), 481 (s, 1 H), 4.72 (s, 1
H), 4.32-4.20 (m, 2 H), 3.96 (d, J = 13.8 Hz, 2 H), 3.58-3.52 (m, 3 H), 2.51 (d, J = 7.6 Hz, 2
H), 1.52 (s, 3 H), 1.38 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.6, 141.9,
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139.6, 129.0, 128.1, 127.0, 113.0, 60.1, 58.9, 54.4, 38.1, 21.7, 14.6. HRMS (ESI): calcd. for
CaHNO; [M + H]" 338.2120; found 338.2121.

Procedure A. Indium-mediated addition of cinnamyl bromide (123a) to a-imino esters
100: To a vigorously stirring solution of a-imino ester 100 (0.5 mmol, 1 equiv) and E-
cinnamyl bromide (123a; 1.25 mmol, 2.5 equiv) in THF (3 mL) and H,O (3 mL), was added
indium powder (0.75 mmol, 1.5 equiv). The mixture was stirred vigorously for 12 h at room
temperature, then transferred to a separating funnel and extracted with EtOAc (3x15 mL).
The combined organic layers were dried with anhydrous Na,SQO,, then the solvent was
evaporated under vacuum. Purification of the resulting crude reaction mixture by column
chromatography on neutral alumina or silica gel (EtOAc/hexane) gave the product 124 (see

Tables 7 and 8 and Scheme 47 for individual entries).

Procedure B. One-pot synthesis of N-aryl a-amino esters (124a, 124c, 124e and 124q):
Ethyl glyoxylate 98 (0.6 mmol, 1.2 equiv) and the respective amine 99a,c,e,g (0.5 mmol, 1
equiv) were dissolved in THF (2 mL) and stirred for 15 min at room temperature. To the
resulting solution, E-cinnamyl bromide (123a; 1.25 mmol, 2.5 equiv), THF (1 mL) and H,O
(3 mL) were added. Indium powder (0.75 mmol, 1.5 equiv) was added while stirring the
reaction mixture vigorously, and stirring was continued for 12 h at room temperature. After
this period, the reaction mixture was transferred to a separating funnel and extracted with
EtOAc (3x15 mL). The combined organic layers were dried with anhydrous Na,SOy, then the
solvent was evaporated under vacuum. Purification of the resulting crude reaction mixture by
column chromatography on neutral alumina (EtOAc/hexane) gave the products 124a, 124c,
124e and 124g (see Scheme 48).

(2R*,3R*)-Ethyl 2-[(4-bromophenyl)amino]-3-phenylpent-4-enoate (124a): Following

the general procedure A as described above, 124a was obtained after purification by neutral

{H AU} alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
H N‘@*Brg

i solid (123 mg, 66%); mp 89-91 °C (Hexane/EtOAc). Rf = 0.41 (2%

§/Y<COOEt
3 P

TH T 24 EtOAc/hexane). IR (KBr): & = 3363, 2958, 1725, 1594, 1181, 700 cm
IH NMR (400 MHz, CDCly): 8 = 7.32 (t, J = 6.9 Hz, 2 H), 7.26-7.19 (m, 5 H), 6.46 (d, J =
8.8 Hz, 2 H), 6.18-6.09 (m, 1 H), 5.22-5.17 (m, 2 H), 4.29 (t, J = 8.4 Hz, 1 H), 4.14-4.06

(m, 2 H), 4.02 (d, J = 8.4 Hz, 1 H), 3.78 (t, J = 8.4 Hz, 1 H), 1.17 (t, J = 7.1 Hz, 3 H). °C
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NMR (100 MHz, CDClg): 0 = 172.4, 145.8, 139.1, 136.6, 132.0, 128.8, 128.0, 127.3, 118.0,
115.4, 110.3, 61.2, 61.1, 53.0, 14.2. HRMS (ESI): calcd. for Cy9H20BrNO,Na [M + Na]”
396.0575; found 396.0570.

4-Bromo-N-cinnamylaniline (126b):'*°®* The compound 126b was obtained after column
chromatography (EtOAc/hexane, 1:99) as a colorless solid (17 mg, 12%); mp 75-77 °C. Rf =
0.51 (1% EtOAc/hexane). IR (KBr): & = 3401, 2926, 1591, 1492, 969, 746 cm*. 'H NMR
Br ¢ (400 MHz, CDCl3): 6 =7.36-7.21 (m, 7 H), 6.59 (d, J = 15.9 Hz, 1 H), 6.52 (d,
J=8.8Hz, 2 H),6.27 (td, J = 15.9, 4.4 Hz, 1 H), 3.89 (d, J = 4.4 Hz, 3 H). °C
HN\/\/Ph NMR (100 MHz, CDCl,): ¢ = 147.0, 136.7, 132.0, 131.7, 128.6, 127.7, 126.4,
126.3, 114.6, 109.2, 46.1. MS (CI): m/z (%) = 288 (100) [M + 1]%, 286 (90), 210 (10), 208
(13).

4-Bromo-N,N-dicinnamylaniline (126¢c):'®® The compound 126c was obtained after
column chromatography (EtOAc/hexane, 0.5:99.5) as a colorless solid (11 mg, 5%); mp 96—
""""""""""" Br 98 °C. Ry = 0.61 (0.5% EtOAc/hexane). IR (KBr): & = 2923, 1588,
: 1260 1494, 967, 732 cm *. *H NMR (400 MHz, CDCls): ¢ = 7.34-7.19 (m,
Ph NP 12 H), 6.65 (d, 3= 9.0 Hz, 2 H), 6.49 (d, J = 15.9 Hz, 2 H), 6.21 (td, J =
15.9. 5.0 Hz, 2 H), 4.08 (d, J = 5.0 Hz, 4 H). 3C NMR (100 MHz, CDCly): 6 = 147.8, 136.7,
131.9, 131.4, 128.6, 127.6, 126.4, 125.2, 114.3, 108.5, 52.4. MS (CI): m/z (%) = 406 (85) [M
+ 3], 404 (100) [M + 11"

Ethyl 2-hydroxy-3-phenylpent-4-enoate (126d):*°"" The compound 126d was obtained
after column chromatography (EtOAc/hexane, 4:96) as a colorless liquid (9 mg, 8%); R =
g s 0.31 (4% EtOAc/hexane). IR (neat): & = 3459, 2979, 1731, 1494, 1257 cm™.
:i/*((:ooa: 'H NMR (400 MHz, CDCl3): 6 = 7.33-7.22 (m, 5 H), 6.26-6.17 (m, 1 H), 5.22
..... (PR o1 D4 J=75Hz 1H) 519 (s, 1 H), 450 (d, J = 4.1 Hz, 1 H), 413 (q, J = 7.1
Hz, 2 H), 3.77 (dd, J = 7.5, 4.1 Hz, 1 H), 2.69 (s, 1 H), 1.21 (t, J = 7.1 Hz, 3 H). *C NMR
(100 MHz, CDClg): ¢ = 173.3, 138.3, 137.4, 128.8, 128.4, 127.3, 117.0, 74.0, 61.7, 53.4,
14.2. MS (CI): m/z (%) = 221 (35) [M + 1]%, 203 (60), 175 (35), 157 (37). This compound
was isolated as a mixture of diastereomers; the NMR data refer to the major isomer.
(2R*,3R*)-Ethyl 3-phenyl-2-(phenylamino)pent-4-enoate (124b): Following the general
procedure A as described above, 124b was obtained after purification by neutral alumina

column chromatography (EtOAc/hexane, 2:98) as a colorless oil (105 mg, 71%); R; = 0.45
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(2% EtOAc/hexane). IR (CH.Cly): & = 3388, 2980, 1734, 1602, 1506, 1181 cm ™. 'H NMR

§A;<NCOOE 7.12 (t,J=7.5Hz, 2 H), 6.71 (t, J = 7.5 Hz, 1 H), 6.59 (d, J = 7.5 Hz, 2 H),
P M 1520611 (m, 1 H), 5.22-5.16 (m, 2 H), 4.34 (t, J = 8.5 Hz, 1 H), 4.14-4.05
(m, 2 H), 40 (d, J =85 Hz, 1 H), 3.79 (t, J = 8.5 Hz, 1 H), 1.16 (t, J = 7.1 Hz, 3 H). °C
NMR (100 MHz, CDClj): 6 = 172.7, 146.7, 139.4, 136.9, 129.3, 128.8, 128.0, 127.3, 118.6,
117.8, 113.8, 61.3, 61.0, 53.2, 14.2. MS (CI): m/z (%) = 296 (5) [M + 1]*, 223 (20), 222
(100), 180 (20), 178 (22), 104 (80). HRMS (ESI): calcd. for CigHxNO,Na [M + Na]*
318.1470; found 318.1460.

(2R*,3R*)-Ethyl 3-phenyl-2-(p-tolylamino)pent-4-enoate (124c): Following the general
procedure A as described above, 124c was obtained after purification by neutral alumina
i H,=_ | column chromatography (EtOAc/hexane, 2:98) as a colorless solid (100
W(Q M mg, 65%); mp 67-69 °C. R = 0.47 (2% EtOAc/hexane). IR (KBr): & =
.................... t24c 1 3359, 2911, 1724, 1619, 1524, 1181 cm ", "H NMR (400 MHz, CDCly):
5=7.30(t, J=7.6Hz, 2 H), 7.23(d, J = 7.6 Hz, 3H), 6.93 (d, J = 8.4 Hz, 2 H), 6.51 (d, J =
8.4 Hz, 2 H), 6.19-6.10 (m, 1 H), 5.22-5.15 (m, 2 H), 4.30 (d, J = 7.2 Hz, 1 H), 4.12-4.04
(m, 2 H), 3.88 (s, 1 H), 3.77 (t, J = 7.2 Hz, 1 H), 2.19 (s, 3 H), 1.15 (t, J = 7.1 Hz, 3 H). °C
NMR (100 MHz, CDCl3): 6 = 173.0, 144.5, 139.5, 137.0, 129.8, 128.8, 128.0, 127.8, 127.2,
117.8, 114.0, 61.7, 60.9, 53.2, 20.4, 14.2. MS (CI): m/z (%) = 310 (5) [M + 1]*, 237 (22), 236
(100), 220 (12), 192 (22), 118 (88). HRMS (ESI): calcd. for CHsNO,Na [M + Na]*
332.1626; found 332.1626.

(2R*,3R*)-Ethyl 2-[(4-methoxyphenyl)amino]-3-phenylpent-4-enoate (124d): Following

the general procedure A as described above, 124d was obtained after purification by neutral

. H i alumina column chromatography (EtOAc/hexane, 3:97) as a colorless
: i N OMe} )

g/%cooa solid (98 mg, 60%); mp 74-76 °C (Hexane/EtOAc). Rs = 0.46 (3%
N red 0 EtOAc/hexane). IR (KBP): & = 3361, 2955, 1727, 1520, 1238, 1187

cm . *H NMR (400 MHz, CDCls): 6 = 7.29 (t, J = 8.0 Hz, 2 H), 7.22 (d, J = 8.0 Hz, 3 H),
6.70 (d, J = 8.9 Hz, 2 H), 6.54 (d, J = 8.9 Hz, 2 H), 6.16-6.10 (m, 1 H), 5.20-5.14 (m, 2 H),
4.24 (d, J = 7.3 Hz, 1 H), 4.10-4.04 (m, 2 H), 3.77-3.71 (m, 1 H), 3.68 (s, 3 H), 3.38 (s, 1 H),
1.14 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 173.0, 152.9, 140.9, 139.6, 137.0,
128.7,128.0, 127.2, 117.7, 115.5, 114.8, 62.6, 60.9, 55.7, 53.2, 14.2. MS (CI): m/z (%) = 326
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(10) [M + 117, 253 (22), 252 (98), 208 (20), 134 (100), 122 (30). HRMS (ESI): calcd. for
C20H23NO3Na [M + Na]* 348.1576; found 348.1568.

(2R*,3R*)-Ethyl 2-[(4-chlorophenyl)amino]-3-phenylpent-4-enoate (124e): Following the
general procedure A as described above, 124e was obtained after purification by neutral

o PRy ¢ alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
H H N cli

/%COOB solid (107 mg, 65%); mp 86-87 °C (Hexane/EtOAc). Rs = 0.48 (2%
_____ """ 124 1 EtOAc/hexane). IR (KBr): & = 3364, 2960, 1726, 1602, 1516, 1180, 820

cm . *H NMR (400 MHz, CDCls): 6 = 7.34-7.31 (m, 2 H), 7.30-7.22 (m, 3 H), 7.07 (d, J =
8.9 Hz, 2 H), 6.51 (d, J = 8.9 Hz, 2 H), 6.18-6.09 (m, 1 H), 5.23-5.18 (m, 2 H), 4.31-4.27
(m, 1 H), 4.14-4.07 (m, 2 H), 4.0 (d, J = 8.5 Hz, 1 H), 3.79 (d, J = 8.5 Hz, 1 H), 1.17 (t, J =
7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 172.4, 145.3, 139.1, 136.7, 129.1, 128.8,
128.0, 127.4, 123.2, 118.0, 114.9, 61.4, 61.1, 53.1, 14.2. MS (CI): m/z (%) = 330 (3) [M +
1]*, 258 (30), 257 (15), 256 (100), 140 (50), 138 (100). HRMS (ESI): calcd. for
C19H20CINO;Na [M + Na]* 352.1080; found 352.1072.

(2R*,3R*)-Ethyl 2-[(3,4-dichlorophenyl)amino]-3-phenylpent-4-enoate (124f): Following
the general procedure A as described above, 124f was obtained after purification by neutral

i alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
/Yﬁﬁ solid (104 mg, 57%); mp 70-72 °C. R = 0.48 (2% EtOAc/hexane). IR
.................... r2ar .+ (KBN): 5 = 3358, 2909, 1726, 1508, 1476, 1188, 701 cm . *H NMR
(400 MHz, CDCI3): §=7.33-7.26 (m, 2 H), 7.25-7.18 (m, 3 H), 7.12 (d, J = 8.7 Hz, 1 H),
6.64 (d, J =2.7 Hz, 1 H), 6.39 (dd, J = 8.7, 2.7 Hz, 1 H), 6.15-6.06 (m, 1 H), 5.22-5.17 (m, 2
H), 4.26-4.22 (m, 1 H), 4.15-4.03 (m, 3 H), 3.76 (t, J=8.3 Hz, 1 H), 1.17 (t, J=7.1 Hz, 3
H). ¥C NMR (100 MHz, CDCls): 6 = 172.1, 146.2, 138.8, 136.4, 132.8, 130.6, 129.0, 127.9,
127.5, 121.1, 118.2, 114.9, 113.3, 61.3, 61.0, 53.0, 14.2. MS (Cl): m/z (%) = 366 (65) [M +
3]%, 365 (25) [M + 2]", 364 (100) [M + 1]", 292 (45), 290 (70), 246 (15). HRMS (ESI): calcd.
for C19H19CI,NO,Na [M + Na]* 386.0691; found 386.0685.

(2R*,3R*)-Ethyl 2-[(3,4-dimethylphenyl)amino]-3-phenylpent-4-enoate (1249):
Following the general procedure A as described above, 1249 was obtained after purification

¢ by neutral alumina column chromatography (EtOAc/hexane, 2:98) as a
/)/4000; i colorless solid (113 mg, 70%); mp 68-70 °C. Ry = 0.49 (2%
1249 EtOAc/hexane). IR (KBr): o = 3353, 2919, 1722, 1617, 1518, 1320,
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1185 cm™. *H NMR (400 MHz, CDCls): 6 = 7.30 (t, J = 8.4 Hz, 2 H), 7.24-7.20 (m, 3 H),
6.88 (d, J =8.0 Hz, 1 H), 6.41 (s, 1 H), 6.36 (d, J = 8.0 Hz, 1 H), 6.19-6.10 (m, 1 H), 5.21—
5.15 (m, 2 H), 4.30 (d, J = 8.0 Hz, 1 H), 4.14-4.04 (m, 2 H), 3.84 (s, 1 H), 3.77 (t, J = 8.0 Hz,
1 H), 2.13 (s, 3 H), 2.10 (s, 3 H), 1.16 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 =
172.9, 144.8, 139.5, 137.3, 137.0, 130.3, 128.7, 128.0, 127.2, 126.6, 117.7, 115.7, 111.1,
61.5, 60.9, 53.2, 20.0, 18.7, 14.2. MS (CI): m/z (%) = 324 (5) [M + 1]%, 323 (5) [M]", 250
(5), 206 (100), 132 (80), 105 (20). HRMS (ESI): calcd. for C,;HsNO,Na [M + Na]”
346.1782; found 346.1769.

(2R*,3R*)-Ethyl 2-(naphthalen-1-ylamino)-3-phenylpent-4-enoate (124h): Following the
general procedure A as described above, 124h was obtained after purification by neutral
T i alumina column chromatography (EtOAc/hexane, 1:99) as a brown solid
H’H\N Q (86 mg, 50%); mp 77-79 °C. R; = 0.50 (1% EtOAc/hexane). IR (KBr): o =
é/%cooa 3419, 2979, 1732, 1582, 1528, 1483, 1179 cm*. *H NMR (400 MHz,
T 1240 CDCly): 6=7.74 (d, J= 7.6 Hz, 1 H), 7.64 (d, J = 7.6 Hz, 1 H), 7.43-7.23
(m, 9 H), 6.61 (d, J = 7.6 Hz, 1 H), 6.30-6.21 (m, 1 H), 5.30-5.23 (m, 2 H), 4.75 (d, J = 7.6
Hz, 1 H), 450 (t, J = 7.6 Hz, 1 H), 4.19-4.06 (m, 2 H), 3.96 (t, J = 7.6 Hz, 1 H), 1.16 (t, J =
7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 172.8, 142.0, 139.4, 136.7, 134.3, 128.9,
128.6, 128.0, 127.4, 126.3, 125.8, 124.9, 123.8, 120.0, 118.6, 118.1, 105.6, 61.1, 61.1, 53.3,
14.2. MS (CI): m/z (%) = 347 (25) [M + 2], 346 (100) [M + 1]%, 272 (65), 228 (15), 143
(10). HRMS (ESI): calcd. for C,3H23NO,Na [M + Na]* 368.1626; found 368.1620.
(2R*,3R*)-Ethyl 2-(2-benzoylhydrazinyl)-3-phenylpent-4-enoate (124i): Following the
general procedure A as described above, 124i (major, syn isomer) was obtained after
e 5 purification by silica column chromatography (EtOAc/hexane, 18:82) as a
; _N_éPhg colorless solid (120 mg, 71%); mp 105-107 °C (Hexane/EtOAc). R; = 0.48
cm . *H NMR (400 MHz, CDCl3): 6 = 7.81 (d, J = 4.8 Hz, 1 H), 7.67 (d, J = 7.1 Hz, 2 H),
7.50 (t, J = 7.1 Hz, 1 H), 7.42-7.25 (m, 7 H), 6.12-6.03 (m, 1 H), 5.18-5.12 (m, 2 H), 4.89
(s, 1 H), 4.24-4.15 (m, 3 H), 3.74 (t, J = 8.4 Hz, 1 H), 1.22 (t, J = 7.1 Hz, 3 H). ®*C NMR
(100 MHz, CDCl3): 6 = 172.0, 167.3, 138.8, 137.2, 132.5, 132.0, 128.9, 128.7, 128.4, 127.5,
126.9, 117.3, 66.8, 61.1, 51.9, 14.2. MS (CI): m/z (%) = 340 (25) [M + 2], 339 (100) [M +
1]%, 290 (5), 265 (25). HRMS (ESI): calcd. for C0H2,N,O3Na [M + Na]* 361.1528; found
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361.1532. Only a fraction of the major isomer was obtained in the pure form, 124i refers to
the major (syn) isomer, which was characterized by the X-ray structure analysis. The minor

isomer could not be separated from the major isomer.

Procedure C. Indium-mediated addition of crotyl bromide (123b) to a-imino esters 100:
To a vigorously stirring solution of a-imino ester 100 (0.5 mmol, 1 equiv) and E-crotyl
bromide (123b; 1.25 mmol, 2.5 equiv) in THF (3 mL) and H,O (3 mL) was added indium
powder (0.75 mmol, 1.5 equiv). The mixture was stirred vigorously for 12 h at room
temperature, then transferred to a separating funnel and extracted with EtOAc (3x15 mL).
The combined organic layers were dried with anhydrous Na,SO,, then the solvent was then
evaporated under vacuum. Purification of the resulting crude reaction mixture by column
chromatography on neutral alumina or silica gel (EtOAc/hexane) gave the product 127 (see

Tables 9 and 10 and Scheme 49 for individual entries).

(2R*,35*)-Ethyl 2-[(4-bromophenyl)amino]-3-methylpent-4-enoate (127a): Following the
general procedure C as described above, 127a was obtained after purification by neutral

S H = i alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
H H N Bri

g/%cooa liquid (95 mg, 61%); R = 0.55 (2% EtOAc/hexane). IR (neat): o = 3387,
s} 2979, 1731, 1595, 1502, 1193, 674 cm . *H NMR (400 MHz, CDCly): &

=7.23 (d, J = 8.8 Hz, 2 H), 6.50 (d, J = 8.8 Hz, 2 H), 5.79-5.70 (m, 1 H), 5.15-5.09 (m, 2
H), 4.20-4.13 (m, 3 H), 3.93 (dd, J = 9.5, 5.6 Hz, 1 H), 2.65 (g, J = 6.9 Hz, 1 H), 1.24 (t, J =
7.1 Hz, 3 H), 1.14 (d, J = 6.9 Hz, 3 H). *C NMR (100 MHz, CDCly): § = 172.5, 146.0,
138.9, 132.0, 116.7, 115.3, 110.0, 61.1, 61.0, 41.3, 16.4, 14.3. MS (CI): m/z (%) = 313 (10)
[M + 2], 311 (10) [M]", 258 (100), 256 (100), 240 (10), 238 (10), 184 (75), 182 (75), 159
(10). HRMS (ESI): calcd. for C14H1sBrNO,Na [M + Na]* 334.0419; found 334.0410.

4-Bromo-N,N-bis[but-2-en-1-yl]aniline (126f): The compound 126f was obtained after
"""""""""""" s purification by chromatography (EtOAc’/hexane, 0.5:99.5) as a
: r2sr | colorless liquid (15 mg, 11%); Ry = 0.70 (0.5% EtOAc/hexane). IR
e~ N~ Mo (neat): & = 2917, 1593, 1503, 1225, 805 cm . 'H NMR (400 MHz,

CDCls): 6 = 7.24 (d, J = 8.9 Hz, 2 H), 6.55 (d, J = 8.9 Hz, 2 H), 5.60-5.54 (m, 2 H), 5.47—
5.41 (m, 2 H), 3.79 (d, J = 3.5 Hz, 4 H), 1.69 (d, J = 6.2 Hz, 6 H). *C NMR (100 MHz,

153



Experimental Section

CDCly): 0 = 147.8, 131.6, 127.3, 126.3, 113.9, 107.6, 51.9, 17.7. MS (CI): m/z (%) = 281
(100) [M + 2], 279 (100) [M]*, 266 (20), 264 (20), 227 (80), 225 (80), 145 (40), 130 (50).
E-4-Bromo-N-(but-2-en-1-yl)aniline (126g): The compound 126g was obtained after
purlflcatlon by chromatography (EtOAc/hexane, 1:99) as a colorless liquid (6 mg, 5%); R =
{ECTTTTTT0.71 (1% EtOAc/hexane). IR (neat): & = 3400, 2925, 1593, 1490, 807 cm . 'H
5 1264 NMR (400 MHz, CDCls): § = 7.23 (d, J = 9.0 Hz, 2 H), 6.48 (d, J = 9.0 Hz, 2
HNWMe H), 5.75-5.66 (m, 1 H), 5.59-5.51 (m, 1 H), 3.72 (s, 1 H), 3.64 (d, J = 5.8 Hz,
2 H), 1.70 (d, J = 6.3 Hz, 3 H). **C NMR (100 MHz, CDCls): § = 147.2, 131.9, 128.3, 127.5,
114.5, 108.9, 45.9, 17.8. MS (CI): m/z (%) = 227 (100) [M + 2]*, 225 (100) [M]", 211 (45),
209 (45), 173 (55), 171 (55), 130 (80).

(2R*,35*)-Ethyl 2-[(4-chlorophenyl)amino]-3-methylpent-4-enoate (127b): Following the
general procedure C as described above, 127b was obtained after purification by neutral

L i alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
L N cli

%}{%ooa liquid (80 mg, 60%); Rt = 0.54 (2% EtOAc/hexane). IR (neat): & = 3388,
MM 9980, 1731, 1600, 1504, 1193, 678 cmL. *H NMR (400 MHz, CDCly): 6

=7.10 (d, J = 8.9 Hz, 2 H), 6.54 (d, J = 8.9 Hz, 2 H), 5.79-5.70 (m, 1 H), 5.15-5.09 (m, 2
H), 4.20-4.14 (m, 3 H), 3.93 (dd, J = 9.5, 5.6 Hz, 1 H), 2.65 (q, J = 6.9 Hz, 1 H), 1.24 (t, J =
7.1 Hz, 3 H), 1.15 (d, J = 6.9 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.6, 145.6,
138.9, 129.1, 123.0, 116.7, 114.8, 61.1, 61.0, 41.3, 16.4, 14.3. MS (CI): m/z (%) = 269 (12)
[M + 2]", 268 (30) [M + 1]%, 267 (17) [M]", 214 (35), 212 (100), 194 (15), 140 (25), 138
(85). HRMS (ESI): calcd. for C14H1sCINO,Na [M + Na]* 290.0923; found 290.0916.

(2R*,3S*)-Ethyl 3-methyl-2-(phenylamino)pent-4-enoate (127c): Following the general
procedure C as described above, 127c was obtained after purification by neutral alumina
F H column chromatography (EtOAc/hexane, 2:98) as a colorless liquid (63 mg,
§A_¢}<COOB 54%): R = 0.52 (2% EtOAc/hexane). IR (CH,Cl,): & = 3387, 2979, 1732,
MM e 1603, 1505, 1191 cm L 'H NMR (400 MHz, CDCl3): 6 = 7.17 (t, = 7.3 Hz,
2 H), 6.74 (t, J = 7.3 Hz, 1 H), 6.64 (d, J = 7.3 Hz, 2 H), 5.84-5.75 (m, 1 H), 5.17-5.10 (m, 2
H), 4.21-4.14 (m, 3 H), 4.0 (s, 1 H), 2.68 (g, J = 6.9 Hz, 1 H), 1.25 (t, J = 7.1 Hz, 3 H), 1.17
(d, J =6.9 Hz, 3 H). ¥3C NMR (100 MHz, CDCl3): 6 = 172.9, 147.0, 139.2, 129.3, 118.4,

116.4, 113.7, 61.1, 60.9, 41.4, 16.5, 14.3. MS (CI): m/z (%) = 235 (10) [M + 2]*, 234 (65) [M
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+ 1]%, 178 (30), 161 (12), 160 (100). HRMS (ESI): calcd. for C14H139NO,Na [M + Na]*
256.1313; found 256.1301.

(2R*,35*)-Ethyl 2-[(4-methoxyphenyl)amino]-3-methylpent-4-enoate (127d): Following
the general procedure C as described above, 127d was obtained after purification by neutral
ey R= alumina column chromatography (EtOAc/hexane, 3:97) as a colorless
/»H/QNOOM(% liquid (78 mg, 59%); R; = 0.53 (3% EtOAc/hexane). IR (neat): & =
N .. 3375, 2979, 1732, 1514, 1240, 1037 cm™. 'H NMR (400 MHz,
CDCl3): 6 =6.75 (d, J = 8.9 Hz, 2 H), 6.60 (d, J = 8.9 Hz, 2 H), 5.82-5.73 (m, 1 H), 5.15—
5.08 (m, 2 H), 4.17-4.11 (m, 2 H), 3.89 (s, 2 H), 3.73 (s, 3 H), 2.64 (s, L H), 1.22 (t, J = 7.1
Hz, 3 H), 1.15 (d, J = 6.9 Hz, 3 H). 3C NMR (100 MHz, CDCls): 6 = 173.2, 152.8, 141.1,
139.3, 116.4, 115.4, 114.8, 62.3, 60.8, 55.7, 41.4, 16.5, 14.3. MS (CI): m/z (%) = 263 (20)
[M]*, 208 (70), 134 (100), 77 (10). HRMS (ESI): calcd. for CisH:NOsNa [M + Na]*
286.1419; found 286.1410.

(2R*,3S*)-Ethyl 3-methyl-2-(p-tolylamino)pent-4-enoate (127¢): Following the general
procedure C as described above, 127e was obtained after purification by neutral alumina

""""""" H = % column chromatography (EtOAc/hexane, 2:98) as a colorless liquid (73
H H N Me:

/%COOB mg, 59%); R; = 0.53 (2% EtOAc/hexane). IR (neat): & = 3376, 2979,
MeHme 1728, 1514, 1230, 1020 cm . *H NMR (400 MHz, CDCls): 6 = 6.95 (d,

J=8.0Hz, 2 H), 6.53 (d, J = 8.0 Hz, 2 H), 5.80-5.71 (m, 1 H), 5.13-5.06 (m, 2 H), 4.12 (q, J
=7.1 Hz, 2 H), 4.00 (s, 1 H), 3.92 (d, J = 5.4 Hz, 1 H), 2.63 (g, J = 6.9 Hz, 1 H), 2.20 (s, 3
H), 1.21 (t, J = 7.1 Hz, 3 H), 1.13 (d, J = 6.9 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 =
173.0, 144.7, 139.3, 129.8, 127.6, 116.4, 113.9, 61.5, 60.8, 41.4, 20.4, 16.5, 14.3. MS (ClI):
m/z (%) = 249 (16) [M + 2]", 248 (100) [M + 1]%, 216 (55), 192 (10), 174 (6). HRMS (ESI):
calcd. for Cy5H2NO, [M + H]™ 248.1651; found 248.1656.

(2R*,3S*)-Ethyl 2-[(3,4-dichlorophenyl)amino]-3-methylpent-4-enoate (127f): Following
the general procedure C as described above, 127f was obtained after purification by neutral
HC| alumina column chromatography (EtOAc/hexane, 2:98) as a colorless
HNOC' liquid (65 mg, 49%); R = 0.53 (2% EtOAc/hexane). IR (neat): o = 3401,
E%QCOOH 2980, 1731, 1599, 1494, 1133, 675 cm %, *H NMR (400 MHz, CDCl): 6

=7.17 (d, J = 8.7 Hz, 1 H), 6.69 (d, J = 2.7 Hz, 1 H), 6.45 (dd, J = 8.7, 2.7 Hz, 1 H), 5.77—
5.68 (M, 1 H), 5.15-5.10 (m, 2 H), 4.25 (d, J = 9.4 Hz, 1 H), 4.18 (g, J = 7.1 Hz, 2 H), 3.90
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(dd, J=9.4,5.6 Hz, 1 H), 2.65 (q, J = 6.9 Hz, 1 H), 1.25 (t, J = 7.1 Hz, 3 H), 1.14 (d, J = 6.9
Hz, 3 H). B3C NMR (100 MHz, CDCly): 0 = 172.2, 146.4, 138.6, 132.8, 130.7, 120.8, 116.9,
114.8, 113.3, 61.2, 60.7, 41.2, 16.3, 14.3. MS (CI): m/z (%) = 304 (60) [M + 3]*, 303 (15) [M
+2]%, 302 (100) [M + 1], 248 (15), 246 (25), 230 (30), 230 (30), 228 (45), 174 (7), 172 (11).
HRMS (ESI): calcd. for C14H17CI,NO,Na [M + Na]* 324.0534; found 324.0525.
(2R*,35*)-Ethyl 2-[(3,4-dimethylphenyl)amino]-3-methylpent-4-enoate (1279):
Following the general procedure C as described above, 127g was obtained after purification
""""""""""""""""" Me by neutral alumina column chromatography (EtOAc/hexane, 2:98) as a
: H N Me colorless liquid (63 mg, 48%); Rs = 0.54 (2% EtOAc/hexane). IR (neat):
?fmf;,g ........ | 5 = 3384, 2078, 1732, 1619, 1512, 1191 cm™ 'H NMR (400 MHz,
CDCl3): 6 =6.90 (d, J =8.0 Hz, 1 H), 6.45 (d, J = 2.4 Hz, 1 H), 6.38 (dd, J = 8.0, 2.4 Hz, 1
H), 5.81-5.72 (m, 1 H), 5.13-5.06 (m, 2 H), 4.18-4.11 (m, 2 H), 3.99-3.91 (m, 2 H), 2.63 (q,
J=6.9 Hz, 1 H), 2.16 (s, 3 H), 2.12 (s, 3 H), 1.23 (t, J = 7.1 Hz, 3 H), 1.14 (d, J = 6.9 Hz, 3
H). 3¢ NMR (100 MHz, CDClg): 6 = 173.1, 145.1, 139.3, 137.3, 130.3, 126.4, 116.3, 115.7,
111.1, 61.4, 60.8, 41.4, 20.0, 18.7, 16.5, 14.3. MS (CI): m/z (%) = 262 (100) [M + 1]*, 206
(15), 188 (40), 132 (5). HRMS (ESI): calcd. for C1sH23NO,Na [M + Na]* 284.1626; found
284.1618.

(2R*,3S*)-Ethyl 3-methyl-2-(naphthalen-1-ylamino)pent-4-enoate (127h): Following the
general procedure C as described above, 127h was obtained after purification by neutral
alumina column chromatography (EtOAc/hexane, 2:98) as a brownish red solid (57 mg,
P 40%); mp 89-91 °C. Ry = 0.61 (2% EtOActhexane). IR (KBr): & = 3369,
127 2963, 1719, 1581, 1530, 1193 cm*. 'H NMR (400 MHz, CDCly): J = 7.86
| (dd, 3= 60,33 Hz, 1 H), 7.77 (dd, 3 = 6.0, 33 Hz, 1 H), 7.46-7.43 (m, 2
o | H), 7.31-7.24 (m, 2 H), 6.56 (d, J = 7.2 Hz, 1 H), 5.89-5.80 (M, 1 H), 5.24—
5.15 (m, 2 H), 4.95 (d, J = 8.7 Hz, 1 H), 4.21-4.14 (m, 3 H), 2.82 (q, J = 6.9 Hz, 1 H), 1.27—
1.24 (m, 6 H). ¥C NMR (100 MHz, CDCl3): 0 = 172.9, 142.1, 139.2, 134.4, 128.6, 126.4,
125.8, 124.9, 123.8, 120.1, 118.3, 116.7, 105.4, 61.0, 60.8, 41.5, 16.8, 14.3. MS (CI): m/z
(%) = 284 (100) [M + 1]*, 228 (15), 210 (40), 154 (5), 143 (10). HRMS (ESI): calcd. for
C1sH21NO,Na [M + Na]* 306.1470; found 306.1460.

(2R*,35*)-Ethyl 2-(2-benzoylhydrazinyl)-3-methylpent-4-enoate (127i): Following the
general procedure C as described above, 127i was obtained after purification by silica gel
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column chromatography (EtOAc/hexane, 12:88) as a colorless oil (90 mg, 65%); R; = 0.40
(12% EtOAc/hexane). IR (neat): & = 3289, 2979, 1731, 1643, 1462, 1202 cm . *H NMR
FL 8GR (400 MHZ, CDCla): 0= 8.08 (5, 1 H), 7.74 (d, J = 7.4 Hz, 2 H), 7.51 (t, J =
N 24 Hz, 1 H), 7.43 (t, 3 = 7.4 Hz, 2 H), 6.01-5.80 (m, 1 H), 5.23-5.09 (m, 3

{7 SCOOEt i

[ Mer i H),429-417 (m, 2 H), 3.78 (d, J = 4.0 Hz, 1 H), 2.80 (g, J = 7.0 Hz, 1 H),
1.29 (t, J = 7.1 Hz, 3 H), 1.16 (d, J = 7.0 Hz, 3 H). **C NMR (100 MHz, CDCl3): 6 = 172.3,
166.9, 138.9, 132.6, 131.9, 128.7, 126.9, 116.2, 66.7, 61.0, 38.8, 14.5, 14.3. MS (CI): m/z
(%) = 278 (15) [M + 2], 277 (100) [M + 1], 259 (5), 203 (25). HRMS (ESI): calcd. for
CisH20N203Na [M + Na]* 299.1371; found 299.1365. The product was isolated as a mixture
of diastereomers (dr 75:25). *H and **C NMR spectroscopic data given here refer to the
major isomer of 127i.

(2R*,35*)-Methyl 2-(2-benzoylhydrazinyl)-2,3-dimethylpent-4-enoate (1271): Following

the general procedure as described C above, 1271 was obtained as a mixture of diastereomers

""""""" R after purification by silica gel column chromatography (EtOAc/hexane,
Me, N—NHCOPh: B

/ COOMe 12:88) as a colorless solid (87 mg, 63%); R; = 0.41 (12% EtOAc/hexane).

M LR (KBr): ¢ = 3283, 2950, 1731, 1644, 1450, 1260, 1130 cm . 'H NMR

(400 MHz, CDClg): 6 =7.87 (br. s, 1 H), 7.65 (d, J = 7.2 Hz, 2 H), 7.44-7.33 (m, 3 H), 5.81-
5.72 (m, 1 H), 5.11-5.03 (m, 2 H), 3.67 (s, 3 H), 2.66-2.57 (m, 1 H), 1.29 (s, 3 H), 1.03 (d, J
= 7.0 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 175.3, 166.6, 137.7, 132.8, 131.7, 128.7,
126.9, 117.7, 67.8, 52.2, 44.1, 18.7, 14.9. MS (CI): m/z (%) = 277 (100) [M + 1]*, 246 (1).
HRMS (ESI): calcd. for CisHxoN,NaOs; [M + Na]* 299.1372; found 299.1362. *H and **C
NMR spectroscopic data given here refer to the major diastereomer of 1271 (the NMR was

recorded for the mixture of diastereomers).

Procedure D. Indium-mediated addition of cyclohexenyl bromide (123¢) to a-imino
esters 100: To a vigorously stirring solution of a-imino ester 100 (0.5 mmol, 1 equiv) and Z-
cyclohexenyl bromide (123c; 1.25 mmol, 2.5 equiv) in THF (3 mL), was added indium
powder (0.75 mmol, 1.5 equiv). The mixture was stirred vigorously for 12 h at room
temperature under a nitrogen atmosphere. After this period, water (10 mL) was added to the
reaction mixture, which was then transferred to a separating funnel and extracted with EtOAc
(3x15 mL). The combined organic layers were dried with anhydrous Na,SO,4 and the solvent

was then evaporated under vacuum. Purification of the resulting crude reaction mixture by
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column chromatography on neutral alumina (EtOAc/hexane) gave the product 129 (see Table

11 for individual entries).

Procedure E. One-pot synthesis of N-aryl a-amino esters (129a): Ethyl glyoxylate 98 (0.5
mmol, 1.2 equiv) and the respective amine 99a (0.5 mmol, 1 equiv) were dissolved in THF (2
mL) and stirred for 15 min at room temperature. To the resulting solution, cyclohexenyl
bromide (123c; 1.25 mmol, 2.5 equiv) and THF (2 mL) were added. Indium powder (0.75
mmol, 1.5 equiv) was added while stirring the reaction mixture vigorously, and stirring was
continued for 12 h at room temperature. After this period, the reaction mixture was
transferred to a separating funnel and extracted with EtOAc (3x15 mL). The combined
organic layers were dried with anhydrous Na,SQO,, then the solvent was evaporated under
vacuum. Purification of the resulting crude reaction mixture by column chromatography on

neutral alumina (EtOAc/hexane) gave the products 129a (see Scheme 50).

(R™)-Ethyl 2-[(4-bromophenyl)amino]-2-[(R*)-cyclohex-2-en-1-yl]acetate (129a):
Following the general procedure D as described above, 129a was obtained after purification

ey iy neutral alumina column chromatography (EtOAc/hexane, 3:97) as a
L~ Ncooa ® colorless solid (85 mg, 50%); mp 79-81 °C (EtOAc). R = 0.39 (3%
F T H 1204 . EtOAc/hexane). IR (KBr): ¢ = 3350, 2929, 1725, 1594, 1516, 1487,

............................................

1184, 677 cm . *H NMR (400 MHz, CDCl3): 6 = 7.22 (d, J = 8.9 Hz, 2 H), 6.48 (d, J = 8.9
Hz, 2 H), 5.92-5.89 (m, 1 H), 5.63 (dd, J = 10.2, 1.6 Hz, 1 H), 4.20-4.10 (m, 3 H), 3.89 (dd,
J=9.7,5.2Hz, 1 H), 2.67 (s, 1 H), 2.02-1.99 (m, 2 H), 1.81-1.78 (m, 2 H), 1.55-1.51 (m, 2
H), 1.24 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCl3): ¢ = 173.1, 146.3, 132.0, 131.4,
125.7, 115.0, 109.8, 61.1, 60.6, 38.7, 26.4, 25.0, 21.6, 14.3. MS (CI): m/z (%) = 340 (98) [M
+ 3]%, 339 (15) [M + 2], 338 (100) [M + 1], 266 (50), 264 (52), 258 (10), 182 (5). HRMS
(ESI): calcd. for C1H,0BrNO,Na [M + Na]* 360.0575; found 360.0567.

(R*)-Ethyl 2-[(4-chlorophenyl)amino]-2-[(R*)-cyclohex-2-en-1-yl]acetate (129Db):
Following the general procedure D as described above, 129b was obtained after purification

e py i by neutral alumina column chromatography (EtOAc/hexane, 3:97) as a
§C\?<Nco<:>oa “ colorless solid (66 mg, 45%); mp 78-80 °C. R = 0.38 (3%
FH e EtOAc/hexane). IR (KBr): o = 3384, 2933, 1731, 1600, 1503, 1179, 815

cm . *H NMR (400 MHz, CDCls): 6 = 7.11 (d, J = 8.8 Hz, 2 H), 6.53 (d, J = 8.8 Hz, 2 H),

158



Experimental Section

5.93-5.90 (m, 1 H), 5.64 (dd, J = 10.1, 1.6 Hz, 1 H), 4.21-4.10 (m, 3 H), 3.90 (dd, J = 9.8,
5.2 Hz, 1 H), 2.68 (s, 1 H), 2.03-2.00 (m, 2 H), 1.83-1.79 (m, 2 H), 1.61-1.52 (m, 2 H), 1.25
(t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): § = 173.1, 145.9, 131.4, 129.1, 125.7,
122.7, 114.6, 61.1, 60.7, 38.7, 26.4, 25.0, 21.6, 14.3. MS (CI): m/z (%) = 296 (30) [M + 3]",
295 (15) [M + 2]", 294 (100) [M + 1]", 280 (30), 220 (40), 212 (25). HRMS (ESI): calcd. for
C16H2CINO2Na [M + Na]* 316.1080; found 316.1084.

(R*)-Ethyl  2-[(R*)-cyclohex-2-en-1-yl]-2-[(3,4-dichlorophenyl)amino]-acetate  (129c):
Following the general procedure D as described above, 129c was obtained after purification

c i by neutral alumina column chromatography (EtOAc/hexane, 3:97) as a

C\;(N‘O*C' colorless solid (74 mg, 45%); mp 73-75 °C. Ry = 0.38 (3%

COOEt

i " H  120c EtOAc/hexane). IR (KBr): o = 3356, 2932, 1724, 1599, 1476, 1186, 853
cm . 'H NMR (400 MHz, CDCls): 6 = 7.17 (d, J = 8.7 Hz, 1 H), 6.68 (d, J = 2.7 Hz, 1 H),
6.44 (dd, J = 8.7, 2.7 Hz, 1 H), 5.94-5.91 (m, 1 H), 5.61 (dd, J = 10.2, 1.3 Hz, 1 H), 4.20 (q,
J=7.1Hz,3H),3.88(dd, J=9.6,5.1 Hz, 1 H), 2.69 (s, 1 H), 2.03-2.00 (m, 2 H), 1.82-1.79
(m, 2 H), 1.56-1.51 (m, 2 H), 1.26 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 =
172.8, 146.8, 132.8, 131.7, 130.6, 125.3, 120.6, 114.6, 113.0, 61.3, 60.4, 38.6, 26.4, 24.9,
21.5, 14.3. MS (CI): m/z (%) = 330 (60) [M + 3]", 329 (15) [M + 2]*, 328 (100) [M + 1],
255 (20), 254 (37), 246 (14). HRMS (ESI): calcd. for C1sH19CI,NO;Na [M + Na]* 350.0691;
found 350.0679.

Procedure F. Indium-mediated addition of geranyl bromide (123d) to a-imino esters
100: To a vigorously stirring solution of a-imino ester 100 (1 mmol, 1 equiv) in anhydrous
DMF (1 mL) was sequentially added indium powder (1.5 mmol, 1.5 equiv), sodium iodide (2
mmol, 2 equiv), and E-geranyl bromide (123d; 2 mmol, 2 equiv). The mixture was stirred
vigorously for 24 h at room temperature under a nitrogen atmosphere, then water (5-10 mL)
was added. The resulting reaction mixture was transferred to a separating funnel and
extracted with EtOAc (3x15 mL). The combined organic layers were dried with anhydrous
Na SOy, then the solvent was evaporated under vacuum. Purification of the resulting crude
reaction mixture by column chromatography on neutral alumina (EtOAc/hexane as eluent)

gave the products 131 (see Scheme 51).
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(2R*,3S*)-Ethyl  2-[(4-bromophenyl)amino]-3,7-dimethyl-3-vinyloct-6-enoate  (131a):
Following the general procedure F as described above, 131a was obtained after purification

g o by neutral alumina column chromatography (EtOAc/hexane, 1:99) as
H N’( 3

. a colorless oil (108 mg, 55%); Ry = 0.35 (1% EtOAc/hexane). IR
>_/6/M§ COOEt (neat)' & = 3390, 2926, 1731, 1595, 1496, 1180, 813 cm*. *H NMR
..................... 1a (400 MHz, CDCly): 6 = 7.22 (d, = 8.9 Hz, 2 H), 6.49 (d, J = 8.9 Hz,
2 H), 5.93-5.86 (m, 1 H), 5.27 (dd, J = 10.6, 1.2 Hz, 1 H), 5.12 (dd, J = 16.2, 1.2 Hz, 1 H),
5.08-5.02 (m, 1 H), 4.16-4.10 (m, 3 H), 3.81 (d, J = 10.6 Hz, 1 H), 2.03-1.95 (m, 1 H),
1.91-1.86 (m, 1 H), 1.67 (s, 3 H), 1.58 (s, 3 H), 1.58-1.52 (m, 1 H), 1.39-1.32 (m, 1 H), 1.21
(t, J = 7.1 Hz, 3 H), 1.16 (s, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.5, 146.3, 141.5,
132.0, 131.7, 124.1, 116.1, 115.3, 109.9, 64.0, 60.8, 43.6, 38.4, 25.7, 22.6, 18.9, 17.6, 14.3.
HRMS (ESI): calcd. for CxH2sBrNO;Na [M + Na]* 416.1201; found 416.1183.

(2R*,3S*)-Ethyl 2-[(4-methoxyphenyl)amino]-3,7-dimethyl-3-vinyloct-6-enoate (131b):
Following the general procedure F as described above, 131b was obtained after purification

H ome; by neutral alumina column chromatography (EtOAc/hexane, 1:99)
H \N/O/ :

o as a colorless oil (105 mg, 61%); Rs = 0.34 (1% EtOAc/hexane). IR
Nad S | (neat): & = 3397, 2027, 1731, 1514, 1240, 1039 cm™%. *H NMR (400
T 136 .t MHz, CDCl3): 6 = 6.74 (d, J = 8.7 Hz, 2 H), 6.59 (d, J = 8.7 Hz, 2

H), 5.95-5.87 (m, 1 H), 5.24 (dd, J = 10.2, 1.2 Hz, 1 H), 5.13-5.05 (m, 2 H), 4.10 (g, J = 7.1
Hz, 2 H), 3.86 (s, 1 H), 3.79 (s, 1 H), 3.72 (s, 3 H), 2.05-1.85 (m, 3 H), 1.67 (s, 3 H), 1.58 (s,
3 H), 1.41-1.32 (m, 1 H), 1.19 (t, J = 7.1 Hz, 6 H). *C NMR (100 MHz, CDCls): = 173.1,
152.7,141.9, 141.4, 131.6, 124.3, 115.6, 115.3, 114.8, 65.4, 60.5, 55.7, 43.5, 38.5, 25.7, 22.7,
18.8, 17.6, 14.3. HRMS (ESI): calcd. for C»;H3,NO3 [M + H]" 346.2382; found 346.2369.

(2R*,35*)-Ethyl 2-[(3,4-dichlorophenyl)amino]-3,7-dimethyl-3-vinyloct-6-enoate (131c):
Following the general procedure F as described above, 131c was obtained after purification
........................ H/@Z/CI by neutral alumina column chromatography (EtOAc/hexane, 1:99) as
o ol a colorless oil (106 mg, 55%); R = 0.34 (1% EtOAc/hexane). IR
: e COOR . (neat): 5 = 3391, 2026, 1731, 1599, 1494, 1132, 678 cm . 'H NMR
VoM (400 MHz, CDCly): 6 = 7.17 (d, J = 8.7 Hz, 1 H), 6.70 (d, J = 2.7 Hz,
1 H), 6.45 (dd, J = 8.7, 2.7 Hz, 1 H), 5.93-5.86 (m, 1 H), 5.27 (dd, J = 10.5, 1.2 Hz, 1 H),
5.12 (dd, J = 17.4, 1.2 Hz, 1 H), 5.08-5.02 (m, 1 H), 4.16-4.10 (m, 3 H), 3.79 (d, J = 10.5
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Hz, 1 H), 2.05-1.87 (m, 2 H), 1.68 (s, 3 H), 1.59 (s, 3 H), 1.58-1.51 (m, 1 H), 1.40-1.33 (m,
1 H),1.26 (t, J = 7.1 Hz, 3 H), 1.17 (s, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.2, 146.8,
141.3, 132.8, 131.8, 130.7, 124.0, 120.8, 116.4, 114.8, 113.3, 63.8, 60.9, 43.6, 38.4, 25.7,
22.6, 18.9, 17.6, 14.3. HRMS (ESI): calcd. for CH»7CI,NO,Na [M + Na]* 406.1317; found
406.1307.

(2R*,3S*)-Ethyl  2-(2-benzoylhydrazinyl)-3,7-dimethyl-3-vinyloct-6-enoate  (131d):
Following the general procedure F as described above, 131d was obtained after purification

v coph: by silica gel column chromatography (EtOAc/hexane, 5:95) as a

_ H colorless oil (143 mg, 80%); R; = 0.40 (5% EtOAc/hexane). IR (neat): o
| e (O | = 3295, 2975, 1730, 1638, 1447, 1192 cmt. *H NMR (400 MHz,
319 CDCly):6=7.95 (s, 1 H), 7.71 (4, J= 7.2 Hz, 2 H), 749 (t I =72 Hz,

1 H), 7.40 (t, J = 7.2 Hz, 2 H), 5.94-5.87 (m, 1 H), 5.17-5.04 (m, 4 H), 4.23-4.14 (m, 2 H),
3.60 (s, 1 H), 1.98-1.92 (m, 2 H), 1.66 (s, 3 H), 1.58 (s, 3 H), 1.58-1.46 (m, 2 H), 1.24 (t, J =
7.1 Hz, 3 H), 1.20 (s, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.2, 167.1, 142.1, 132.7,
131.8, 131.5, 128.6, 126.9, 124.3, 114.6, 71.2, 60.8, 42.9, 37.7, 25.7, 22.5, 19.0, 17.6, 14.2.
HRMS (ESI): calcd. for C2HaiN,O3 [M + H]* 359.2335; found 359.2352.

Procedure G. In-mediated addition of 4-bromocrotonates (123e or 123f) to a-imino
esters 100: To a vigorously stirring solution of a-imino ester 100 (0.5 mmol, 1 equiv) and
ethyl 4-bromocrotonate (123e) or methyl-4-bromo crotonate (123f; 1.5 mmol, 3 equiv) in
EtOH (2 mL) was added indium powder (1 mmol, 2 equiv). The mixture was allowed to stir
vigorously for 6 h at 30 °C. After this period, the reaction mixture was quenched with 2 mL
of water and transferred to a separating funnel and extracted using ethyl acetate (3x15 mL).
The combined organic layers were dried over anhydrous Na,SO,4. Then the solvent was
evaporated under vacuum. Purification of the resulting crude reaction mixture by column
chromatography on silica gel (EtOAc/hexane as eluent) gave the product 132 (see Tables 12-
14 for individual entries).

Procedure H. One-pot synthesis of N-aryl a-amino esters (132a, 132d, 132h and 132v):
Ethyl glyoxylate 98 (0.5 mmol, 1 equiv) and the respective amines 99d-f,gq (0.5 mmol, 1
equiv) were dissolved in EtOH (2 mL) and stirred for 30 min at room temperature. To the

resulting solution, E-ethyl-4-bromocrotonate (123e, 1.5 mmol, 3 equiv) and indium powder
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(2 mmol, 2 equiv) was added successively while stirring the reaction mixture vigorously. The
stirring was continued for 6 h at 30 °C. After this period, the reaction mixture was quenched
with 2 mL of water and transferred to a separating funnel and extracted using ethyl acetate
(3x15 mL). The combined organic layers were dried over anhydrous Na,SO,. The solvent
was then evaporated under vacuum. Purification of the resulting crude reaction mixture by
column chromatography on silica gel (EtOAc/hexane as eluent) gave the corresponding
products 132a, 132d, 132h and 132v (see Scheme 52).

(2R*,35*)-Diethyl 2-((4-methoxyphenyl)amino)-3-vinylsuccinate (132a): Following the
general procedure G described above, 132a was obtained after purification by silica gel
""""""" HH@OMe column chromatography (EtOAc/hexane, 10:90) as colorless liquid
: i (146 mg, 91%); Rr = 0.43 (10% EtOAc/hexane). IR (thin film): & =
mooch | twa 3365, 2084, 1731, 1515, 1035 cm -, *H NMR (400 MHz, CDCI): 0 =
6.78 (d, J =9.0 Hz, 2 H), 6.68 (d, J = 9.0 Hz, 2 H), 5.96-5.86 (m, 1 H), 5.29-5.20 (m, 2 H),
4.42 (d, J = 6.8 Hz, 1 H), 4.23-4.13 (m, 4 H), 3.75 (s, 3 H), 3.49 (dd, J = 9.3, 6.8 Hz, 1 H),
1.29 (t, J = 7.2 Hz, 3 H), 1.24 (t, J = 7.1 Hz, 3 H), 1.30-1.24 (m, 1 H). *C NMR (100 MHz,
CDCly): 0 = 171.7, 171.2, 153.1, 140.2, 131.4, 120.6, 115.9, 114.8, 61.3, 61.2, 60.0, 55.7,
53.1, 14.2, 14.2. HRMS (ESI): calcd. for Ci7;H23sNOsNa [M + Na]® 344.1474; found
344.1471.

Diethyl 5-((4-methoxyphenyl)amino)hex-2-enedioate (134a): 134a was obtained after
purification by silica gel column chromatography (EtOAc/hexane, 11:89) as colorless liquid
"""""""""""""" H/@OMe (40 mg, 25%); Rf = 0.42 (11% EtOAc/hexane). IR (thin film): &
§Etooc \/\)(COOB = 3364, 2985, 1730, 1518, 1032 cm ™. 'H NMR (400 MHz,
o 34a i CDCl3): 5 =6.96-6.88 (m, 1 H), 6.77 (d, J = 8.9 Hz, 2 H), 6.61
(d, J=8.9Hz,2H),591 (d, J =15.6 Hz, 1 H), 4.22-4.13 (m, 6 H), 3.74 (s, 3 H), 2.72-2.66
(m, 2 H), 1.30-1.22 (m, 6 H). *C NMR (100 MHz, CDCls): § = 173.0, 165.9, 153.0, 142.9,
140.2, 124.6, 115.4, 114.9, 61.4, 60.4, 56.8, 55.7, 35.5, 14.2, 14.1. MS (CI): m/z (%) = 322
(100) [M + H]. HRMS (ESI): calcd. for C17H24NOs [M + H]" 322.1654; found 322.1663.
(2R*,35*)-Diethyl 2-(phenylamino)-3-vinylsuccinate (132b): Following the general
procedure G described above, 132b was obtained after purification by silica gel column
chromatography (EtOAc/hexane, 09:91) as colorless liquid (120 mg, 83%); R; = 0.45 (9%

EtOAc/hexane). IR (thin film): & = 3386, 2983, 1732, 1604, 1029 cm ™. *H NMR (400 MHz,
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CDCl3): 6 = 7.18 (dd, J = 8.6, 7.4 Hz, 2 H), 6.76 (t, J = 7.4 Hz, 1 H), 6.69 (d, J = 8.6 Hz, 2
AN : H),5.94-5.85(m, 1 H), 5.28-5.18 (m, 2 H), 4.52 (t, J = 6.4 Hz, 1 H), 4.41
A/QNQ (d, J = 7.8 Hz, 1 H), 4.23-4.12 (m, 4 H), 3.52 (dd, J = 9.3, 6.4 Hz, 1 H),
................ " £ 127 (9 =7.1Hz 3 H), 123 (t, J = 7.2 Hz, 3 H). °C NMR (100 MHz,
CDCI3) o =1713, 171.1, 146.1, 131.2, 129.4, 120.7, 118.9, 114.1, 61.4, 61.3, 58.6, 52.8,
14.2, 14.2. HRMS (ESI): calcd. for C1gH22NO, [M + H]* 292.1549; found 292.1539.
(2R*,3S*)-Diethyl 2-((4-methylphenyl)amino)-3-vinylsuccinate (132c): Following the
general procedure G described above, 132c was obtained after purification by silica gel
i@Me column chromatography (EtOAc/hexane, 10:90) as colorless liquid
/%COOB i (128 mg, 84%); R; = 0.45 (10% EtOAc/hexane). IR (thin film): & =
26§ 3376, 2984, 1731, 1519, 1031 em . *H NMR (400 MHz, CDCly): & =
702(d J=8.4Hz, 2 H),6.64 (d, J =84 Hz, 2 H), 5.96-5.87 (m, 1 H), 5.30-5.20 (m, 2 H),
451 (br.s, 1 H), 4.29 (br. s, 1 H), 4.24-4.14 (m, 4 H), 3.52 (dd, J = 9.3, 6.8 Hz, 1 H), 2.26
(s, 3H),1.29 (t, J = 7.2 Hz, 3 H),1.25 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § =
171.5,171.2, 143.8, 131.3, 129.9, 128.2, 120.6, 114.4, 61.3, 61.2, 59.1, 53.0, 20.4, 14.2, 14.2.
HRMS (ESI): calcd. for C17H24NO4 [M + H]" 306.1705; found 306.1698.

(2R*,3S*)-Diethyl 2-((4-chlorophenyl)amino)-3-vinylsuccinate (132d): Following the
general procedure G described above, 132d was obtained after purification by silica gel
HNH~©—CI column chromatography (EtOAc/hexane, 10:90) as colorless liquid (153
MGOOH i mg, 94%); R = 0.44 (10% EtOAc/hexane). IR (thin film): o = 3378,
oM ma | 29831731, 1502, 1030 cm ™. "H NMR (400 MHz, CDCle): 6 = 7.26 (d
J=8.5Hz, 2 H), 6.56 (d, ] =8.5Hz, 2 H),591-5.82 (m, 1 H), 5.28-5.18 (m, 2 H), 4.45 (br.
s, 2 H), 4.22-4.12 (m, 4 H), 3.49 (dd, J = 9.1, 5.0 Hz, 1 H), 1.28-1.21 (m, 6 H). *C NMR
(100 MHz, CDCl3): ¢ = 171.0, 145.2, 132.1, 131.0, 120.9, 115.6, 110.6, 61.6, 61.4, 58.6,
52.6, 14.2, 14.2. HRMS (ESI): calcd. for C1gH2;CINO, [M + H]* 326.1159; found 326.1151.
(2R*,35*)-Diethyl 2-((4-bromophenyl)amino)-3-vinylsuccinate (132e): Following the
general procedure G described above, 132e was obtained after purification by silica gel
"""""""" HNH—@Br column chromatography (EtOAc/hexane, 9:91) as colorless liquid (161
MCOOB mg, 87%); Ri = 0.45 (9% EtOAc/hexane). IR (thin film): & = 3374,
e 132 1 2983, 1732, 1477, 1027 cm*. *H NMR (400 MHz, CDCls): 6 = 7.26

(d, J = 8.9 Hz, 2 H), 6.57 (d, J = 8.9 Hz, 2 H), 5.92-5.83 (m, 1 H), 5.28-5.18 (m, 2 H), 4.46

163



Experimental Section

(br. s, 2 H), 4.22-4.13 (m, 4 H), 3.50 (dd, J = 9.2, 5.5 Hz, 1 H), 1.28-1.21 (m, 6 H). *C
NMR (100 MHz, CDClg): ¢ = 171.0, 145.2, 132.1, 131.0, 120.9, 115.6, 110.6, 61.6, 61.4,
58.5, 52.6, 14.2, 14.2. HRMS (ESI): calcd. for CisH1BrNO4 [M + H]* 370.0654; found
370.0658.

(2R*,35*)-Diethyl 2-((4-(ethoxycarbonyl)phenyl)amino)-3-vinylsuccinate (132f):
Following the general procedure G described above, 132f was obtained after purification by
"""""""" H Nchooa silica gel column chromatography (EtOAc/hexane, 11:89) as
/%COOE . colorless liquid (163 mg, 90%); Ry = 0.40 (11% EtOAc/hexane). IR
....... bt (th|n film): 5 = 3371, 2983, 1731, 1526, 1031 cm . "H NMR (400
MHz, CDClg): 6 = 790(d J=8.9Hz, 2 H),6.67 (d, J =8.9 Hz, 2 H), 5.92-5.83 (m, 1 H),
5.32-5.19 (m, 2 H), 4.93 (d, J = 9.5 Hz, 1 H), 4.59 (dd, J = 9.5, 5.9 Hz, 1 H), 4.32 (q, J = 7.1
Hz, 2 H), 4.25-4.15 (m, 4 H), 3.56 (dd, J = 9.5, 5.9 Hz, 1 H), 1.36 (t, J = 7.1 Hz, 3 H), 1.31—-
1.23 (m, 6 H). *C NMR (100 MHz, CDCls): 6 = 171.0, 170.6, 166.6, 149.9, 131.5, 130.8,
121.0, 120.3, 112.6, 61.7, 61.4, 60.3, 57.7, 52.3, 14.4, 14.2, 14.1. HRMS (ESI): calcd. for
C1oH26NOg [M + H]" 364.1760; found 364.1756.

(2R*,35*)-Diethyl 2-((3,4-dimethylphenyl)amino)-3-vinylsuccinate (132g): Following the
general procedure G described above, 132g was obtained after purification by silica gel

rom : column chromatography (EtOAc/hexane, 10:90) as colorless liquid

Me
: H N"L@ (112 mg, 70%); Rt = 0.44 (10% EtOAc/hexane). IR (thin film): ¢ =
jEEK@fcooa | 3375, 2982,1732,1512, 1030 cm .. 'H NMR (400 MHz, CDCly): 6 =
A 1329...oot 6.94 (d, 3= 8.1 Hz, 1 H), 6.53 (d, J = 2.5 Hz, 1 H), 6.47 (dd, J = 8.1,

2.5Hz, 1 H), 5.95-5.86 (m, 1 H), 5.28-5.23 (m, 2 H), 4.49 (dd, J = 10.0, 6.6 Hz, 1 H), 4.24—
4.13 (m, 5 H), 3.50 (dd, J = 10.0, 6.6 Hz, 1 H), 2.20 (s, 3 H), 2.10 (s, 3 H), 1.28 (t, J = 7.2
Hz, 3 H), 1.24 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 171.6, 171.2, 144.2,
137.4, 131.4, 130.4, 127.0, 120.5, 116.1, 111.5, 61.3, 61.2, 59.1, 53.1, 20.0, 18.8, 14.2, 14.2.
HRMS (ESI): calcd. for CigH2sNO4 [M + H]* 320.1862; found 320.1870.

(2R*,35*)-Diethyl 2-((3,4-dichlorophenyl)amino)-3-vinylsuccinate (132h): Following the
general procedure G described above, 132h was obtained after purification by silica gel
CI column chromatography (EtOAc/hexane, 10:90) as colorless liquid
HN C' (173 mg, 96%); R; = 0.64 (20% EtOAc/hexane). IR (thin film): ¢ =

P COOEt

e00c B 1320 3383, 2982,1731,1595, 1028 cm™. *H NMR (400 MHz, CDCls): 6 =
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7.18 (d, J =8.7 Hz, 1 H), 6.76 (d, J = 2.8 Hz, 1 H), 6.51 (dd, J = 8.7, 2.8 Hz, 1 H), 5.90-
5.80 (m, 1 H), 5.28-5.19 (m, 2 H), 4.58 (d, J = 9.9 Hz, 1 H), 4.39 (dd, J = 9.9, 6.1 Hz, 1 H),
4.21-4.13 (m, 4 H), 3.50 (dd, J = 9.3, 6.1 Hz, 1 H), 1.28-1.21 (m, 6 H). **C NMR (100
MHz, CDCls): 6 = 170.9, 170.8, 145.8, 132.9, 130.9, 130.8, 121.4, 121.0, 115.2, 113.5, 61.7,
61.5,58.4,525, 14.2, 14.1.

(2R*,35*)-Diethyl 2-((4-bromo-3-methylphenyl)amino)-3-vinylsuccinate (132i):
Following the general procedure G described above, 132i was obtained after purification by
""""""""""""""""""" Me silica gel column chromatography (EtOAc/hexane, 10:90) as colorless
: H N Bf liquid (133 mg, 69%); Rs = 0.43 (10% EtOAc/hexane). IR (thin film): &
gEto/oc % = 3376, 2983, 1732, 1479, 1027 cm*. *H NMR (400 MHz, CDCls): 6
':W%'."é"?m('é‘,"3";"5.'6"Hz, 1 H), 6.57 (d, J = 2.8 Hz, 1 H), 6.39 (dd, J = 8.6, 2.8 Hz, 1 H), 5.91—
5.82 (m, 1 H), 5.27-5.18 (m, 2 H), 4.42 (br. s, 2 H), 4.21-4.12 (m, 4 H), 3.49 (dd, J = 9.2, 5.8
Hz, 1 H), 2.29 (s, 3 H), 1.28-1.21 (m, 6 H). *C NMR (100 MHz, CDCls): § = 171.1, 171.0,
1455, 138.5, 132.8, 131.1, 120.8, 116.5, 113.3, 113.0, 61.5, 61.4, 58.6, 52.7, 23.1, 14.2, 14.2.
HRMS (ESI): calcd. for C17H23BrNO, [M + H]* 384.0810; found 384.0810.
(2R*,35*)-Diethyl 2-((3,5-dichlorophenyl)amino)-3-vinylsuccinate (132j): Following the
general procedure G described above, 132j was obtained after purification by silica gel
¢ column chromatography (EtOAc/hexane, 10:90) as colorless liquid (86
H N mg, 48%); Rt = 0.43 (10% EtOAc/hexane). IR (thin film): & = 3375, 2984,
ao/@ﬁ COOELTIL 1730, 1504, 1029 cm L. 'H NMR (400 MHz, CDCl3): 6 = 6.73 (s, 1 H),
6.56 (s, 2 H), 5.91-5.82 (m, 1 H), 5.31-5.22 (m, 2 H), 4.69 (d, J = 9.7 Hz, 1 H), 4.40 (dd, J =
9.7,6.0 Hz, 1 H), 4.23-4.17 (m, 4 H), 3.52 (dd, J = 9.1, 6.0 Hz, 1 H), 1.30-1.24 (m, 6 H). °C
NMR (100 MHz, CDCl,): 6 = 170.9, 170.6, 148.0, 135.6, 130.8, 121.1, 118.5, 112.1, 61.8,
61.5, 58.1, 52.4, 14.2, 14.1. HRMS (ESI): calcd. for CiHxClLNO, [M + H]* 360.0769;
found 360.0766.

(2R*,35*)-Diethyl 2-(naphthalen-1-ylamino)-3-vinylsuccinate (132k): Following the

general procedure G described above, 132k was obtained after purification by silica gel

column chromatography (EtOAc/hexane, 10:90) as colorless liquid (99
H“N mg, 58%); R = 0.42 (10% EtOAc/hexane). IR (thin film): & = 3420,
A{(cooa | 2983, 1734, 1531, 1028 cm ™. "H NMR (400 MHz, CDCl3): 6 = 7.89-
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H), 6.67 (d, J = 7.1 Hz, 1 H), 6.02-5.93 (m, 1 H), 5.28-5.18 (m, 3 H), 4.68 (d, J = 6.0 Hz, 1
H), 4.26-4.15 (m, 4 H), 3.66 (dd, J =9.2, 6.0 Hz, 1 H), 1.28 (t, J=7.1 Hz, 3 H), 1.22 (t, J =
7.2 Hz, 3 H). *C NMR (100 MHz, CDCly): 6 = 171.5, 171.3, 141.4, 134.4, 131.2, 128.6,
126.4, 126.0, 125.1, 123.9, 120.8, 120.2, 118.9, 105.8, 61.6, 61.4, 58.6, 52.4,14.2. HRMS
(ESI): calcd. for CyoH24NO,4 [M + H]* 342.1705; found 342.1693.

(2R*,3S*)-Diethyl 2-([1,10-biphenyl]-4-ylamino)-3-vinylsuccinate (132l): Following the
general procedure G described above, 1321 was obtained after purification by silica gel
HNH/O/Ph column chromatography (EtOAc/hexane, 10:90) as colorless solid (167
L ,”~ ookt mg, 91%); R¢ = 0.41 (10% EtOAc/hexane). mp 75-77 °C. IR (KBr): o =
EOOCH o 3349, 2985, 1720, 1527, 1174 cm ™. *H NMR (400 MHz, CDCls): ¢ =
753(dJ """" 75Hz 2 H),7.45(,J=8.6Hz, 2 H), 739 (t, J=7.5Hz,2 H), 7.27 (t, = 7.5
Hz, 1 H), 6.77 (d, J = 8.6 Hz, 2 H), 5.96-5.87 (m, 1 H), 5.30-5.21 (m, 2 H), 4.57-4.52 (m, 2
H), 4.24-4.15 (m, 4 H), 3.56 (dd, J = 9.2, 5.8 Hz, 1 H), 1.31-1.23 (m, 6 H). *C NMR (100
MHz, CDCl3): 6 = 171.3, 171.1, 1455, 141.0, 131.8, 131.1, 128.7, 128.1, 126.4, 126.3,
120.8, 114.3, 61.5, 61.4, 58.6, 52.8, 14.2, 14.2. HRMS (ESI): calcd. for Cy,H;sNO,4 [M +
H]* 368.1862; found 368.1850.

(2R*,3S*)-Diethyl 2-(2-hydroxyphenylamino)-3-vinylsuccinate (132m): Following the

general procedure G described above, 132m was obtained after purification by silica gel

om0 i column chromatography (EtOAc/hexane, 11:89) as colorless liquid (90
- AN mg, 59%); Ry = 0.39 (11% EtOAc/hexane). IR (thin film): & = 3419, 2983,
i 2y TCOOEt
ioocH ...0 1731, 1516, 1195 cm . *H NMR (400 MHz, CDCly): & = 6.82 (m, 4 H),

6.23 (br. s, 1 H), 5.91-5.82 (m, 1 H), 5.28-5.23 (m, 2 H), 4.26-4.11 (m, 6 H), 3.47 (t, J = 8.5
Hz, 1 H), 1.28 (t, J = 7.2 Hz, 3 H), 1.20 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCl): 6
=172.3,172.0, 147.6, 133.8, 131.2, 122.3, 120.8, 120.8, 118.5, 115.6, 60.6, 61.4, 60.8, 53.6,
14.2, 14.1. HRMS (ESI): calcd. for C1sH2:NOsNa [M + Na]* 330.1317; found 330.1300.
(2R*,35*)-Diethyl 2-(4-acetylphenylamino)-3-vinylsuccinate (132n): Following the
general procedure G described above, 132n was obtained after purification by silica gel
i " met column chromatography (EtOAc/hexane, 09:91) as colorless liquid
HN 0 (103 mg, 65%); Rs = 0.40 (9% EtOAc/hexane). IR (thin film): ¢ =
e COOEt

eoodH yme | 3379, 2985, 1732, 1599, 1035 cm L. H NMR (400 MHz, CDCly): =

7.83 (d, J = 8.8 Hz, 2 H), 6.67 (d, J = 8.8 Hz, 2 H), 5.91-5.82 (m, 1 H), 5.29-5.19 (m, 2 H),
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5.05(d, J =9.4 Hz, 1 H), 459 (dd, J = 9.4, 5.8 Hz, 1 H), 4.23-4.16 (m, 4 H), 3.56 (dd, J =
9.2, 5.8 Hz, 1 H), 2.50 (s, 3 H), 1.29-1.23 (m, 6 H). **C NMR (100 MHz, CDCl;): § = 196.4,
170.9, 170.5, 150.2, 130.8, 128.0, 121.0, 112.5, 61.8, 61.5, 57.6, 52.3, 26.1, 14.1, 14.1.
HRMS (ESI): calcd. for CygH24NOs [M + H]" 334.1654; found 334.1648.

(2R*,3S*)-Diethyl 2-(2-benzoylhydrazinyl)-3-vinylsuccinate (1320): Following the
general procedure G described above, 1320 was obtained after purification by silica gel
""""""""""" HH'o™1 column chromatography (EtOAc/hexane, 20:80) as colorless solid (134
: Ph§ mg, 81%); Ry = 0.33 (20% EtOAc/hexane). mp 87-89 °C. IR (thin film): &
EOOCH 4, = 3264, 2981, 1721,1451, 1160 cm L. *H NMR (400 MHz, CDCly): 6 =
796 (s,1H),723(d,J=70Hz,2H),751( J=70Hz, 1H), 743 (t,J=7.0Hz, 2 H),
5.98-5.89 (m, 1 H), 5.39-5.27 (m, 3 H), 4.24-4.16 (m, 4 H), 4.01 (d, J = 7.5 Hz, 1 H), 3.61
(t, J=7.5Hz, 1 H), 1.26 (t, J = 7.2 Hz, 6 H). *C NMR (100 MHz, CDCl,): 6 = 171.3, 170.9,
166.9, 132.5, 132.0, 131.3, 128.7, 127.0, 120.4, 64.8, 61.5, 61.4, 51.5, 14.1, 14.1. HRMS
(ESI): calcd. for Cy17H23N»0s [M + H]* 335.1607; found 335.1590.

(2R*,3S*)-Diethyl 2-((1,3-dioxoisoindolin-2-yl)amino)-3-vinylsuccinate (132p):
Following the general procedure G described above, 132p was obtained after purification by
.o/ \! silica gel column chromatography (EtOAc/hexane, 22:78) as colorless
: Z@ oil (90 mg, 50%); Ry = 0.34 (22% EtOAc/hexane). IR (thin film): ¢ =
Afcooéf 3297, 2984, 1730, 1468, 1031 cm . 'H NMR (400 MHz, CDCly): 6 =
7.85(dd, J=5.5, 3.1 Hz, 2 H), 7.75 (dd, J = 5.5, 3.1 Hz, 2 H), 5.94-5.85 (m, 1 H), 5.41-5.28
(m, 3 H), 4.30-4.14 (m, 5 H), 3.54 (t, J=8.6 Hz, 1 H), 1.32 (t, J=7.1 Hz, 3 H), 1.26 (t, J =
7.1 Hz, 3 H). *C NMR (100 MHz, CDCly): 6 = 171.9,171.1,166.9,135.3, 135.3, 131.8,
131.0,124.5,121.9, 65.3, 62.7, 62.5, 53.4, 15.0, 15.0. HRMS (ESI): calcd. for CigH21N,Op
[M + H]" 361.1400; found 361.1393. The compound was isolated with traces of minor
isomer and the NMR values given here for the major isomer.

(2R*,35*)-Diethyl 2-(2-benzoylhydrazinyl)-2-methyl-3-vinylsuccinate (132q): Following
the general procedure G described above, 132q was obtained after purification by silica gel
""""""""""" HHo column chromatography (EtOAc/hexane, 21:79) as colorless oil (80 mg,
MCOCB F’“ 46%); Ry = 0.32 (21% EtOAc/hexane). IR (thin film): & = 3287, 2984,
EtOOC H i

........................ 1329 1731, 1461, 1029 cm™. *H NMR (400 MHz, CDCl3): 6 = 8.39 (s, 1 H),
7.76 (d, J = 7.1 Hz, 2 H), 7.53-7.42 (m, 3 H), 6.15-6.06 (m, 1 H), 5.41-5.28 (m, 3 H), 4.22—
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4.09 (m, 4 H), 3.75-3.68 (m, 1 H), 1.41 (s, 3 H), 1.28-1.22 (m, 6 H). *C NMR (100 MHz,
CDCly): 0 = 174.0, 172.2, 166.0, 132.9, 131.7, 130.8, 128.7, 126.9, 121.5, 65.8, 61.7, 61.4,
55.7, 20.1, 14.1, 14.0. HRMS (ESI): calcd. for CigH24N,OsNa [M + Na]* 371.1583: found
371.1578. The compound was isolated with traces of minor isomer and the NMR values
given here for the major isomer.
(2R*,35*)-1-Ethyl  4-methyl  2-((4-bromophenyl)amino)-3-vinylsuccinate  (132r):
Following the general procedure G described above, 132r was obtained after purification by
i H =} silica gel column chromatography (EtOAc/hexane, 9:91) as colorless
Mﬁmé liquid (128 mg, 72%); R = 0.41 (9% EtOAc/hexane). IR (thin film): o
........................ 132’ = 3374, 2984, 1730, 1497, 1021 cm ™. "H NMR (400 MHz, CDCl): &
=7.28(d, J=8.9 Hz, 2 H), 6.59 (d, J = 8.9 Hz, 2 H), 5.92-5.83 (m, 1 H), 5.31-5.19 (m, 2
H), 4.47 (d, J = 3.0 Hz, 2 H), 4.22-4.14 (m, 2 H), 3.75 (s, 3 H), 3.54 (td, J = 9.2 Hz, 3.0 Hz,
1 H), 1.25 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 171.5, 170.9, 145.1, 132.1,
130.8, 121.1, 115.7, 110.7, 61.6, 58.5, 52.4, 14.2. HRMS (ESI): calcd. for C15H19BrNO,4 [M
+ H]" 356.0497; found 356.0486.
(2R*,3S*)-1-Ethyl 4-methyl 2-((3,4-dichlorophenyl)amino)-3-vinylsuccinate (132s):
Following the general procedure G described above, 132s was obtained after purification by

c silica gel column chromatography (EtOAc/hexane, 10:90) as colorless

132s H :
/Q‘@*C' liquid (124 mg, 72%); R = 0.45 (10% EtOAc/hexane). IR (thin film):
weoodsy %% 1 5=3375, 2085, 1730, 1597, 1020 cm . *H NMR (400 MHz, CDCls):

0=71.22(d,J=87Hz,1H),6.79 (d, J = 2.8 Hz, 1 H), 6.54 (dd, J = 8.7, 2.8 Hz, 1 H), 5.92—
5.82 (m, 1 H), 5.32-5.22 (m, 2 H), 4.57 (d, J = 9.9 Hz, 1 H), 4.42 (dd, J = 9.9, 6.0 Hz, 1 H),
4.22-4.16 (m, 2 H), 3.76 (s, 3 H), 3.55 (dd, J = 9.2, 6.0 Hz, 1 H), 1.26 (t, J = 7.2 Hz, 3 H).
3¢ NMR (100 MHz, CDCl3): 6 = 171.4, 170.7, 145.8, 133.0, 130.8, 130.7, 121.5, 121.1,
115.3, 113.6, 61.8, 58.4, 52.4, 52.3, 14.1. HRMS (ESI): calcd. for CisH13CI,NO4 [M + H]*
346.0613; found 346.0600.

(2R*,3S*)-1-Ethyl 4-methyl 2-([1,10-biphenyl]-4-ylamino)-3-vinylsuccinate (132t):
Following the general procedure G described above, 132t was obtained after purification by
silica gel column chromatography (EtOAc/hexane, 10:90) as colorless solid (164 mg, 93%);
Rf = 0.43 (10% EtOAc/hexane). mp 72-74 °C. IR (KBr): & = 3375, 2956, 1723, 1528, 1019
cm . 'H NMR (400 MHz, CDCly): 6 = 7.49 (d, J = 8.6 Hz, 2 H), 7.42 (d, J = 8.6 Hz, 2 H),
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7.35(t,J=74Hz, 2H),7.23(t,J=7.4Hz, 1H),6.74 (d, J =8.6 Hz, 2 H), 5.92-5.83 (m, 1
H@ph H), 5.27-5.17 (m, 2 H), 4.57-4.48 (m, 2 H), 4.19-4.10 (m, 2 H), 3.71
A . (s, 3 H), 3.55 (dd, J = 9.3, 5.9 Hz, 1 H), 1.21 (t, J = 7.1 Hz, 3 H). “C
Me0oCH e NMR (100 MHz, CDCly): & = 171.7, 171.2, 1455, 141.0, 1318,
131012871281 126.4, 126.3, 121.2, 114.3, 61.6, 58.6, 52.6, 52.4, 14.2. HRMS (ESI):
calcd. for Cy1H24NO, [M + H]" 354.1705; found 354.1704.

(2R*,35*)-1-Ethyl 4-methyl 2-(4-acetylphenylamino)-2-methyl-3-vinylsuccinate (132u):
Following the general procedure G described above, 132u was obtained after purification by
. meisilica gel column chromatography (EtOAc/hexane, 09:91) as
: : O colorless liquid (91 mg, 57%); Rt = 0.43 (9% EtOAc/hexane). IR
weoody SO (thin film): 5 = 3367, 2985, 1731, 1600, 1276 cm . *H NMR (400
MHz, CDCls): 6 = 7.80 (d, J = 8.8 Hz, 2 H), 6.63 (d, J = 8.8 Hz, 2 H), 5.86-5.77 (m, 1 H),
5.27-5.15(m, 2 H), 4.97 (d, J =9.5 Hz, 1 H), 4.57 (dd, J = 9.5, 5.6 Hz, 1 H), 4.20-4.11 (m, 2
H), 3.71 (s, 3 H), 3.56 (dd, J = 9.2, 5.6 Hz, 1 H), 2.47 (s, 3 H), 1.21 (t, J = 7.1 Hz, 3 H). **C
NMR (100 MHz, CDCl3): 6 = 196.5, 171.4, 170.4, 150.1, 130.8, 130.5, 128.1, 121.3, 112.5,
61.9, 57.5, 52.5, 52.1, 26.1, 14.1. HRMS (ESI): calcd. for Ci17H»NOs [M + H]* 320.1498:
found 320.1480.

(2R*,3S*)-Diethyl 2-(2-tosylhydrazinyl)-3-vinylsuccinate (132v): Following the general
procedure H described above, 132v was obtained after purification by silica gel column

y Ts i chromatography (EtOAc/hexane, 19:81) as colorless solid (103 mg, 54%);
H ON-NH

| Ry =0.33 (19% EtOAc/hexane). mp 107-109 °C. IR (KBr): & = 3261, 2987,

Eto/omucs.(zmt 1722, 1320, 1161 cm*. *H NMR (400 MHz, CDCls): § = 7.76 (d, J = 8.3
Hz, 2 H), 7.28 (d, J = 8.3 Hz, 2 H), 6.54 (s, 1 H), 5.86-5.77 (m, 1 H), 5.21-5.17 (m, 2 H),
4.35 (dd, J = 10.3, 2.9 Hz, 1 H), 4.19-4.13 (m, 2 H), 4.09 (g, J = 7.0 Hz, 2 H), 3.78 (dd, J =
10.3, 5.5 Hz, 1 H), 3.45 (dd, J = 8.8, 5.5 Hz, 1 H), 2.41 (s, 3 H), 1.25-1.19 (m, 6 H). *C
NMR (100 MHz, CDCls): 6 = 172.1, 170.9, 144.0, 134.9, 131.4, 129.5, 128.3, 119.9, 65.1,
61.7, 61.4, 51.2, 21.6, 14.1, 14.0. HRMS (ESI): calcd. for Ci7HzsN,06S [M + H]* 385.1433;

found 385.1410.

Procedure 1. Reduction of N-aryl a-amino esters (124, 131 and 132) to N-aryl g-amino
alcohols 137: A dry flask was charged with anhydrous THF (4 mL) and the respective N-aryl

a-amino ester (124 or 131 or 132; 0.5 mmol) under a nitrogen atmosphere, at 0 °C. To this
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solution was added LiAIH4 (1 mmol in case of 124/131 or 2 mmol in case of 132) in portions
and the mixture was stirred overnight at room temperature. EtOH (few drops) and 5% agq.
NaOH solution (1-2 mL) were then added sequentially and the resulting white suspension
was filtered through a Celite pad and rinsed with THF (20 mL). The filtrate was dried with
anhydrous Na,SQO,, the solvent was removed by rotary evaporation, and the product was
purified by column chromatography on silica gel (EtOAc/hexane) to afford the respective N-

aryl B-amino alcohols 137 (see Scheme 58).

(2R*,3R*)-3-Phenyl-2-(p-tolylamino)pent-4-en-1-ol  (137a): Following the general
procedure | as described above, 137a was obtained after purification by silica gel column
{7 H = | chromatography (EtOAc/hexane, 6:94) as a colorless liquid (87 mg,
> ,H NOMe 65%); Rf = 0.30 (6% EtOAc/hexane). IR (neat): & = 3399, 2922, 1616,
L PUHOH 78 E 1519, 1039 cm L *H NMR (400 MHz, CDCl3): 6 = 7.34 (t, J = 7.6 Hz,
2 H), 7.26 (m, 3 H), 7.01 (d, J = 8.2 Hz, 2 H), 6.59 (d, J = 8.2 Hz, 2 H), 6.18-6.09 (m, 1 H),
5.23-5.19 (m, 2 H), 3.82-3.77 (m, 2 H), 3.72-3.68 (m, 1 H), 3.64-3.60 (m, 1 H), 2.27 (s, 3
H). *C NMR (100 MHz, CDCls): ¢ = 145.1, 140.6, 137.5, 129.9, 128.7, 128.0, 127.8, 126.9,
117.8, 114.6, 61.8, 59.5, 52.0, 20.4. MS (Cl): m/z (%) = 269 (20) [M + 2], 268 (100) [M +
1]%, 250 (4), 236 (5), 150 (9). HRMS (ESI): calcd. for C1gHNONa [M + Na]* 290.1521;
found 290.1534.

(2R*,3R*)-3-Phenyl-2-(phenylamino)pent-4-en-1-ol  (137b): Following the general

procedure | as described above, 137b was obtained after purification by silica gel column
"""""""" H chromatography (EtOAc/hexane, 6:94) as a colorless liquid (76 mg, 60%);
P ’H NO Ri = 0.29 (6% EtOAc/hexane). IR (neat): & = 3400, 2926, 1600, 1503,
LPH_OH13Tb 1316, 1040 cm ™. *H NMR (400 MHz, CDCls): 6 = 7.33 (t, J = 7.2 Hz, 2
H), 7.28-7.24 (m, 3 H), 7.18 (t, J= 8.2 Hz, 2 H), 6.76 (t, J = 7.2 Hz, 1 H), 6.14 (d, J = 7.2
Hz, 2 H), 6.18-6.09 (m, 1 H), 5.23-5.19 (m, 2 H), 3.86-3.79 (m, 2 H), 3.72-3.68 (m, 1 H),
3.64 (dd, J = 10.9, 5.2 Hz, 1 H). *C NMR (100 MHz, CDCls): § = 147.5, 140.5, 137.6,
129.4, 128.8, 128.0, 126.9, 118.4, 117.7, 114.3, 62.0, 59.1, 52.1. MS (CI): m/z (%) = 255
(20) [M + 2], 254 (100) [M + 1], 236 (4), 222 (5). HRMS (ESI): calcd. for C17H1sNONa
[M + Na]* 276.1364; found 276.1371.

(2R*,35*)-2-[(4-Methoxyphenyl)amino]-3,7-dimethyl-3-vinyloct-6-en-1-ol (137c):

Following the general procedure | as described above, 137c was obtained after purification
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o by silica gel column chromatography (EtOAc/hexane, 5:95) as a
5 HH N/@ colorless liquid (121 mg, 80%); R¢ = 0.30 (5% EtOAc/hexane). IR
? (neat): & = 3399, 2925, 1620, 1513, 1239, 1041 cm™*. *H NMR
AL . (400 MHz, CDCly): 6 = 6.75 (d, J = 9.0 Hz, 2 H), 6.65 (d, J = 9.0
Hz, 2 H), 5.84-5.77 (m, 1 H), 5.24 (dd, J = 9.5, 1.3 Hz, 1 H), 5.08 (dd, J = 16.2, 1.3 Hz, 1
H), 5.05-4.95 (m, 1 H), 3.82-3.78 (m, 1 H), 3.74 (s, 3 H), 3.40 (t, J = 9.0 Hz, 1 H), 3.31-
3.27 (m, 1 H), 1.93-1.81 (m, 2 H), 1.65 (s, 3 H), 1.55 (s, 3 H), 1.48-1.33 (m, 2 H), 0.94 (s, 3
H). *C NMR (100 MHz, CDCls): ¢ = 152.3, 143.7, 143.0, 131.6, 124.3, 115.6, 115.2, 115.0,
64.2, 62.0, 55.8, 45.0, 38.8, 25.7, 22.6, 19.4, 17.6. HRMS (ESI): calcd. for C19H29NO,Na [M
+ Na]" 326.2096; found 326.2101.

(2R*,35*)-2-((4-Methoxyphenyl)amino)-3-vinylbutane-1,4-diol (137d): Following the
general procedure | described above, 137d was obtained after purification by silica gel

) /©/0Me§ column chromatography (EtOAc/hexane, 30:70) as colorless oil (59 mg,
H N H

/?}&OH 50%); R = 0.35 (30% EtOAc/hexane). IR (thin film): & = 3377, 2930,
' og 137d | 1513, 1241, 1038 cm . *H NMR (400 MHz, CDCl3): 6 = 6.78 (d, J =

90 Hz, 2 H), 6.69 (d, J = 9.0 Hz, 2 H), 5.75-5.66 (m, 1 H), 5.23-5.18 (m, 2 H), 3.81-3.74
(m, 2 H), 3.74 (s, 3 H), 3.68 (dd, J = 11.0, 5.0 Hz, 2 H), 3.56 (dd, J = 11.0, 5.0 Hz, 1 H),
3.48-3.44 (m, 1 H), 2.60-2.52 (m, 1 H). 3C NMR (100 MHz, CDCls): § = 153.2, 141.0,
136.0, 119.0, 116.8, 115.0, 64.8, 61.8, 59.1, 55.7, 48.5. HRMS (ESI): calcd. for C13H20NO3
[M + H]" 238.1443; found 238.1449. (OH protons could not be detected perhaps due to the
rapid exchange among each other).

(2R*,35*)-2-(p-Tolylamino)-3-vinylbutane-1,4-diol  (137e): Following the general
procedure | described above, 137e was obtained after purification by silica gel column
gy chromatography (EtOAc/hexane, 29:71) as colorless oil (78 mg, 71%); Ry
.{"NO = 0.34 (29% EtOAc/hexane). IR (thin film): & = 3369, 2923, 1617, 1518,
%OH 1256 cm™%. 'H NMR (400 MHz, CDCly): & = 6.98 (d, J = 8.0 Hz, 2 H),
el d 6,62 (d, J = 8.0 Hz, 2 H), 5.75-5.66 (m, 1 H), 5.22-5.17 (m, 2 H), 3.75
(dd, J = 10.9, 6.8 Hz, 1 H), 3.71-3.65 (m, 2 H), 3.58-3.51 (m, 2 H), 2.57-2.50 (m, 1 H), 2.23
(s, 3 H). 3¢ NMR (100 MHz, CDCly): 0 = 144.9, 136.0, 130.0, 128.2, 119.0, 115.0, 64.5,
62.0, 57.7, 48.8, 20.4. HRMS (ESI): calcd. for CisHoNO, [M + H]" 222.1494; found
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222.1498. (OH protons could not be detected perhaps due to the rapid exchange among each
other).

(2R*,35*)-2-(4-Chlorophenylamino)-3-vinylbutane-1,4-diol (137f): Following the general
procedure | described above, 137f was obtained after purification by silica gel column
pro— & chromatography (EtOAc/hexane, 31:69) as colorless oil (54 mg, 45%); Ry
H,H‘N/©/ = 0.33 (31% EtOAc/hexane). IR (thin film): & = 3373, 2926, 1599, 1496,
-z o - 1048 cm ™. 'H NMR (400 MHz, CDCly): 6 = 7.08 (d, J = 8.8 Hz, 2 H),
6.57 (d, J = 8.8 Hz, 2 H), 5.74-5.65 (m, 1 H), 5.21-5.14 (m, 2 H), 3.75-
3.63 (m, 3 H), 3.58-3.50 (m, 2 H), 2.85 (br. s, 1 H), 2.55-2.48 (m, 1 H). *C NMR (100
MHz, CDCls): 6 = 146.0, 135.8, 129.3, 122.9, 119.2, 115.4, 63.9, 62.1, 56.8, 48.8. HRMS
(ESI): calcd. for C1,H17CINO; [M + H]" 242.0948; found 242.0951. (OH protons could not
be detected perhaps due to the rapid exchange among each other).
(2R*,35*)-2-((3,4-Dichlorophenyl)amino)-3-vinylbutane-1,4-diol (137g): Following the

general procedure | described above, 137g was obtained after purification by silica gel

CrTeT column chromatography (EtOAc/hexane, 30:70) as colorless oil (81 mg,
: H @CI 59%); Rf = 0.33 (30% EtOAc/hexane). IR (thin film): & = 3379, 2923,
%OH 1506, 1511, 1038 cm %, *H NMR (400 MHz, CDCly): 6 = 7.16 (d, J = 8.7
| o 197 Hz, 1 H), 6.74 (d, J = 2.8 Hz, 1 H), 6.51 (dd, J = 8.7, 2.8 Hz, 1 H), 5.78-

5.69 (m, 1 H), 5.25-5.18 (m, 2 H), 3.77-3.67 (m, 3 H), 3.62-3.52 (m, 2 H), 2.82 (br. s, 1 H),
2.56-2.49 (m, 1 H). ®C NMR (100 MHz, CDCl5): 6 = 147.1, 135.7, 132.9, 130.8, 120.4,
119.3, 115.0, 113.7, 63.6, 62.1, 56.3, 48.7. HRMS (ESI): calcd. for C1,H1sNO,Cly [M + H]*
276.0558; found 276.0548. (OH protons could not be detected perhaps due to the rapid
exchange among each other).

Procedure J. Hydrogenation of N-aryl a-amino esters 127e and 132 to N-aryl
alloisolucine derivative 138a and -ethyl aspartates 138b-d: A dry flask containing N-aryl
a-amino ester 127e/132 (0.5 mmol, 1 equiv) in anhydrous THF (4 mL) was charged with Pd-
C (10 mol-%) and the contents were stirred under H, (1 atm) at room temperature. After
disappearance of starting material (reaction monitored by TLC) the reaction mixture was
filtered through a Celite pad and rinsed with EtOAc (20 mL). The solvent was removed by

rotary evaporation and the product was purified by column chromatography on silica gel
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(EtOAc/hexane) to afford the N-aryl alloisolucine derivative 138a and p-ethyl aspartates
138b-d (see Scheme 59).

(2R*,3S*)-Ethyl 3-methyl-2-(p-tolylamino)pentanoate (138a): Following the general
procedure J as described above, 138a was obtained after purification by silica gel column

o |/4 chromatography (EtOAc/hexane, 2:98) as a colorless liquid (100 mg,
Rl W, " 80%); Ry = 0.43 (2% EtOAc/hexane). IR (neat): & = 3376, 2979, 1728,
iH3C 4

- wdy C0%% 1 1514, 1230, 1020 cm L. *H NMR (400 MHz, CDCls): 6 = 6.95 (d, J =

8.4 Hz, 2 H), 6.55 (d, J = 8.4 Hz, 2 H), 4.14 (q, J = 7.1 Hz, 2 H), 3.95 (s, 2 H), 2.21 (s, 3 H),
1.90-1.87 (m, 1 H), 1.57-1.50 (m, 1 H), 1.31-1.26 (m, 1 H), 1.22 (t, J = 7.1 Hz, 3 H), 0.98
(d, J = 6.9 Hz, 3 H), 0.94 (t, J = 7.4 Hz, 3 H). **C NMR (100 MHz, CDCly): § = 174.1, 145.3,
129.8, 127.4, 113.9, 61.2, 60.8, 38.0, 26.2, 20.4, 15.0, 14.3, 11.8. MS (CI): m/z (%) = 251
(16) [M + 2]*, 250 (100) [M + 1]*, 176 (10). HRMS (ESI): calcd. for CisH24sNO, [M + H]*
250. 1807; found 250.1791.

(2S5*,3R*)-Diethyl 2-ethyl-3-((4-methoxyphenyl)amino)succinate (138b): Following the
general procedure J described above, 138b was obtained after purification by silica gel
138'°HHN/®/OM6 column chromatography (EtOAc/hexane, 9:91) as colorless liquid
% i (142 mg, 88%); Rt = 0.43 (9% EtOAc/hexane). IR (thin film): o =
eoocH 3379, 2976, 1731, 1515, 1034 cm . *H NMR (400 MHz, CDCls): ¢
=6.69 (d, J=9.0 Hz, 2 H), 6.56 (d, J =9.0 Hz, 2 H), 4.17-4.01 (m, 6 H), 3.66 (s, 3 H), 2.77—
2.66 (m, 1 H), 1.75-1.66 (m, 1 H), 1.57-1.47 (m, 1 H), 1.19 (t, J = 7.1 Hz, 3 H), 1.14 (t, J =
7.1 Hz, 3 H), 0.88 (t, J = 7.4 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 173.2, 172.8, 152.9,
140.7, 115.5, 114.8, 61.2, 60.8, 59.6, 55.7, 49.9, 22.0, 14.3, 14.2, 12.0. HRMS (ESI): calcd.
for C17H26NOs [M + H]" 324.1811; found 324.1809.

(2R*,3S*)-Diethyl 2-(3,4-dichlorophenylamino)-3-ethylsuccinate (138c): Following the
general procedure J described above, 138c was obtained after purification by silica gel
e : column chromatography (EtOAc/hexane, 10:90) as colorless liquid
138c  H CI (117 mg, 65%); R; = 0.44 (10% EtOAc/hexane). IR (thin film): ¢ =
) 3380, 2978, 1731, 1599, 1193 cm ™. *H NMR (400 MHz, CDCls): 6 =
(EOOC H_ 7.20 (d, 3 = 8.7 Hz, 1 H), 6.75 (d, J = 2.8 Hz, 1 H), 6,51 (dd, J = 8.7,
2.8 Hz, 1 H), 4.73 (d, J = 9.8 Hz, 1 H), 4.22-4.16 (m, 5 H), 2.85-2.79 (m, 1 H), 1.86-1.75
(m, 1 H), 1.65-1.55 (m, 1 H), 1.29-1.23 (m, 6 H), 0.97 (t, J = 7.3 Hz, 3 H). *C NMR (100
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MHz, CDCl3): ¢ = 173.1, 171.8, 146.3, 132.9, 130.7, 121.0, 114.8, 113.3, 61.6, 61.0, 57.8,
49.2,22.1, 14.2, 14.2, 12.0. HRMS (ESI): calcd. for C1sH2:NO4Cl,Na [M + Na]* 384.0745;
found 384.0728.

(2R*,35*)-1-Ethyl  4-methyl 2-(3,4-dichlorophenylamino)-3-ethylsuccinate (138d):
Following the general procedure J described above, 138d was obtained after purification by
g . silica gel column chromatography (EtOAc/hexane, 10:90) as colorless
: . HH\N/@U% liquid (166 mg, 96%); R = 0.45 (10% EtOAc/hexane). IR (thin film):
. . §=13382, 2970, 1735, 1599, 1201 cm . *H NMR (400 MHz, CDCls):
""""""""" L s=711 (d, J=8.7 Hz, 1 H), 6.66 (d, J =2.8 Hz, 1 H), 6.42 (dd, J =
8.7,2.8 Hz, 1 H), 4.61 (d, J = 8.2 Hz, 1 H), 4.14-4.07 (m, 3 H), 3.64 (s, 3 H), 2.78-2.73 (m,
1 H), 1.75-1.66 (m, 1 H), 1.56-1.46 (m, 1 H), 1.16 (t, J = 7.1 Hz, 3H), 0.87 (t, J = 7.4 Hz, 3
H). *C NMR (100 MHz, CDCls): 6 = 173.6, 171.7, 146.3, 132.9, 130.7, 121.1, 114.9, 113.3,
61.7, 57.8, 52.1, 49.1, 22.0, 14.2, 12.0. HRMS (ESI): calcd. for C1sH19NO4CloNa [M + Na]*
370.0589; found 370.0570.

Procedure K. N-allylation of y,6-unsaturated p,p-disubstituted N-aryl e-amino acid
derivatives 124/127/132: To the respective N-aryl a-amino ester 124/127/132 (1 mmol, 1
equiv) in MeCN (5 mL) was added allyl bromide (6 equiv), Nal (0.1 equiv), and activated
K2oCO3 (3 equiv). The resulting reaction mixture was heated to reflux for 24-48 h. After
completion of the reaction as indicated by the TLC, the reaction mixture was cooled to room
temperature, water (56 mL) was added, and the resulting reaction was transferred to a
separating flask and extracted with EtOAc (3x15 mL). The combined organic layers were
dried with anhydrous Na,SO, and the solvent was evaporated under vacuum. Purification of
the resulting crude reaction mixture by column chromatography on silica gel (EtOAc/hexane)

gave the products 139a-g (see Scheme 60).

(2R*,3R*)-Ethyl 2-[allyl(phenyl)amino]-3-phenylpent-4-enoate (139a): Following the
general procedure K as described above, 139a was obtained after purification by silica gel
//:\N column chromatography (EtOAc/hexane, 1.5:98.5) as a colorless liquid (214
/%cooa mg, 64%); Rs = 0.35 (1.5% EtOAc/hexane). IR (neat): o = 2981, 1732, 1598,
139a i 1504, 1163, 1026 cm . *H NMR (400 MHz, CDCls): 6 = 7.23-7.10 (m, 7

H), 6.76-6.70 (m, 3 H), 5.97-5.88 (m, 1 H), 5.42-5.34 (m, 1 H), 5.16-5.06 (m, 2 H), 4.94—
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4.89 (m, 2 H), 4.74 (d, J = 11.1 Hz, 1 H), 4.16 (g9, J = 7.1 Hz, 2 H), 4.07 (dd, J = 11.1, 8.3
Hz, 1 H), 3.92-3.89 (m, 2 H), 1.24 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 =
171.3, 148.6, 139.7, 138.2, 135.6, 128.7, 128.5, 128.2, 126.8, 118.3, 117.0, 116.0, 115.4,
65.3, 60.7, 50.9, 48.3, 14.3. MS (Cl): m/z (%) = 336 (100) [M + 1]%, 262 (5), 246 (5). HRMS
(ESI): calcd. for CoHysNO, [M + H]" 336.1964; found 336.1969.

(2R*,3R*)-Ethyl 2-[allyl(4-methoxyphenyl)amino]-3-phenylpent-4-enoate (139b):
Following the general procedure K as described above, 139b was obtained after purification

: //;\NOOMeg by silica gel column chromatography (EtOAc/hexane, 2.5:97.5) as a
V%cooa colorless oil (139 mg, 65%); Ry = 0.41 (2.5% EtOAc/hexane). IR
...... 13 (neat): & = 2929, 1731, 1680, 1513, 1244, 1039 cm*. 'H NMR (400
MHz, CDCly): 6 = 7.24-7.20 (m, 2 H), 7.17-7.12 (m, 3 H), 6.68 (d, J = 1.1 Hz, 4 H), 5.94—
5.86 (m, 1 H), 5.39-5.29 (m, 1 H), 5.12-5.02 (m, 2 H), 4.91-4.85 (m, 2 H), 4.50 (d, J = 11.2
Hz, 1 H),4.14 (q,J=7.1 Hz, 2 H), 3.99 (dd, J=11.2, 8.2 Hz, 1 H), 3.81 (d, J = 5.4 Hz, 2 H),
3.70 (s, 3 H), 1.21 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 171.3, 153.1, 142.7,
140.0, 138.2, 135.9, 128.4, 128.3, 126.7, 118.9, 116.9, 116.1, 114.0, 67.5, 60.5, 55.5, 50.8,
49.0, 14.3. MS (CI): m/z (%) = 366 (100) [M + 1]%, 208 (15), 163 (5). HRMS (ESI): calcd.
for Ca3H2sNO3 [M + H]" 366.2069; found 366.2079.

(2R*,3R*)-Ethyl-2-[allyl(3,4-dimethylphenyl)amino]-3-phenylpent-4-enoate (139c¢):
Following the general procedure K as described above, 139c was obtained after purification

Me by silica gel column chromatography (EtOAc/hexane, 1.5:98.5) as a
: /:N 'V'e colorless liquid (294 mg, 81%); Ry = 0.40 (1.5% EtOAc/hexane). IR
A (neat): & = 2922, 1732, 1614, 1505, 1154, 1029 cm™. *H NMR (400
MHZ, CDCly): 6 =7.23-7.19 (m, 2 H), 7.16-7.12 (m, 3 H), 6.88 (d, J = 8.3 Hz, 1 H), 6.55 (d,
J =26 Hz, 1 H), 6.50 (dd, J = 8.3, 2.6 Hz, 1 H), 5.96-5.87 (m, 1 H), 5.39-5.30 (m, 1 H),
5.13-5.03 (m, 2 H), 4.91-4.85 (m, 2 H), 4.66 (d, J = 11.0 Hz, 1 H), 4.13 (q, J = 7.1 Hz, 2 H),
4.02 (dd, J = 11.0, 8.4 Hz, 1 H), 3.87-3.85 (m, 2 H), 2.15 (s, 3 H), 2.11 (5, 3 H), 1.23 (t, J =
7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 171.5, 146.8, 139.9, 138.4, 136.7, 136.1,
129.8, 128.4, 128.3, 126.7, 126.5, 117.4, 116.9, 115.8, 113.3, 65.6, 60.6, 51.0, 48.4, 20.3,
18.7, 14.3. MS (CI): m/z (%) = 364 (100) [M + 1], 336 (5), 206 (5). HRMS (ESI): calcd. for
CosH3oNO, [M + H]" 364.2277; found 364.2269.
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(2R*,35*)-Ethyl 2-[allyl(4-bromophenyl)amino]-3-methylpent-4-enoate (139d):

Following the general procedure K as described above, 139d was obtained after purification

VRN o by silica gel column chromatography (EtOAc/hexane, 1.5:98.5) as a
§A,}<COOE . colorless liquid (243 mg, 69%): Ry = 0.45 (1.5% EtOAc/hexane). IR
°n 139d i (neat): o = 2979, 1732, 1589, 1495, 1242, 1027, 670 cm*. *H NMR (400

...........................................

MHz, CDCl3): 6 = 7.27 (d, J = 9.1 Hz, 2 H), 6.74 (d, J = 9.1 Hz, 2 H), 5.77-5.67 (m, 2 H),
5.16-5.03 (M, 4 H), 4.11-4.00 (m, 5 H), 2.94-2.84 (m, 1 H), 1.19 (t, J = 7.1 Hz, 3 H), 1.00
(d, J = 6.8 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 170.9, 147.9, 139.4, 134.8, 131.7,
116.5, 116.4, 116.3, 110.0, 66.6, 60.6, 48.5, 38.6, 17.2, 14.2. MS (CI): m/z (%) = 353 (95) [M
+2]", 352 (100) [M + 1]*, 274 (10), 246 (15), 172 (5). HRMS (ESI): calcd. for C17H23BrNO,
[M + H]" 352.0912; found 352.0910.

(2R*,3S*)-Ethyl 2-[allyl(4-methoxyphenyl)amino]-3-methylpent-4-enoate (139e):

Following the general procedure K as described above, 139e was obtained after purification

: //:\NOOMeé by silica gel column chromatography (EtOAc/hexane, 2.5:97.5) as a
%MCOOE‘ colorless liquid (227 mg, 75%); Rs = 0.43 (2.5% EtOAc/hexane). IR
e H e | | (neat): & = 2980, 1731, 1513, 1243, 1039 cm*. 'H NMR (400 MHz,
CDCl3): 6 =6.86 (d, J =9.2 Hz, 2 H), 6.79 (d, J = 9.2 Hz, 2 H), 5.78-5.67 (m, 2 H), 5.18—
5.01 (m, 4 H), 4.07 (q, J = 7.1 Hz, 2 H), 4.00-3.88 (m, 3 H), 3.74 (s, 3 H), 2.91-2.81 (m, 1
H), 1.18 (t, J = 7.1 Hz, 3 H), 1.08 (d, J = 6.7 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 =
171.4, 152.9, 143.2, 139.9, 136.0, 118.2, 116.2, 116.0, 114.3, 68.6, 60.2, 55.5, 49.1, 38.6,
17.3, 14.3. MS (CI): m/z (%) = 304 (100) [M + 1], 262 (4), 208 (6). HRMS (ESI): calcd. for
C1gH2sNO3 [M + H]" 304.1913; found 304.1909.

(2R*,35*)-Ethyl 2-[allyl(p-tolyl)amino]-3-methylpent-4-enoate (139f): Following the

general procedure K as described above, 139f was obtained after purification by silica gel
column chromatography (EtOAc/hexane, 1.5:98.5) as a colorless liquid
/%COOE (258 mg, 90%); Rt = 0.42 (1.5% EtOAc/hexane). IR (neat): o = 2980,
....... 1 1731, 1513, 1243, 1039 cm . *H NMR (400 MHz, CDCls): § = 7.01 (d,
J=8.4Hz 2H),6.79 (d, J = 8.4 Hz, 2 H), 5.79-5.68 (m, 2 H), 5.17-5.01 (m, 4 H), 4.09—
3.94 (m, 5 H), 2.91-2.85 (m, 1 H), 2.23 (s, 3 H), 1.18 (t, J = 7.1 Hz, 3 H), 1.03 (d, J = 6.7 Hz,
3 H). °C NMR (100 MHz, CDCls): 6 = 171.4, 146.8, 139.8, 135.7, 129.5, 127.4, 116.1,

116.0, 115.3, 67.0, 60.4, 48.5, 38.8, 20.3, 17.3, 14.3. MS (CI): m/z (%) = 289 (20) [M + 2]*,
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288 (100) [M + 1]°. HRMS (ESI): calcd. for CigHxNO, [M + H]* 288.1964; found
288.1971.

(2R*,35*)-Diethyl 2-(allyl(4-methoxyphenyl)amino)-3-vinylsuccinate (139g): Following
the general procedure K described above, 139g was obtained after purification by silica gel
"""""" //:\N/OOMG column chromatography (EtOAc/hexane, 08:92) as co.lorlfzss liquid
f A coomt i (90 mg, 50%); R = 0.40 (8% EtOAc/hexane). IR (thin film): o =
E00C 139 | 2983, 1730, 1513, 1154, 1036 cm . *H NMR (400 MHz, CDCl): § =
é"él(d 3=9.0 Hz 2 H), 6.75 (d, J = 9.0 Hz, 2 H), 5.84-5.75 (m, 1 H), 5.66-5.57 (m, 1 H),
527 (d,J=17.1 Hz, 1 H), 5.18 (d, J = 10.2 Hz, 1 H), 5.07 (d, J = 17.1 Hz, 1 H), 5.00 (d, J =
10.2 Hz, 1 H), 4.46 (d, J = 11.2 Hz, 1 H), 4.09-3.91 (m, 5 H), 3.83-3.73 (m, 2 H), 3.71 (s, 3
H), 1.17-1.12 (m, 6 H). **C NMR (100 MHz, CDCls): § = 171.4, 169.3, 154.0, 142.1, 135.6,
131.9, 120.4, 120.3, 116.5, 114.0, 66.9, 61.0, 60.6, 55.4, 51.7, 49.5, 14.3, 14.1. HRMS (ESI):

calcd. for CooH2sNOs [M + H]" 362.1967; found 362.1959.

Procedure L. Synthesis of 140a-g by RCM of Compounds 139a-g: To the respective
compounds 139a-g (0.5 mmol, 1 equiv) in anhydrous CH,Cl, (2 mL) was added Grubbs' 2™
generation catalyst (0.05-0.1 equiv) and the resulting reaction mixture was stirred overnight
at room temperature. After completion of the reaction as indicated by the TLC, the reaction
mixture was subjected to rotary evaporation. Purification of the resulting crude reaction
mixture by column chromatography on silica gel (EtOAc/hexane) gave the products 140a-g
(see Scheme 60).

(2R*,3R*)-Ethyl 1,3-diphenyl-1,2,3,6-tetrahydropyridine-2-carboxylate (140a):
Following the general procedure L as described above, 140a was obtained after purification
by silica gel column chromatography (EtOAc/hexane, 2:98) as a colorless
| solid (146 mg, 95%); mp 83-84 °C. R = 0.56 (10% EtOAc/hexane). IR (KBr):
: COOEt§ = 2977, 1734, 1599, 1502, 1292, 1026 cm . *H NMR (400 MHz, CDCl3): 6
3555 (m, T H), 6.94 (d, 3= 8.1 Hz, 2 H), 6.81 (t, J = 8.1 Hz, 1 H), 6.16 (dd, J = 10.1,
2.8 Hz, 1 H), 5.97 (dd, J = 10.1, 2.1 Hz, 1 H), 4.79 (d, J = 6.9 Hz, 1 H), 4.13-4.02 (m, 3 H),
3.73-3.66 (m, 1 H), 3.57-3.49 (m, 1 H), 0.74 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,

CDCl3): 6 =171.0, 149.0, 140.0, 129.3, 128.5, 128.4, 127.2, 126.3, 124.0, 119.0, 114.1, 60.2,
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59.9, 45.3, 43.5, 13.6. HRMS (ESI): calcd. for CyH»NO; [M + H]* 308.1651; found
308.1663.

(2R*,3R*)-Ethyl 1-(4-methoxyphenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-2-
carboxylate (140b): Following the general procedure L as described above, 140b was
14°'°©/OM6 obtained after purification by silica gel column chromatography
Q (EtOAc/hexane, 3:97) as a colorless solid (126 mg, 75%); mp 67-69 °C. R¢
cooet i =0.42 (3% EtOAc/hexane). IR (KBr): & = 2983, 1723, 1514, 1184, 1040
9.2 Hz, 2 H), 6.84 (d, J =9.2 Hz, 2 H), 6.16 (dd, J = 10.3, 3.7 Hz, 1 H), 5.96 (dd, J=10.3,
2.2Hz,1H),4.68 (d, J=6.9 Hz, 1 H), 4.18-3.94 (m, 3 H), 3.76 (5, 3 H), 3.73-3.65 (m, 1 H),
3.58-3.50 (m, 1 H), 0.73 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCl3): 6 = 170.9, 153.2,
143.4, 140.1, 128.5, 128.4, 127.2, 126.4, 124.2, 116.4, 114.7, 61.6, 59.7, 55.6, 46.0, 43.7,
13.6. MS (CI): m/z (%) = 338 (100) [M + 1]", 278 (7), 208 (10), 246 (10). HRMS (ESI):
calcd. for Cp1H2sNO3 [M + H]* 338.1756; found 338.1773.

(2R*,3R*)-Ethyl 1-(3,4-dimethylphenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-2-
carboxylate (140c): Following the general procedure L as described above, 140c was
14OC/©[Me obtained after purification by silica gel column chromatography
@ . (EtOAc/hexane, 2:98) as a yellow semisolid (152 mg, 91%); Rs = 0.45 (2%
CooEt | EtOAc/hexane). IR (neat): & = 2922, 1732, 1615, 1512, 1024 cm . *H NMR
(21'66"|'(/'|'F|'2"'6ESC|3) 0=7.34-7.22 (m, 5 H), 7.00 (d, J = 8.3 Hz, 1 H), 6.75 (s, 1 H), 6.70 (d, J
=8.3Hz, 1 H),6.14 (dd, J =10.3, 2.8 Hz, 1 H), 5.94 (dd, J = 10.3, 1.7 Hz, 1 H), 4.74 (d, J =
6.9 Hz, 1 H), 4.13 (br. s, 1 H), 4.05 (br. s, 2 H), 3.73-3.69 (m, 1 H), 3.54-3.49 (m, 1 H), 2.21
(s, 3 H), 2.15 (s, 3 H), 0.74 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCl3): § = 171.1,
147.3, 140.2, 137.3, 130.4, 128.5, 128.4, 127.2, 127.1, 126.5, 124.1, 116.0, 111.9, 60.6, 59.8,
45.6, 43.6, 20.4, 18.7, 13.7. HRMS (ESI): calcd. for C2,HxsNO; [M + H]" 336.1964; found
336.1968.

(2R*,3S*)-Ethyl 1-(4-bromophenyl)-3-methyl-1,2,3,6-tetrahydropyridine-2-carboxylate
(140d): Following the general procedure L as described above, 140d was obtained after
purification by silica gel column chromatography (EtOAc/hexane, 2:98) as an orange oil
(136 mg, 84%); Rf = 0.49 (2% EtOAc/hexane). IR (neat): o = 2977, 1732, 1590, 1494, 1022,

692 cm . 'H NMR (400 MHz, CDCl3): 6 = 7.33 (d, J = 9.2 Hz, 2 H), 6.76 (d, J = 9.2 Hz, 2
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H), 5.88 (dd, J = 10.2, 3.1 Hz, 1 H), 5.58 (dd, J = 10.2, 2.2 Hz, 1 H), 451 (d, J = 6.6 Hz, 1
fa0d A~ Bri H), 4.08 (g, J = 7.1 Hz, 2 H), 3.95-3.79 (m, 2 H), 2.91-2.86 (m, 1 H), 1.91-
Q@ 1.14 (m, 6 H). *C NMR (100 MHz, CDCls): § = 171.3, 148.1, 131.9, 126.8,
COOEt | 123.9, 115.2, 110.6, 60.4, 59.0, 45.4, 32.0, 17.4, 14.4. MS (Cl): m/z (%) =
"3"2"5"""('@'5’)’""{]’\')? + 2]%, 324 (100) [M + 1]%, 246 (30), 172 (10). HRMS (ESI): calcd. for
C15H19NO,Br [M + H]* 324.0599; found 324.0594.

(2R*,35*)-Ethyl 1-(4-methoxyphenyl)-3-methyl-1,2,3,6-tetrahydropyridine-2-
carboxylate (140e): Following the general procedure L as described above, 140e was
""""""""""""""" ome obtained after purification by silica gel column chromatography
QNKQ (EtOAc/hexane, 3:97) as a brown solid (104 mg, 76%); mp 55-57 °C. R¢ =
CooEt i 0.50 (3% EtOAc/hexane). IR (KBr): & = 2961, 1727, 1514, 1171, 1032 cm™
(dd,J=10.1,2.1Hz,1 H), 4.45(d,J=6.6 Hz, 1 H), 4.05(q,J=7.1Hz, 2 H), 3.89-3.85 (m,
2 H), 3.75 (s, 3 H), 2.91 (br. s, 1 H), 1.16 (t, J = 7.1 Hz, 3 H), 1.11 (d, J = 7.5 Hz, 3 H). °C
NMR (100 MHz, CDCls): 0 = 171.7, 152.9, 143.6, 126.8, 124.4, 115.8, 114.6, 60.3, 60.1,
55.6, 46.0, 32.2, 17.4, 14.4. HRMS (ESI): calcd. for CisH22NOs [M + H]* 276.1600; found
276.1613.

(2R*,3S*)-Ethyl 3-methyl-1-(p-tolyl)-1,2,3,6-tetrahydropyridine-2-carboxylate (140f):
Following the general procedure L as described above, 140f was obtained after purification
14°f©Me by silica gel column chromatography (EtOAc/hexane, 2:98) as a colorless
@ oil (78 mg, 60%); Rf = 0.46 (2% EtOAc/hexane). IR (neat): o = 2976, 1738,
COOEt 1519, 1450, 1156, 1023 cm . *H NMR (400 MHz, CDCls): 6 = 7.05 (d, J =
86 Hz. 2 H). 6.81 (d, J = 8.6 Hz, 2 H), 5.88 (dd, J = 10.1, 3.1 Hz, 1 H), 5.56 (dd, J = 10.1,
2.1 Hz, 1 H), 453 (d, J = 6.6 Hz, 1 H), 4.06 (q, J = 7.1 Hz, 2 H), 3.97-3.84 (m, 2 H), 2.89
(br.s, 1 H), 2.24 (s, 3 H), 1.16 (t, J = 7.1 Hz, 3 H), 1.12 (d, J = 7.6 Hz, 3 H). **C NMR (100
MHz, CDCly): 6 = 171.7, 147.0, 129.8, 127.8, 126.8, 124.4, 113.9, 60.1, 59.4, 45.6, 32.1,
20.3, 17.4, 14.4. HRMS (ESI): calcd. for C16H22NO, [M + H]" 260.1651; found 260.1663.
(2R*,3S*)-Diethyl  1-(4-methoxyphenyl)-1,2,3,6-tetrahydropyridine-2,3-dicarboxylate
(1409): Following the general procedure L described above, 140g was obtained after
purification by silica gel column chromatography (EtOAc/hexane, 10:90) as colorless oil

(153 mg, 92%); Rs = 0.41 (10% EtOAc/hexane). IR (thin film): 5 = 2983, 1736, 1512, 1248,
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1032 cm ™. *H NMR (400 MHz, CDCl3): 6 = 6.90 (d, J = 9.3 Hz, 2 H), 6.85 (d, J = 9.3 Hz, 2
a0 ome! H), 6.25-6.21 (M, 1 H), 5.92-5.87 (m, 1 H), 5.04 (d, J = 5.0 Hz, 1 H), 4.22
' Q (g, J = 7.1 Hz, 2 H), 4.12-3.95 (m, 2 H), 3.79-3.75 (m, 2 H), 3.77 (s, 3 H),
COOEt 3.67 (br. s, 1 H), 1.30 (t, J = 7.2 Hz, 3 H), 1.11 (t, J = 7.1 Hz, 3 H). *C
NMR (100 MHz, CDCls): § = 170.6, 170.0, 153.2, 143.4, 125.8, 122.1, 116.6, 114.5, 61.0,
60.9, 59.0, 55.6, 45.6, 43.7, 14.2, 14.1. HRMS (ESI): calcd. for CigH24NOs [M + H]*

334.1654; found 334.1660.

Procedure J. Hydrogenation of N-aryl tetrahydropyridine derivatives (140b and 140g)
to N-aryl piperidine derivatives (14la and 141b): A dry flask containing N-aryl
tetrahydropyridine derivatives 140b/140g (0.15 mmol, 1 equiv) in anhydrous THF (2 mL)
was charged with Pd-C (10 mol-%) and the contents were stirred under H, (1 atm) at room
temperature. After disappearance of starting material (reaction monitored by TLC) the
reaction mixture was filtered through a Celite pad and rinsed with EtOAc (20 mL). The
solvent was removed by rotary evaporation and the product was purified by column
chromatography on silica gel (EtOAc/hexane) to afford the N-aryl piperidine derivatives
141a and 141b (see Scheme 61).

(2R*,3R*)-Ethyl 1-(4-methoxyphenyl)-3-phenylpiperidine-2-carboxylate (141a):
Following the general procedure J as described above, 141a was obtained after purification
141a/©/OMe by silica gel column chromatography (EtOAc/hexane, 4:96) as a colorless
(l\/NK oil (27 mg, 54%); Rs = 0.45 (4% EtOAc/hexane). IR (neat): o = 2930,

COOEt 1727, 1602, 1512, 1148, 1037 cm . 'H NMR (400 MHz, CDCls): § =

7.24-7.13 (m, 5 H), 6.87 (d, J = 9.0 Hz, 2 H), 6.72 (d, J = 9.0 Hz, 2 H), 4.44 (d, J = 5.6 Hz, 1
H), 3.66 (s, 3 H), 3.64-3.52 (m, 3 H), 3.26-3.23 (m, 2 H), 2.30-2.19 (m, 1 H), 2.01-1.97 (m,
1 H), 1.79-1.73 (m, 1 H), 1.17 (s, 1 H), 0.62 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 0 = 171.4, 153.6, 144.5, 141.5, 128.3, 127.8, 126.9, 118.3, 114.3, 65.6, 59.4, 55.5,
44.6, 44.3, 25.6, 23.4, 13.7. MS (CI): m/z (%) = 340 (100) [M + 1]", 288 (10).

(2R*,35S*)-Diethyl 1-(4-methoxyphenyl)piperidine-2,3-dicarboxylate (141b): Following
the general procedure J described above, 141b was obtained after purification by silica gel
column chromatography (EtOAc/hexane, 10:90) as colorless liquid (33 mg, 65%); R; = 0.41
(10% EtOAc/hexane). IR (thin film): 5 = 2940, 1732, 1512, 1242, 1037 cm™*. *H NMR (400
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MHz, CDCl3): 6 = 6.93 (d, J = 9.1 Hz, 2 H), 6.83 (d, J = 9.1 Hz, 2 H), 4.82 (d, J =5.0 Hz, 1
H), 4.18 (g, J = 7.1 Hz, 2 H), 4.07-3.98 (m, 2 H), 3.76 (s, 3 H), 3.32-3.19 (m, 2 H), 2.93—
141bQOM 2.88 (M, 1 H), 2.07-2.02 (m, 1 H), 1.89-1.75 (m, 2 H), 1.72-1.62 (m, 1 H),

. 1.28 (t, J = 7.1 Hz, 3 H), 1.10 (t, J = 7.1 Hz, 3 H). ®C NMR (100 MHz,
CDCly): 6 = 172.3, 170.4, 153.5, 144.7, 118.6, 114.3, 61.7, 60.6, 60.5,

55.6, 44.5, 44.3, 245, 22.0, 14.2, 14.1. HRMS (ESI): calcd. for CigHsNOs [M + H]"
336.1811; found 336.1807.

Procedure M. Hydrolysis of the N-aryl a-amino esters 124a, 124c and 140f for the
synthesis of unnatural N-aryl a-amino acids 142a-c: The respective N-aryl a-amino ester
124a/124c¢/140f (0.5 mmol, 1 equiv) was hydrolyzed by heating to reflux with 1M aqg.
potassium hydroxide (3 mL) and methanol (1 mL) for 48 h. After this period the reaction
mixture was cooled to room temperature, transferred to a separating flask, and washed with
CH,Cl; (2x10 mL). To the reaction mixture was added 2 N ag. HCI dropwise and the solid
products were filtered to afford the corresponding N-aryl a-amino acids 142a-c (see Scheme
62).

(2R*,3R*)-3-Phenyl-2-(p-tolylamino)pent-4-enoic acid (142a): Following the general

procedure M as described above, 142a was obtained as a yellowish white solid (77 mg,

s S50 M0 116118 °C. IR (KBR): § = 3247, 3134, 26042361, 1700,
: N—< >—Me§
AHA i 1544, 1509, 1246 cm . *H NMR (400 MHz, CDCl; + DMSO-dg): 6 =
”. "COOH
P PH 4 | 7.27(d, J=4.3Hz, 4 H), 7.22-7.19 (m, 1 H), 6.99 (d, J = 8.2 Hz, 2 H),

684(d J=8.2Hz, 2 H), 6.22-6.16 (m, 1 H), 5.69 (br. s, 2 H), 5.28-5.19 (m, 2 H), 4.28 (d, J
= 7.0 Hz, 1 H), 4.02 (t, J = 7.0 Hz, 1 H), 2.22 (s, 3 H). *C NMR (100 MHz, CDCl; +
DMSO-dg): 0 = 177.1, 144.1, 141.1, 134.9, 134.5, 133.4, 132.9, 131.9, 128.1, 123.1, 121.8,
68.7, 56.4, 25.3. MS (Cl): m/z (%) = 282 (45) [M + 1], 236 (100), 207 (10).

(2R*,3R*)-2-[(4-Bromophenyl)amino]-3-phenylpent-4-enoic acid (142b): Following the

general procedure M as described above, 142b was obtained as a colorless solid (112 mg,
T R : 65%); mp 100-102 °C. IR (KBr): & = 3571, 3378, 3079-2549, 1713,
A/(coé?B 1595, 1502, 1273, 702 cm *. *H NMR (400 MHz, CDCl3): 6 = 7.33-7.20

1426 : (m, 7 H), 6.46 (d, J = 8.9 Hz, 2 H), 6.16-6.07 (m, 1 H), 5.23-5.18 (m, 2

H) 5.01 (br. s, 2H) 4.29 (d, J=7.5Hz, 1 H), 3.82 (t, J = 7.5 Hz, 1 H). *C NMR (100 MHz,
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CDCly): 0=177.1, 145.7, 138.7, 136.7, 132.0, 128.9, 128.1, 127.5, 118.0, 115.4, 110.5, 61.3,
52.7. MS (CI): m/z (%) = 348 (45) [M + 3]", 346 (50) [M + 1], 302 (95), 300 (100), 206
(11). HRMS (ESI): calcd. for C17H317BrNO; [M + H]" 346.0443; found 346.0447.
(2R*,35*)-3-Methyl-1-(p-tolyl)-1,2,3,6-tetrahydropyridine-2-carboxylic ~ acid  (142c):
Following the general procedure M as described above, 142c was obtained (as a mixture of
Me diastereomers, dr 80:20) as a semisolid (104 mg, 90%); IR (CDCls): & =
@Q 3543-2852, 1714, 1518, 1215, 1037 cm . *H NMR (400 MHz, CDCls): 6 =
COOH 1 9.65 (br. s, 1 H), 7.03 (d, J =8.1 Hz, 2 H), 6.72 (d, J = 8.1 Hz, 2 H), 5.82—
5.71 (M, 2 H), 4.33 (s, 1 H), 3.87-3.76 (m, 2 H), 2.87 (br. s, 1 H), 2.23 (5, 3 H), 1.20 (d, J =
6.9 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 178.2, 147.9, 129.8, 127.8, 126.9, 124.0,
113.7, 60.9, 45.1, 33.3, 20.3, 17.4. MS (CI): m/z (%) = 232 (100) [M + 1]*, 200 (50), 188
(70), 120 (5). NMR spectroscopic data given here refers to the major diastereomer.
(2R*,35*)-2-Amino-3-ethylsuccinic acid hydrochloride (142d): To the N-aryl a-amino
ester 138b (0.2 mmol, 1 equiv) in MeCN (2 mL) was added aqueous solution of both

with Na,COj3 to obtain the pH 7. Then, the product was extracted using DCM (5x1 mL). The
combined organic layers were dried over anhydrous Na,SO.. The solvent was evaporated
under vacuum, which gave a crude mixture. To this crude reaction mixture 6 N HCI (5 mL)
was added and refluxed for 3 h. After completion of the reaction, the reaction mixture was
cooled to room temperature and the solvent was removed under vacuum that gave the
product 142d as colorless viscous liquid (20 mg, 50%): IR (thin film): 5 = 3562, 30602575,
1715, 1273 cm™. *H NMR (400 MHz, D,0): § = 4.17 (d, J = 4.0 Hz, 1 H), 3.07-3.02 (m, 1
H), 1.80-1.71 (m, 1 H), 1.59-1.52 (m, 1 H), 0.91 (t, J = 8.0 Hz, 3 H). *C NMR (100 MHz,
D,0): 6 = 175.7,53.1, 46.2, 21.1,11.0; MS (CI): m/z (%) = 162 (100) [M + 1]*, 144 (12), 101
(10). HRMS (ESI): calcd. for CsH12NO4 [M + H]* 162.0766; found 162.0777. (OH protons
could not be detected perhaps due to the rapid exchange with the D,O solvent). The NMR
values given here for the major isomer and the NMR spectrum were having some traces of

minor diastereomer.
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Procedure G. In-mediated addition of 4-bromocrotonates (123e or 123f) to a-imino
esters 100r-u: To a vigorously stirring solution of a-imino ester 100r-u (0.5 mmol, 1 equiv)
and ethyl 4-bromocrotonate (123e) or methyl-4-bromo crotonate (123f; 1.5 mmol, 3 equiv) in
EtOH (2 mL) was added indium powder (1 mmol, 2 equiv). The mixture was allowed to stir
vigorously for 12 h at 30 °C. After this period, the reaction mixture was quenched with 2 mL
of water and transferred to a separating funnel and extracted using ethyl acetate (3x15 mL).
The combined organic layers were dried over anhydrous Na,SO.. Then the solvent was
evaporated under vacuum. Purification of the resulting crude reaction mixture by column
chromatography on silica gel (EtOAc/hexane as eluent) gave the product 143a-e (see
Schemes 63 and 64).

Diethyl 2-(((R)-1-phenylethyl)amino)-3-vinylsuccinate (143a): Following the general
procedure G described above, 143a was obtained after purification by silica gel column

. Ry = 0.75 (20% EtOAc/hexane). [a]o®® = +42.8 (¢ 0.14, DCM). IR (thin
: Me film): & = 3324, 2980, 1734, 1452, 1369, 1305,1158, 1030 cm™. 'H
oo o . NMR (400 MHz, CDCls): § = 7.31-7.24 (m, 5 H), 5.89-5.80 (m, 1 H),
5.21 (d, J = 5.6 Hz, 1 H), 5.18 (5, 1 H), 4.24-4.17 (m, 2 H), 4.05-3.94 (m, 2 H), 3.77-3.72
(9, 1 H), 3.69 (d, J = 8.8 Hz, 1 H), 3.29-3.25 (t, 1 H), 1.33-1.23 (m, 7 H), 1.19-1.16 (t, 3 H).
3C NMR (100 MHz, CDCly): 6 = 173.05, 171.54, 145.27, 132.02, 128.38, 128.27, 127.16,
127.05, 126.71, 119.80, 61.36, 60.90, 60.70, 56.75, 54.97, 22.81, 14.23, 14.18. HRMS (ESI):
calcd. for CigHsNO4 [M + H]" 320.1862; found 320.1870.
(2R,3S)-Diethyl 2-((R)-1,1-dimethylethylsulfinamido)-3-vinylsuccinate (143c): Following

o : chromatography (EtOAc/hexane, 20:80) as colorless liquid (96 mg, 60%);
: 143a p
HHN

the general procedure G as described above, 143c was obtained after purification by silica gel

: o i column chromatography (EtOAc/hexane, 30:70) as colorless liquid (144
143¢ H,,HN/g"’ﬁjﬁ mg, 90%); Rs = 0.43 (30% EtOAc/hexane). [o]p> = —56.4 (¢ 0.20, DCM).
-z % COOEt IR (neat): 5 = 3430, 2983, 1733, 1468, 1084 cm™. 'H NMR (400 MHz,
CDCly): 6 = 5.88-5.79 (M, 1 H), 5.28-5.22 (m, 2 H), 4.25-4.11 (m, 6 H), 3.45-3.41 (m, 1 H),
1.30-1.25 (m, 6 H), 1.23 (s, 9 H). *C NMR (100 MHz, CDCls): & = 171.2, 170.5, 131.2,
120.6, 62.0, 61.3, 60.2, 56.4, 54.6, 22.6, 14.1, 14.1. HRMS: (ESI) calcd for C14H26NOsS [M

+ H]" 320.1531; found 320.1534.
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(2S,3R)-Diethyl 2-((S)-1,1-dimethylethylsulfinamido)-3-vinylsuccinate (143d): Following
the general procedure G as described above, 143d was obtained after purification by silica
gel column chromatography (EtOAc/hexane, 30:70) as colorless liquid (112 mg, 70%); R; =

o 6" 0.43 (30% EtOAc/hexane). [a]p™ = +79.9 (c 0.20, DCM). IR (neat): & =
143 HH:N/ST<5 3376, 2982, 1733, 1469, 1368, 1082 cm™.*H NMR (400 MHz, CDCls): &

cooc S, CO0Ft | =588-578 (m, 1 H), 5.27-5.22 (m, 2 H), 4.25-4.12 (m, 6 H), 3.45-3.41

(m, 1 H), 1.30-1.24 (m, 6 H), 1.22 (s, 9 H). *C NMR (100 MHz, CDCls): 6 = 171.1, 170.4,
131.2, 120.6, 62.0, 61.2, 60.2, 56.4, 54.6, 22.6, 14.1, 14.1. HRMS: (ESI) calcd for
C14H2sNNaOsS [M + Na]* 342.1351; found 342.1351.
(2R,3S)-1-Ethyl 4-methyl 2-((R)-1,1-dimethylethylsulfinamido)-3-vinylsuccinate (143e):
Following the general procedure G as described above, 143e was obtained after purification
"""""""""""""""" o i by silica gel column chromatography (EtOAc/hexane, 30:70) as
H,HN/R"'Kg colorless liquid (99 mg, 65%); R; = 0.42 (30% EtOAc/hexane). [o]p> =
'Meoo/o COOEt —62.2 (c 0.13, CHCIy). IR (neat): & = 3283, 2983, 1732, 1438, 1078 cm’
fﬁ"iﬁ"'r(i’l'\"/i’#ém(ﬁﬁd"i(/lHz, CDCly): 6 = 5.77-5.68 (m, 1 H), 5.18-5.13 (m, 2 H), 4.15-4.10 (m, 4
H), 3.61 (s, 3 H), 3.36 (dd, J = 9.0, 7.2 Hz, 1 H), 1.19 (t, J = 7.2 Hz, 3 H), 1.13 (s, 9 H). *C
NMR (100 MHz, CDCl3): 6 =171.1, 171.0, 131.0, 120.8, 62.0, 56.5, 54.6, 52.3, 22.6, 14.1.
HRMS: (ESI) calcd for C13H2sNOsS [M + H]* 306.1375; found 306.1387.
(R)-N-((2R,3S)-1-Hydroxy-3-(hydroxymethyl)pent-4-en-2-yl)-2-methylpropane-2-
sulfinamide (144a): A dry flask was charged with anhydrous THF (4 mL) and the respective
N-aryl a-amino ester (143c; 0.5 mmol) under a nitrogen atmosphere at 0 °C. To this solution

o i was added LiAlH4 (2 mmol) in portions and the mixture was stirred for 12 h
144aH e |< at room temperature. EtOH (few drops) and 5% agq. NaOH solution (1-2
H; a4 9:2 mL) were then added sequentially and the resulting white suspension was
O i Filtered through a Celite pad and rinsed with THF (20 mL). The filtrate was
dried with anhydrous Na,SO,, the solvent was removed by rotary evaporation, and the
product was purified by column chromatography on silica gel (EtOAc/hexane) to afford the
respective N-aryl p-amino alcohols 144a (EtOAc/hexane, 50:50) as colorless oil (65 mg,

55%); Rf = 0.38 (50% EtOAc/hexane). [a]p?® = —16.2 (c 0.24, DCM). IR (neat): & = 3290,
2921, 1467, 1011 cm™.*H NMR (400 MHz, CDCls): 6 = 5.67-5.58 (m, 1 H), 5.13-5.09 (m, 2

H), 4.21 (br. s, 1 H), 3.84 (d, J = 9.8 Hz, 1 H), 3.75 (d, J = 11.4 Hz, 1 H), 3.66 (dd, J = 11.4,
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6.2 Hz, 1 H), 3.58-3.50 (m, 2 H), 3.35-3.28 (m, 1 H), 2.90 (br. s, 1 H), 2.42-2.35 (m, 1 H),
1.17 (s, 9 H). *C NMR (100 MHz, CDCls): ¢ = 136.2, 118.7, 64.5, 62.8, 60.9, 56.4, 49.4,
22.8. HRMS: (ESI) calcd for C1oH2:NO3SNa: [M + Na]* 258.1134; found 258.1126.
(2R,3S)-Diethyl 2-(4-chlorophenylsulfonamido)-3-ethylsuccinate (144d): HCI gas was
bubbled through the ethanolic solution (5 mL) of compound 143c (0.5 mmol) for 5 h. Then
—— i the crude deprotected amine 144b was subjected to the catalytic olefin
i hydrogenation in the presence of Pd-carbon (10 mol%) in THF (5 mL).
144d Q After the completion of reaction as indicated by crude 'H-NMR, the
reaction mixture was dissolved in DCM (6 mL) and triethyl amine (3
iEooc B equiv) and p-chlorobenzene sulfonyl chloride (3 equiv) was added to it at
0 °C. The resulting reaction mixture was allowed to stir for 2-5 h at 0 °C. After completion of
the reaction as indicated by the TLC, saturated aqueous NaHCO; solution (5-6 mL) was
added and the resulting reaction mixture was transferred to a separating flask and extracted
using DCM (3x15 mL). The combined organic layers were dried over anhydrous Na,SO;.
Then the solvent was evaporated under vacuum. Purification of the resulting crude reaction
mixture by column chromatography on silica gel (EtOAc/hexane, 40:60) gave the product
144d as a colorless solid (35 mg, 45%); mp 100-102 °C. R; = 0.56 (40% EtOAc/hexane).
[a]o?® = —94.4 (c 0.22, DCM). IR (neat): & = 3380, 2927, 1737, 1586, 1385, 1024 cm™.'H
NMR (400 MHz, CDCl3): 6=7.81 (d, J=8.6 Hz, 2 H), 7.48 (d, J =8.6 Hz, 2 H), 5.77 (d, J =
9.7 Hz, 1 H), 4.16-4.09 (m, 3 H), 3.96 (g, J = 7.1 Hz, 2 H), 2.89-2.84 (m, 1 H), 1.88-1.81 (m,
1 H), 1.71-1.64 (m, 1 H), 1.24 (t, J = 7.2 Hz, 3 H), 1.08 (t, J = 7.1 Hz, 3 H), 1.02 (t, J = 7.4
Hz, 3 H). *C NMR (100 MHz, CDCls): § = 173.0, 170.1, 139.2, 138.8, 129.2, 128.7, 62.0,
61.2, 60.0, 49.0, 21.9, 14.1, 13.8, 11.8. HRMS: (ESI) calcd for C15H22CINNaOgS: [M + Na]*
414.0754; found 414.0763.

Procedure N: In-mediated addition of a-halo esters (145a-j) to a-imino esters 100: To a
vigorously stirring solution of a-imino ester 100 (0.25 or 0.5 mmol, 1 equiv) and a-halo ester
(145a-j; 0.75 or 1.5 mmol, 3 equiv) in THF/DMF (1 mL) was added indium powder (0.5 or 1
mmol, 2 equiv). The mixture was allowed to stir vigorously at 30 °C for given time. After
this period, the reaction mixture was quenched with 2 mL of water and transferred to a
separating funnel and extracted using ethyl acetate (3x15 mL). The combined organic layers

were dried over anhydrous Na,SO,. Then the solvent was evaporated under vacuum.

185



Experimental Section

Purification of the resulting crude reaction mixture by column chromatography on silica gel
(EtOAc/hexane as eluent) gave the product 146/147/148 (see Tables 15 and 16 and Schemes
67 and 68 for individual entries).

Diethyl 2-(4-methoxyphenylamino)succinate (146a): Following the general procedure N
described above, 146a was obtained after purification by silica gel column chromatography
s s (EtOA/hexane, 10:90) as colorless liquid (48 mg, 65%): Ry = 0.36
%EtOOCQ(C;QOMe- (10% EtOAc/hexane). IR (thin film): & = 3368, 2983, 1730, 1512,
...Me © 1029 cm™ "H NMR (400 MHz, CDCly): 9 = 6.77 (d, J = 9.0 Hz, 2
H) 6.65 (d, J =9.0 Hz, 2 H), 4.34 (t, J = 6.0 Hz, 1 H), 4.22-4.13 (m, 4 H), 3.73 (s, 3 H), 2.82
(d, J = 6.0 Hz, 2 H), 1.27-1.22 (m, 6 H). *C NMR (100 MHz, CDCls): 6 = 172.7, 170.6,
153.1, 140.4, 115.8, 114.8, 61.5, 61.0, 55.7, 55.0, 37.7, 14.2, 14.1. HRMS: (ESI) calcd. for
C15H2NOs [M + H]" 296.1498; found 296.1509.

4-tert-Butyl 1-ethyl 2-(4-methoxyphenylamino)succinate (146b): Following the general
procedure N described above, 146b was obtained after purification by silica gel column
HHNOOMe chromatography (EtOAc/hexane, 10:90) as colorless liquid (32 mg,
Hsuooc. X . 40%); R = 0.37 (10% EtOAc/hexane). IR (thin film): & = 3385,
..................... K 2979, 1731, 1514, 1155 cm . *H NMR (400 MHz, CDCl3): ¢ =
675(d J=8.9Hz, 2 H),6.62(d,J=8.9Hz, 2 H),4.26 (t, J =59 Hz, 1 H), 419-4.12 (m, 2
H), 3.71 (s, 3 H), 2.71 (d, J = 5.9 Hz, 2 H), 1.42 (s, 9 H), 1.23-1.20 (m, 4 H). **C NMR (100
MHz, CDClg): 6 = 172.8, 169.8, 153.0, 140.6, 115.7, 114.9, 114.8, 81.4, 61.4, 55.7, 55.1,
38.8, 28.1, 28.1, 14.2. HRMS: (ESI) calcd. for Ci7HsNOs [M + H]* 324.1811; found
324.1791.

Diethyl 2-(4-chlorophenylamino)succinate (146c¢): Following the general procedure N
described above, 146¢ was obtained after purification by silica gel column chromatography
— o . (EtOAc/hexane, 10:90) as colorless liquid (52 mg, 69%); Ry = 0.38
. H NOC'? (10% EtOAc/hexane). IR (thin film): & = 3382, 2982, 1732, 1498,
oo 1202 c ™ "H NMR (400 MHz, CDCly): 0 = 7.04 (d, ) = 88 Hz, 2
H) 6.51 (d, J=8.8 Hz, 2 H), 4.29 (t, J = 5.8 Hz, 1 H), 4.15-4.04 (m, 4 H), 2.76 (dd, J = 5.8,
3.2 Hz, 2 H), 1.16 (t, J = 7.1 Hz, 6 H). *C NMR (100 MHz, CDCl5): 6 = 172.1, 170.5, 145.0,
129.2, 123.3, 114.9, 61.7, 61.1, 53.6, 37.3, 14.1, 14.1. HRMS: (ESI) calcd. for C14H19NO,CI

[M + H]" 300.1003; found 300.0999.
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Diethyl 2-([1,1'-biphenyl]-4-ylamino)succinate (146d): Following the general procedure N
described above, 146d was obtained after purification by silica gel column chromatography
HHNO% (EtOAc/hexane, 09:91) as yellow color liquid (57 mg, 67%); Ri =
Et00C i 0.39 (9% EtOAc/hexane). IR (thin film): o = 3395, 2982, 1734, 1609,
— wa 1229 cm’. *H NMR (400 MHz, CDCly): 6 = 751749 (m, 2 H),
7.42 (d,J=8.6Hz, 2 H), 7.36 (t, J=7.5Hz, 2 H), 7.23 (t, J=7.5Hz, 1 H), 6.72 (d, J = 8.6
Hz, 2 H), 4.46 (t, J = 5.7 Hz, 1 H), 4.31-4.16 (m, 3 H), 4.14 (q, J = 7.2 Hz, 2 H), 2.86 (dd, J
= 5.8, 2.5 Hz, 2 H), 1.24 (dt, J = 7.1 Hz, 2.5 Hz, 6 H). **C NMR (100 MHz, CDCls): 6 =
172.3, 170.6, 145.7, 141.0, 131.6, 128.7, 128.1, 126.4, 126.3, 114.0, 61.7, 61.1, 53.5, 37.5,
14.2. HRMS: (ESI) calcd. for CooH23NOsNa [M + Na]* 364.1525; found 364.1525.

Diethyl 2-(benzamido)succinate (146e): Following the general procedure N described

above, 146e was obtained after purification by silica gel column chromatography

e " N HCOPh (EtOAc/hexane, 20:80) as colorless oil (46 mg, 60%); Rs = 0.31 (20%
N’ Z

EtOOC\XCOOEt EtOAc/hexane). IR (thin film): & = 3291, 2928, 1733, 1529, 1028 cm™*
1460 i 'H NMR (400 MHz, CDCls): 6 = 8.09 (br. s, 1 H), 7.76-7.74 (m, 2 H),

7.54-7.50 (m, 1 H), 7.43 (t, J = 7.7 Hz, 2 H), 5.45 (br. s, 1 H), 4.28-4.14 (m, 4 H), 4.08-4.04
(m, 1 H), 2.87 (d, J = 5.3 Hz, 2 H), 1.30-1.24 (m, 6 H). *C NMR (100 MHz, CDCly): 6 =
171.7, 170.8, 167.1, 132.5, 132.0, 128.7, 127.0, 61.6, 61.1, 59.3, 35.6, 14.1. HRMS: (ESI)
calcd. for Cy5H0N20sNa [M + Na]*™ 331.1270; found 331.1266.

Diethyl 3-((4-methoxyphenyl)amino)-2,2-dimethylsuccinate (147a): Following the general
procedure N described above, 147a was obtained after purification by silica gel column
"""""""""" HN/OOMe chromatography (EtOAc/hexane, 9:91) as colorless liquid (137 mg,
o0c.. . 85%); Rr = 0.40 (9% EtOAc/hexane). IR (thin film): 5 = 3371,
v e 1ara 2982, 1728, 1512, 1238 cm*. 'H NMR (400 MHz, CDCls): 6 =
675(dJ90H22H) 6.68 (d, J =9.0 Hz, 2 H), 4.24 (br. s, 1 H), 4.24-4.10 (m, 5 H), 3.72
(s, 3 H), 1.29-1.24 (m, 9 H), 1.20 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCly): 6 =
175.6, 172.2, 153.1, 141.4, 116.1, 114.7, 64.7, 61.2, 61.0, 55.7, 45.9, 22.5, 21.6, 14.2, 14.1.
HRMS: (ESI) calcd. for C17H26NOs [M + H]* 324.1811; found 324.1797.

Diethyl 2,2-difluoro-3-((4-methoxyphenyl)amino)succinate (147b): Following the general
procedure N described above, 147b was obtained after purification by silica gel column

chromatography (EtOAc/hexane, 11:89) as colorless liquid (66 mg, 40%); Rs = 0.36 (11%
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EtOAc/hexane). IR (thin film): & = 3363, 2988, 1745, 1514, 1199 cm™™. *H NMR (400 MHz,

CDCI3) 0 =167.5 (Jc r = 3.2 Hz), 162.4 (Jc r = 30.7 Hz), 154.0, 139.6, 116.7, 114.8, 63.4,
62.6, 61.6 (Jc r = 23.2 Hz), 61.3 (Jc_r = 23.0 Hz), 55.7, 14.0, 13.9. HRMS: (ESI) calcd. for
Ci15H20F2NOs [M + H]" 332.1310; found 332.1300.

Diethyl 2-fluoro-3-((4-methoxyphenyl)amino)succinate (147c): Following the general
procedure N described above, 147c was obtained after purification by silica gel column
"""""""""" HN/@,OMe chromatography (EtOAc/hexane, 11:89) as colorless liquid (92 mg,
§Etooo " 59%); Ry = 0.35 (11% EtOAc/hexane). IR (thin film): & = 3369,

COOEt

............ P M i 2963, 1746, 1515, 1033 cm . 'H NMR (400 MHz, CDCls): & =
6.75-6.69 (m, 2 H), 6.64-6.60 (m, 2 H), 5.40-5.14 (m, 1 H), 4.57-4.45 (m, 1 H), 4.31-4.14
(m, 4 H), 3.68 (s, 3 H), 1.30-1.18 (m, 6 H). *C NMR (100 MHz, CDCl5): = 169.6 (Jc.r =
2.3 Hz), 168.4 (Jc_r = 6.7 Hz), 167.1 (Jc_r = 8.4 Hz), 166.9 (Jc_r = 4.2 Hz), 153.7, 153.4,
140.3, 139.6, 116.7, 115.8, 115.0, 114.7, 90.0 (Jc_r = 80.0 Hz), 88.1 (Jc_r = 81.8 Hz), 62.3,
62.2, 62.1, 62.0, 60.6 (Jc_r = 19.7 Hz), 60.2 (Jc F = 21.5 Hz), 55.7, 55.6, 14.1, 14.0. HRMS:
(ESI) calcd. for C15H,1FNOs [M + H]" 314.1404; found 314.1391. **C data given here for the
mixture of diastereomers.
Diethyl 2-((4-methoxyphenyl)amino)-3-methylsuccinate (147d): Following the general
procedure N described above, 147d was obtained after purification by silica gel column
""""""""""""" /@we chromatography (EtOAc/hexane, 9:91) as colorless liquid (98 mg,
Me ) 66%): Rr = 0.42 (9% EtOAc/hexane); IR (thin film): & = 3376,

COOEt

:Ef?f?.? ...... W vra i 2983,1731, 1515, 1037 e’ "H NMR (400 MHz, CDCL): 6 =
6.78-6.74 (m, 2 H), 6.69-6.64 (m, 2 H), 4.37-4.03 (m, 6H), 3.73 (s, 3 H), 3.03-2.96 (m, 1 H),
1.29-1.19 (m, 9H). *C NMR (100 MHz, CDCI3): 6 = 173.5, 173.2, 172.5, 172.2, 153.2,
152.9, 140.9, 140.6, 116.2, 115.5, 114.9, 114.7, 61.4, 61.3, 61.0, 60.9, 60.5, 55.7, 55.6, 42.3,
422, 14.2, 12.9, 12.2. HRMS: (ESI) calcd. for CisH24NOs [M + H]" 310.1654; found
310.1648. The major isomer 147d could not be separated from the minor isomer. **C data

given here for the mixture of diastereomers.
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(25*,3R*)-Diethyl 2-ethyl-3-((4-methoxyphenyl)amino)succinate (147e): Following the
general procedure N described above, 147e (minor isomer of 138b) was obtained after
""""""""""""" /@we purification by silica gel column chromatography (EtOAc/hexane,
: VA 9:91) as colorless liquid (100 mg, 62%); R = 0.43 (9%
%EtOOC H Coﬁi EtOAc/hexane). IR (thin film): & = 3379, 2976, 1731, 1515 1034
em L I NMR (400 MHz, CDCly): 6 = 6.69 (d, 3 = 9.0 Hz, 2 H), 656 (d, J = 9.0 Hz, 2 H),
4.17-4.01 (m, 6 H), 3.66 (s, 3 H), 2.77-2.66 (m, 1 H), 1.75-1.66 (m, 1 H), 1.57-1.47 (m, 1 H),
1.19 (t, J = 7.1 Hz, 3 H), 1.14 (t, J = 7.1 Hz, 3 H), 0.88 (t, J = 7.4 Hz, 3 H). *C NMR (100
MHz, CDCI3): 6 = 173.2, 172.8, 152.9, 140.7, 115.5, 114.8, 61.2, 60.8, 59.6, 55.7, 49.9,
22.0, 14.3, 14.2, 12.0. HRMS: (ESI) calcd. for Ci;H,sNOs [M + H]* 324.1811; found
324.18009.

Diethyl 2-([1,1'-biphenyl]-4-ylamino)-3-propylsuccinate (147f): Following the general
procedure N described above, 147f was obtained after purification by silica gel column
"""""""""" HN/@,% chromatography (EtOAc/hexane, 10:90) as colorless liquid (96 mg,
H 50%); R¢ = 0.43 (10% EtOAc/hexane). IR (thin film): & = 3384, 2962,
§Etooc M et 1732, 1528, 1027 cm ™. *H NMR (400 MHz, CDCl3): 6 = 7.52-7.50
(m, 2'H). 742 (d T2 8.6 Hz, 2 H), 7.37 (t, = 7.4 Hz, 2 H), 7.25 (t, = 7.4 Hz, 1 H), 6.71 (d,
J=8.6 Hz, 2 H), 4.39 (br. s, 2 H), 4.21-4.13 (m, 4 H), 2.90-2.85 (m, 1 H), 1.90-1.81 (m, 1
H), 1.65-1.57 (m, 1 H), 1.48-1.30 (m, 2 H), 1.28-1.22 (m, 6 H), 0.92 (t, J = 7.2 Hz, 3 H). **C
NMR (100 MHz, CDCl3): 0 = 172.9, 172.1, 146.1, 141.0, 131.6, 128.7, 128.0, 126.4, 126.3,
114.1,61.5, 61.0, 58.4, 48.3, 30.3, 20.9, 14.2, 14.2, 14.0. HRMS: (ESI) calcd. for Co3H3NO,
[M + H]" 384.2175; found 384.2180.

Diethyl 2-hexyl-3-((4-methoxyphenyl)amino)succinate (147g): Following the general
procedure N described above, 147g was obtained after purification by silica gel column
/O,om chromatography (EtOAc/hexane, 9:91) as colorless liquid (65 mg,
: VA 35%); R = 0.42 (9% EtOAc/hexane). IR (thin film): & = 3374, 2925,
§Etooc H 147 1732,1515, 1036 cm . *H NMR (400 MHz, CDCl3): 6 = 6.69 (d, J =
5'6'"Fi'iméwlii‘)méué'é’"("d"'J 9.0 Hz, 2 H), 4.17 (d, J = 6.1 Hz, 1 H), 4.12-3.87 (m, 5 H), 3.66 (s,
3 H), 2.77-2.72 (m, 1 H), 1.81-1.72 (m, 1 H), 1.58-1.50 (m, 1 H), 1.21-1.12 (m, 14 H),
0.82-0.77 (m, 3 H). *C NMR (100 MHz, CDCl,): 6 = 173.0, 172.5, 153.0, 140.8, 115.7,

114.8, 61.3, 60.9, 59.9, 55.7, 48.5, 31.6, 29.1, 28.0, 27.6, 22.6, 14.2, 14.2, 14.1. HRMS:
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(ESI) calcd. for C2;H34NOs [M + H]* 380.2437; found 380.2450. The compound was isolated
with minor isomer and the NMR values given here for the major isomer.

(R*)-Ethyl  2-((4-methoxyphenyl)amino)-2-((R*)-2-oxotetra  hydrofuran-3-yl)acetate
(148a): Following the general procedure N described above, 148a was obtained after
HHN—@—OMe purification by silica gel column chromatography (EtOAc/hexane,
P A oot 20:80) as colorless liquid (98 mg, 67%); R = 0.60 (20%
O/\OH1483 EtOAc/hexane). IR (thin film): & = 3368, 2916, 1739, 1597, 1036 cm*
'H NMR (400 MHz, CDCl3): § = 6.76-6.70 (m, 4 H), 4.37-4.31 (m, 2 H), 4.23-4.11 (m, 1
H), 4.21 (t, J =8.2 Hz, 1 H), 4.14 (9, J = 7.1 Hz, 2 H), 3.68 (s, 3 H), 3.06 (dt, J = 9.6 Hz, 3.5
Hz, 1 H), 2.27-2.21 (m, 2 H), 1.19 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): § =
177.0, 172.4, 153.8, 140.6, 117.3, 114.7, 66.8, 61.9, 59.1, 55.7, 42.7, 23.7, 14.2. HRMS:
(ESI) calcd. for C15H0NOs [M + H]" 294.1341; found 294.1338. *H and **C NMR data given
here referes to major diastereomer.

(R™)-Ethyl 2-([1,1'-biphenyl]-4-ylamino)-2-((R*)-2-oxotetrahydrofuran-3-yl)acetate
(148b): Following the general procedure N described above, 148b was obtained after
L n \_p,. purification by silica gel column chromatography (EtOAc/hexane,
: COOE! 20:80) as yellow solid (122 mg, 72%); R; = 0.62 (20% EtOAc/hexane).
O/\\O148b mp 113-115 °C. IR (KBr): 4 = 3351, 2984, 1757, 1530, 1025 cm*. *H
NMR (400 MHz, CDCls): 6 = 7.51 (d, J = 8.5 Hz, 2 H), 7.43 (d, J = 8.6 Hz, 2 H), 7.37 (t, J =
7.5 Hz, 2 H), 7.25 (t, J = 7.5 Hz, 1 H), 6.88 (d, J = 8.6 Hz, 2 H), 4.64-4.56 (m, 2 H), 4.42—
4.37 (m, 1 H), 4.26 (t, J=8.3 Hz, 1 H), 421 (q, J = 7.1 Hz, 2 H), 3.15 (dt, J = 9.7 Hz, 3.4
Hz, 1 H), 2.35-2.29 (m, 2 H), 1.25 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): § =
176.4, 170.9, 145.9, 140.9, 132.1, 128.7, 128.2, 126.4, 114.0, 66.7, 62.3, 56.4, 42.5, 24.9,
14.1. HRMS: (ESI) calcd. for CoHzNO,4 [M + H]™ 340.1549; found 340.1535. *H and *C
NMR data given here referes to major diastereomer.

Diethyl 2-((R)-1,1-dimethylethylsulfinamido)succinate (148c): Following the general
procedure N described above, 148c was obtained after purification by silica gel column
"""""""""""""" o chromatography (EtOAc/hexane, 30:70) as colorless liquid (51 mg, 70%);
e R ﬁ Rr = 0.39 (30% EtOAc/hexane). [a]o®® = ~7.1 (c 0.26, DCM). IR (neat):
OO e | = 3280, 2983, 1732, 1464, 1031 cm™. 2H NMR (400 MHz, CDCly): & =

4.35(d, J =5.6 Hz, 1 H), 4.29 (t, J = 5.6 Hz, 1 H), 4.24 (g, J = 7.2 Hz, 2 H), 4.12(q, J = 7.0

Cl
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Hz, 2 H),2.81 (d,J=5.8 Hz, 2 H), 1.28 (t, J = 7.2 Hz, 3 H), 1.23 (t, J = 7.2 Hz, 3 H), 1.20 (s,
9 H). *C NMR (100 MHz, CDCls): ¢ = 171.5, 169.9, 62.2, 60.9, 56.1, 54.0, 38.5, 22.4, 14.1,
14.0. HRMS: (ESI) calcd. for C1,H,3NOsSNa [M + Na]* 316.1194; found 316.1207. 'H and
13C NMR data given here referes to major diastereomer.

Diethyl 2-((S)-1,1-dimethylethylsulfinamido)succinate (148d): Following the general
procedure N described above, 148d was obtained after purification by silica gel column
"""""""""""""" 9 chromatography (EtOAc/hexane, 30:70) as colorless liquid (47 mg, 65%);
HHN/§7<:§ Rt = 0.39 (30% EtOAc/hexane). [a]p”™ = +17.3 (¢ 0.24, DCM). IR (neat): &
,,,,,,,,,,,,,,,,,,,,,,,, cooa = 3435, 2983, 1738, 1637, 1371, 1178, 1027 cm™. *H NMR (400 MHz,
CDCl3): 06 =4.38 (d, J =5.6 Hz, 1 H), 4.32 (t, J =5.6 Hz, 1 H), 4.27 (g, J = 7.2 Hz, 2 H),
4.15(q,J=7.2Hz, 2 H), 2.84 (dd, J=5.6, 1.7 Hz, 1 H), 1.31 (t, J = 7.2 Hz, 3H), 1.26 (t, J =
7.2 Hz, 3 H), 1.23 (s, 9 H). **C NMR (100 MHz, CDCls): ¢ = 171.5, 169.9, 62.2, 61.0, 56.1,
54.0, 38.6, 22.5, 14.2, 14.1. HRMS: (ESI) calcd. for C1,H23NOsSNa [M + Na]* 316.1194;
found 316.1204. *H and **C NMR data given here referes to major diastereomer.

Diethyl 3-((R)-1,1-dimethylethylsulfinamido)-2,2-dimethylsuccinate (148e): Following
the general procedure N described above, 148e was obtained after purification by silica gel
""""""""""""""" o i column chromatography (EtOAc/hexane, 30:70) as colorless liquid (45
W mg, 56%); Ry = 044 (30% EtOAchexane). [olo® = -563 (¢ 0.11,
me” Yy COOF! CHCI5). IR (neat): 5 = 3282, 2981, 1732, 1468, 1080 cm™.*H NMR (400
MHz, CDCls): 6 = 4.31 (d, J = 8.5 Hz, 1 H), 4.17-4.04 (m, 5 H), 1.21-1.17 (m, 6 H), 1.17 (s,
9 H), 1.12 (s, 3 H), 1.07 (s, 3 H). *C NMR (100 MHz, CDCls): ¢ = 174.9, 171.4, 63.3, 62.0,
61.0, 56.3, 46.7, 22.7, 21.7, 21.5, 14.1, 14.1. HRMS: (ESI) calcd. for C14H,sNOsS [M + H]*
322.1682; found 322.1671. The compound was isolated with minor isomer and the NMR
values given here for the major isomer.

Diethyl 2-((R)-1,1-dimethylethylsulfinamido)-2-phenylsuccinate (148f): Following the
general procedure N described above, 148f was obtained after purification by silica gel
""""""""""""""" o column chromatography (EtOAc/hexane, 30:70) as colorless liquid (37
i 7 mg, 40%); Ry = 0.30 (30% EtOAc/hexane). [alo™ = ~15.4 (c 0.11,
........................ COOEt CHCI5). IR (neat): 5 = 3383, 2981, 1739, 1448, 1372, 1194, 1077 cm™.

'H NMR (400 MHz, CDCls): 6 = 7.45-7.42 (m, 2 H), 7.37-7.30 (m, 3 H), 5.23 (s, 1 H), 4.24-
4.06 (M, 4 H), 3.56 (d, J = 16.6 Hz, 1 H), 3.38 (d, J = 16.6 Hz, 1 H), 1.23-1.15 (m, 6 H), 1.19
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(s, 9 H). *C NMR (100 MHz, CDCls): ¢ = 171.7, 170.2, 139.0, 128.7, 128.6, 126.4, 65.0,
62.4, 60.9, 56.7, 41.5, 22.6, 14.1, 13.8. HRMS: (ESI) calcd. for C1gH,;NOsSNa [M + Na]*
392.1507; found 392.1526. 'H and **C NMR data given here referes to major diastereomer.

Procedure O. Indium-mediated addition of cinnamyl bromide (123a) to isatin ketimines
105: To a vigorously stirring solution of the corresponding isatin ketimine 105 (0.25 mmol, 1
equiv) and E-cinnamyl bromide (123a; 0.75 mmol, 3 equiv) in THF (0.2 mL) and H,0 (2
mL) was added indium powder (0.5 mmol, 2 equiv) and the mixture was stirred vigorously at
30 °C for 6 h. Then, the reaction mixture was transferred in to a separating funnel and
extracted with EtOAc (3x15 mL). The combined organic layers were dried over anhydrous
Na,SO, and the solvent was evaporated under vacuum. Purification of the resulting crude
reaction mixture by column chromatography on silica gel (EtOAc/hexane) gave the

corresponding products 149/150 (see Tables 17 and 18 and Scheme 70 for individual entries).

(R*)-3-((S*)-1-Phenylallyl)-3-(phenylamino)indolin-2-one (149a): Following the general
procedure O described above, 149a was obtained after purification by silica gel column

PR ph : chromatography (EtOAc/hexane, 30:70) as a colorless solid (68 mg, 80%);

éNfiov/ mp 160-162 °C. Rf = 0.60 (30% EtOAc/hexane). IR (thin film): & = 3307,
............ H14Qa 3059, 1715, 1602, 1504, 1200 cm™. *H NMR (400 MHz, CDCls): 6 = 8.12 (s,
1 H), 7.20 (d, J = 7.3 Hz, 1 H), 7.14-7.07 (m, 4 H), 7.01-6.98 (m, 3 H), 6.91 (dd, J = 8.2, 7.8
Hz, 2 H), 6.62-6.48 (m, 3 H), 6.24 (d, J = 7.8 Hz, 2 H), 5.45-5.35 (m, 2 H), 4.70 (s, 1 H),
3.80 (d, J = 10.5 Hz, 1 H). *C NMR (100 MHz, CDCls): ¢ = 178.9, 145.0, 140.1, 136.6,
134.2,129.1, 129.0, 129.0, 127.9, 127.4, 124.6, 122.7, 120.5, 119.0, 114.8, 110.1, 67.2, 59.6.
HRMS (ESI): calcd. for Co3H21N,0 [M + H]* 341.1654; found 341.1653.

3-Cinnamyl-3-(phenylamino)indolin-2-one (151a): The compound 151a was obtained after
purification by silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
T ph solid (55 mg, 65%); mp 196-198 °C. Ry = 0.61 (30% EtOAc/hexane). IR
&Q/Aph (thin film): & = 3325, 2935, 1720, 1602, 1468, 1214 cm™. *H NMR (400
........... N ...... ? 1512 MHz, CDCls): 6 = 8.61 (s, 1 H), 7.25-7.17 (m, 7 H), 7.00 (t, J=7.5Hz, 1
H), 6.90 (t, J = 8.0 Hz, 2 H), 6.85 (d, J = 7.5 Hz, 1 H), 6.58 (t, J= 7.5 Hz, 1 H), 6.48 (d, J =
15.7 Hz, 1 H), 6.21 (d, J = 8.0 Hz, 2 H), 6.13-6.05 (m, 1 H), 4.52 (br. s, 1 H), 2.84-2.79 (m, 1

H), 2.69-2.64 (m, 1 H). **C NMR (100 MHz, CDCls): § = 180.1, 145.1, 139.6, 136.7, 135.9,
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130.3, 129.1, 128.6, 127.8, 126.4, 124.1, 123.1, 121.4, 119.0, 114.6, 110.7, 64.5, 43.9.
HRMS (ESI): calcd. for Co3Hz1N,0O [M + H]* 341.1654; found 341.1653.
3-Cinnamyl-1-methyl-3-(phenylamino)indolin-2-one (151b): The compound 151b was
obtained after purification by silica gel column chromatography (EtOAc/hexane, 20:80) as a
{pn~__.n-Phi - colorless sticky liquid (40 mg, 45%); Ry =0.47 (20% EtOAc/hexane). IR (thin
&S:o film): & = 3356, 2926, 1714, 1602, 1493, 1120, 747 cm™. *H NMR (400
151bMe MHz, CDCls): 6 = 7.40-7.25 (m, 7 H), 7.12 (t, J = 7.5 Hz, 1 H), 7.00-6.94
(m, 3 H), 6.66 (t, J =7.4 Hz, 1 H), 6.55 (d, J = 15.76 Hz, 1 H), 6.21 (d, J = 8.0 Hz, 2 H),
6.17-6.09 (m, 1 H), 4.48 (s, 1 H), 3.28 (s, 3 H), 2.88 (dd, J = 13.3, 7.0 Hz, 1 H), 2.74 (dd, J =
13.3, 8.2 Hz, 1 H). ®°C NMR (100 MHz, CDCls): § = 177.7, 145.1, 142.6, 136.7, 135.7,
129.9, 129.1, 129.1, 128.6, 127.7, 126.4, 123.8, 123.1, 121.6, 119.0, 114.6, 108.6, 64.2, 44.0,
26.5. HRMS (ESI): calcd. for Cp4H23N,0 [M + H]* 355.1810; found 355.1811.
3-Cinnamyl-3-(cinnamyl(phenyl)amino)-1-methylindolin-2-one (151c): The compound
151c was obtained after purification by silica gel column chromatography (EtOAc/hexane,
PRy 20:80) as a colorless sticky liquid (27 mg, 23%); Ry = 0.57 (20%
P \EF’P“E EtOAc/hexane). IR (thin film): & = 3024, 1711, 1611, 1429, 966, 749 cm™.
N o 'H NMR (400 MHz, CDCl3): 6 = 7.49 (d, J = 7.8 Hz, 2 H), 7.45 (d, J = 7.3
‘51°Me Hz, 1 H), 7.31-7.10 (m, 13 H), 7.08 (d, J = 7.3 Hz, 2 H), 6.73 (d, J = 7.8 Hz,
1 H), 6.19-6.05 (m, 3 H), 5.64-5.57 (m, 1 H), 3.95 (dd, J = 14.7, 6.9 Hz, 1 H), 3.78 (dd, J =
14.7, 5.3 Hz, 1 H), 3.06 (s, 3 H), 2.84 (dd, J = 13.0, 6.4 Hz, 1 H), 2.69 (dd, J = 13.0, 8.6 Hz,
1 H). ®CNMR (100 MHz, CDCl): § = 178.3, 147.2, 143.3, 137.3, 137.2, 134.2, 131.3,
130.4, 129.5, 128.8, 128.4, 128.3, 128.0, 127.2, 127.1, 126.3, 126.0, 125.3, 124.6, 123.0,
122.6, 107.9, 70.4, 54.2, 41.1, 25.9. HRMS (ESI): calcd. for Cs3Ha;1N,O [M + H]* 471.2436;
found 471.2457.

(R*)-3-((S*)-1-Phenylallyl)-3-(p-tolylamino)indolin-2-one (149b): Following the general
CTT e procedure O described above, 149b was obtained after purification by silica
: gel column chromatography (EtOAc/hexane, 30:70) as a colorless solid (78
WN H F’“/ mg, 88%); mp 152-154 °C. R = 0.66 (30% EtOAc/hexane). IR (thin film): &
“=0 = 3443, 3347, 1712, 1623, 1468, 1155 cm™. *H NMR (400 MHz, CDCls): 6 =
149b 7.75 (s, 1 H), 7.27 (d, J = 7.8 Hz, 1 H), 7.15-7.12 (m, 4 H), 7.06-7.01 (m, 3

................................

H), 6.76 (d, J = 8.1 Hz, 2 H), 6.64-6.55 (m, 1 H), 6.56 (d, J = 7.9 Hz, 1 H), 6.22 (d, J = 8.1
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Hz, 2 H), 5.49-5.39 (m, 2 H), 4.61 (br. s, 1 H), 3.83 (d, J = 10.5 Hz, 1 H), 2.12 (s, 3 H). **C
NMR (100 MHz, CDCl,): 6 = 178.7, 142.6, 140.0, 136.7, 134.3, 129.6, 129.5, 129.3, 129.0,
128.5, 127.9, 127.3, 124.6, 122.7, 120.5, 115.3, 109.9, 67.4, 59.6, 20.4. HRMS (ESI): calcd.
for Co4H23N,0 [M + H]" 355.1810; found 355.1804.
(R*)-3-((4-Methoxyphenyl)amino)-3-((S*)-1-phenylallyl)indolin-2-one (149c): Following
the general procedure O described above, 149c was obtained after purification by silica gel
{ome i column chromatography (EtOAc/hexane, 30:70) as a semi solid (88 mg,
95%); Rf = 0.62 (30% EtOAc/hexane). IR (thin film): & = 3298, 2950, 1712,
N, " 1512, 1240, 1031 cm™. *H NMR (400 MHz, CDCls): 6 = 8.26 (s, 1 H), 7.24
=0 (d, J=8.0 Hz, 2 H), 7.11-7.06 (m, 4 H), 7.01-6.98 (m, 2 H), 6.57-6.43 (m, 4
149 H), 6.27 (d, J = 8.0 Hz, 2 H), 5.43-5.33 (m, 2 H), 4.44 (s, 1 H), 3.81 (d, J =
10.5 Hz, 1 H), 3.53 (s, 3 H). *C NMR (100 MHz, CDCly): 3 = 179.4, 153.5, 140.3, 138.7,
136.9, 134.3, 129.3, 129.0, 127.9, 127.2, 124.8, 122.5, 120.4, 118.0, 114.3, 110.0, 68.4, 59.4,
55.4. HRMS (ESI): calcd. for Co4H23N,0, [M + H]" 371.1760; found 371.1764.
(R*)-3-((4-Chlorophenyl)amino)-3-((S*)-1-phenylallyl)indolin-2-one (149d): Following
the general procedure O described above, 149d was obtained after purification by silica gel

c i column chromatography (EtOAc/hexane, 30:70) as a colorless solid (67 mg,
71%); mp 134-136 °C. R; = 0.61 (30% EtOAc/hexane). IR (thin film): © =

HN H;F’“/g 3363, 2963, 1720, 1619, 1453, 1025 cm™ 'H NMR (400 MHz,
[j\)N)Fov CDCl3+DMSO-dg): & = 9.98 (s, 1 H), 7.06-7.02 (m, 5 H), 6.95-6.85 (m, 3 H),
. uea | 6.81-6.76 (M, 2 H), 6.59-6.55 (m, 1 H), 6.45-6.37 (m, 1 H), 6.13-6.08 (m, 2
H). 536-5.25 (m, 2 H), 4.72 (br. s, 1 H), 3.74-3.69 (m, 1 H). °C NMR (100 MHz,
CDCl3+DMSO-dg): 6 = 177.6, 143.5, 141.0, 136.3, 134.0, 128.7, 128.6, 128.1, 127.8, 127.3,
126.8, 123.8, 122.4, 1215, 119.6, 115.4, 109.8, 66.4, 58.6. HRMS (ESI): calcd. for
C23H1oCIN,NaO [M + Na]* 397.1084; found 397.1076.

(R*)-5-Chloro-3-((4-chlorophenyl)amino)-3-((S*)-1-phenylallyl)indolin-2-one (149e):

ci i Following the general procedure O described above, 149e was obtained

after purification by silica gel column chromatography (EtOAc/hexane,

Lo H P “/ 30:70) as a colorless solid (85 mg, 83%); mp 150-152 °C. R; = 0.63 (30%
N'FO EtOAc/hexane). IR (thin film): & = 3192, 2846, 1721, 1600, 1495, 1182

e i cm™ 'H NMR (400 MHz, CDCly): 6 = 7.90 (s, 1 H), 7.33 (d, J = 43 Hz, 1
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H), 7.25 (d, J = 1.6 Hz, 1 H), 7.18-7.14 (m, 3 H), 7.01 (d, J = 7.7 Hz, 1 H), 6.94 (d, J = 8.7
Hz, 2 H), 6.61-6.55 (m, 1 H), 6.51 (d, J = 7.7 Hz, 1 H), 6.20 (d, J = 8.7 Hz, 2 H), 5.50-5.43
(m, 2 H), 4.73 (s, 1 H), 3.78 (d, J = 10.5 Hz, 1 H). **C NMR (100 MHz, CDCls): 6 = 177.9,
143.3, 138.4, 135.8, 133.6, 130.7, 129.3, 129.1, 128.9, 128.1, 127.7, 126.5, 124.8, 124.2,
121.1, 116.0, 111.1, 67.3, 59.7. HRMS (ESI): calcd. for C3H19CI.N,O [M + H]" 409.0874;
found 409.0868.

(R*)-5-Bromo-3-((4-methoxyphenyl)amino)-3-((S*)-1-phenylallyl)indolin-2-one  (149f):
Following the general procedure O described above, 149f was obtained after purification by

OMe silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
solid (101 mg, 90%); mp 127-129 °C. R; = 0.63 (30% EtOAc/hexane). IR

B S “/ (thin film): & = 3405, 2831, 1706, 1617, 1510, 1241 cm™’. 'H NMR (400
W MHz, CDCl;+DMSO-dg): § = 9.96 (s, 1 H), 7.33 (d, J = 1.6 Hz, 1 H), 7.23
: H H

L. (dd, J =8.2, 1.9 Hz, 1 H), 7.16-7.14 (m, 3 H), 7.05-7.02 (m, 2 H), 6.55-
6.48 (m, 4 H), 6.27 (dd, J = 8.9, 6.7 Hz, 2 H), 5.44-5.35 (m, 2 H), 4.44 (s, 1 H), 3.78 (d, J =
10.5 Hz, 1 H), 3.63 (s, 3 H). **C NMR (100 MHz, CDCl3+DMSO-dg): 6 = 178.1, 153.1,
140.5, 138.5, 136.6, 134.1, 131.6, 131.4, 128.8, 127.8, 127.3, 127.1, 120.2, 117.3, 114.3,
114.2, 111.5, 67.9, 59.0, 55.3. HRMS (ESI): calcd. for CaH2BrN,O, [M + H]* 449.0865;
found 449.0855.
(R*)-1-Benzyl-3-((S*)-1-phenylallyl)-3-(phenylamino)indolin-2-one (149g): Following the
general procedure O described above, 149g was obtained after purification by silica gel
£ /N, | column chromatography (EtOAc/hexane, 30:70) as a colorless solid (54 mg,
Q:Ph 50%); mp 158-160 °C. R = 0.67 (30% EtOAc/hexane). IR (thin film): © =
2 / 3371, 2920, 1714, 1602, 1497, 1365, 1178 cm™. *H NMR (400 MHz, CDCls):
L d =7.36(d, J = 7.2 Hz, 1 H), 7.25-7.24 (m, 3 H), 7.18-7.02 (m, 7 H), 6.97-
T Y (m, 4 H), 6.77-6.67 (m, 2 H), 6.42 (d, J = 7.5 Hz, 1 H), 6.24 (d, J = 8.4
Hz, 2 H), 5.53-5.44 (m, 2 H), 5.02 (d, J = 15.5 Hz, 1 H), 4.77 (br. s, 1 H), 4.22 (d, J = 15.5
Hz, 1 H), 3.88 (d, J = 10.6 Hz, 1 H). **C NMR (100 MHz, CDCl5): 6 = 176.6, 145.1, 142.4,
136.7, 135.5, 134.5, 129.0, 129.0, 128.9, 128.6, 127.8, 127.7, 127.5, 127.2, 124.1, 122.7,
120.6, 119.3, 115.7, 109.2, 67.0, 59.7, 43.9. HRMS (ESI): calcd. for C3H;N,O [M + H]*

431.2123; found 431.2126.
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(R*)-1-Methyl-3-((S*)-1-phenylallyl)-3-(phenylamino)indolin-2-one  (149h): Following
the general procedure O described above, 149h was obtained after purification by silica gel
7\, i column chromatography (EtOAc/hexane, 30:70) as a orange color oil (66 mg,
H:@:\\ph 75%); Rf = 0.65 (30% EtOAc/hexane). IR (thin film): o = 3385, 2930, 1715,
E;f/):OV/ 1602, 1492, 1119 cm™. *H NMR (400 MHz, CDCls): 6 = 7.31 (d, J = 7.3 Hz,
NI\VIe 1H),723( J=73Hz 1H), 7.13-7.05 (m, 4 H), 6.97 (t, J = 7.5 Hz, 2 H),
ftdoh 1692 (d, J=7.5Hz, 2 H), 6.68-6.63 (m, 2 H), 6.54 (d, J = 7.8 Hz, 1 H), 6.21
(d, J = 7.8 Hz, 2 H), 5.51-5.43 (m, 2 H), 4.75 (s, 1 H), 3.80 (d, J = 10.6 Hz, 1 H), 2.96 (s, 3
H). *C NMR (100 MHz, CDCls): 6 = 176.4, 145.1, 142.9, 136.6, 134.4, 129.1, 129.0, 128.8,
128.7, 127.6, 127.2, 123.8, 122.7, 120.5, 118.9, 114.7, 108.0, 66.9, 60.1, 25.9. HRMS (ESI):
calcd. for Cp4H23N20 [M + H]* 355.1810; found 355.1821.
(R*)-3-((2-Hydroxyphenyl)amino)-1-methyl-3-((S*)-1-phenylallyl)indolin-2-one  (149i):
Following the general procedure O described above, 149i was obtained after purification by
e : silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless solid
;HOH:,@%\% (117 mg, 63%); mp 175-177 °C. R; = 0.45 (30% EtOAc/hexane). IR (thin
©\YFOV/ film): 5 = 3381, 2930, 1702, 1611, 1521, 1372, 1120 cm™. *H NMR (400
NMe MHz, CDCI3+DMSO-dg): 6 = 8.60 (s, 1 H), 7.27 (dd, J = 7.4, 2.8 Hz, 2 H),
e 718 (t,J=7.4Hz,1H),7.08(dd,J=7.4,43Hz,2H),7.02(t,J=74Hz1
H), 6.89 (d, J = 8.2 Hz, 2 H), 6.69 (d, J = 7.4 Hz, 1 H), 6.64-6.55 (m, 1 H), 6.51 (d, J = 8.2
Hz, 1 H), 6.44 (t, J= 7.4 Hz, 1 H), 6.32 (t, J = 7.4 Hz, 1 H), 5.64 (d, J = 7.4 Hz, 1 H), 5.46
(d, J=16.3 Hz, 1 H), 5.36 (d, J = 10.3 Hz, 1 H), 5.32 (s, 1 H), 3.86 (d, J = 10.3 Hz, 1 H),
2.93 (s, 3 H). *C NMR (100 MHz, CDCI3+DMSO-dg): § = 176.8, 145.4, 142.8, 136.9,
134.3, 134.2, 129.0, 128.8, 128.7, 127.4, 127.0, 123.8, 122.5, 119.9, 119.8, 118.4, 114.3,
112.8, 107.8, 67.0, 59.8, 25.8. HRMS (ESI): calcd. for Co4Hz,NoNaO, [M + Na]* 393.1579;
found 393.1593. The OH proton of the compound did not appear clearly in the *H NMR.
4-Methyl-N'-((R*)-1-methyl-2-ox0-3-((S*)-1-phenylallyl)indolin-3-yl)  benzenesulfono-
gy hydrazide (149)): Following the general procedure O described above, 149j
’ HN/NHH P was obtained after purification by silica gel column chromatography
/:o/ (EtOAc/hexane, 40:60) as a colorless solid (84 mg, 75%); mp 168-170 °C. R¢
: Me = 0.48 (40% EtOAc/hexane). IR (thin film): & = 3420, 3229, 3059, 1697,
e 120 ...t 1616, 1471, 1167 cm™. *H NMR (400 MHz, CDCls): 6 = 7.61 (d, J = 8.3 Hz,
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2 H), 7.22 (d, J = 8.0 Hz, 2 H), 7.13-7.04 (m, 4 H), 6.88-6.79 (M, 4 H), 6.44 (d, J = 7.8 Hz, 1
H), 6.40-6.31 (m, 1 H), 5.84 (d, J = 3.9 Hz, 1 H), 5.32-5.21 (m, 2 H), 4.61 (d, J = 3.9 Hz, 1
H), 3.64 (d, J = 10.4 Hz, 1 H), 2.95 (s, 3 H), 2.46 (s, 3 H). **C NMR (100 MHz, CDCls): § =
176.2, 143.9, 143.5, 137.0, 134.3, 133.7, 129.3, 128.8, 128.5, 127.6, 127.1, 126.6, 125.1,
122.5, 120.1, 107.5, 71.0, 56.5, 25.9, 21.6. HRMS (ESI): calcd. for CzsH2sN3NaO3S [M +
Na]" 470.1514; found 470.1507.

N'-((S*)-1-methyl-2-ox0-3-((S*)-1-phenylallyl)indolin-3-yl)benzohydrazide (150k):
Following the general procedure O described above, 150k was obtained after purification by
"""""" Pn i silicagel column chromatography (EtOAc/hexane, 40:60) as a colorless solid
: HN,NHH Ph (50 mg, 50%); mp 186-188 °C. R; = 0.47 (40% EtOAc/hexane). IR (thin film):
@fiov/ o = 3384, 2925, 1725, 1614, 1378, 1180 cm™ . *H NMR (400 MHz, CDCl5): 6
3 N . =818(d, J=5.7Hz, 1 H),7.68 (d,J=7.3 Hz, 1 H), 7.64 (d, J = 7.7 Hz, 2
sk H), 7.48-7.44 (m, 1 H), 7.38 (t, J = 7.7 Hz, 2 H), 7.29-7.25 (m, 1 H), 7.13-
7.06 (m, 2 H), 7.02 (t, J = 7.7 Hz, 2 H), 6.69 (d, J = 7.7 Hz, 2 H), 6.54 (d, J = 7.3 Hz, 1 H),
6.52-6.42 (m, 1 H), 6.08 (d, J = 7.3 Hz, 1 H), 5.45 (d, J = 10.1 Hz, 1 H), 5.28 (d, J = 16.9 Hz,
1 H), 3.95 (d, J = 10.1 Hz, 1 H), 2.76 (s, 3 H). **C NMR (100 MHz, CDCls): § = 176.2,
166.7, 144.2, 136.7, 133.9, 132.5, 131.8, 129.6, 128.5, 128.5, 127.6, 127.2, 127.0, 126.0,
125.6, 122.4, 120.8, 107.8, 72.4, 54.9, 25.8. HRMS (ESI): calcd. for C,sH23N3NaO, [M +

Na]* 420.1688; found 420.1676.

Procedure P. Indium-mediated addition of crotyl bromide (123b) to isatin ketimines
105: To a vigorously stirring solution of corresponding isatin ketimine 105 (0.25 mmol, 1
equiv) and E-crotyl bromide (123b; 0.75 mmol, 3 equiv) in THF (0.2 mL) and H,O (2 mL)
was added indium powder (0.5 mmol, 2 equiv) and the mixture was stirred vigorously at 30
°C for 6-12 h. Then, the reaction mixture was transferred in to a separating funnel and
extracted with EtOAc (3x15 mL). The combined organic layers were dried over anhydrous
Na,SO, and the solvent was evaporated under vacuum. Purification of the resulting crude
reaction mixture by column chromatography on silica gel (EtOAc/hexane) gave the

corresponding product 152/153 (see Table 19 for individual entries).

(R*)-3-((R*)-But-3-en-2-yl)-3-(phenylamino)indolin-2-one (152a): Following the general

procedure P described above, 152a was obtained after purification by silica gel column
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chromatography (EtOAc/hexane, 30:70) as a colorless solid (45 mg, 65%); mp 172-174 °C.
"""""""""""""""" i Rr=0.55 (30% EtOAc/hexane). IR (thin film): & = 3302, 3081, 1706, 1602,
HL@:‘\ME 1497, 1199, 914 cm™. *H NMR (400 MHz, CDCl,): 6 = 8.82 (s, 1 H), 7.24
@fiov/ (td, J=5.8, 1.4 Hz, 2 H), 7.03 (t, J = 7.4 Hz, 1 H), 6.93 (dd, J = 8.6, 7.4 Hz, 2
N H), 6.82 (d, J =7.4 Hz, 1 H), 6.61 (t, J = 7.4 Hz, 1 H), 6.26 (dd, J = 8.6, 1.4
Hz, 2 H), 5.92-5.82 (m, 1 H), 5.31-5.19 (m, 2 H), 4.66 (s, 1 H), 2.74-2.67 (m,
1 H), 0.96 (d, J = 6.9 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 179.8, 145.4, 140.6, 137.2,
129.7, 129.1, 124.0, 123.1, 119.0, 118.8, 114.7, 110.4, 67.0, 48.3, 14.3. HRMS (ESI): calcd.
for C1gH19N,0O [M + H]" 279.1497; found 279.1488.

(R*)-3-((R*)-But-3-en-2-yl)-3-((4-chlorophenyl)amino)indolin-2-one (152b): Following
the general procedure P described above, 152b was obtained after purification by silica gel

""""""""" CI column chromatography (EtOAc/hexane, 30:70) as a colorless solid (63 mg,
Q 80%); mp 208-210 °C. R = 0.57 (30% EtOAc/hexane). IR (thin film): & =

HN HM"/ 3127, 2985, 1717, 1600, 1505, 1317, 1196 cm™. *H NMR (400 MHz, CDCls):
N'/’ZO 0=28.10 (s, 1 H), 7.33-7.27 (m, 2 H), 7.09 (t, J = 7.5 Hz, 1 H), 6.94-6.89 (m,

15';b 1H),6.92 (d, J=8.8 Hz, 2 H), 6.21 (d, J = 8.8 Hz, 2 H), 5.97-5.88 (m, 1 H),

................................

5.35-5.25 (m, 2 H), 4.63 (br. s, 1 H), 2.73-2.69 (m, 1 H), 0.97 (d, J = 6.9 Hz, 3 H). °C NMR
(100 MHz, CDCls): 6 = 178.6, 144.0, 140.4, 137.0, 129.3, 129.3, 128.9, 124.0, 123.3, 119.1,
116.0, 110.2, 66.8, 48.4, 14.2. HRMS (ESI): calcd. for C15H17CIN,NaO [M + Na]* 335.0927;
found 335.0927.
(R*)-3-((R*)-But-3-en-2-yl)-3-((4-methoxyphenyl)amino)indolin-2-one (152c): Following
the general procedure P described above, 152c was obtained after purification by silica gel
""""""""" ome i column chromatography (EtOAc/hexane, 30:70) as a colorless solid (38 mg,
50%); mp 139-141 °C. R = 0.59 (30% EtOAc/hexane). IR (thin film): ¢ =
mN, H M 3298, 3031, 1711, 1512, 1239 cm™. *H NMR (400 MHz, CDCls): § = 8.42 (s,
=0 1H),7.36(d,J=74Hz 1H),7.29-7.25 (m, 1 H), 7.09 (t, J = 7.4 Hz, 1 H),
152 6.81 (d, J = 7.4 Hz, 1 H), 6.52 (d, J = 9.0 Hz, 2 H), 6.32 (d. J = 9.0 Hz, 2 H),
5.96-5.86 (m, 1 H), 5.33-5.21 (m, 2 H), 4.36 (br. s, 1 H), 3.60 (s, 3 H), 2.78-2.70 (m, 1 H),
0.98 (d, J = 6.9 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 179.7, 153.6, 140.8, 139.0,
137.3, 130.0, 129.0, 124.3, 123.0, 118.7, 118.1, 114.3, 110.1, 68.2, 55.4, 48.0, 14.4. HRMS

(ESI): calcd. for C19H21N,0; [M + H]" 309.1603; found 309.1593

198



Experimental Section

(R*)-3-((R*)-But-3-en-2-yl)-1-methyl-3-(phenylamino)indolin-2-one  (152d): Following
the general procedure P described above, 152d was obtained after purification by silica gel
T : column chromatography (EtOAc/hexane, 30:70) as a colorless solid (51 mg,
H,:Q:Me 70%); mp 153-155 °C. Ry = 0.67 (30% EtOAc/hexane). IR (thin film): ¢ =
@f)—OV/ 3365, 2965, 1713, 1604, 1469, 1323 cm™. *H NMR (400 MHz, CDCl): 6 =
: N : 7.38(t,J=7.7Hz,1H),731(d,J=73Hz,1H), 711 (t, J=7.7 Hz, 1 H),
124 g98.6.01 (m, 3 H), 6.64 (t, J = 7.3 Hz, 1 H), 6.19 (d, J = 7.6 Hz, 2 H), 5.93-
5.84 (m, 1 H), 5.33-5.21 (m, 2 H), 4.56 (s, 1 H), 3.24 (s, 3 H), 2.77-2.69 (m, 1 H), 0.92 (d, J
= 6.9 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 177.1, 145.4, 143.6, 137.3, 129.2, 129.1,
129.0, 123.7, 123.1, 118.9, 118.6, 114.7, 108.2, 66.5, 48.4, 26.1, 14.3. HRMS (ESI): calcd.
for C19H21N,0 [M + H]" 293.1654; found 293.1660.
(R*)-3-((R*)-But-3-en-2-yl)-3-((2-hydroxyphenyl)amino)-1-methylindolin-2-one  (152e):
Following the general procedure P described above, 152e was obtained after purification by
S N silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless solid
'HOQ ve | (58 Mg, 75%); mp 172-174 °C. Ry = 0.50 (30% EtOAc/hexane). IR (thin film):
=1 i = 3382, 2065, 1694, 1609, 1516, 1449, 1236 cm™ *H NMR (400 MHz,
: Me CDCly):0=7.42(d,J=7.4Hz,1H),7.35(td, J=7.4, 1.2 Hz, 1 H), 7.13 (t, J
S - =78 Hz, 1 H), 6.87 (d, J = 7.4 Hz, 1 H), 6.58-6.50 (m, 2 H), 6.38 (td, J = 7.8,
1.7 Hz, 1 H), 5.97 (dd, J = 7.8, 1.4 Hz, 1 H), 5.81-5.72 (m, 1 H), 5.32 (dd, J = 17.0, 1.4 Hz, 1
H), 5.20 (dd, J = 10.0, 1.8 Hz, 1 H), 4.73 (br. s, 1 H), 3.23 (s, 3 H), 2.90-2.82 (m, 1 H), 1.02
(d, J = 6.9 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 179.5, 147.5, 143.3, 137.0, 133.2,
129.1, 129.1, 124.2, 123.2, 121.3, 120.0, 118.6, 117.2, 115.0, 108.3, 68.4, 47.9, 26.2, 14.5.
HRMS (ESI): calcd. for CigHoN2NaO, [M + Na]® 331.1422; found 331.1405. This
compound contains traces of the minor isomer and the OH signal was not visible clearly in
the *H NMR spectrum.

Procedure Q. Indium-mediated addition of cyclohexenyl bromide (123c) to isatin
ketimines 105: To a vigorously stirring solution of corresponding isatin ketimine 105 (0.25
mmol, 1 equiv) and cyclohexenyl bromide (123c; 0.5 mmol, 2 equiv) in DMF (1 mL) was
added indium powder (0.37 mmol, 1.5 equiv) and the mixture was stirred vigorously at 30 °C
for 6 h. Then, the reaction mixture was transferred in to a separating funnel and extracted

with EtOAc (3x15 mL). The combined organic layers were dried over anhydrous Na,SO,4 and
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the solvent was evaporated under vacuum. Purification of the resulting crude reaction
mixture by column chromatography on silica gel (EtOAc/hexane) gave the corresponding
products 154/155 (see Tables 20 and 21 for individual entries).

(R*)-3-((S*)-Cyclohex-2-en-1-yl)-3-(phenylamino)indolin-2-one  (154a): Following the
general procedure Q described above, 154a was obtained after purification by silica gel
o COlUMNG chromatography (EtOAc/hexane, 30:70) as a colorless solid (68 mg,
: | 90%); mp 199-201 °C. Ry = 0.66 (30% EtOAC/hexane). IR (thin film): 5 =
3316, 2928, 1726, 1603, 1468, 1313 cm™. *H NMR (400 MHz, CDCl,): § =
N 8.98(br. s, 1 H), 7.27 (d, J = 7.0 Hz, 2 H), 7.03-6.95 (m, 3 H), 6.8 (d, I = 7.8
S B Hz, 1 H), 6.66 (t, J =7.8 Hz, 1 H), 6.30 (d, J=7.8 Hz, 2 H), 6.19 (d, J = 10.2
Hz, 1 H), 6.01-5.97 (m, 1 H), 4.51 (br. s, 1 H), 2.77-2.79 (m, 1 H), 1.98 (d, J = 17.5 Hz, 1 H),
1.89-1.77 (m, 2 H), 1.69-1.64 (m, 1 H), 1.52-1.45 (m, 1 H), 1.11-1.02 (m, 1 H). *C NMR
(100 MHz, CDCIs): 6 = 180.6, 145.7, 140.4, 132.1, 129.1, 128.9, 128.7, 125.6, 124.4, 122.5,
119.0, 115.0, 110.3, 67.7, 44.7, 25.0, 23.4, 21.5. HRMS (ESI): calcd. for C,oH2;:N,O [M +
H]* 305.1654; found 305.1659. This compound contains traces of the minor isomer.
(R*)-3-((4-Chlorophenyl)amino)-3-((S*)-cyclohex-2-en-1-yl)indolin-2-one (154b):
Following the general procedure Q described above, 154b was obtained after purification by
""""""""" ci i silicagel column chromatography (EtOAc/hexane, 30:70) as a colorless solid
(79 mg, 93%); mp 224-226 °C. R; = 0.67 (30% EtOAc/hexane). IR (thin
L H film): & = 3333, 2995, 1710, 1601, 1492, 1310 cm™. 'H NMR (400 MHz,
N/:O DMSO-dg): 6 = 10.71 (s, 1 H), 7.25 (t, J = 7.4 Hz, 1 H), 7.07 (d, J = 7.4 Hz, 1
: 154':, H), 6.95-6.89 (m, 4 H), 6.50 (s, 1 H), 6.22 (d, J = 8.7 Hz, 2 H), 6.00 (d, J =
10.6 Hz, 1 H), 5.86-5.81 (m, 1 H), 2.76-2.72 (m, 1 H), 1.90-1.81 (m, 1 H), 1.70-1.29 (m, 4
H), 0.81-0.71 (m, 1 H). **C NMR (100 MHz, CDCls): § = 179.8, 179.7, 144.3, 144.0, 140.3,
140.0, 132.3, 131.7, 129.2, 129.1, 129.1, 128.9, 128.2, 125.6, 124.9, 124.0, 123.9, 123.8,
123.6, 122.8, 122.7, 116.4, 115.8, 110.6, 110.3, 67.7, 67.7, 44.9, 44.6, 25.0, 25.0, 23.4, 23.3,
21.9, 21.5. HRMS (ESI): calcd. for CoH20CIN,O [M + H]" 339.1264; found 339.1276. This
compound was isolated as a mixture of diastereomers, The *H NMR data refers to the major

isomer and the *3C NMR data given for both the diastereomers.
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(R*)-5-Chloro-3-((4-chlorophenyl)amino)-3-((S*)-cyclohex-2-en-1-yl)indolin-2-one
(154c): Following the general procedure Q described above, 154c was obtained after

ci % purification by silica gel column chromatography (EtOAc/hexane, 30:70)
as a colorless solid (82 mg, 8%); mp 253-255 °C. R; = 0.68 (30%

HN, H, EtOAc/hexane) IR (thin film): & = 3388, 2931, 1727, 1498, 1312, 816
C m™. 'H NMR (400 MHz, CDCls+DMSO-dg): § = 10.07 (s, 1 H), 7.10
1o (de 8.3,2.2 Hz, 1 H), 7.04 (t, J = 2.2 Hz, 1 H), 6.79 (d, J = 8.8 Hz, 2
'Fi'j""é"ﬁé"ﬁ'&"(}ﬁ 1 H), 6.10 (d, J = 8.8 Hz, 2 H), 5.98-5.93 (m, 1 H), 5.89-5.84 (m, 1 H),
461 (s, 1 H), 2.64-2.57 (m, 1 H), 1.88-1.71 (m, 2 H), 1.64-1.50 (m, 2 H), 1.42-1.31 (m, 1 H),
0.92-0.81 (m, 1 H). 3¢ NMR (100 MHz, CDCI3+DMSO-dg): 6 = 178.9, 144.4, 140.1, 132.2,
130.0, 128.9, 128.7, 127.2, 125.3, 123.9, 123.2, 116.0, 111.2, 67.5, 44.3, 24.8, 23.2, 21.4.
HRMS (ESI): calcd. for CxH19CIoN,0 [M + H]" 373.0874; found 373.0877. This compound
was isolated with traces of minor isomer and the compound has poor solubility in most of the
solvents.
(R*)-3-((S*)-Cyclohex-2-en-1-yl)-3-(p-tolylamino)indolin-2-one  (154d): Following the
general procedure Q described above, 154d was obtained after purification by silica gel
ETTTT e column chromatography (EtOAc/hexane, 30:70) as a colorless solid (56 mg,
71%); mp 210-212 °C. Rf = 0.67 (30% EtOAc/hexane). IR (thin film): o =
LN H 3344, 2934, 1707, 1618, 1521, 1318 cm™. *H NMR (400 MHz, CDCl): ¢ =
(Lo 858(s,1H), 720 (d, J=88Hz, 1 H), 7.25 (d, J =88 Hz, 1 H), 7.02 (t, ) =
. 4ssa | 75 Hz, 1H), 684 (d,J=75Hz 1H),677(d J=85Hz 2H), 624, J=
85H22H) 6.20-6.17 (m, 1 H), 6.00-5.97 (m, 1 H), 4.31 (br. s, 1 H), 2.82-2.74 (m, 1 H),
2.12 (s, 3 H), 2.02-1.94 (m, 1 H), 1.90-1.82 (m, 1 H), 1.79-1.73 (m, 1 H), 1.70-1.62 (m, 1 H),
1.53-1.42 (m, 1 H), 1.11-1.01 (m, 1 H). *C NMR (100 MHz, CDCls): § = 180.5, 180.4,
143.3, 143.0, 140.5, 140.2, 131.9, 131.3, 129.5, 128.9, 128.9, 128.8, 128.5, 128.2, 125.7,
124.9, 124.5, 124.2, 122.6, 122.5, 115.7, 115.1, 110.5, 110.2, 68.1, 68.0, 44.9, 44.6, 25.1,
25.0, 23.5, 23.3, 22.0, 21.6, 20.4, 20.4. HRMS (ESI): calcd. for C,iHasN,O [M + H]'
319.1810; found 319.1812. This compound was isolated as a mixture of diastereomers, The
'H NMR data refers to the major isomer and the *C NMR data given for both the

diastereomers.
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(R*)-3-((S*)-Cyclohex-2-en-1-yl)-1-methyl-3-(phenylamino)indolin-2-one (154e):
Following the general procedure Q described above, 154e was obtained after purification by
e osilica gel column chromatography (EtOAc/hexane, 30:70) as a colorless solid
:Qg (40 mg, 50%); mp 197-199 °C. R; = 0.66 (30% EtOAc/hexane). IR (thin film):
'};_o o = 3312, 2942, 1701, 1613, 1468, 1121 cm™. *H NMR (400 MHz, CDCls): 6
: N =737t J=74Hz,1H),731(d,J=74Hz, 1H),7.06(t J=7.4Hz 1H),
1Sl 6.98-6.01 (m, 3 H), 6.66 (t, J = 7.4 Hz, 1 H), 6.21 (d, J = 7.7 Hz, 2 H), 6.20-
6.16 (m, 1 H), 6.00-5.95 (m, 1 H), 4.33 (s, 1 H), 3.25 (s, 3 H), 2.79-2.73 (m, 1 H), 2.00-1.93
(m, 1 H), 1.89-1.80 (m, 1 H), 1.68-1.62 (m, 2 H), 1.51-1.41 (m, 1 H), 1.00-0.87 (m, 1 H). *C
NMR (100 MHz, CDClj): 6 = 177.9, 145.8, 143.4, 131.9, 129.0, 128.2, 125.3, 124.5, 122.6,
119.1, 115.1, 108.1, 67.2, 44.9, 26.2, 25.0, 23.4, 21.5. HRMS (ESI): calcd. for C»1H23N,0
[M + H]* 319.1810; found 319.1812. The NH signal was not visible clearly in the *H NMR
spectrum.

(R*)-1-Benzyl-3-((S*)-cyclohex-2-en-1-yl)-3-(phenylamino)indolin-2-one (1541):
Following the general procedure Q described above, 154f was obtained after purification by
{7\, i osilicagel column chromatography (EtOAc/hexane, 30:70) as a colorless solid
L H (89 mg, 90%); mp 157-159 °C. R = 0.68 (30% EtOAc/hexane). IR (thin film):
"o & = 3331, 2930, 1702, 1602, 1498, 1343 cm™. *H NMR (400 MHz, CDCls): ¢
" =7.37(d,J=74Hz 1H),7.28-7.26 (m, 4 H), 7.22-7.19 (m, 2 H), 7.03 (t, J
L1 0 =74 Hz, LH), 6.95 (t, J = 8.0 Hz, 2 H), 6.78-6.71 (m, 2 H), 6.28 (d, J = 8.0
Hz, 2 H), 6.24-6.21 (m, 1 H), 6.02-5.98 (m, 1 H), 5.10 (d, J = 15.5Hz, 1 H), 475 (d, J = 15.5
Hz, 1 H), 2.85-2.81 (m, 1 H), 2.01-1.95 (m, 1 H), 1.91-1.83 (m, 1 H), 1.74-1.63 (m, 2 H),
1.54-1.44 (m, 1 H), 1.07-1.00 (m, 1 H). *C NMR (100 MHz, CDCls): § = 177.8, 145.7,
142.7, 135.6, 131.9, 129.0, 128.7, 128.3, 127.9, 127.7, 127.6, 125.4, 124.7, 122.5, 119.7,
116.5, 109.3, 67.6, 44.9, 44.0, 25.0, 23.5, 21.6. HRMS (ESI): calcd. for Co;H27N20 [M + H]*
395.2123; found 395.2124. This compound was isolated with traces of minor isomer.

Ethyl 2-((R*)-3-((S*)-cyclohex-2-en-1-yl)-2-ox0-3-(phenylamino)indolin-1-yl)acetate
(1549): Following the general procedure Q described above, 154g was obtained after
purification by silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
solid (87 mg, 89%); mp 169-171 °C. R; = 0.62 (30% EtOAc/hexane). IR (thin film): ¢ =
3329, 2933, 1724, 1600, 1465, 1260, 1021 cm™. *H NMR (400 MHz, CDCls): § = 7.36-7.30
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e (m2H)707(tJ 75 Hz, 1 H), 6.98 (dd, J = 8.6, 7.5 Hz, 2 H), 6.80 (d, J
s N ‘ =7.5Hz, 1 H),6.67(tJ=7.5Hz 1H), 6.31(d, J=8.6Hz, 2 H),6.22(d,J
O "o =10.4 Hz, 1 H), 6.03-5.98 (m, 1 H), 4.60 (d, J =17.5Hz, 1 H), 4.44 (d, J =

oooef 17.5 Hz, 1 H), 4.38 (br. s, 1 H), 4.28-4.20 (m, 2 H), 2.82-2.77 (m, 1 H),
,,,,,,,,,,,,,,, 1549 i 2.01-1.95 (m, 1 H), 1.92-1.83 (m, 1 H), 1.78-1.73 (m, 1 H), 1.70-1.64 (m, 1
H), 1.52-1.42 (m, 1 H), 1.27 (t, J = 7.1 Hz, 3 H), 1.12-1.02 (m, 1 H). *C NMR (100 MHz,
CDClg): 0 = 177.8, 167.6, 145.5, 142.0, 132.2, 129.0, 127.9, 125.5, 124.4, 122.8, 119.0,
115.2, 108.2, 67.0, 61.7, 45.0, 41.3, 25.0, 23.6, 21.6, 14.2. HRMS (ESI): calcd. for
C24H27N203 [M + H]* 391.2022; found 391.2018. This compound contains trace of minor
isomer and the NMR data refers to the major isomer.
N'-((R*)-3-((R*)-Cyclohex-2-en-1-yl)-1-methyl-2-oxoindolin-3-yl)benzohydrazide
(155h): Following the general procedure Q described above, 155h was obtained after
e pn 7 purification by silica gel column chromatography (EtOAc/hexane, 40:60) as
HNNI|-_|| a colorless solid (45 mg, 50%); mp 148-150 °C. R = 0.40 (40% EtOAc/
L~ 7 hexane). IR (thin film): & = 3440, 2926, 1706, 1612, 1469, 1120 cm™. 'H
N ° NMR (400 MHz, CDCl3): 6 = 8.09 (br. s, 1 H), 7.58 (d, J = 7.4 Hz, 2 H),
f.Mssh P 752(d,J=7.4Hz 1H), 745 (t J=7.4Hz 1H), 7.38-7.30 (m, 3 H), 7.07
(t, J=8.0Hz,1H),6.84(d,J=8.0Hz, 1 H),574 (d, J=5.7 Hz, 1 H), 5.64-5.59 (m, 1 H),
5.34 (d, J = 10.4 Hz, 1 H), 3.26 (s, 3 H), 2.98-2.93 (m, 1 H), 1.97-1.87 (m, 3 H), 1.82-1.75
(m, 1 H), 1.60-1.42 (m, 2 H). *C NMR (100 MHz, CDCl3): 6 = 177.2, 166.5, 144.0, 132.7,
131.7, 130.2, 129.3, 128.5, 127.4, 127.0, 125.3, 124.6, 122.7, 108.0, 71.3, 41.2, 26.3, 25.0,
23.4, 21.9. HRMS (ESI): calcd. for CoH24N30, [M + H]* 362.1869; found 362.1858.

Procedure R. Indium-mediated addition of geranyl bromide (123d) to isatin ketimines
105: To a vigorously stirring solution of corresponding isatin ketimine 105 (0.25 mmol, 1
equiv) and geranyl bromide (123d; 0.75 mmol, 3 equiv) in EtOH (2 mL) was added sodium
iodide (0.75 mmol, 3 equiv) and indium powder (0.5 mmol, 3 equiv) and the mixture was
stirred vigorously at 30 °C for 24 h. Then, the reaction mixture was transferred in to a
separating funnel and extracted with EtOAc (3x15 mL). The combined organic layers were
dried over anhydrous Na,SO, and then the solvent was evaporated under vacuum.
Purification of the resulting crude reaction mixture by column chromatography on silica gel
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(EtOAc/hexane) gave the corresponding product 156/157 (see Table 22 for individual

entries).

Procedure S. Indium-mediated addition of neryl bromide (1239g) to isatin ketimines 105:
THF solution of (Z)-3,7-dimethylocta-2,6-dien-1-ol (nerol) (1 mmol, 1 equiv) was allowed to
cool at —10 °C. To this cooled solution was added phosphorus tribromide (0.5 equiv)
dropwise. Then, the reaction mixture was allowed to stir at 0 °C for 3-5 h. After
disappearance of the starting material (as shown by TLC), Et,O (10 mL) was added to the
reaction mixture. After that it was washed with 5% NaHCOj3; solution (2 mL) and water (2
mL) successively. Drying of organic layers with anhydrous Na,SO, and the evaporation of
solvent under vacuum gave the crude (Z)-1-bromo-3,7-dimethylocta-2,6-diene (E-neryl
bromide; 123g) which was used as such for further reaction with isatin ketimines.

To a stirring solution of isatine ketimine 105 (0.25 mmol, 1 equiv) in EtOH (2 mL), was
added neryl bromide (123g; 0.75 mmol, 3 equiv), sodium iodide (0.75 mmol, 3 equiv) and
indium powder (0.5 mmol, 3 equiv) and the reaction mixture was stirred vigorously at 30 °C
for 24 h. Then, the reaction mixture was transferred in to a separating funnel and extracted
with EtOAc (3x15 mL). The combined organic layers were dried with anhydrous Na,SO,4 and
the solvent was evaporated under vacuum. Purification of the resulting crude reaction
mixture by column chromatography on silica gel (EtOAc/hexane) gave the corresponding
product 157/156 (see Table 22 for individual entries).

(R*)-3-((R*)-3,7-Dimethylocta-1,6-dien-3-yl)-3-(phenylamino)indolin-2-one (156a):
Following the general procedure R described above, 156a was obtained after purification by
prmm Ty silica gel - column chromatography (EtOAc/hexane, 30:70) as a colorless
Q f< solid (57 mg, 63%); mp 137-139 °C. R; = 0.65 (30% EtOAc/hexane). IR
o (thin film): & = 3376, 2923, 1715, 1602, 1470, 1123 cm™. *H NMR (400
: N MHz, CDCl3): 6 = 8.53 (br. s, 1 H), 7.29-7.24 (m, 2 H), 7.01 (t, J = 7.4
St Hz 1 H), 6.92 (4 3 = 8.0 Hz, 2 H), 6.77 (L J = 74 Hz, 1 H), 6.61 (¢, J =
7.4 Hz, 1 H), 6.43 (dd, J = 17.1, 10.9 Hz, 1 H), 6.19 (d, J = 8.0 Hz, 2 H), 5.56 (d, J = 10.9
Hz, 1 H), 5.39 (d, J = 17.1 Hz, 1 H), 4.92 (t, J = 6.6 Hz, 1 H), 4.61 (s, 1 H), 1.79-1.72 (m, 2
H), 1.68-1.60 (m, 1 H), 1.61 (s, 3 H), 1.56-1.52 (m, 1 H), 1.50 (s, 3 H), 1.33 (s, 3 H). **C
NMR (100 MHz, CDCl3): ¢ = 180.3, 145.8, 141.3, 140.4, 131.6, 129.1, 129.0, 128.7, 126.7,
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124.1, 122.2, 118.8, 118.1, 114.6, 110.3, 69.8, 48.0, 33.8, 25.6, 22.7, 17.6, 16.2. HRMS
(ESI): calcd. for Co4H29N,0 [M + H]" 361.2280; found 361.2267.
(R*)-3-((S*)-3,7-Dimethylocta-1,6-dien-3-yl)-3-(phenylamino)indolin-2-one (157a):
Following the general procedure S described above, 157a was obtained after purification by
g . silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
: solid (52 mg, 58%); mp 136-138 °C. R; = 0.66 (30% EtOAc/hexane). IR
(thin film): & = 3388, 2924, 1722, 1602, 1470, 1115 cm™. *H NMR (400
: MHz, CDCls): 6 =8.40 (s, 1 H), 7.22 (t, J=7.7Hz, 1 H), 7.11 (d, J = 7.4
Hz, 1 H), 6.98-6.90 (m, 3 H), 6.84 (d, J = 7.7 Hz, 1 H), 6.59 (t, J = 7.4 Hz,
1 H), 6.23 (d, J=8.6 Hz, 2 H), 6.04 (dd, J = 17.7, 11.0 Hz, 1 H), 5.50 (d, J = 11.0 Hz, 1 H),
5.35 (d, J = 17.7 Hz, 1 H), 4.95 (t, J = 6.8 Hz, 1 H), 4.42 (s, 1 H), 1.90-1.82 (m, 1 H), 1.77-
1.69 (m, 1 H), 1.64-1.54 (m, 2 H), 1.63 (s, 3 H), 1.52 (s, 3 H), 1.37 (s, 3 H). *C NMR (100
MHz, CDCl3): 6 = 179.4, 145.2, 141.2, 140.5, 131.6, 129.0, 128.9, 128.7, 126.0, 124.2,
122.2, 1185, 117.7, 114.4, 110.0, 69.3, 47.5, 33.1, 25.7, 23.0, 17.7, 15.4. HRMS (ESI):
calcd. for Co4HN,O [M + H]" 361.2280; found 361.2283.
3-(3,7-Dimethylocta-2,6-dien-1-yl)-3-(phenylamino)indolin-2-one (158a): The compound

158a was obtained after purification by silica gel column chromatography (EtOAc/hexane,
e . 30:70) as a colorless solid (9 mg, 10%); mp 120-122 °C. R; = 0.61
E (30% EtOAc/hexane). IR (thin film): & = 3310, 2925, 1707, 1603,
= 1470 cm™. *H NMR (400 MHz, CDCls): 6 = 8.68 (s, 1 H), 7.22-7.18

HN

7.4Hz,1H),6.23(d,J=7.7Hz, 2H),5.13 (t,J =8.4 Hz, 1 H), 5.03-5.01 (m, 1 H), 4.48 (br.
s, 1 H), 2.71 (dd, J = 13.8, 8.4 Hz, 1 H), 2.57 (dd, J = 13.8, 7.7 Hz, 1 H), 2.01-1.94 (m, 1 H),
1.97 (s, 3 H), 1.67-1.63 (m, 1 H), 1.64 (s, 3 H), 1.57-1.53 (m, 2 H), 1.56 (s, 3 H). *C NMR
(100 MHz, CDCls): 6 = 180.5, 145.2, 141.7, 139.7, 131.7, 130.5, 129.1, 128.8, 124.1, 123.9,
122.8, 118.7, 115.4, 114.4, 110.4, 64.7, 40.0, 38.9, 26.6, 25.7, 17.7, 16.4. HRMS (ESI):
caled. for CosHgN,O [M + H]* 361.2280; found 361.2267. This compound was isolated in
only 9 mg and the NMR spectra shows the presence of traces of some impurity.
(R*)-3-((R*)-3,7-Dimethylocta-1,6-dien-3-yl)-3-((4-methoxyphenyl)amino)indolin-2-one
(156b): Following the general procedure R described above, 156b was obtained after

purification by silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
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solid (58 mg, 59%); mp 152-154 °C. R; = 0.64 (30% EtOAc/hexane). IR (thin film):

e One i 3294, 2927, 1710, 1511, 1243, 1038 cm "1 IH NMR (400 MHz, CDCls): 6
| //:< =834(s,1H),735(,J=7.6Hz,1H), 725, J=7.7Hz, 1 H),7.03 (t,
HN M & : J=7.6Hz 1H),6.73(d,J=7.7Hz, 1 H), 6.46 (d, J = 9.0 Hz, 2 H), 6.44-
"’;:o/ 6.36 (m, 1 H), 6.22 (d, J = 9.0 Hz, 2 H), 5.53 (d, J = 10.7 Hz, 1 H), 5.36

1E'5b (d, J=17.6 Hz, 1 H), 492 (t, J = 6.8 Hz, 1 H), 3.56 (s, 3 H), 1.79-1.71

(m 3 H), 161(s 3 H), 1.53-1.46 (m, 1 H), 1.50 (s, 3 H), 1.34 (s, 3 H). **C NMR (100 MHz,
CDCls): 6 = 180.5, 153.3, 141.4, 140.6, 139.4, 131.6, 129.0, 129.0, 127.0, 124.2, 122.1,
118.0, 117.8, 114.3, 110.1, 71.1, 55.3, 47.8, 34.1, 25.6, 22.7, 17.6, 16.2. HRMS (ESI): calcd.
for CsH31N,0, [M + H]* 391.2386; found 391.2377.
(R*)-5-Chloro-3-((R*)-3,7-dimethylocta-1,6-dien-3-yl)-3-((4-methoxyphenyl)amino)
indolin-2-one (156¢): Following the general procedure R described above, 156c was

""""""""""""" ove i obtained after purification by silica gel column chromatography
’/:< (EtOAc/hexane, 30:70) as a colorless solid (66 mg, 62%); mp 152-154

o HN Me _ °C. Ry = 0.65 (30% EtOAc/hexane). IR (thin film): & = 3290, 2926,
’\;}:o 1706, 1510, 1248, 1037 cm™. *H NMR (400 MHz, CDCls): ¢ = 8.11

1560 © (s, 1H),7.34(d, J =22 Hz, 1 H), 7.25 (dd, J = 8.5, 2.2 Hz, 1 H), 6.67

(d, J=8.5Hz, 1H) 6.50 (d, J =9.0 Hz, 2 H), 6.38 (dd, J = 17.6, 10.7 Hz, 1 H), 6.22 (d, J =
9.0 Hz, 2 H), 5.55 (d, J = 10.7 Hz, 1 H), 5.37 (d, J = 17.6 Hz, 1 H), 4.92 (t, J = 6.9 Hz, 1 H),
4.32 (br. s, 1 H), 3.60 (s, 3 H), 1.79-1.72 (m, 2 H), 1.63-1.62 (m, 1 H), 1.62 (s, 3 H), 1.51 (5,
3 H), 1.49-1.43 (m, 1 H), 1.33 (s, 3 H). *C NMR (100 MHz, CDCls): 6 = 179.9, 153.6,
140.1, 139.9, 139.0, 131.7, 130.9, 129.1, 127.6, 127.2, 124.0, 118.3, 117.9, 114.4, 110.9,
71.3, 55.4, 47.9, 34.1, 25.6, 22.6, 17.6, 16.2. HRMS (ESI): calcd. for CysH3,CIN,O;, [M +
H]* 425.1996; found 425.1981.
(R*)-3-((R*)-3,7-Dimethylocta-1,6-dien-3-yl)-1-methyl-3-(phenylamino)indolin-2-one
(156d): Following the general procedure R described above, 156d was obtained after
T : purification by silica gel column chromatography (EtOAc/hexane,
5 HQ ,/:< 30:70) as a colorless solid (37 mg, 40%); mp 123-125 °C. R; = 0.68 (30%

\o . EtOAc/hexane). IR (thin film): & = 3388, 2921, 1708, 1608, 1469, 1346,
N . 1116 cm™. 'H NMR (400 MHz, CDCly): 6 = 7.38 (t, J = 7.8 Hz, 1 H),
P Msed 1732(d,J=7.3Hz 1H) 7.06(t J =78 Hz 1 H), 6.94-6.90 (m, 3 H),
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6.61 (t, J=7.3 Hz, 1 H), 6.44-6.42 (m, 1 H), 6.09 (d, J =7.8 Hz, 2 H), 553 (d, J =11.0 Hz, 1
H), 5.36 (d, J = 17.6 Hz, 1 H), 4.91 (t, J = 6.8 Hz, 1 H), 4.61 (br. s, 1 H), 3.24 (s, 3 H), 1.78-
1.72 (m, 2 H), 1.67-1.60 (m, 1 H), 1.63 (s, 3 H), 1.50 (s, 3 H), 1.39-1.30 (m, 1 H), 1.33 (s, 3
H). *C NMR (100 MHz, CDCl,): 6 = 177.8, 145.8, 144.3, 140.6, 131.5, 129.2, 129.0, 128.2,
126.4, 124.2,122.2, 118.7, 117.9, 114.6, 108.1, 69.4, 48.1, 33.7, 26.1, 25.7, 22.7, 17.7, 16.4.
HRMS (ESI): calcd. for CosHaiN,O [M + H]* 375.2436; found 375.2438.
(R*)-1-Benzyl-3-((R*)-3,7-dimethylocta-1,6-dien-3-yl)-3-(phenylamino)indolin-2-one
(156e): Following the general procedure R described above, 156e was obtained after
7\ /i purification by silica gel column chromatography (EtOAc/hexane, 30:70)
Mo «/:< as a colorless solid (85 mg, 70%); mp 113-115 °C. R; = 0.69 (30%
EtOAc/hexane). IR (thin film): & = 3371, 2928, 1708, 1605, 1509, 1322,
L 1177 cm™. *H NMR (400 MHz, CDCls): § = 7.36-7.24 (m, 7 H), 7.02 (t, J

J=7.4Hz, 1H), 6.53-6.47 (m, 1 H), 6.13 (d, J = 7.8 Hz, 2 H), 5.55 (d, J = 10.8 Hz, 1 H),
5.39 (d, J = 17.6 Hz, 1 H), 4.99-4.86 (m, 3 H), 4.63 (br. s, 1 H), 1.77-1.69 (m, 2 H), 1.65 (s, 3
H), 1.50 (s, 3 H), 1.45-1.34 (m, 2 H), 1.35 (s, 3 H). *C NMR (100 MHz, CDCls): § = 177.8,
145.7, 143.7, 140.7, 135.8, 131.5, 129.1, 128.9, 128.6, 128.2, 127.9, 127.6, 126.6, 124.1,
122.1, 119.0, 118.0, 115.5, 109.2, 69.6, 48.3, 44.1, 34.3, 25.7, 22.6, 17.6, 16.4. HRMS (ESI):
calcd. for Ca1HasN20 [M + H]* 451.2749; found 451.2738.

Ethyl 2-((R*)-3-((R*)-3,7-dimethylocta-1,6-dien-3-yl)-2-oxo0-3-(phenylamino)indolin-1-

yl)acetate (156f): Following the general procedure R described above, 156f was obtained

Q J/< after purification by silica gel column chromatography (EtOAc/hexane,
— 30:70) as a colorless solid (67 mg, 60%); mp 100-102 °C. Rs = 0.65 (30%
=

HN M8 s
"o i EtOAc/hexane). IR (thin film): o = 3353, 2984, 1732, 1601, 1502, 1264,
NLcooa 1183 cm™. *H NMR (400 MHz, CDCls): 6 = 7.37-7.32 (m, 2 H), 7.07 (t, J

J=7.4Hz,1H),6.42 (dd, J = 17.5, 11.0 Hz, 1 H), 6.19 (d, J = 7.4 Hz, 2 H), 5.54 (d, J = 10.9
Hz, 1 H), 5.37 (d, J = 17.6 Hz, 1 H), 4.95 (t, J = 6.7 Hz, 1 H), 4.60 (br. s, 1 H), 4.61 (d, J =
17.4 Hz, 1 H), 4.41 (d, J = 17.4 Hz, 1 H), 4.28-4.20 (m, 2 H), 1.79-1.72 (m, 2 H), 1.65-1.62
(m, 1 H), 1.62 (s, 3 H), 1.59 (s, 3 H), 1.59-1.44 (m, 1 H), 1.33 (s, 3 H), 1.26 (t, J = 7.1 Hz, 3
H). *C NMR (100 MHz, CDCly): 6 = 177.6, 167.5, 145.4, 143.1, 140.5, 131.4, 129.1, 128.9,
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127.7,126.6, 124.3, 122.5, 118.7, 118.0, 114.8, 108.3, 69.2, 61.6, 48.4, 41.4, 33.7, 25.6, 22.8,
17.7, 16.3, 14.2. HRMS (ESI): calcd. for CgH3sN203 [M + H]* 447.2648; found 447.2638.
Ethyl 2-((R*)-3-((S*)-3,7-dimethylocta-1,6-dien-3-yl)-2-0x0-3-(phenylamino)indolin-1-
yl)acetate (157f): Following the general procedure S described above, 157f was obtained
i after purification by silica gel column chromatography (EtOAc/hexane,
30:70) as a colorless solid (46 mg, 42%); mp 104-106 °C. R¢ = 0.65 (30%
5 EtOAc/hexane). IR (thin film): & = 3411, 2922, 1726, 1602, 1466, 1203
cm™. 'H NMR (400 MHz, CDCl3): 6 = 7.30 (t, J = 7.7 Hz, 1 H), 7.16 (d, J
=74 Hz, 1 H), 7.01 (t, J = 7.7 Hz, 1 H), 6.95 (t, J = 8.6 Hz, 2 H), 6.77 (d,
J=7.7Hz,1H),6.60(t,J=7.4Hz, 1H),6.23 (d, J=8.6 Hz, 2 H), 6.04 (dd, J =17.5, 10.7
Hz, 1 H), 5.49 (d, J = 10.7 Hz, 1 H), 5.34 (d, J = 17.5 Hz, 1 H), 4.95 (t, J = 6.8 Hz, 1 H), 4.64
(d, J = 17.4 Hz, 1 H), 4.47 (d, J = 17.4 Hz, 1 H), 4.44 (s, 1 H), 4.27 (g, J = 7.1 Hz, 2 H),
1.89-1.80 (m, 1 H), 1.76-1.67 (m, 1 H), 1.64-1.61 (m, 1 H), 1.63 (s, 3 H), 1.56-1.48 (m, 1 H),
1.52 (s, 3 H), 1.35 (s, 3 H), 1.29 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § =
176.9, 167.6, 145.0, 143.0, 140.6, 131.5, 128.9, 128.9, 127.9, 125.8, 124.3, 122.5, 118.5,
117.7, 114.6, 108.0, 68.8, 61.7, 47.9, 41.5, 33.1, 25.7, 23.0, 17.7, 15.6, 14.2. HRMS (ESI):
calcd. for CogH3sN,NaO3 [M + Na]*™ 469.2467; found 469.2473.

Procedure T. Indium-mediated addition of ethyl 4-bromocrotonate (123e) to isatin
ketimines 105: To a vigorously stirring solution of corresponding isatin ketimine 105 (0.25
mmol, 1 equiv) and ethyl 4-bromocrotonate (123e; 0.75 mmol, 3 equiv) in EtOH (1 mL) was
added indium powder (0.5 mmol, 2 equiv) and the reaction mixture was stirred vigorously at
30 °C for 3 h. Then, the reaction mixture was transferred in to a separating funnel and
extracted with EtOAc (3x15 mL). The combined organic layers were dried over anhydrous
Na,SO, and the solvent was evaporated under vacuum. Purification of the resulting crude
reaction mixture by column chromatography on silica gel (EtOAc/hexane) gave the
corresponding product 159/160 (see Tables 23 and 24 for individual entries).

(R*)-Ethyl 2-((R*)-2-ox0-3-(phenylamino)indolin-3-yl)but-3-enoate (159a): Following
the general procedure T described above, 159a was obtained after purification by silica gel
column chromatography (EtOAc/hexane, 30:70) as a colorless solid (78 mg, 93%); mp 142-
144 °C. R; = 0.58 (30% EtOAc/hexane). IR (thin film): & = 3288, 2975, 1715, 1605, 1470,
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i 1242 cm™. 'H NMR (400 MHz, CDClg): o = 8.99 (s, 1 H), 7.33-7.25 (m, 2
Q:Scooa% H), 7.04 (t, J=7.6 Hz, 1 H), 6.98 (dd, J = 8.5, 7.6 Hz, 2 H), 6.85 (d, J = 7.6
T Hz, 1 H), 6.69 (t, J = 7.6 Hz, 1 H), 6.33 (d, J = 8.5 Hz, 2 H), 5.95-5.86 (m, 1
7 N 1502 H), 5.31-5.26 (m, 2 H), 4.23-4.13 (m, 2 H), 3.50 (d, J = 9.8 Hz, 1 H), 1.22 (t,
J=7.1Hz, 3H). 3C NMR (100 MHz, CDCl3): 6 = 178.4, 170.3, 144.9, 140.3, 129.7, 129.7,
129.1, 127.4, 125.8, 122.7, 122.2, 119.6, 115.6, 110.6, 66.1, 61.5, 57.6, 14.0. HRMS (ESI):
calcd. for CooH20N2NaO3 [M + Na]* 359.1372; found 359.1369.
Ethyl 4-(2-oxo-3-(phenylamino)indolin-3-yl)but-2-enoate (161a): The compound 16la
was obtained after purification by silica gel column chromatography (EtOAc/hexane, 30:70)
as a colorless solid (33 mg, 40%); mp 182-184 °C. Ry = 055 (30%
HLQ 161a EtOAc/hexane). IR (thin film): & = 3333, 2980, 1725, 1604, 1467, 1201
©\>Q)/ACOOH cm™. *H NMR (400 MHz, CDCl3): 6 = 8.91 (s, 1 H), 7.20 (t, J = 7.5
.............. H ............................ Hz, 2 H), 6.99 (t, J =7.5 Hz, 1 H), 6.90 (t, J = 7.9 Hz, 2 H), 6.86-6.78
(m, 2 H), 6.60 (t, J = 7.4 Hz, 1 H), 6.21 (d, J = 7.9 Hz, 2 H), 5.87 (d, J = 15.6 Hz, 1 H), 4.48
(s, 1H),4.11(q, J=7.1 Hz, 2 H), 2.83 (dd, J = 13.7, 7.4 Hz, 1 H), 2.64 (dd, J = 13.7, 8.0 Hz,
1 H), 1.21 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 179.8, 165.7, 144.9, 140.0,
139.6, 129.4, 129.4, 129.1, 126.6, 124.2, 123.3, 119.4, 114.8, 111.0, 64.3, 60.6, 42.6, 14.2.
HRMS (ESI): calcd. for CoH2:N203 [M + H]* 337.1552; found 337.1550.
(R*)-Ethyl 2-((R*)-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)but-3-enoate (159b):
Following the general procedure T described above, 159b was obtained after purification by
""""""""" ome i silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
solid (87 mg, 95%); mp 106-108 °C. R; = 0.59 (30% EtOAc/hexane). IR
HN “;C‘fEf (thin film): & = 3265, 2980, 1720, 1511, 1242, 1034 cm™. *H NMR (400
N""Fo MHz, CDCls): 6 = 8.42 (br.s, 1 H), 7.45(d, J = 7.4 Hz, 1 H), 7.26 (t, J = 7.7
iooh . Hz, 1H),7.07 (t, J=7.4Hz, 1 H), 6.78 (d, J = 7.7 Hz, 1 H), 6.52 (d, = 8.9
Hz, 2 H), 6.39 (d, J = 8.9 Hz, 2 H), 6.01-5.92 (M, 1 H), 5.33-5.29 (m, 2 H), 4.18-4.09 (m, 2
H), 3.61 (s, 3 H), 3.56 (d, J = 9.9 Hz, 1 H), 1.18 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 6 = 178.1, 170.4, 154.3, 140.7, 137.9, 129.9, 129.6, 127.6, 126.1, 122.6, 122.1,
120.0, 114.2, 110.2, 67.2, 61.3, 57.7, 55.3, 14.0. HRMS (ESI): calcd. for C,;H2,N2NaO, [M
+ Na]* 389.1477; found 389.1468. The NH signal was not clearly visible in the *H NMR

spectrum.
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(R*)-Ethyl  2-((R*)-3-((4-chlorophenyl)amino)-2-oxoindolin-3-yl)but-3-enoate  (159c¢):

Following the general procedure T described above, 159c was obtained after purification by

cl i silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
solid (89 mg, 6%) mp 122-124 °C. R = 0.59 (30% EtOAc/hexane). IR

ax, H, S00Ft . (thin film): & = 3275, 2985, 1731, 1492, 1325, 1178 cm™. 'H NMR (400
'\:}:0 MHz, CDCls): 6 = 8.75 (s, 1 H), 7.32-7.27 (m, 2 H), 7.05 (t, J = 7.6 Hz, 1
1ooc | H), 6.92(d, J=8.9 Hz, 2 H), 6.86 (d, J =8.3 Hz, 1 H), 6.25 (d, J = 8.9 Hz, 2

H) 5.96-5.86 (m, 1 H), 5.33-5.26 (m, 3 H), 4.22-4.12 (m, 2 H), 3.47 (d, J = 9.8 Hz, 1 H),
1.21 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 177.9, 170.3, 143.5, 140.2,
129.9, 129.5, 128.9, 127.0, 125.7, 124.5, 122.9, 122.4, 117.0, 110.6, 66.1, 61.6, 57.5, 14.0.
HRMS (ESI): calcd. for C»H19CIN,NaO3 [M + Na]* 393.0982; found 393.0975.

(R*)-Ethyl 2-((R*)-5-chloro-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)but-3-
enoate (159d): Following the general procedure T described above, 159d was obtained after
e ome i purification by silica gel column chromatography (EtOAc/hexane,
. 30:70) as a colorless solid (95 mg, 95%); mp 140-142 °C. R; = 0.60 (30%
N H ;COOE‘; EtOAc/hexane). IR (thin film): & = 3388, 2982, 1728, 1511, 1241, 1035
a "}:o/ cm™. 'H NMR (400 MHz, CDCl3): 6 = 8.55 (br. s, 1 H), 7.45 (d, J = 1.7
A Hz 1H),7.24 (dd,J=8.3,1.7Hz, 1 H), 6.71 (d, J = 8.3 Hz, 1 H), 6.55
Z&"'5'"_""é"é"ﬁi""é"ﬁ) 6.39 (d, J = 8.8 Hz, 2 H), 5.95-5.86 (m, 1 H), 5.32-5.28 (m, 2 H), 4.75
(br.s, 1 H), 4.19-4.13 (m, 2 H), 3.63 (s, 3 H), 3.53 (d, J = 9.8 Hz, 1 H), 1.22 (t, J = 7.1 Hz, 3
H). *C NMR (100 MHz, CDCls): 6 = 178.0, 170.2, 154.4, 139.2, 137.7, 129.6, 129.5, 129.5,
128.1, 126.5, 122.5, 119.9, 114.3, 111.3, 67.4, 61.5, 57.6, 55.3, 14.0. HRMS (ESI): calcd. for
C21H2:CIN,NaO, [M + Na]* 423.1088; found 423.1069.

(R*)-Ethyl 2-((R*)-5-bromo-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)but-3-
enoate (159¢): Following the general procedure T described above, 159e was obtained after

ome ¢ purification by silica gel ~column chromatography (EtOAc/hexane,
30:70) as a colorless solid (109 mg, 98%); mp 116-118 °C. R; = 0.62

B 1, COOEt (30% EtOAc/hexane). IR (thin film): & = 3193, 1734, 1510, 1244, 1179,
@iiov . 1035 cm™. 'H NMR (400 MHz, CDCly): 6 = 8.69 (s, 1 H), 7.57 (d, J =
3 190 . 2.0 Hz, 1 H), 7.39 (dd, J = 8.2, 2.0 Hz, 1 H), 6.65 (d, J = 8.2 Hz, 1 H),

...........................................

654(d J=9.0Hz, 2 H), 6.38 (d, J = 9.0 Hz, 2 H), 5.95-5.85 (m, 1 H), 5.32-5.28 (m, 2 H),
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4.76 (br. s, 1 H), 4.19-4.13 (m, 2 H), 3.62 (s, 3 H), 3.52 (d,J=9.8 Hz, 1 H), 1.21 (t, J=7.1
Hz, 3 H). *C NMR (100 MHz, CDCls): § = 178.0, 170.2, 154.4, 139.7, 137.7, 132.5, 129.9,
129.4, 129.2, 122.5, 119.8, 1154, 114.3, 111.8, 67.4, 61.5, 57.6, 55.3, 14.0. HRMS (ESI):
calcd. for Co1H2,BrN,O4 [M + H]" 445.0763; found 445.0760.
(R*)-Ethyl  2-((R*)-1-benzyl-2-oxo-3-(phenylamino)indolin-3-yl)but-3-enoate  (159f):
Following the general procedure T described above, 159f was obtained after purification by
FTE silica gel  column chromatography (EtOAc/hexane, 30:70) as a colorless
HIZQ:;COOB% solid (97 mg, 91%); mp 86-88 °C. R; = 0.65 (30% EtOAc/hexane). IR (thin
film): & = 3351, 2980, 1718, 1602, 1497, 1306, 1182 cm™. *H NMR (400
N MHz, CDCl3): 6 = 7.43(d, J = 7.5 Hz, 1 H), 7.28-7.23 (m, 4 H), 7.19-7.17

=

Hz, 2 H), 6.31 (d, J = 8.2 Hz, 2 H), 6.00-5.91 (m, 1 H), 5.33-5.29 (m, 2 H), 5.14 (s, 1 H),
5.09 (d, J =15.5Hz, 1 H), 4.69 (d, J = 15.5 Hz, 1 H), 4.24-4.13 (m, 2 H), 3.57 (d, J = 9.8 Hz,
1 H), 1.23 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 175.8, 170.3, 144.8, 142.6,
135.5, 130.0, 129.6, 129.0, 128.6, 127.7, 127.6, 127.0, 125.7, 122.7, 122.1, 120.3, 117.1,
109.5, 66.0, 61.4, 57.8, 44.1, 14.1. HRMS (ESI): calcd. for Co7H2;N205 [M + H]* 427.2022;
found 427.2008.

(R*)-Ethyl  2-((R*)-1-methyl-2-oxo0-3-(phenylamino)indolin-3-yl)but-3-enoate  (1599):
Following the general procedure T described above, 159g was obtained after purification by
X silica gel - column: chromatography (EtOAc/hexane, 30:70) as a colorless
. @::COOEé liquid (70 mg, 80%); R; = 0.61 (30% EtOAc/hexane). IR (thin film): ¢ =
@\)/):OV/ 3373, 2930, 1725, 1603, 1470, 1031 cm™. *H NMR (400 MHz, CDCl3): 6 =
; N . 7.40-7.35 (M, 2 H), 7.09 (t, J = 7.4 Hz, 1 H), 6.97 (dd, J = 8.6, 7.4 Hz, 2 H),
99 1 6.89(d, 1= 7.4 Hz, LH), 6.68 (t, J = 7.4 Hz, 1 H), 6.24 (d, J = 8.6 Hz, 2 H)
5.88-5.79 (m, 1 H), 5.31-5.26 (m, 2 H), 5.14 (br. s, 1 H), 4.21-4.11 (m, 2 H), 3.54 (d, J = 9.9
Hz, 1 H), 3.21 (s, 3 H), 1.22 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCl,): 6 = 175.7,
170.2, 144.9, 143.4, 129.9, 129.7, 129.0, 127.0, 125.4, 122.8, 121.9, 119.6, 115.8, 108.4,
65.6, 61.4, 57.8, 26.3, 14.1. HRMS (ESI): calcd. for Cp;H2sN,03 [M + H]* 351.1709; found
351.1696.

(R*)-Ethyl 2-((R*)-3-((2-hydroxyphenyl)amino)-1-methyl-2-oxoindolin-3-yl)but-3-
enoate (159h): Following the general procedure T described above, 159h was obtained after
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purification by silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
N : solid (70 mg, 76%); mp 164-166 °C. R = 0.52 (30% EtOAc/hexane). IR
:“OQ COOE{ (thin film): 5 = 3316, 1733, 1696, 1610, 1469, 1317, 1176 cm™. 'H NMR

. (400 MHz, CDCly): 6 = 7.58 (d, J = 7.5 Hz, 1 H), 7.31 (t, ] = 7.7 Hz, 1 H),

N | 7.09 (t, J=7.5Hz, 1 H), 6.78 (d, J = 7.7 Hz, 1 H), 6.70-6.64 (m, 2 H), 6.45-
s i 6.41(m, 1H),6.24(d, J=7.7 Hz, 1 H), 5.87-5.78 (m, 1 H), 5.36-5.26 (m, 2

H), 4.75 (br. s, 1 H), 4.20-4.10 (m, 2 H), 3.70 (d, J = 9.7 Hz, 1 H), 3.18 (5, 3 H), 1.21 (t, J =
7.1 Hz, 3 H). *C NMR (100 MHz, CDCly): 6 = 177.6, 170.6, 149.8, 143.5, 131.3, 129.9,
129.8, 126.4, 125.9, 124.0, 122.9, 122.0, 121.4, 120.0, 115.3, 108.3, 67.5, 61.4, 57.8, 26.3,
14.0. HRMS (ESI): calcd. for Co1H23N»04 [M + H]" 367.1658; found 367.1649.
(R*)-Ethyl 2-((R*)-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)butanoate (162): A
dry flask containing 159b (0.5 mmol, 1 equiv) in anhydrous THF (4 mL) was charged with
g Ohe Pd/C (20 mol%) and the reaction mixture was stirred under a hydrogen
atmosphere (1 atm) at room temperature. After the disappearance of the
o H pooa% starting material (the reaction was monitored by TLC), the reaction mixture
: was filtered through a Celite pad and rinsed with EtOAc (20 mL). The
................... 162 solvent was evaporated and purification by column chromatography on
silica gel (EtOAc/hexane 30:70) gave the compound 162 as a colorless solid (166 mg, 90%);
mp 143-145 °C. Ry = 0.59 (30% EtOAc/hexane). IR (thin film): 5 = 3262, 2969, 1722, 1511,
1470, 1240 cm™. 'H NMR (400 MHz, CDCls): § = 8.52 (s, 1 H), 7.51 (d, J = 7.4 Hz, 1 H),
728 (t,J=7.4Hz, 1 H),7.08(t,J=7.4Hz, 1 H),6.81(d, J=7.4Hz, 1H),651(d,J=8.0
Hz, 2 H), 6.33 (d, J = 8.0 Hz, 2 H), 4.78 (s, 1 H), 4.29 (g, J = 7.0 Hz, 2 H), 3.60 (s, 3 H),
2.83-2.79 (m, 1 H), 1.67-1.59 (m, 1 H), 1.52-1.47 (m, 1 H), 1.33 (t, J = 7.0 Hz, 3 H), 0.85 {t,
J=7.1Hz, 3 H). ®°C NMR (100 MHz, CDCls): § = 179.5, 172.6, 154.0, 140.5, 138.4, 129.4,
128.0, 126.7, 122.7, 119.3, 114.2, 110.4, 67.7, 61.0, 55.3, 54.0, 20.0, 14.3, 11.9. HRMS
(ES): calcd. for C21H25N,0,4 [M + H]* 369.1814; found 369.1811.

Procedure U. Reduction of 3-substituted-3-aminooxindoles to N-aryl-y-amino alcohols
163: A dry flask was charged with anhydrous THF (4 mL) and the corresponding oxindole
derivative 159b or 162 (0.2 mmol) under a nitrogen atmosphere and the reaction mixture was
cooled to 0 °C. Then, LiAIH4 (0.8 mmol) was added in portions and the mixture was stirred

6-12 h at room temperature. After the disappearance of the starting material as shown by
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TLC, EtOH (few drops) and water (1-2 mL) were then added sequentially and the resulting
white suspension was filtered through a Celite pad and rinsed with EtOAc (20 mL). The
filtrate was dried over anhydrous Na,SO, and the solvent was removed by rotary
evaporation. Then, purification of the crude reaction mixture by column chromatography on

silica gel (EtOAc/hexane) gave the respective N-aryl-y-amino alcohols 163 (see Scheme 71).

(R*)-3-((R*)-1-Hydroxybut-3-en-2-yl)-3-((4-methoxyphenyl)amino)indolin-2-one (163a):
Following the general procedure U described above, 163a was obtained after purification by
""""""""" ome i silica gel column chromatography (EtOAc/hexane, 50:50) as a colorless
Q solid (44 mg, 68%); mp 183-185 °C. R; = 0.41 (50% EtOAc/hexane). IR
H ”°H§ (thin film): & = 3458, 2916, 1716, 1511, 1392, 1239 cm™. *H NMR (400
“=0 MHz, DMSO-dg+CDCl3): 6 = 10.5 (s, 1 H), 7.24-7.19 (m, 2 H), 6.95 (t, J =
7.4 Hz, 1 H),6.84 (d, J=7.4Hz, 1 H), 651 (d, J=8.9Hz, 2H),6.15(d,J =
8.9 Hz, 2 H), 5.84 (s, 1 H), 5.26-5.17 (m, 1 H), 5.09-5.04 (m, 2 H), 4.84 (t, J = 5.2 Hz, 1 H),
3.89-3.84 (m, 1 H), 3.54 (s, 3 H), 3.51-3.45 (m, 1 H), 2.71-2.65 (m, 1 H), 2.51-2.49 (m, 1 H).
3C NMR (100 MHz, DMSO-ds+CDCls): 6 = 183.4, 156.8, 147.1, 145.3, 139.4, 134.0,
133.9, 129.9, 126.7, 124.8, 120.7, 119.3, 114.9, 72.0, 65.4, 60.3, 58.4. HRMS (ESI): calcd.
for C19H21NoNaO3 [M + Na]* 347.1372; found 347.1364.
(R*)-3-((R*)-1-Hydroxybutan-2-yl)-3-((4-methoxyphenyl)amino)indolin-2-one  (163b):
Following the general procedure U described above, 163b was obtained after purification by
""""""""" ome i silica gel column chromatography (EtOAc/hexane, 50:50) as a sticky solid
Q . (45 mg, 70%); Ry = 0.42 (50% EtOAc/hexane). IR (thin film): 5 = 3442,
HjOHji 2920, 1714, 1511, 1238, 1037 cm™. *H NMR (400 MHz, CDCls): 6 = 8.38
: = (br.s, 1 H), 761 (d,J=74Hz, 1H), 724 (t, J=74Hz, 1 H), 710 (t, J =
Hmb 7.4Hz, 1 H),6.76 (d, J =7.4 Hz, 1 H), 6.54 (d, J =8.5Hz, 2 H), 6.49 (d, J =
8.5 Hz, 2 H), 4.03 (d, J = 6.9 Hz, 2 H), 3.60 (s, 3 H), 2.21-2.15 (m, 1 H), 1.34-1.26 (m, 2 H),
0.84 (t, J = 7.4 Hz, 3 H), 0.83-0.73 (m, 1 H). *C NMR (100 MHz, CDCl,): 6 = 179.6, 155.4,
141.0, 136.6, 129.4, 127.1, 126.6, 122.9, 122.7, 113.9, 110.4, 72.1, 62.7, 55.3, 47.7, 19.4,
12.1. HRMS (ESI): calcd. for C19H23N,03 [M + H]* 327.1709; found 327.1697.
(R*)-Ethyl  2-((R*)-3-amino-2-oxoindolin-3-yl)butanoate (164): To the N-aryl-3-
substituted-3-aminooxindole 162 (0.2 mmol, 1 equiv) in MeCN (2 mL) was added aqueous

solution of (NH,),S,0s (2 equiv) and ammonium ceric (I11) nitrate (0.1 equiv) at 0 °C. The
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resulting reaction mixture was stirred at 40 °C for 12 h. After the complete consumption of
starting material as shown by TLC, the reaction mixture was washed with DCM (2 mL) and
treated with Na,COs at 0 °C to attain the pH 8. Then, the product was extracted using DCM
NHCOOEt (5 x 1 mL). The combined organic layers were dried over anhydrous
i NapSO4. The solvent was evaporated under vacuum to obtain the product 3-
M1e4 ........ aminooxindole 164 as a colorless solid (32 mg, 60%); mp 134-136 °C. IR
(thin film): & = 3260, 2969, 1722, 1471, 1188, 753 cm™. *H NMR (400 MHz, CDCls): 6 =
9.25(s,1H),757(d,J=74Hz,1H),7.24 (t, J=7.4Hz, 1 H),7.05(, J=7.4Hz 1H),
6.91(d,J=7.4Hz, 1H),4.19(q,J=7.1Hz, 2 H), 2.85 (dd, J = 11.6, 3.5 Hz, 1 H), 1.91 (br.
s, 2 H), 1.59-1.51 (m, 1 H), 1.38-1.32 (m, 1 H), 1.24 (t, J = 7.1 Hz, 3 H), 0.83 (t, J = 7.4 Hz,
3 H). °C NMR (100 MHz, CDCls): 6 = 181.9, 173.1, 140.8, 130.0, 129.3, 126.2, 122.7,
110.1, 62.6, 60.6, 54.4, 20.5, 14.2, 12.1. HRMS (ESI): calcd. for C14H1sN,NaO; [M + Na]*

285.1215; found 285.1211.

Procedure V. Zn-mediated addition of a-halo esters (145) to isatin ketimines 105: To a
vigorously stirring solution of isatin ketimines 105 (0.25 mmol, 1 equiv) and a-halo ester
(145; 1 mmol, 4 equiv) in DMF (1 mL) was added zinc powder (0.5 mmol, 2 equiv). The
mixture was allowed to stir vigorously at 30 °C for 12 h. After this period, the reaction
mixture was quenched with 2 mL of water and transferred to a separating funnel and
extracted using ethyl acetate (3x15 mL). The combined organic layers were dried over
anhydrous Na;SO4. Then the solvent was evaporated under vacuum. Purification of the
resulting crude reaction mixture by column chromatography on silica gel (EtOAc/hexane as

eluent) gave the product 166 (see Tables 25 and 26 for individual entries).

Ethyl 2-(2-oxo-3-(phenylamino)indolin-3-yl)acetate (166a): Following the general
procedure V described above, 166a was obtained after purification by silica gel column
e : chromatography (EtOAc/hexane, 30:70) as a colorless solid (72 mg, 93%);
Q mp 166-168 °C. R = 0.55 (30% EtOAc/hexane). IR (thin film): 5 = 3298,
©\)Q000Et§ 2978, 1745, 1605, 1500, 1038 cm™. *H NMR (400 MHz, CDCls): 6 = 9.02
N ° (s, 1H),7.27 (d, J =7.4 Hz, 2 H), 7.05-6.98 (m, 3 H), 6.91 (d, J = 7.6 Hz,
.. LH) 6.69 (L J= 7.4 Hz, 1 H), 6.37 (d. J = 7.6 Hz, 2 H), 4.17 (g, J = 7.2

Hz, 2 H), 2.96 (d, J = 14.5 Hz, 1 H), 2.84 (d, J = 145 Hz, 1 H), 1.22 (t, J = 7.2 Hz, 3 H). °C
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NMR (100 MHz, CDCl3): 6 = 179.0, 169.6, 144.8, 139.9, 129.5, 129.2, 129.1, 124.3, 123.2,
119.5, 115.5, 110.9, 62.9, 61.3, 43.0, 14.1. HRMS (ESI): calcd. for C1gH1sN,NaOs [M + Na]*
333.1215; found 333.1212.

Ethyl 2-(3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)acetate (166b): Following the

general procedure V described above, 166b was obtained after purification by silica gel

ome i column chromatography (EtOAc/hexane, 30:70) as a colorless solid (62 mg,

Q 73%); mp 164-166 °C. R; = 0.56 (30% EtOAc/hexane). IR (thin film): ¢ =

. COOE@ 3384, 2985, 1705, 1511, 1195, 1033 cm™. *H NMR (400 MHz, CDCl,): d =
@ﬁ?o 8.54 (s, 1H),7.34(d,J=2.1Hz,1H),723(dd, J=8.3,2.1 Hz, 1 H), 6.76
5 1:eb i (d,J=8.3Hz,1H),6.58(d,J=9.0Hz, 2 H), 6.43 (d, J=9.0 Hz, 2 H), 4.93

(br.s, 1 H), 4.18-4.09 (m, 2 H), 3.65 (s, 3 H), 2.99 (d, J = 15.0 Hz, 1 H), 2.89 (d, J = 15.0 Hz,
1 H), 1.21 (t, J = 7.2 Hz, 3 H). *C NMR (100 MHz, CDCls): ¢ = 178.6, 169.3, 154.5, 139.0,
137.6, 131.2, 129.5, 128.4, 125.1, 119.9, 114.3, 111.5, 64.2, 61.3, 55.4, 42.5, 14.0. HRMS
(ESI): calcd. for C1gH20N2NaO4 [M + Na]* 363.1321; found 363.1327.

Ethyl 2-(5-chloro-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)acetate (166¢):
Following the general procedure V described above, 166¢ was obtained after purification by

OMe silica gel column chromatography (EtOAc/hexane, 30:70) as colorless

solid (75 mg, 80%); mp 175-177 °C. Ry = 0.57 (30% EtOAc/hexane). IR

oM coot | (thin film): & = 3331, 2986, 1734, 1510, 1297, 1036 cm™. *H NMR (400
mo . MHz, CDCls): 6 =8.38 (5, 1 H), 7.35 (d, J = 2.1 Hz, 1 H), 7.23 (dd, J =
t66c §8321Hz1H)676(dJ-83Hz1H)658(dJ-89H22H)

644(d J=8.9Hz, 2 H), 4.89 (s, 1 H), 4.18-4.10 (s, 2 H), 3.66 (s, 3 H), 2.99 (d, J = 15.0 Hz,
1 H), 2.89 (d, J = 15.0 Hz, 1 H), 1.21 (t, J = 7.2 Hz, 3 H). **C NMR (100 MHz, CDCls): ¢ =
178.5, 169.3, 154.5, 138.9, 137.5, 131.2, 129.5, 128.4, 125.1, 120.0, 114.3, 111.5, 64.2, 61.3,
55.4, 42.5, 14.0. HRMS (ESI): calcd. for Cy9H19CIN,NaO4 [M + Na]® 397.0931; found
397.0938.

Ethyl 2-(5-bromo-3-((4-methoxyphenyl)amino)-2-oxoindolin-3-yl)acetate (166d):
Following the general procedure V described above, 166d was obtained after purification by
silica gel column chromatography (EtOAc/hexane, 30:70) as colorless solid (67 mg, 64%);
mp 182-184 °C. Ry = 0.58 (30% EtOAc/hexane). IR (thin film): & = 3406, 2925, 1716, 1651,
1404, 1026 cm™. *H NMR (400 MHz, CDCls): 6 = 10.73 (s, 1 H), 7.45 (d, J = 2.0 Hz, 1 H),
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coo oMe 1 7.39(dd,J=8.2,2.0Hz, 1H),6.78 (d, J=8.2Hz, 1 H),6.58 (d, J=8.9
Hz, 2 H), 6.28 (d, J = 8.9 Hz, 2 H), 5.80 (s, 1 H), 3.86 (g, J = 7.1 Hz, 2
§Br HN cooeé H), 3.56 (s, 3 H), 3.05 (d, J = 14.8 Hz, 1 H), 3.00 (d, J = 14.8 Hz, 1 H),
o 0.96(t, J=7.1Hz 3 H).*C NMR (100 MHz, CDCly): § = 177.8, 168.6,
‘ 166d 152.9, 142.1, 139.6, 132.6, 132.3, 127.4, 117.4, 114.6, 113.9, 112.2,
631605555433 14.1. HRMS (ESI): calcd. for C19H19BrN,NaO4 [M + Na]" 441.0426;
found 441.0418.

Ethyl 2-(1-methyl-2-oxo0-3-(phenylamino)indolin-3-yl)acetate (166e): Following the
general procedure V described above, 166e was obtained after purification by silica gel
e column chromatography (EtOAc/hexane, 30:70) as a colorless solid (64 mg,
Q 79%); mp 144-148 °C. R; = 0.57 (30% EtOAc/hexane). IR (thin film): & =
@fQSOOEt 3313, 2981, 1709, 1602, 1196, 1035 cm™. *H NMR (400 MHz, CDCl3): 6 =
’ NI\/Ie 7.36 (t,J=7.7Hz,1H),7.31(d,J=75Hz, 1L H), 7.07 (t, J=7.5Hz, 1 H),
,,,,,,,,,,,,, 166e 1 6.99(dd,J=18.5,7.4Hz, 2H),6.93(d,J=7.8Hz, 1H),6.69(t J=7.4Hz,
1 H), 6.29 (d, J = 7.6 Hz, 2 H), 5.36 (br. s, 1 H), 4.18-4.10 (m, 2 H), 3.29 (s, 3 H), 2.97 (d, J
= 14.6 Hz, 1 H), 2.81 (d, J = 14.6 Hz, 1 H), 1.21 (t, J = 7.0 Hz, 3 H). **C NMR (100 MHz,
CDCly): 60 = 176.4, 169.5, 144.8, 143.0, 129.6, 129.0, 128.7, 124.1, 123.1, 119.6, 115.9,
108.7, 62.5, 61.2, 43.0, 26.6, 14.1. HRMS (ESI): calcd. for C19H21N203 [M + H]" 325.1552;
found 325.1553.

Ethyl 2-(1-benzyl-2-oxo-3-(phenylamino)indolin-3-yl)acetate (166f): Following the
general procedure V described above, 166f was obtained after purification by silica gel
./ \, | column chromatography (EtOAc/hexane, 30:70) as colorless solid (85 mg,
: Hp 85%); mp 106-110 °C. Rt = 0.59 (30% EtOAc/hexane). IR (thin film): ¢ =
@fﬁgooﬁ 3302, 2983, 1731, 1614, 1494, 1195 cm™. *H NMR (400 MHz, CDCls): § =

N

TN, 7.37(d, 3= 74 Hz, 1 H), 7.31-7.20 (m, 6 H), 7.05 (t, I = 7.4 Hz, 1 H), 6.97
btk (L 3=7.8 Hz, 2 H), 6.80 (d, J= 7.8 Hz, 1 H), 6.76 (t, J = 7.4 Hz, 1 H), 6.34
(d, J=7.8 Hz, 2 H), 5.35 (br. s, 1 H), 5.14 (d, J = 15.5 Hz, 1 H), 4.76 (d, J = 155 Hz, 1 H),
416 (q, J = 7.1 Hz, 2 H), 3.01 (d, J = 14.5 Hz, 1 H), 2.91 (d, J = 14.5 Hz, 1 H), 1.22 (t, J =
7.1 Hz, 3 H). C NMR (100 MHz, CDCly): 6 = 176.5, 169.5, 144.7, 142.2, 135.5, 129.5,
129.0, 128.9, 128.8, 127.7, 127.7, 124.1, 123.1, 120.2, 117.0, 109.8, 62.9, 61.2, 44.2, 43.2,

14.1. HRMS (ESI): calcd. for CosH2sN205 [M + H]* 401.1865; found 401.1855.
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Diethyl 2,2'-(2-oxo-3-(phenylamino)indoline-1,3-diyl)diacetate (166g): Following the
general procedure V described above, 166g was obtained after purification by silica gel
""""""""""""""""""" i column chromatography (EtOAc/hexane, 30:70) as a colorless sticky liquid
Q (73 mg, 74%); R; = 0.58 (30% EtOAc/hexane). IR (thin film): & = 3375,
OCOOEf 2983, 1732, 1605, 1206, 1026 cm™. *H NMR (400 MHz, CDCls): d = 7.32
: NLCOOEt (t,J=77Hz,1H),729(d,J=74Hz, 1H),7.06(t J=7.6Hz 1H),7.01
1% L (dd =88 7.4 Hz 2 H) 6.82(d,J=7.8Hz 1 H), 668 (t, J=7.3Hz 1
H), 6.39 (d, J = 8.6 Hz, 2 H), 5.63 (br. s, 1 H), 4.62 (d, J = 17.6 Hz, 1 H), 450 (d, J = 17.6
Hz, 1 H), 4.29-4.22 (m, 2 H), 4.18 (9, J = 7.2 Hz, 2 H), 2.98 (d, J = 14.5 Hz, 1 H), 2.78 (d, J
=145 Hz, 1 H), 1.29 (t, J = 7.2 Hz, 3 H), 1.24 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCls): 6 = 176.4, 169.7, 167.4, 144.6, 141.4, 129.5, 129.0, 128.4, 124.2, 123.5, 119.2,
115.3, 108.8, 62.4, 61.9, 61.3, 43.2, 41.5, 14.2, 14.1. HRMS (ESI): calcd. for C;,H24N2NaOs
[M + Na]" 419.1583; found 419.1586.
Ethyl 2-(3-(2-benzoylhydrazinyl)-1-methyl-2-oxoindolin-3-yl)acetate (166h): Following
the general procedure V described above, 166h was obtained after purification by silica gel
""""""" ph 1 column chromatography (EtOAc/hexane, 30:70) as colorless solid (44 mg,
: NH 48%); mp 142-144 °C. R = 0.49 (30% EtOAc/hexane). IR (thin film): o =
§©\)roooa§ 3280, 2925, 1723, 1614, 1377, 1122 cm™. *H NMR (400 MHz, CDCls): 6 =
N | 7.84(d, J=6.8Hz, 1 H), 7.68(d, J =85 Hz, 2 H), 7.54-7.47 (m, 2 H), 7.42
(d,J=7.8Hz,1H),5.75(d, J=6.8 Hz, 1 H), 4.02-3.93 (m, 2 H), 3.28 (s, 3 H), 3.22 (d, J =
16.0 Hz, 1 H), 3.14 (d, J = 16.0 Hz, 1 H), 1.08 (t, J = 7.1 Hz, 3 H). *C NMR (100 MHz,
CDCl3): 6 = 175.9, 169.3, 167.0, 144.4, 132.3, 132.0, 130.1, 128.7, 127.2, 127.0, 124.3,
123.0, 108.4, 64.9, 60.8, 38.7, 26.4, 13.9. HRMS (ESI): calcd. for CoH21N3NaO, [M + Na]”
390.1430; found 390.1433.
Methyl 2-(2-oxo0-3-(phenylamino)indolin-3-yl)acetate (166i): Following the general
proe e procedure Vo described above, 1661 was obtained after purification by
silica gel column chromatography (EtOAc/hexane, 30:70) as a colorless
©\)Qcoowbg solid (66 mg, 89%); mp 146-148 °C. R; = 0.56 (30% EtOAc/hexane). IR
N (thin film): & = 3362, 2925, 1731, 1603, 1471, 1045 cm™. *H NMR (400
o 8 S— MHz, CDCls): 6 = 9.70 (br. s, 1 H), 7.27 (d, J = 8.4 Hz, 2 H), 7.05-6.97
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(m, 3H),6.90 (d, J =79 Hz, 1 H), 6.69 (t, J=7.9 Hz, 1 H), 6.37 (d, J = 7.7 Hz, 2 H), 5.55
(s, 1 H), 3.70 (s, 3 H), 2.98 (d, J = 14.6 Hz, 1 H), 2.87 (d, J = 14.6 Hz, 1 H). **C NMR (100
MHz, CDClg): 6 = 179.1, 170.2, 144.8, 139.9, 129.6, 129.2, 129.1, 124.2, 123.2, 119.5,
115.5, 110.9, 62.9, 52.2, 42.8. HRMS (ESI): calcd. for C17H16N2NaOs [M + Na]* 319.1059;
found 319.1063.

tert-Butyl 2-(2-oxo-3-(phenylamino)indolin-3-yl)acetate (166j): Following the general
procedure V described above, 166j was obtained after purification by silica gel column
chromatography (EtOAc/hexane, 30:70) as a colorless solid (66 mg, 78%);
Q mp 207-209 °C. R¢ = 0.56 (30% EtOAc/hexane). IR (thin film): & = 3453,
COOrBlé 2927, 1727, 1604, 1471, 1156 cm™. *H NMR (400 MHz, CDCls): 6 = 8.82
C[N . (br.s,1H),7.30 (d, J = 7.3 Hz, 1 H), 7.26 (d, = 7.7 Hz, 1 H), 7.05-6.98
L (m,3H),6.91(d,J=77Hz LH) 6.69(tJ=73Hz 1H) 637(d,J=
8.3 Hz, 3H), 548 (s, 1 H), 2.88 (d, J =14.2 Hz, 1 H), 2.78 (d, J = 14.2 Hz, 1 H), 1.41 (s, 9
H). *C NMR (100 MHz, CDCls): ¢ = 178.9, 168.6, 144.9, 140.0, 129.4, 129.3, 129.0, 124.5,
123.1, 119.4, 115.6, 110.7, 82.3, 63.0, 44.2, 27.9. HRMS (ESI): calcd. for CyoH2,N,NaO3; [M
+ Na]* 361.1528; found 361.1531.

Ethyl 2-(3-amino-2-oxoindolin-3-yl)acetate  (167a): To the Ethyl 2-(3-((4-
methoxyphenyl)amino)-2-oxoindolin-3-yl)acetate (166b; 0.2 mmol, 1 equiv) in MeCN (2
"""" HN. 77 mL) was added aqueous solution of (NH,)2S,0s (2 equiv) and ammonium
o) OEt% ceric (111) nitrate (0.1 equiv) at 0 °C. The resulting reaction mixture was
167a stirred at 40 °C for 6-12 h. After the complete consumption of starting
materlalasshown by TLC, the reaction mixture was washed with DCM (2 mL) and treated
with Na,COj3 at 0 °C to attain the pH 8. Then, the product was extracted using DCM (5 x 1
mL). The combined organic layers were dried over anhydrous Na,SO4. The solvent was
evaporated under vacuum to obtain the product 3-aminooxindole 167a as colorless solid (28
mg, 60%); mp 143-145 °C. IR (thin film): & = 3190, 2984, 1727, 1622, 1473, 1200 cm™. *H
NMR (400 MHz, CDCl3): 6 =9.01 (br. s, 1 H), 7.39 (d, J = 7.4 Hz, 1 H), 7.26 (t, J = 7.2 Hz,
1 H), 7.04 (t, J = 7.5 Hz, 1 H), 6.92 (d, J = 7.7 Hz, 1 H), 4.04-3.96 (m, 2 H), 2.96 (s, 2 H),
1.99 (s, 2 H), 1.10 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz, CDCls): ¢ = 181.6, 169.6, 141.0,
131.3, 129.4, 122.8, 110.3, 60.7, 59.0, 42.5, 13.9. HRMS (ESI): calcd. for C1oH14N,NaO3 [M

+ Na]* 257.0902; found 257.0909.

218



Experimental Section

3-(2-Hydroxyethyl)-3-((4-methoxyphenyl)amino)indolin-2-one (167b): A dry flask was
charged with anhydrous THF (4 mL) and the oxindole derivative 166b (0.2 mmol) under a
. owe i nitrogen atmosphere and the reaction mixture was cooled to 0 °C. Then,
: Q LiAIH, (0.8 mmol) was added in portions and the mixture was stirred 6-12 h
HN 0H§ at room temperature. After the disappearance of the starting material as
©\>g shown by TLC, EtOH (few drops) and water (1-2 mL) were then added
.......... 1 sn, i sequentially and the resulting white suspension was filtered through a Celite
pad and rlnsed with EtOAc (20 mL). The filtrate was dried over anhydrous Na,SO, and the
solvent was removed by rotary evaporation. Then, purification of the crude reaction mixture
by column chromatography on silica gel (EtOAc/hexane) gave the respective N-aryl-y-amino
alcohols 167b (EtOAc/hexane, 40:60) as a sticky solid (38 mg, 64%); mp 165-167 °C. R =
0.20 (40% EtOAc/hexane). IR (thin film): & = 3301, 2924, 1715, 1512, 1243, 1033 cm™. *H
NMR (400 MHz, CDCl3): 6 =10.55 (s, 1 H), 7.21 (t, J=7.6 Hz, 1 H), 7.17 (d, J =7.2 Hz, 1
H), 6.96 (t, J=7.5Hz, 1 H), 6.88 (d,J=7.6 Hz, 1 H), 6.52 (d, J=8.9 Hz, 2 H), 6.14 (d, J =
8.9 Hz, 2 H), 5.99 (br. s, 1 H), 4.62 (br. s, 1 H), 3.54 (s, 3 H), 3.44-3.40 (m, 1 H), 3.30-3.24
(m, 1 H), 2.07-1.93 (m, 2 H). *C NMR (100 MHz, CDCls): § = 179.7, 151.8, 141.6, 140.8,
131.3, 129.0, 124.0, 122.3, 115.3, 114.6, 110.3, 63.9, 56.4, 55.6, 42.2. HRMS (ESI): calcd.
for C17H1sN2NaOs [M + Na]* 321.1215; found 321.1225.

2-(3-((4-Methoxyphenyl)amino)-2-oxoindolin-3-yl)acetic acid (167c): The compound
166b (0.5 mmol) was dissolved in a mixture of THF/MeOH/H,0 = 3/1/1 (5 mL), and LiOH

OMe (1 5 mmol) was added at 0 °C. The mixture was allowed to stir for 12 h and
then acidified with 1N aqueous HCI to pH = 2 and extracted with EtOAc

HN (3x10 mL). The combined organic layers were dried over anhydrous
COOH:

N O i NapSOs. Then the solvent was evaporated under vacuum that gave the

1:7c product 167c as colorless solid (140 mg, 90%); mp 199-201 °C. IR (thin

film): o = 3014-2497, 2925, 1715, 1512, 1243, 1033 cm™. 'H NMR (400 MHz, CD30D): ¢ =
7.37(d,J=75Hz,1H),7.24 (td, J=7.7,1.0 Hz, 1 H), 7.04 (td, J = 7.5 Hz, 1.0 Hz, 1 H),
6.85 (d, J = 7.7 Hz, 1 H), 6.56 (d, J = 9.1 Hz, 2 H), 6.47 (d, J = 9.1 Hz, 2 H), 3.63 (s, 3 H),
3.01 (d, J = 1.0 Hz, 2 H). 3¢ NMR (100 MHz, CD30D): ¢ = 179.5, 171.2, 154.7, 142.0,
137.7, 129.4, 129.1, 124.2, 122.2, 120.3, 113.6, 110.0, 64.2, 54.4, 41.7. HRMS (ESI): calcd.
for C17H16NoNaO4 [M + Na]* 335.1008; found 335.1013.
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Procedure W. Synthesis of oxindole based dipeptides 168 and 169: The compound 166e
(0.5 mmol) was dissolved in a mixture of THF/MeOH/H,0 = 3/1/1 (5 mL), and LiOH (1.5
mmol) was added at 0 °C. The mixture was allowed to stir for 12 h and then acidified with
1IN aqueous HCI to pH = 2 and extracted with EtOAc (3x10 mL). The combined organic
layers were dried over anhydrous Na,SO,4. Then the solvent was evaporated under vacuum
that gave the corresponding acid which is used further without any purification. Then the
acid (0.4 mmol) was dissolved in dry DCM (5 mL) and glycine ethyl ester hydrochloride or
phenylalanine methyl ester hydrochloride (0.8 mmol), EDCI (0.8 mmol), HOBt.xH,O (0.8
mmol), DIPEA (0.8 mmol) were added and the reaction mixture was allowed to stir at room
temperature. After 12 h, the reaction mixture was washed with water and the organic layer
was dried over anhydrous Na,SO,. The solvent was evaporated under vacuum and
purification of resulting crude reaction mixture by column chromatography on silica gel
(EtOAc/hexane) gave the product 168/169 (see Scheme 78).

Ethyl  2-(2-(1-methyl-2-0x0-3-(phenylamino)indolin-3-yl)acetamido)acetate ~ (168):
Following the general procedure W described above, 168 was obtained after purification by
silica gel column chromatography (EtOAc/hexane, 40:60) as
N H\/COOEé colorless solid (96 mg, 84%), mp 125-127 °C. Rt = 0.30 (40%
od EtOAc/hexane). IR (thin film): & = 3330, 3057, 1715, 1661, 1500,
: Me 1203, 1021 cm™. *H NMR (400 MHz, CDCl3): 6 = 7.34 (t, J = 7.0 Hz,
ot 0 H), 7.22 (d, J = 7.5 Hz, 1 H), 7.07 (t, J = 7.5 Hz, 1 H), 6.97 (t, J =
8.0 Hz, 2 H), 6.92 (d, J = 7.5 Hz, 1 H), 6.67 (t, J = 7.0 Hz, 1 H), 6.29 (d, J = 8.0 Hz, 2 H),
5.86 (br. s, 1 H), 4.24 (g, J = 7.0 Hz, 2 H), 4.16-4.09 (m, 1 H), 3.98-3.92 (m, 1 H), 3.28 (s, 3
H), 2.90 (d, J = 14.8 Hz, 1 H), 2.67 (d, J = 14.8 Hz, 1 H), 1.30 (t, J = 7.0 Hz, 3 H). *C NMR
(100 MHz, CDCl3): 0 = 177.5, 169.8, 169.0, 145.0, 142.4, 129.5, 129.1, 128.9, 124.3, 123.6,
119.4, 115.6, 108.7, 62.8, 61.7, 445, 415, 26.6, 14.2. HRMS (ESI): calcd. for
C21H23N3NaO4 [M + Na]* 404.1586; found 404.1588.
(2R*)-methyl 2-(2-(1-methyl-2-oxo-3-(phenylamino)indolin-3-yl)acetamido)-3-
phenylpropanoate (169): Following the general procedure W described above, 169 was
obtained after purification by silica gel column chromatography (EtOAc/hexane, 40:60) as
colorless solid (103 mg, 75%); mp 161-163 °C. R; = 0.31 (40% EtOAc/hexane). IR (thin

film): & = 3322, 3058, 1739, 1613, 1374, 1239 cm™. 'H NMR (400 MHz, CDCls): 6 = 7.42-
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: 1 H), 4.92-4.85 (m, 1 H), 3.72 (s, 3 H), 3.27 (s, 3 H), 3.19-3.05 (m, 2

HN N _coomei
( i H), 2.88 (d, J = 15.5 Hz, 1 H), 2.58 (d, J = 15.5 Hz, 1 H). *C NMR

00 Ph i
: N . (100 MHz, CDCls): 6 = 1775, 177.0, 172.0, 171.7, 168.8, 168.5,
S 160 .....1 1448, 1425, 142.4, 1358, 135.7, 129.5, 129.3, 129.2, 128.9, 128.8,

128.6, 128.6, 127.2, 127.1, 126.5, 124.4, 124.3, 123.6, 123.4, 119.6, 119.5, 116.0, 115.8,
108.8, 108.7, 63.0, 53.8, 53.5, 52.5, 52.4, 44.5, 44.2, 37.7, 37.6, 26.6, 26.6. HRMS (ESI):
calcd. for Co7H2sN304 [M + H]™ 458.2080; found 458.2090. *H and *C NMR data given here

referes to mixture of diastereomers.

Procedure V. Zn-mediated addition of a-halo esters (145) to isatin ketimines 108: To a
vigorously stirring solution of isatin ketimines 108 (0.25 mmol, 1 equiv) and a-halo ester
(145, 1 mmol, 4 equiv) in DMF (1 mL) was added zinc powder (0.5 mmol, 2 equiv). The
mixture was allowed to stir vigorously at 30 °C for 12 h. After this period, the reaction
mixture was quenched with 2 mL of water and transferred to a separating funnel and
extracted using ethyl acetate (3x15 mL). The combined organic layers were dried over
anhydrous Na;SO4. Then the solvent was evaporated under vacuum. Purification of the
resulting crude reaction mixture by column chromatography on silica gel (EtOAc/hexane as

eluent) gave the product 170 (see Scheme 79).

Ethyl 2-((S)-3-((R)-1,1-dimethylethylsulfinamido)-2-oxo-1-tritylindolin-3-yl)acetate

(170a): Following the general procedure V described above, 170a was obtained after

: purification by silica gel column chromatography (EtOAc/hexane, 30:70)

: H’ff’zo as colorless solid (130 mg, 90%); mp 192-194 °C. R; = 0.25 (30%
@\/QSOOE‘ EtOAc/hexane). [a]p® = —95.91 (¢ 0.20, DCM). IR (thin film): & = 3414,
: Ph'};ph 2926, 1734, 1465, 1190, 1033 cm™. *H NMR (400 MHz, CDCl;): 6 = 7.59

170a © (d, J = 7.9 Hz, 6 H), 7.29-7.18 (m, 10 H), 7.01-6.96 (m, 2 H), 6.44 (d, J =

8.7 Hz, 1 H), 4.65 (s, 1 H), 4.02-3.94 (m, 1 H), 3.86-3.78 (m, 1 H), 2.96 (d, J = 15.2 Hz, 1
H), 2.83 (d, J = 15.2 Hz, 1 H), 1.25 (s, 9 H), 0.96 (t, J = 7.1 Hz, 3 H). **C NMR (100 MHz,
CDCly): 6 = 176.5, 168.7, 144.1, 141.8, 129.5, 128.7, 127.6, 126.8, 126.7, 124.7, 122.3,
116.5, 74.6, 61.2, 60.7, 56.5, 42.4, 22.8, 13.8. HRMS (ESI): calcd. for CssH3sN,NaO,S [M +
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Na]® 603.2293; found 603.2288. 'H and *3C NMR data given here referes to major
diastereomer.

Ethyl 2-((R)-3-((S)-1,1-dimethylethylsulfinamido)-2-oxo-1-tritylindolin-3-yl)acetate
(170b): Following the general procedure V described above, 170b was obtained after

AV : purification by silica gel column chromatography (EtOAc/hexane, 30:70)
: H\i}szo as colorless solid (87 mg, 60%); mp 197-199 °C. Ry = 0.25 (30%
@fgocooa EtOAc/hexane). [a]o™ = +91.41 (c 0.20, DCM). IR (thin film): & = 3288,
3 p,;”’h 2925, 1732, 1465, 1192, 1033 cm™. *H NMR (400 MHz, CDCly): 6 = 7.60

17:: (d, J=8.0 Hz, 6 H), 7.30-7.25 (m, 7 H), 7.22-7.18 (m, 3 H), 7.02-6.96 (m,

.....................................

J=15.2 Hz, 1 H), 2.82 (d, J = 15.2 Hz, 1 H), 1.26 (s, 9 H), 0.96 (t, J = 7.2 Hz, 3 H). *C
NMR (100 MHz, CDCls): 6 = 176.5, 168.7, 144.2, 141.9, 129.5, 128.7, 127.6, 126.8, 124.7,
122.3, 116.5, 74.6, 61.2, 60.7, 56.4, 42.4, 22.8, 13.8. HRMS (ESI): calcd. for
CssH3sN2NaO,S [M + Na]* 603.2293; found 603.2292. 'H and **C NMR data given here

referes to major diastereomer.

Procedure X. Reaction of a-amino y,6-unsaturated carboxylic acid esters with triflic
acid: To a solution of a-amino vy,0-unsaturated carboxylic acid esters
110/112/115/116/119/122/124/127/132 (0.3 mmol, 1 equiv) in toluene (2 mL) was added
triflic acid (0.33 mmol, 1.1 equiv). The mixture was refluxed for 24 h at 110 °C. After this
period, the reaction mixture was cooled to room temperature and quenched with 2 mL of
water. Then the reaction mixture was transferred to a separating funnel and extracted using
ethyl acetate (3 x 15 mL). The combined organic layers were dried over anhydrous Na,SOj.
Then the solvent was evaporated under vacuum. Purification of the resulting crude reaction
mixture by column chromatography on silica gel (EtOAc/hexane as eluent) gave the products
171-176 (see the Tables 27-32 and Scheme 81 for individual entries).

(3R*,55%*)-3-(4-Methoxyphenylamino)-dihydro-5-methylfuran-2(3H)-one (171a):

Following the general procedure X as described above, 171a was obtained after purification

""""""" H N/@,o,we by silica gel column chromatography (EtOAc/hexane, 20:80) as a

ISZO colorless solid (36 mg, 65%); mp 96-98 °C. R = 0.45 (20%
(6] 171a

Mo EtOAc/hexane). IR (thin film): 5 = 3368, 2979, 1766, 1512, 1034 cm™.

.............................................
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'H NMR (400 MHz, CDCls): 6 = 6.82 (d, J = 8.9 Hz, 2 H), 6.65 (d, J = 8.9 Hz, 2 H), 4.67-
4.58 (m, 1 H), 4.13 (dd, J = 11.6, 7.9 Hz, 1 H), 3.77 (s, 3 H), 2.99-2.93 (m, 1 H), 1.78 (q, J =
11.6 Hz, 1 H), 1.50 (d, J = 6.2 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 176.2, 153.2,
140.7, 115.1, 115.0, 74.5, 55.8, 55.7, 40.3, 20.8. HRMS (ESI): calcd. for C,H16NO3 [M +
H]* 222.1130; found 222.1119. This compound was isolated as a mixture of diastereomers
and the NMR data refer to the major isomer. NH proton was not detectable.

(3R*,55*)-3-(p-Tolylamino)-dihydro-5-methylfuran-2(3H)-one (171b): Following the
general procedure X as described above, 171b was obtained after purification by silica gel
""""""" H N/@Me column chromatography (EtOAc/hexane, 20:80) as a colorless solid (38
: o mg, 62%); mp 62-64 °C. R = 0.42 (20% EtOAc/hexane). IR (thin film): &
me” 0 47p | = 3368, 2979, 1768, 1520, 1200 cm™. *H NMR (400 MHz, CDCls): 6 =

7.01 (d, J =8.4 Hz, 2 H), 6.57 (d, J = 8.4 Hz, 2 H), 4.63-4.57 (m, 1 H), 4.26 (br. s, 1 H), 4.14
(dd, J =11.6, 7.9 Hz, 1 H), 2.99-2.92 (m, 1 H), 2.24 (s, 3 H), 1.78-1.69 (m, 1 H), 1.47 (d, J =
6.2 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 176.2, 144.4, 129.9, 128.2, 113.7, 74.6, 55.1,
40.2, 20.8, 20.4. HRMS (ESI): calcd. for C1,HigNO, [M + H]* 206.1181; found 206.1187.
This compound was isolated as a mixture of diastereomers; the NMR data refer to the major
isomer.

(3R*,55*)-3-(4-Bromophenylamino)-dihydro-5-methylfuran-2(3H)-one (171c):
Following the general procedure X as described above, 171c was obtained after purification
L /\"er bysilica gel column chromatography (EtOAc/hexane, 20:80) as a colorless
. solid (65 mg, 81%); mp 100-102 °C. R = 0.55 (20% EtOAc/hexane). IR
Me o Tm (thin film): & = 3379, 2980, 1769, 1593, 1200 cm™. *H NMR (400 MHz,
CDCly): 6 = 7.30 (d, J = 8.4 Hz, 2 H), 6.5 (d, J = 8.4 Hz, 2 H), 4.67-4.62 (m, 1 H), 4.41 (br.
s, 1 H), 4.24-4.13 (m, 1 H), 3.01-2.94 (m, 1 H), 1.75 (q, J = 11.6 Hz, 1 H), 1.51 (d, J = 6.0
Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 175.7, 145.6, 132.1, 115.2, 110.7, 74.6, 54.7,
39.8, 20.7. HRMS (ESI): calcd. for C11H13BrNO; [M + H]" 270.0130; found 270.0128. This
compound was isolated as a mixture of diastereomers; the NMR data refer to the major
isomer.

(3R*,55*)-3-(2-Bromophenylamino)-dihydro-5-methylfuran-2(3H)-one (171d):
Following the general procedure X as described above, 171d was obtained after purification

by silica gel column chromatography (EtOAc/hexane, 20:80) as a colorless liquid (53 mg,
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e s 66%); Ry = 0.53 (20% EtOAc/hexane). IR (neat): & = 3383, 2980, 1770,
%”1" @ 1593, 1202 cm™. *H NMR (400 MHz, CDCls): 6 = 7.48 (d, J = 7.8 Hz, 1 H),
o 7.21(t,J=7.8 Hz, 1 H), 6.67 (t, J = 7.8 Hz, 2 H), 4.97 (br. s, 1 H), 4.69-4.63
LS (m, 1 H), 4.29-4.23 (m, 1 H), 3.04-2.98 (m, 1 H), 1.81 (q, J = 11.5 Hz, 1 H),
1.53 (d, J = 6.2 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 175.3, 143.6, 132.8, 128.5,
119.4, 111.9, 110.5, 74.5, 54.6, 39.6, 20.8. HRMS (ESI): calcd. for C1;H13BrNO, [M + H]*
270.0130; found 270.0122. This compound was isolated as a mixture of diastereomers; the
NMR data refer to the major isomer.
(3R*,55*)-3-(2-(Methylthio)phenylamino)-dihydro-5-methylfuran-2(3H)-one (171e):
Following the general procedure X as described above, 171e was obtained after purification
e . by silica gel column chromatography (EtOAc/hexane, 20:80) as a colorless
§171e @ liquid (46 mg, 65%); R; = 0.37 (20% EtOAc/hexane). IR (neat): & = 3354,
o 2979, 1774, 1588, 1202 cm™. *H NMR (400 MHz, CDCls): § = 7.45 (dd, J =
L — 7.6,1.5Hz, 1 H), 7.28-7.19 (m, 1 H), 6.77 (dt, J = 7.6 Hz, 1.2 Hz, 1 H), 6.63
(d, J=8.1 Hz, 1 H), 5.55 (br. s, 1 H), 4.70-4.61 (m, 1 H), 4.30-4.24 (m, 1 H), 3.04-2.98 (m, 1
H), 2.37 (s, 3 H), 1.86-1.77 (m, 1 H), 1.53 (d, J = 6.2 Hz, 3 H). 3C NMR (100 MHz, CDCls):
0 = 175.6, 146.8, 134.1, 129.3, 121.3, 118.7, 110.7, 74.7, 54.7, 39.8, 20.8, 18.2. HRMS
(ESI): calcd. for CipHisNO,S [M + H]™ 238.0902; found 238.0918. This compound was
isolated as a mixture of diastereomers; the NMR data refer to the major isomer.
(3R*,55*)-Dihydro-5-methyl-3-(naphthalen-1-ylamino)furan-2(3H)-one (171f):
Following the general procedure X as described above, 171f was obtained after purification
g by silica gel column chromatography (EtOAc/hexane, 20:80) as a black solid
17"HN§ (48 mg, 67%); mp 149-151 °C. Ry = 0.50 (20% EtOAc/hexane). IR (thin
)f%o film): & = 3402, 2979, 1771, 1582, 1203 cm™. *H NMR (400 MHz, CDCl3): 6
iMe” O ..} =7.95-7.93 (m, 1 H), 7.85-7.83 (m, 1 H), 7.53-7.50 (m, 2 H), 7.37 (d, J = 4.5
Hz, 2 H), 6.60 (t, J = 4.5 Hz, 1 H), 5.13 (br. s, 1 H), 4.74-4.69 (m, 1 H), 4.38-4.33 (m, 1 H),
3.17-3.10 (m, 1 H), 1.83 (q, J = 11.4 Hz, 1 H), 1.54 (d, J = 6.2 Hz, 3 H). *C NMR (100
MHz, CDCl3): 6 = 176.2, 141.9, 134.3, 128.6, 126.2, 126.1, 125.4, 123.9, 120.2, 119.3,
105.4, 74.9, 54.7, 39.9, 20.8. HRMS (ESI): calcd. for C15H16NO, [M + H]* 242.1181; found
242.1173. This compound was isolated as a mixture of diastereomers; the NMR data refer to

the major isomer.
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(3R*,55*)-Dihydro-5-methyl-3-(quinolin-8-ylamino)furan-2(3H)-one (171g): Following
the general procedure X as described above, 171g was obtained after purification by silica
T 7, : gel column chromatography (EtOAc/hexane, 20:80) as a colorless solid (31
171g % mg, 42%); mp 115-117 °C. R; = 0.30 (20% EtOAc/hexane). IR (thin film):
)\/Hio = 3381, 2979, 1771, 1518, 1198 cm™. *H NMR (400 MHz, CDCls): § =
.............. © i 877(dd,J=4.2,1.7 Hz, 1 H), 8.09 (dd, J = 8.2, 1.7 Hz, 1 H), 7.43-7.38 (m,
2H),7.18(dd,J=8.2,1.0Hz,1H),6.74 (d,J=7.4 Hz, 2 H), 4.73-4.67 (m, 1 H), 4.50-4.44
(m, 1 H), 3.10-3.04 (m, 1 H), 1.94 (g, J = 11.9 Hz, 1 H), 1.54 (d, J = 6.1 Hz, 3 H). **C NMR
(100 MHz, CDCls): 6 = 175.6, 147.5, 143.3, 138.3, 136.0, 128.6, 127.3, 121.7, 115.9, 105.7,
74.3, 54.3, 39.3, 20.9. HRMS (ESI): calcd. for Ci4H1sN,O, [M + H]" 243.1134; found

243.1126. Major diastereomer was isolated with traces of minor; the NMR data refer to the

(2]

major isomer. NH proton could not be detected.
(3R*,55*)-3-(Benzylamino)-dihydro-5-methylfuran-2(3H)-one (171h): Following the
general procedure X as described above, 171h was obtained after purification by silica gel
o 65%); R = 0.41 (20% EtOAc/hexane). IR (neat): & = 3335, 2975, 1764, 1454,
i mh 1253 cm™. 'H NMR (400 MHz, CDCls): § = 7.36-7.29 (m, 5 H), 4.50-4.44 (m,
1 H), 3.92 (d, J =3.0 Hz, 2 H), 3.65 (1 dd, J = 13.9, 8.1 Hz, 1 H), 2.58-2.52 (m, 1 H), 1.71
(9, J = 11.8 Hz, 1 H), 1.45 (d, J = 6.2 Hz, 3 H). **C NMR (100 MHz, CDCls): 6 = 177.0,
139.0, 128.6, 128.3, 127.5, 74.3, 57.4, 52.0, 38.5, 20.8. HRMS (ESI): calcd. for C;,H16NO;
[M + H]" 206.1181; found 206.1179. This compound was isolated as a mixture of
diastereomers; the NMR data refer to the major isomer. NH proton could not be detected.
(3R*,55*)-Dihydro-5-methyl-3-(phenethylamino)furan-2(3H)-one (171i): Following the
general procedure X as described above, 171i was obtained after purification by silica gel
""""""""""""""" phi column chromatography (EtOAc/hexane, 20:80) as a colorless oil (49 mg,
J 75%); Ry = 0.46 (20% EtOAc/hexane). IR (neat): o = 3314, 2931, 1771, 1454,
1197 cm™. 'H NMR (400 MHz, CDCl3): 6 = 7.32 (t, J = 7.5 Hz, 2 H), 7.25
(d, 3= 7.5 Hz, 3 H), 4.87 (br. s, 2 H), 4.68-4.63 (m, 1 H), 4.32 (dd, J = 12.1, 8.4 Hz, 1 H),
3.41-3.34 (m, 1 H), 3.21-3.14 (m, 1 H), 3.08-3.01 (m, 2 H), 2.76-2.70 (m, 1 H), 1.48 (d, J =
6.2 Hz, 3 H). *C NMR (100 MHz, CDCls): 6 = 172.8, 136.5, 128.9, 128.8, 127.2, 75.6, 57.2,

48.8, 34.3, 33.3, 20.2. HRMS (ESI): calcd. for CisHigNO, [M + H]* 220.1338; found
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220.1340. Major diastereomer was isolated with traces of minor; the NMR data refer to the
major isomer.
(3R*,55*)-3,5-Dimethyl-3-((4-methylbenzyl)amino)dihydrofuran-2(3H)-one a71j):
Following the general procedure X described above, 171j was obtained after purification by
iegi solid (59 mg, 85%); Ry = 0.40 (30% EtOAc/hexane). IR (thin film): o = 2923,
iMe” O o '''''' 1778, 1633, 1258, 1034 cm™. *H NMR (400 MHz, CD30D): 6 = 7.40 (d, J =
8.0 Hz, 2 H), 7.32 (d, J = 8.0 Hz, 2 H), 4.88-4.82 (m, 1 H), 4.44 (d, J = 12.6 Hz, 1 H), 4.10
(d, J=12.6 Hz, 1 H), 2.67 (dd, J = 12.8, 5.3 Hz, 1 H), 2.39 (s, 3 H), 2.26 (dd, J = 12.8, 10.3
Hz, 1 H), 1.75 (s, 3 H), 1.53 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CD;0D): 6 = 173.6,
139.8, 129.6, 127.8, 75.0, 62.9, 46.6, 39.4, 19.8, 19.1, 17.5. HRMS (ESI): calcd. for
CuHxNO, [M + H]* 234.1494; found 234.1491.
(3R*,55*)-3-(Dibenzylamino)-dihydro-5-methylfuran-2(3H)-one (171k): Following the
general procedure X as described above, 171k was obtained after purification by silica gel
""""" Bann column chromatography (EtOAc/hexane, 20:80) as a colorless oil (79 mg,
: i 89%); Ry = 0.48 (20% EtOAc/hexane). IR (neat): & = 2977, 1769, 1453, 1184,
""e © 741 cm™. 'H NMR (400 MHz, CDCls): 6 = 7.46 (d, J = 7.5 Hz, 4 H), 7.35 (t, J
=75 Hz 4 H), 7.27 (d, 3 = 7.5 Hz, 2 H), 4.39-4.34 (m, 1 H), 3.96 (d, J = 13.7 Hz, 2 H), 3.86
(dd, J = 12.0, 8.6 Hz, 2 H), 3.69 (d, J = 13.7 Hz, 2 H), 2.43-2.36 (m, 1 H), 1.92-1.83 (m, 1
H), 1.43 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CDCl3): 6 = 175.9, 139.0, 128.7, 128.4,
127.3, 73.5, 59.9, 54.8, 33.1, 21.1. HRMS (ESI): calcd. for C1oH23NO, [M + H]* 296.1651;
found 296.1644. This compound was isolated as a mixture of diastereomers; the NMR data
refer to the major isomer.
(3R*,55*)-5-Methyl-3-((4-methylbenzyl)amino)dihydrofuran-2(3H)-one arin:
Following the general procedure X described above, 1711 was obtained after purification by
§"1£N¥ solid (54 mg, 82%); Rs = 0.40 (30% EtOAc/hexane). IR (thin film): 5 = 2967,
ime” O O ,,,,,, 1621, 1258, 1174, 1039 cm™. *H NMR (400 MHz, CDCl3+DMSO-dg): 6 =
7.32(d,J=7.8Hz,2H),7.22(d,J=7.8Hz, 2 H), 4.67-4.61 (m, 1 H), 4.45 (d, J = 12.7 Hz,
1 H), 4.28-4.18 (m, 2 H), 2.84-2.77 (m, 1 H), 2.34 (s, 3 H), 2.07-1.90 (m, 2 H), 1.46 (d, J =
6.1 Hz, 3 H). *C NMR (100 MHz, CDCl5+DMSO-dg): 6 = 171.4, 140.1, 130.0, 129.7,
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127.0, 75.5, 55.0, 50.0, 34.2, 21.0, 20.0. HRMS (ESI): calcd. for Cy3HigNO, [M + H]"
220.1338; found 220.1333.
3-(4-Methoxyphenylamino)-dihydro-5,5-dimethylfuran-2(3H)-one (173a): Following the
general procedure X as described above, 173a was obtained after purification by silica gel
""""""" H N/O/OMe column chromatography (EtOAc/hexane, 20:80) as a brown solid (40
i mg, 57%), mp 79-81 °C. Rt = 0.46 (20% EtOAc/hexane). IR (thin film):
M S 473 = 3360, 2977, 1759, 1513, 1237 cm™. *H NMR (400 MHz, CDCls): 6
'—Wé"é'zm('dwi """" émé"Hz 2 H), 6.65 (d, J = 8.9 Hz, 2 H), 4.27-4.22 (m, 1 H), 4.11 (br. s, 1 H),
3.77 (s, 3 H), 2.77-2.72 (m, 1 H), 2.00 (g, J = 11.0 Hz, 1 H), 1.54 (s, 3 H), 1.51 (s, 3 H). °C
NMR (100 MHz, CDClg): 6 = 175.8, 153.2, 140.7, 115.3, 114.9, 82.6, 55.8, 55.2, 44.3, 29.2,
27.4. HRMS (ESI): calcd. for C13H15NOs [M + H]" 236.1287; found 236.1280.
3-(4-Biphenylamino)-dihydro-5,5-dimethylfuran-2(3H)-one  (173b):  Following the
general procedure X as described above, 173b was obtained after purification by silica gel
"""""" H N/@/ph column chromatography (EtOAc/hexane, 20:80) as a pale yellow solid
9>E$: (42 mg, 50%); mp 74-76 °C. R = 0.48 (20% EtOAc/hexane). IR (thin
“& ...... o O s ¢ film): 5 = 3364, 2973, 1764, 1612, 1300 cm™. *H NMR (400 MHz,
CDCl3): 0 = 7.57-7.55 (m, 2 H), 7.50 (d, J=8.6 Hz, 2 H), 7.43 (t, J = 7.4 Hz, 2 H), 7.30 (t, J
=7.4Hz, 1H),6.75(d, J=8.6 Hz, 2 H), 4.44 (br. s, 1 H), 4.38 (dd, J = 11.0, 8.3 Hz, 1 H),
2.83 (dd, J = 12.6, 8.3 Hz, 1 H), 2.03 (dd, J = 12.6, 11.0 Hz, 1 H), 1.57 (s, 3 H), 1.55 (s, 3 H).
3¢ NMR (100 MHz, CDCl3): 6 = 175.5, 146.1, 140.9, 132.0, 128.7, 128.1, 126.5, 126.4,
113.9, 82.8, 54.3, 44.2, 29.2, 27.4. HRMS (ESI): calcd. for C1gHoNO, [M + H]* 282.1494;
found 282.1484.
(3R*,55%*)-3-(4-Methoxyphenylamino)-dihydro-4,4,5-trimethylfuran-2(3H)-one  (173c):
Following the general procedure X as described above, 173c was obtained after purification

@/omg by silica gel column chromatography (EtOAc/hexane, 20:80) as a

HN H
,\2"6%0 i colorless oil (46 mg, 62%); Rs = 0.48 (20% EtOAc/hexane). IR (neat): o
w0 73 | =13381, 2965, 1770, 1513, 1237 cm™. *H NMR (400 MHz, CDCly): 6 =

6.80 (d, J = 8.9 Hz, 2H) 6.71 (d, J = 8.9 Hz, 2 H), 4.32-4.27 (m, 1 H), 3.97 (s, 1 H), 3.76 (s,
3 H), 1.35 (d, J = 6.4 Hz, 3 H), 1.25 (s, 3 H), 0.90 (s, 3 H). 3C NMR (100 MHz, CDCls): 6 =
176.3, 153.0, 141.4, 115.2, 114.9, 81.6, 65.6, 55.8, 44.8, 23.2, 14.7, 13.3. HRMS (ESI):
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caled. for C14HoNO3 [M + H]* 250.1443; found 250.1435. This compound was isolated as a
mixture of diastereomers; the NMR data refer to the major isomer.
(3R*,55*)-3-(3,4-Dichlorophenylamino)-dihydro-4,4,5-trimethylfuran-2(3H)-one
(173d): Following the general procedure X as described above, 173d was obtained after
""""""""""""""" ¢ 1 purification by silica gel column chromatography (EtOAc/hexane, 20:80)
; HNOC@ as a colorless solid (71 mg, 82%); mp 102-104 °C. R; = 0.49 (20%
Jﬂfyo . EtOAc/hexane). IR (thin film): 5 = 3370, 2973, 1766, 1596, 1134 cm™,
A — | IH NMR (400 MHz, CDCl): 6 = 7.20 (dd, J = 8.7, 1.0 Hz, 1 H), 6.79 (d,
J=28Hz, 1 H),6.56 (dd, J =8.7,2.8 Hz, 1 H), 4.34 (q, J = 6.4 Hz, 1 H), 4.24 (br. s, 1 H),
4.04 (d, J = 7.3 Hz, 1 H), 1.34 (d, J = 6.4 Hz, 3 H), 1.25 (s, 3 H), 0.89 (s, 3 H). *C NMR
(100 MHz, CDCl3): 6 = 175.4, 146.7, 132.9, 130.7, 121.3, 114.7, 113.2, 81.8, 64.1, 45.0,
23.2,14.7, 13.2. HRMS (ESI): calcd. for C13H;6CI,NO; [M + H]" 288.0558; found 288.0554.
Major diastereomer was isolated with traces of minor; the NMR data refer to the major
isomer.

3-(Dibenzylamino)-5,5-dimethyldihydrofuran-2(3H)-one (173e): Following the general
procedure X described above, 173e was obtained after purification by silica gel column
""""" B nN/ chromatography (EtOAc/hexane, 15:85) as a colorless semi solid (64 mg, 69%);
i Rr = 0.51 (15% EtOAc/hexane). IR (thin film): & = 2924, 1770, 1454, 1260,
me” O 1144 cm™. 'H NMR (400 MHz, CDCls): 6 = 7.45 (d, J = 7.4 Hz, 4 H), 7.36 (t, J

= 7.4 Hz, 4 H),7.28 (t,J = 5.6 Hz, 2 H), 4.00-3.94 (m, 3 H), 3.70 (d, J = 13.8 Hz, 2 H), 2.21
(dd, J = 13.8,10.0 Hz, 1 H), 2.09 (t, J = 10.0 Hz, 1 H), 1.48 (s, 3 H), 1.30 (s, 3 H). *C NMR
(100 MHz, CDCls): 6 = 175.5, 139.0, 128.6, 128.4, 127.3, 81.1, 59.3, 54.7, 37.5, 29.3, 27.7.
HRMS (ESI): calcd. for CxoH24NO, [M + H]* 310.1807; found 310.1801.

N-((3R*,55*)-Tetrahydro-5-methyl-2-oxofuran-3-yl)benzamide (173f): Following the

general procedure X as described above, 173f was obtained after purification by silica gel

o 35%); Ry = 0.32 (30% EtOAc/hexane). IR (thin film): o = 3332, 2928, 1774,
(0] H
ws | 1651,1202 cm™. *H NMR (400 MHz, CDCls): § = 7.83-7.80 (m, 2 H), 7.55-

...............................

H), 1.93-1.83 (m, 1 H), 1.52 (d, J = 6.2 Hz, 3 H). *C NMR (100 MHz, CDCly): 6 = 175.5,
167.7, 133.0, 132.1, 128.6, 127.2, 51.3, 38.4. 20.6; MS (ESI): m/z (%): 220 [M+1]" (50),
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156 (100). This compound was isolated as a mixture of diastereomers and the NMR values
given here refer to the major isomer.
(3R*,3'R*,55*,5'S*)-3,3'-((Methylenebis(4,1-phenylene))bis(azanediyl))bis(5-
methyldihydrofuran-2(3H)-one) (174a): Following the general procedure X as described

e above, 174a was obtained after purification by silica gel column
HN/‘ ‘\NH chromatography (EtOAc/hexane, 20:80) as a semi solid (100 mg,

ﬁ\fo 7 ° 85%); Rs = 0.37 (20% EtOAc/hexane). IR (thin film): & = 3370,
Mg 1 74a ....... Me ... 2979, 1766, 1518, 1199 emt 'H NMR (400 MHz, CDCly): 6 =
7.04 (d, J =85 Hz, 4 H), 6.61 (d, J = 8.5 Hz, 4 H), 4.66-4.61 (m, 2 H), 4.32 (br. s, 2 H),
4.20-4.13 (m, 2 H), 3.81 (s, 2 H), 3.01-2.95 (m, 2 H), 1.76 (g, J = 11.7 Hz, 2 H), 1.51 (d, J =
6.1 Hz, 6 H). *C NMR (100 MHz, CDCls): § = 176.1, 144.8, 132.3, 129.7, 113.7, 74.5, 55.0,
40.3, 40.1, 20.7. HRMS (ESI): calcd. for C,3H2;N204 [M + H]* 395.1971; found 395.1968.
Major diastereomer was isolated with traces of minor; the NMR data refer to the major
isomer.
((3R*,3'R*,55*,5'S*)-3,3"-((Oxybis(4,1-phenylene))bis(azanediyl))bis(5-
methyldihydrofuran-2(3H)-one) (174b): Following the general procedure X as described
............................ 5 above, 174b was obtained after purification by silica gel column
HN/©/ ONH chromatography (EtOAc/hexane, 20:80) as a semi solid (61 mg,
: © ° 51%); Rs = 0.39 (20% EtOAc/hexane). IR (thin film): & = 3369,
A v 2979, 1768, 1498, 1225 cm™. *H NMR (400 MHz, CDCly): ¢ =
6.87 (d, J = 8.8 Hz, 4 H), 6.64 (d, J = 8.8 Hz, 4 H), 4.67-4.61 (m, 2 H), 4.28-4.14 (m, 4 H),
3.01-2.95 (m, 2 H), 1.80 (g, J = 11.6 Hz, 2 H), 1.52 (d, J = 6.3 Hz, 6 H). *C NMR (100
MHz, CDCl3): 6 = 176.0, 150.8, 142.4, 119.7, 114.7, 74.5, 55.4, 40.2, 20.8. HRMS (ESI):
calcd. for CaoHasN20s [M + H]* 397.1763; found 397.1768. This compound was isolated as a
mixture of diastereomers; the NMR data refer to the major isomer and the NH proton could
not be detected.

(3R*,3'R*,55*,5'S*)-3,3"-((Methylenebis(4,1-phenylene))bis(azanediyl))bis(4,4,5-

o . trimethyldihydrofuran-2(3H)-one) (174c): Following the
HNNH general procedure X as described above, 174c was obtained after
m}ﬁ;fo ,\:":ﬁfo purification by silica gel column  chromatography
EME e ME . F (EtOAC/hexane, 20:80) as a colorless oil (59 mg, 44%); R; =
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0.40 (20% EtOAc/hexane). IR (neat): & = 3383, 2966, 1769, 1517, 1277 cm™. *H NMR (400
MHz, CDCl3): 6 = 7.01 (d, J = 8.5 Hz, 4 H), 6.66 (d, J = 8.5 Hz, 4 H), 4.35-4.28 (m, 2 H),
4.04-3.95 (m, 2 H), 3.79 (s, 2 H), 1.35 (d, J = 6.4 Hz, 6 H), 1.25 (s, 6 H), 0.89 (s, 6 H). **C
NMR (100 MHz, CDCl3): 6 = 176.1, 145.5, 132.1, 129.7, 113.6, 81.6, 64.7, 44.9, 23.2, 14.8,
13.3. HRMS (ESI): calcd. for Cy7HasN,O4 [M + H]® 451.2597; found 451.2598. This
compound was isolated as a mixture of diastereomers; the NMR data refer to the major
isomer.
(3R*,3'R*,55*,5'S*)-3,3'-(Naphthalene-1,5-diylbis(azanediyl))bis(5-
methyldihydrofuran- 2(3H) one) (174d): Following the general procedure X as described
i o, i above, 174d was obtained after purification by silica gel column
HNI)" Me chromatography (EtOAc/hexane, 20:80) as a black color solid (42
mg, 40%); mp 173-175 °C. Ry = 0.39 (20% EtOAc/hexane). IR
: NH (thin film): & = 3403, 2976, 1769, 1537, 1202 cm™. *H NMR (400
Mﬁ 74| MHz CDCl): 6 = 7.41-7.34 (m, 4 H), 6.63 (d, J = 7.0 Hz, 2 H),
510 (br 5. 2 F) 476471 (m. 2 H), 4.37-4.32 (m. 2 H), 3.18-3.12 (m. 2 H), 1.84 (q, J = 11.4
Hz, 2 H), 1.55 (d, J = 6.2 Hz, 6 H). **C NMR (100 MHz, CDCl5): ¢ = 176.2, 142.4, 125.6,
124.5, 111.3, 105.9, 74.9, 54.7, 39.9, 20.8. HRMS (ESI): calcd. for CyH23N204 [M + H]*
355.1658; found 355.1664. Major diastereomer was isolated with traces of minor; the NMR
data refer to the major isomer.
(3R*,4R*,55*)-3-(4-Bromophenylamino)-dihydro-5-methyl-4-phenylfuran-2(3H)-one
(175a): Following the general procedure X as described above, 175a (major isomer) was
g Optained  after  purification by silica gel column  chromatography
@ HN’OBE (EtOAc/hexane, 20:80) as a colorless solid (72 mg, 70%); mp 130-132
f}o | °C. Ry = 0.44 (20% EtOAc/hexane). IR (thin film): & = 3381, 2979,
............................................ 1766, 1488, 1179 Cm'l. 1H NMR (400 MHz, CDC|3)2 5 =742-7.37 (m,
3 H), 7.33-7.31 (m, 2 H), 7.09 (d, J =8.8 Hz, 2 H), 6.21 (d, J = 8.8 Hz, 2 H), 4.73-4.69 (m, 1
H), 4.39 (dd, J = 11.4, 5.0 Hz, 1 H), 4.29 (d, J = 5.0 Hz, 1 H), 3.15 (t, J = 11.4 Hz, 1 H), 1.45
(d, J = 6.1 Hz, 3 H). °C NMR (100 MHz, CDCls): § = 174.7, 145.6, 135.7, 131.8,
129.5,128.5, 127.8, 115.6, 110.7, 79.2, 62.2, 58.4, 18.8. HRMS (ESI): calcd. for
C17H17BrNO; [M + H]" 346.0443; found 346.0441.
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(3R*,4R*,55*)-Dihydro-5-methyl-4-phenyl-3-(phenylamino)furan-2(3H)-one (175b):
Following the general procedure X as described above, 175b (major isomer) was obtained
@m@ after purification by silica gel column chromatography (EtOAc/hexane,
/ESZO 20:80) as a colorless solid (67 mg, 84%); mp 147-149 °C. R; = 0.41 (20%
....... i me” O s i EtOAc/hexane). IR (thin film): 5 = 3381, 3031, 1768, 1602, 1161 cm™. 'H
NMR (400 MHz, CDCls): 0 = 7.44-7.33 (m, 5 H), 7.04 (t, J=7.8 Hz, 2 H), 6.71 (t, J=7.8
Hz, 1 H), 6.38 (d, J = 7.8 Hz, 2 H), 4.75-7.68 (m, 1 H), 4.44 (dd, J = 11.3, 3.1 Hz, 1 H), 4.24
(br. s, 1 H), 3.18 (t, J = 11.3 Hz, 1 H), 1.47 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz,
CDCl3): 0 = 175.0, 146.5, 136.0, 129.4, 129.1, 128.4, 127.9, 119.0, 114.1, 79.2, 62.4, 58.3,
18.9. HRMS (ESI): calcd. for C17H1gNO, [M + H]* 268.1338; found 268.1347.
(3R*,4R* ,55*)-3-(p-Tolylamino)-dihydro-5-methyl-4-phenylfuran-2(3H)-one (175¢):
Following the general procedure X as described above, 175c (major isomer) was obtained
=N after purification by silica gel column chromatography (EtOAc/hexane,
@ ”N@ | 20:80) as a colorless solid (75 mg, 89%); mp 133-135 °C. R = 043
Me/EoS: ﬁsc (20% EtOAc/hexane). IR (thin film): & = 3389, 2979, 1769, 1521, 1183
11HNMR(400 MHz, CDCls3): 6 = 7.44-7.32 (m, 5 H), 6.85 (d, J = 8.1 Hz, 2 H), 6.29 (d,
J=8.1Hz,2H),4.69(q,J=6.1Hz,1H),438(d, J=11.0Hz,1H),3.17 (t, J=11.0Hz, 1
H), 2.19 (s, 3 H), 1.46 (d, J = 6.1 Hz, 3 H).*C NMR (100 MHz, CDCl3): 6 = 175.1, 144.2,
136.1, 129.6, 129.4, 128.3, 127.9, 114.3, 79.2, 62.8, 58.3, 20.4, 18.9. HRMS (ESI): calcd. for
C1gH20NO, [M + H]" 282.1494; found 282.1492. NH proton could not be detected.
(3R*,4R* 55*)-3-(4-Methoxyphenylamino)-dihydro-5-methyl-4-phenylfuran-2(3H)-one

(175d): Following the general procedure X as described above, 175d (major isomer) was

: /@weg obtained after purification by silica gel column chromatography
: HN H

@IS: (EtOAc/hexane, 20:80) as a colorless liquid (60 mg, 67%); R; = 0.40
)

i M O 4754 (20% EtOAc/hexane). IR (neat): & = 3376, 2980, 1772, 1513, 1230

m™. 'H NMR (400 MHz, CDCls): 6 = 7.44-7.37 (m, 3 H), 7.34-7.28 (m, 2 H), 6.62 (d, J =
8.9 Hz, 2 H), 6.35 (d, J = 8.9 Hz, 2 H), 4.68 (dd, J = 10.1, 6.1 Hz, 1 H), 4.34 (d, J = 11.5 Hz,
1 H), 3.70 (s, 3 H), 3.16 (t, J = 10.1 Hz, 1 H), 1.45 (d, J = 6.1 Hz, 3 H). **C NMR (100 MHz,
CDCly): 6 = 175.2, 153.2, 140.5, 136.1, 129.4, 128.3, 127.9, 116.1, 114.6, 79.2, 63.5, 58.2,
55.6, 18.9. HRMS (ESI): calcd. for CigHoNO3 [M + H]* 298.1443; found 298.1434. NH
proton could not be detected.
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(3R*,4R*,55*)-3-(3,4-Dimethylphenylamino)-dihydro-5-methyl-4-phenylfuran-2(3H)-

one (175e): Following the general procedure X as described above, 175e (major isomer) was
obtained after purification by silica gel column chromatography (EtOAc/hexane, 20:80) as a
colorless solid (41 mg, 46%); mp 95-97 °C. R = 0.39 (20% EtOAc/hexane). IR (thin film): ¢

T = 3382, 2980, 1771, 1617, 1178 em™. 'H NMR (400 MHz, CDCls): o
@ HNOM =7.43-7.32 (m, 5 H), 6.78 (d, J = 8.1 Hz, 1 H), 6.15 (dd, J = 8.1, 2.6
“N\lo . Hz, 1 H), 6.05 (d, J = 2.6 Hz, 1 H), 470 (dd, J = 10.1, 6.1 Hz, 1 H),

me” O 175e

L MO ame 439 (dd, J=11.3,4.2 Hz, 1 H), 410 (d, J = 3.5 Hz, 1 H), 3.14 (t, J =
11.3 Hz, 1 H), 2.07 (s, 3 H), 1.98 (s, 3 H), 1.45 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz,
CDCly): 6 =175.1, 144.7, 137.2, 136.3, 130.1, 129.4, 128.3, 128.0, 127.0, 115.9, 111.8, 79.2,
63.0, 58.9, 19.8, 18.9, 18.6. HRMS (ESI): calcd. for C19H22NO; [M + H]" 296.1651; found
296.1642.
(3R*,4R*,55*)-Dihydro-5-methyl-3-(naphthalen-1-ylamino)-4-phenylfuran-2(3H)-one
(175f): Following the general procedure X as described above, 175f (major isomer) was

i obtained after purification by silica gel column chromatography

@ " (EtOAc/hexane, 20:80) as a Black color solid (65 mg, 69%); mp 135-137
3 o . °C. Ry = 0.41 (20% EtOAc/hexane). IR (thin film): & = 3410, 3059, 1769,
LMeZ O . 1582, 1152 cm™. 'H NMR (400 MHz, CDCl3): § = 7.87-7.85 (m, 1 H),

7.78-7.76 (m, 1 H), 7.46-7.34 (m, 7 H), 7.24 (d, J = 8.0 Hz, 1 H), 7.02 (t, J = 8.0 Hz, 1 H),
6.09 (d, J = 8.0 Hz, 1 H), 4.98 (br. s, 1 H), 4.79 (dd, J = 10.0, 6.1 Hz, 1 H), 4.63 (d, J = 11.0
Hz, 1 H), 3.30 (t, J = 11.0 Hz, 1 H), 1.51 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CDCls):
0 =175.1, 141.6, 136.3, 134.2, 129.4, 128.6, 128.4, 127.8, 125.9, 125.9, 125.2, 123.9, 120.1,
119.3, 107.0, 79.5, 62.2, 58.8, 19.0. HRMS (ESI): calcd. for C2;H2oNO, [M + H]" 318.1494;
found 318.1485.

(3R*,4R* 55*)-3-(4-Chlorophenylamino)-dihydro-4,5-dimethylfuran-2(3H)-one (1759):
Following the general procedure X as described above, 175g was obtained after purification
............ H NQCI by silica gel column chromatography (EtOAc/hexane, 20:80) as a
%MEﬁO colorless solid (36 mg, 50%); 114-115 °C. Ry = 051 (20%
iMe” O 475 | EtOAc/hexane). IR (thin film): & = 3377, 2976, 1770, 1600, 1179 cm™. *H

NMR (400 MHz, CDCl): ¢ = 7.14 (d, J = 8.8 Hz, 2 H), 6.63 (d, J = 8.8 Hz, 2 H), 4.22-4.14
(m, 1 H), 4.08 (br. s, 1 H), 3.91 (d, J = 11.0 Hz, 1 H), 2.08-2.01 (m, 1 H), 1.46 (d, J = 6.1 Hz,
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3 H), 1.26 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CDCls): § = 175.5, 145.5, 129.2, 123.5,
114.8, 79.7, 60.9, 46.7, 18.5, 14.5. HRMS (ESI): calcd. for C1,H15CINO, [M + H]" 240.0791;
found 240.0785. This compound was isolated as a mixture of diastereomers; the NMR data
refer to the major isomer.
(3R*,4R* 55*)-3-(4-Methoxyphenylamino)-dihydro-4,5-dimethylfuran-2(3H)-one
(175h): Following the general procedure X as described above, 175h was obtained after
T HN’O/O'\/Ie purification by silica gel column chromatography (EtOAc/hexane,
iMe, i 20:80) as a semi solid (21 mg, 30%); Rt = 0.49 (20% EtOAc/hexane). IR
Me/fog: .(‘)'_'."1_@3 ....... (thin film): & = 3375, 2975, 1769, 1513, 1239 cm™. *H NMR (400 MHz,
CDCl3): 0 =6.81 (d, J =8.9 Hz, 2 H), 6.71 (d, J = 8.9 Hz, 2 H), 4.78-4.71 (m, 1 H), 3.85 (d,
J=10.4 Hz, 1 H), 3.77 (s, 3 H), 2.59-2.53 (m, 1 H), 1.36 (d, J = 6.8 Hz, 3 H), 1.22 (d, J = 6.8
Hz, 3 H). **C NMR (100 MHz, CDCls): § = 176.3, 153.3, 140.8, 115.8, 114.8, 79.6, 59.6,
55.7, 40.9, 15.9, 13.0. HRMS (ESI): calcd. for Ci3H1gNO3 [M + H]* 236.1287; found
236.1279. This compound was isolated as a mixture of diastereomers; the NMR data refer to
the major isomer and the NH proton could not be detected.
(3R,5S)-3-(Dibenzylamino)-dihydro-5-methylfuran-2(3H)-one (176a): Following the
general procedure X as described above, 176a was obtained after purification by silica gel
BnNn column chromatography (EtOAc/hexane, 20:80) as a colorless oil (63 mg,
/E;O 80%); Rs = 0.48 (20% EtOAc/hexane). [a]p™ = +7.6 (¢ 0.2, DCM). IR (neat): &
Me” ea | = 2977, 1769, 1454, 1184, 741 cm™. *H NMR (400 MHz, CDCls): 6 = 7.4 (d,
J=75Hz, 4 H), 7.34 (t, J = 7.5 Hz, 4 H), 7.28 (d, J = 7.5 Hz, 2 H), 4.41-4.32 (m, 1 H), 3.95
(d, J=13.7 Hz, 2 H), 3.86 (dd, J = 12.0, 8.6 Hz, 1 H), 3.68 (d, J = 13.7 Hz, 2 H), 2.42-2.35
(m, 1 H), 1.87 (g, J = 12.0 Hz, 1 H), 1.42 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CDCls):
0 = 175.8, 139.0, 128.7, 128.4, 127.3, 73.5, 59.9, 54.8, 33.2, 21.1. HRMS (ESI): calcd. for
CigH2oNO, [M + H]" 296.1651; found 296.1663. The reaction afforded a mixture of
diastereomers major diastereomer 176a was isolated with traces of minor diastereomer and
the NMR data refers to the major isomer 176a. HPLC analysis revealed the enantioselectivity
of major isomer (176a, ee = 96%).
(3S,5R)-3-(Dibenzylamino)-5-methyldihydrofuran-2(3H)-one (176b): Following the
general procedure described X above, 176b was obtained after purification by silica gel

column chromatography (EtOAc/hexane, 20:80) as a colorless Semi solid (72 mg, 81%); R =
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B "o 048 (20% EtOActhexane). [a]p?* = -11.7 (c 0.2, DCM). IR (neat): & = 2927,
@ 1771, 1453, 1184, 742 cm™. *H NMR (400 MHz, CDCly): 6 = 7.47 (d, J = 7.2
e | Hz,4H) 7.36(t,J=7.2Hz 4 H),7.29 (t, J = 7.3 Hz, 2 H), 4.39-4.34 (m, 1 H),
3.98 (d. 1= 13.7 Hz, 2 H), 3.87 (dd, J = 11.7, 8.9 Hz, 1 H), 3.71 (d, J = 13.7 Hz, 2 H), 2.44-
2.37 (m, 1 H), 1.89 (dd, J = 22.9, 12.2 Hz, 1 H), 1.43 (d, J = 6.1 Hz, 3 H). *C NMR (100
MHz, CDCly): 6 = 175.8, 139.0, 128.7, 128.4, 127.3, 73.6, 59.9, 54.8, 33.1, 21.1. HRMS
(ESI): calcd. for Ci9H22NO, [M + H]" 296.1651; found 296.1651. Isolated as a mixture of
diastereomers and the NMR data corresponds to the major isomer. HPLC analysis revealed
the enantioselectivity of major isomer (176b, ee = 84%).
(R)-3-(Dibenzylamino)-5,5-dimethyldihydrofuran-2(3H)-one  (176c): Following the
general procedure X described above, 176c was obtained after purification by silica gel
""""" ann column chromatography (EtOAc/hexane, 15:85) as a colorless semi solid (64
i mg, 69%); Ry = 0.51 (15% EtOAc/hexane). [o]p” = +15.3 (c 0.1, DCM). IR
M g . (neat): 5 = 2975, 1769, 1454, 1271, 742 cm™. "H NMR (400 MHz, CDCl,): § =
?'Zi'é"'('d""j """ 7.5Hz, 4 H), 7.36 (t, J = 7.5 Hz, 4 H), 7.28 (t, J = 6.7 Hz, 2 H), 4.00-3.94 (m, 3
H), 3.71 (d, J = 13.8 Hz, 2 H), 2.22 (dd, J = 12.8, 9.2 Hz, 1 H), 2.09 (t, J = 12.8 Hz, 1 H),
1.48 (s, 3 H), 1.30 (s, 3 H). *C NMR (100 MHz, CDCls): 6 = 175.5, 139.0, 128.7, 128.4,
127.3, 81.1, 59.3, 54.7, 37.5, 29.3, 27.7. HRMS (ESI): calcd. for CyHuNO; [M + H]*
310.1807; found 310.1802. HPLC analysis revealed the enantioselectivity (176c, ee = 86%)
(S)-3-(Dibenzylamino)-5,5-dimethyldihydrofuran-2(3H)-one  (176d): Following the
general procedure X described above, 176d was obtained after purification by silica gel
""""" BnN’ column chromatography (EtOAc/hexane, 15:85) as a colorless semi solid (60
Ve N O mg, 65%); R; = 0.51 (15% EtOAc/hexane). [a]p®* = —16.1 (c 0.1, DCM). IR
M ° i (neat): & = 2928, 1769, 1454, 1260, 739 cmL. *H NMR (400 MHz, CDCly): § =
"7'"2121"'('&"'3"" 7.2 Hz, 4 H), 7.35 (t, J = 7.2 Hz, 4 H), 7.28 (t, J = 7.2 Hz, 2 H), 4.00-3.94 (3 H,
m), 3.70 (d, J = 13.8 Hz, 2 H), 2.21 (dd, J = 12.8, 9.2 Hz, 1 H), 2.09 (t, J = 12.8 Hz, 1 H),
1.48 (3 H, s), 1.29 (3 H, s). *C NMR (100 MHz, CDCls): 6 = 175.5, 139.0, 128.6, 128.4,
127.3, 81.1, 59.3, 54.7, 37.5, 29.3, 27.7. HRMS (ESI): calcd. for CyHxNO, [M + H]*

310.1807; found 310.1810. HPLC analysis revealed the enantioselectivity (176d, ee = 86%).

Procedure Y. N-Acylation of homoserine lactone 171a: To a-amino homoserine lactone
171a (0.2 mmol, 1 equiv) in DCM (6 mL) was added triethyl amine (3 equiv) and
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corresponding acid chloride (3 equiv) at 0 °C. The resulting reaction mixture was allowed to
stir for 2 h at 0 °C and then for 12 h at 30°C. After completion of the reaction as indicated by
the TLC, saturated aqueous NaHCO3 solution (5-6 mL) was added and the resulting reaction
mixture was transferred to a separating flask and extracted using ethyl acetate (3x15 mL).
The combined organic layers were dried over anhydrous Na,SO,4. Then the solvent was
evaporated under vacuum. Purification of the resulting crude reaction mixture by column
chromatography on silica gel (EtOAc/hexane as eluent) gave the products 177 and 178 (see
Scheme 82).

4-Chloro-N-((3R*,55*)-tetrahydro-5-methyl-2-oxofuran-3-yl)-N-(4-methoxyphenyl)
benzamide (177): Following the general procedure Y as described above, 177 (major

5 cii isomer) was obtained after purification by silica gel column
§Meo© p chromatography (EtOAc/hexane, 10:90) as a colorless solid (64 mg, 90%);
N mp 146-148 °C. R; = 0.60 (10% EtOAc/hexane). IR (thin film): & = 2976,
ﬁo 1774, 1644, 1509, 1245 cm™. *H NMR (400 MHz, CDCls): 6 =7.29 (d, J =
................ 1 ;.7 8.0 Hz, 2 H), 7.16 (d, J = 8.0 Hz, 2 H), 7.07 (d, J = 8.8 Hz, 2 H), 6.78 (d, J
= 8.8 Hz, 2 H), 5.21 (t, J = 9.9 Hz, 1 H), 4.63-4.57 (m, 1 H), 3.77 (s, 3 H), 2.66-2.59 (m, 1
H), 2.23 (q, J = 11.2 Hz, 1 H), 1.47 (d, J = 6.1 Hz, 3 H). *C NMR (100 MHz, CDCl5): 6 =
173.3, 158.9, 136.0, 134.2, 133.4, 130.2, 130.0, 128.1, 114.7, 74.0, 60.1, 55.4, 33.4, 21.0.
HRMS (ESI): calcd. for C19H19CINO4 [M + H]* 360.1003; found 360.1006.
N-((3R*,55*)-Tetrahydro-5-methyl-2-oxofuran-3-yl)-N-(4-methoxyphenyl)hexanamide
(178): Following the general procedure Y as described above, 178 was obtained after

iMeO : purification by silica gel column chromatography (EtOAc/hexane, 10:90)
@ /P as a colorless oil (51 mg, 80%); R¢ = 0.62 (10% EtOAc/hexane). IR (neat):
178 )fi © § = 2955, 1775, 1658, 1510, 1244 cm™. *H NMR (400 MHz, CDCls): 6 =
Me ,,,,,,, o 7.17 (d, J = 8.0 Hz, 2 H), 6.90 (d, J = 8.0 Hz, 2 H), 5.07 (t, J = 8.8 Hz, 1
H), 4.51-4.46 (m, 1 H), 3.81 (s, 3 H), 2.51-2.44 (m, 1 H), 2.01 (t, J = 8.8 Hz, 3 H), 1.52 (t, J
= 6.5 Hz, 2 H), 1.37 (d, J = 6.5 Hz, 3 H), 1.18-1.13 (m, 4 H), 0.79 (t, J = 5.5 Hz, 3 H). °C
NMR (100 MHz, CDClg): 6 = 173.7, 159.5, 133.3, 130.2, 114.9, 73.9, 58.7, 55.5, 34.2, 33.7,
31.3, 24.8, 22.3, 20.9, 13.9. HRMS (ESI): calcd. for C1gH2sNO, [M + H]" 320.1862; found
320.1868. This compound was isolated as a mixture of diastereomers; the NMR data refer to

the major isomer.
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(2R*,45*)-2-(4-Methoxyphenylamino)pentane-1,4-diol (179): A dry flask was charged
with dry THF (4 mL) and the respective a-Amino Homoserine lactone 171a (0.5 mmol)
under nitrogen atmosphere at 0 °C. To this solution was added LiAlH4(2 mmol) in portions
and allowed to stir for 12 h at 30°C. EtOH (few drops) and 5% ag. NaOH solution (1-2 mL)
were then added sequentially. The resulting white suspension was filtered through Celite pad
MeO and rinsed with THF (20 mL). Filtrate was dried over anhydrous Na,;SO4
E and the solvent was removed by rotary evaporation and N-aryl f-amino

CH,OH;

....... me” ~oH i chromatography (EtOAc/hexane, 40:60) as a semi solid (56 mg, 50%); Rs =
0.18 (40% EtOAc/hexane). IR (thin film): 5 = 3368, 2964, 1511, 1237, 1036 cm™. 'H NMR
(400 MHz, CDCls): 6 = 6.79 (d, J = 8.9 Hz, 2 H), 6.69 (d, J = 8.9 Hz, 2 H), 4.08-4.03 (m, 1
H), 3.76 (s, 3 H), 3.74-3.61 (m, 4 H), 2.62 (br. s, 2 H), 1.74-1.67 (m, 2 H), 1.25 (d, J = 6.2
Hz, 3 H). *C NMR (100 MHz, CDCl): 6 = 152.7, 141.4, 115.8, 115.0, 65.7, 64.6, 55.8,
54.3, 41.1, 24.3. HRMS (ESI): calcd. for C1oHyoNO3 [M + H]* 226.1443; found 226.1439.

This compound was isolated as a mixture of diastereomers; the NMR data refer to the major

NH H . . . . .
P79 /(( i pentane 1,4-diol 179 was obtained after purification by silica gel column

isomer.

(3R*,55*)-Tetrahydro-N-(4-methoxyphenyl)-5-methylfuran-3-amine (180): N-aryl B-
amino pentane 1,4-diol 179 (0.13 mmol) was taken in a round-bottomed flask in toluene (15
MeO ml) and p-toluene sulfonic acid (30 mol%) was added. The reaction was heated
: @Z at reflux for 20 h. With the help of a Dean—Stark apparatus, water was removed
180 b azeotropically. The reaction mixture was quenched in water, extracted with
,,,,,, Me” O ethyl acetate. The combined organic layers were dried over anhydrous Na,SO,.
Then the solvent was evaporated under vacuum. 180 was obtained after purification of the
resulting crude reaction mixture by silica gel column chromatography (EtOAc/hexane,
20:80) as a colorless liquid (18 mg, 67%); Rs = 0.39 (20% EtOAc/hexane). IR (neat): o =
3366, 2930, 1512, 1238, 1038 cm™. *H NMR (400 MHz, CDCls): 6 = 6.81 (d, J = 8.9 Hz, 2
H), 6.58 (d, J = 8.9 Hz, 2 H), 4.25-4.16 (m, 2 H), 4.07 (br. s, 1 H), 3.77 (s, 3 H), 3.61 (dd, J =
9.2,3.8 Hz, 1 H), 2.04-1.99 (m, 1 H), 1.82-1.74 (m, 1 H), 1.29 (d, J = 6.1 Hz, 3 H). *C NMR
(100 MHz, CDCly): 0 = 152.4, 141.2, 114.9, 114.8, 74.4, 73.6, 55.8, 55.3, 40.8, 20.8. HRMS
(ESI): calcd. for CioH1gNO, [M + H]® 208.1338; found 208.1332. This compound was

isolated as a mixture of diastereomers; the NMR data refer to the major isomer.
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(3R*,55*)-3-Amino-5-methyldihydrofuran-2(3H)-one (181a): A dry flask containing N-
benzyl homoserine lactone 171h (0.5 mmol, 1 equiv) in dry EtOH (4 mL) was charged with
T ny;  Pd/C (10 mol %) and the contents are allowed to stir under H (1 atm) at 30 °C.
éMe oo After disappearance of starting material (check by TLC), reaction mixture was
......... 181a filtered through Celite pad and the Celite pad was washed with EtOAc (20
mL). Removal of the solvent by rotary evaporation gave the crude product 181a. After this
the product 181a can also be converted into 181b by stirring the product 181a in 6N HCI for
12 h at 25 °C. Compound 180a is known in the literature.””® Our attempts to purify the
compound 180 by silica gel column chromatography was not successful however, the crude

product was almost pure and its characterization data matches with that of reported one 180a.
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The work presented in this thesis was performed with the view to explore the synthesis of a
library of new classes of unnatural amino acid derivatives via the metal-mediated Barbier- or
Reformatsky-type C-C bond forming reactions involving simple starting materials. The

results obtained in the present work are summarized as given below.

1. A highly diastereoselective C—C bond forming synthetic protocol involving the indium-
mediated Barbier-type reaction and the reactivity pattern of the addition variety of y-
substituted allyl halides such as E-cinnamyl bromide, E-crotyl bromide, cyclohexenyl
bromide and geranyl bromide to a-imino ester systems were studied. The indium-mediated
addition of a variety of y-substituted allyl halides to o-imino ester systems led to the
assembling of several y,5-unsaturated B,B'-disubstituted N-protected a-amino acid derivatives
bearing two contiguous stereocenters with remarkable diastereoselectivity. Furthermore, the
synthetic utility of the y,5-unsaturated B,B'-disubstituted N-protected a-amino acid derivatives
obtained from the indium-mediated Barbier-type reaction was demonstrated by efficiently
constructing various 2,3-disubstituted N-aryltetrahydropyridine, 2,3-disubstituted N-aryl

piperidine and N-aryl baikiain acid derivatives bearing two contiguous stereocenters.

Fg F
Fg . 9, N
Nig H NH H NH HONH N
)|\ indium g % OH
EtOOC” ~H powder COOEt# COOEt (7 K 'COOEt " )" "COOEt =~ COOEt
+ P H wd g Me PH %
R~ Br dr 98:2 dr 98:2 dr 98:2 \  dr90:10 dr 98:2 dr 98:2
R = Ph/Me
Fg Fg F
)Nl\/ Fg, H Ner H N\Fg NO
" H NH
Etooc” ~H  Indium COOEt COOH COOEt
powder = COOEt —> _ COOH
+ — PH H R
R H . . .
R~ Br alloisoleucine B-vinyl phenyl baikiain acid pipecolic acid
NN dr up to 98:2 derivative alanine derivative derivative derivative

Scheme 86. Diastereoselective synthesis of B-substituted unnatural amino acid derivatives.

2. Next, the indium-mediated Barbier-type reaction and the reactivity pattern of the addition
of E-alkyl 4-bromocrotonate and a-halo esters to a-imino ester systems were investigated,
which led to the assembling of a variety of N-protected B-vinyl aspartate and p-alkyl

aspartate derivatives possessing two vicinal stereocenters with high degree of stereocontrol.
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Furthermore, the Reformatsky-type reactions of a-halo ester with enantiomerically pure o-
imino ester (prepared using enantiopure 2-methylpropane-2-sulfinamide chiral auxiliary)
were demonstrated and the synthesis of enantiomerically enriched aspartate derivatives was
achieved successfully. Then, the synthesis of functionalized 1,4-diols, cis-piperidine-2,3-
dicarboxylate derivative and B-ethyl aspartic acid hydrochloride was accomplished by using

the N-aryl B-vinyl aspartates obtained from the indium-mediated Barbier-type reaction.

X Fo Fg H NH,HCI

_Fg ROOCT ™ H NH Fg H NH g
EtOOC)\H Z ™y~ “COOEt Roocy\ COOEt —> “  "COOH
oeimino ester  Br” “COOEt ROOC H COOEt  Eio0d H > HooC H o
indium dr >95:5 dr up to 80:20 B-ethyl aspartic acid

hydrochloride

N’S\\O indium

A A Sy
' * - = 7 7 HN" S0
IR! " g EtOOC
ElOOC/kH R R 3 COOEt 3 COOEt E1OOC COOEt
Br COOEt EtOOC H MeOOC H COOEt Me~ Me
dr >95:5 dr >95:5 dr 70:30 dr 70:30

Scheme 87. Stereoselective construction of B-substituted aspartic acid derivatives.

3. Successively, the indium-mediated Barbier-type reaction and the reactivity pattern of the
addition of a variety of y-substituted allyl halides such as E-cinnamyl bromide, E-crotyl
bromide, cyclohexenyl bromide and geranyl bromide to isatin ketimines were studied. The
diastereoselective construction of new classes of 3-allyl-3-aminooxindole systems (oxindole-
based homoallylic amines) having two adjacent stereocenters was accomplished. Especially,
the Barbier-type addition reactions of E-alkyl 4-bromocrotonate and Reformatsky-type
reactions of a-halo esters to isatin ketimines led to the assembling of new classes of 3-allyl-3-
aminooxindole-based B-amino acid derivatives possessing two vicinal stereocenters and
oxindole-based B-amino acid scaffolds. After obtaining the oxindolinyl B-amino acid
derivatives from the Reformatsky-type reactions, further synthetic transformations furnished
various oxindole moiety-appended amino alcohols, dipeptide derivatives and other valuable
synthetic intermediates. Furthermore, the Reformatsky-type reactions of a-halo ester with
enantiomerically pure isatin ketimines (prepared using enantiopure 2-methylpropane-2-
sulfinamide chiral auxiliary and istain) were demonstrated and the synthesis of

enantiomerically enriched oxindolinyl $-amino ester scaffolds was successfully achieved.
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Scheme 88. Diastereoselective construction of oxindole-based f-amino acid derivatives.

4. A valuable synthetic protocol dealing with the construction of new classes of y-
butyrolactone structural motifs was developed. The y,5-unsaturated a-amino esters which
were synthesized from the indium-mediated Barbier-type allylation of a-imino esters, were

subjected to the intramolecular direct lactonization reaction in the presence of triflic acid.

Fg F
F \ R HN~F HN-F9
)Nl\’ 9 RNy H NH THoH j—;\ s R,
—
EtOOC” “H  indium /%COOE T |MeTeoR J
a-imino ester R H o © Me
TfO .
homoserine lactones
_______________________________________________________________ plausible TS ..
Llnker 5
_F n
HN-F9 _Fg HN-Fg N-Bn
HN— R1 R
(0] © i_L © S ©
Me Me' (e} Me (0]
dr up to 90:10 dr up to 81:19 dr up to 80:20 dr up to 98:2 dr 85:15, ee 96%

Scheme 89. Stereoselective construction of homoserine lactones.

Several vy,6-unsaturated a-amino esters smoothly underwent stereo- and regioselective 1,5-

cyclization and furnished various new classes of highly substituted homoserine lactone
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derivatives possessing multiple stereogenic centers with high degree of regio- and
stereocontrol. Given the importance of naturally occurring homoserine lactones and other
homoserine lactones reported in the literature, the present lactonization method and the
molecules synthesized are expected to receive considerable attention.

5. Extensive screening of the reaction conditions were carried out to obtain the corresponding
products with high stereoselectivity for the respective series involving the Barbier-type or
Reformatksy-type reactions. The stereochemistry of the synthesized products was
unambiguously established from the X-ray structures of representative compounds obtained
from the respective series involving the Barbier-type or Reformatksy-type reactions. The
mechanism and observed high diastereoselectivities in the reactions involving the metal-
mediated addition of y-substituted allylic halides or a-halo esters with N-protected a-imino
esters or isatin ketimines were accounted by using the plausible chelation-controlled TS in

concurrence with the literature reports.

6. The present work has demonstrated the diastereoselective construction of a library of new
unnatural amino acid derivatives, such as y,6-unsaturated [,’-disubstituted a-amino acid
derivatives, aspartate derivatives, oxindole-based B-amino acid derivatives and homoserine
lactones, each possessing vicinal stereocenters in an efficient manner by using simple starting
materials under ambient reaction conditions. Notably, the Barbier-type reactions are
performed in aqueous or alcohol media and the Reformatsky-type reactions in an anhydrous
solvent. Given the importance of unnatural amino acids in the fields of chemical biology,
medicinal and organic chemistry the unnatural amino acid derivatives synthesized in this

work are expected to serve as valuable building blocks.
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Appendix (Brief single crystal X-ray structure analysis data and representative NMR-spectra)

Crystal Data and Structure Refinement for the Compounds 105i and 105k.

X-ray Structures

o5

Compound 105i 105k
CCDC No. CCDC 1053607 1053608
Empirical formula Cl5H12N20 C13H15N203
Formula weight 236.27 308.33
Temperature/K 298 298
Crystal system monoclinic triclinic
Space group P2,/c P-1
alA 13.788(2) 9.028(3)
b/A 12.1042(14) 9.976(4)
c/A 22.185(3) 10.522(4)
a/° 90 107.503(8)
B/° 101.907(7) 99.572(6)
v/° 90 113.858(8)
Volume/A3 3623.0(9) 780.2(5)
z 12 2
Peacmg/mm?® 1.299 1.312
m/mm™* 0.083 0.091
F(000) 1488.0 324.0
Crystal size/mm? 0.2x0.2x0.2 0.3x0.3x0.3
39 range for 6.04 to 48.814° 6.536 t0 50.048°
ata collection
-16 <h<16, -10<h <10,
Index ranges -12<k<14, -11<k<11,
-25<1<25 -12<1<12
Reflections collected 19538 6771
Independent reflections 5941[R(int) = 0.037] 2740[R(int) = 0.104]
Data/restraints/ 5941/0/490 2740/0/209
parameters
Goodness-of-fit on F? 1.014 1.062
Final R indexes R; =0.0616, R; =0.0609,
[[>=20 (I)] wR; = 0.1660 wR, =0.1721
Final R indexes R; =0.1482, R; =0.0656,
[all data] wR, =0.2281 WR, =0.1782
Largest diff. peak/hole/e A |0.21/-0.14 0.53/-0.35
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Crystal Data and Structure Refinement for the Compounds 124a, 124e and 124i.

ndix

X-ray structure
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Compound No. 124a 124e 124
CCDC No. CCDC 859352 CCDC 859350 CCDC 859355
Empirical formula ClgHgoBrNOQ C19H20C|N02 CgngzNgOg
Formula weight 374.27 329.81 338.40
Temperature/K 298 298 298
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
alA 9.321(5) 9.3802(4) 9.771(5)
b/A 10.060(5) 9.9245(5) 10.175(6)
c/A 10.998(5) 11.0116(5) 11.361(10)
o/° 66.96(2) 66.3210(10) 107.25(4)
B/° 83.52(2) 83.0700(10) 112.37(4)
y/° 71.87(3) 71.8310(10) 102.12(3)
Volume/A? 902.0(8) 891.99(7) 928.5(11)
Z 2 2 2
Peacmg/mm® 1.378 1.228 1.210
m/mm™* 2.287 0.223 0.082
F(000) 384.0 348.0 360.0
Crystal size/mm® 0.2x0.2x0.15 02x01x0.1 0.2x0.2x0.2
20 range for 4.02 to 49.42° 4.58 to 48.8° 4.26 t0 48.22°
data collection
-10<h <10, -10<h <10, -11<h <9,
Index ranges -11<k<11, -11<k<11, -11<k<10,
-12<1<12 -12<1<12 -12<1<13
Reflections collected 5709 7311 6176
Independent reflections 303.8 291.2 292.1
[R(int) = 0.0277] [R(int) = 0.0180] [R(int) = 0.0297]
Datajrestraints/ 3038/0/288 2912/0/288 2021/0/314
parameters
Goodness-of-fit on F 1.024 1.012 1.046
Final R indexes R; =0.0331, R; =0.0410, R; =0.0385,
[I>=20 ()] wR, = 0.0719 wR, = 0.1036 WR; = 0.1026
Final R indexes R; =0.0477, R; =0.0577, R; =0.0468,
[all data] wR, = 0.0777 wR, = 0.1151 wR, = 0.1094
;j;ﬁ,erfglde'&g 0.31/-0.26 0.14/-0.24 0.11/-0.16
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Appendix

Crystal Data and Structure Refinement for the Compounds 127h, 129a and 132I.

X-ray structure
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Compound 127h 129a 1321
CCDC No. CCDC 859354 CCDC 859353 CCDC 921500
Empirical formula C1gH»NO, C16H2BrNO, C,oHsNO,
Formula weight 284.37 338.24 367.43
Temperature/K 298 298 298
Crystal system monoclinic triclinic monoclinic
Space group C2/c P-1 P2,
alA 22.809(5) 9.352(5) 9.7696(8)
b/A 7.8791(17) 9.508(4) 5.2297(4)
c/A 18.337(4) 9.765(4) 19.0192(17)
a/° 90.00 105.04(3) 90
B/° 92.432(13) 96.68(3) 96.090(4)
v/° 90.00 98.27(4) 90
Volume/A® 3292.6(12) 819.0(7) 966.25(14)
Z 8 2 2
Peacmg/mm® 1.147 1.372 1.263
m/mm™* 0.074 2.511 0.087
F(000) 1224.0 348.0 392.0
Crystal size/mm? 0.2x0.1x0.1 0.2x02x0.1 0.3x0.2x0.1
39 range for 4.44 10 54.2° 4.38 to 57.06° 2.16 10 50.12°
ata collection
226 <h<29, -12<h<12, -11<h<1l,
Index ranges -10<k <8, -11 <k<11, -6<k<4,
-23<1<18 -11<1<12 -19<1<22
Reflections collected [13211 5811 5316
Independent 3623 3512 2989
reflections [R(int)= 0.0845] [R(int) = 0.0235] [R(int) = 0.0456]
Data/restraints/ 3623/0/275 3512/0/242 2080/1/250
parameters
Goodness-of-fit 0.992 1.019 1.002
onF
Final R indexes R, =0.0677, R, =0.0450, R; =0.0584,
[>=20 ()] WR, = 0.1657 wR, =0.1204 WR, = 0.1253
Final R indexes R; =0.1349, R; =0.0898, R; =0.0946,
[all data] wR, =0.2111 wR, =0.1377 wWR, = 0.1439
t:;gleﬁgﬁa'/ﬁ; A 0.20/-0.18 0.41/-0.46 0.25/-0.29
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Appendix

Crystal Data and Structure Refinement for the Compounds 132t, 132v and 144d.

X-ray structure
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Compound 132t 132v 144d
CCDC No. CCDC 921501 CCDC 921498 CCDC 1428974
Empirical formula C,1Hx3NO, 016.95H23.96N2058 C16H23CINOgS
Formula weight 353.4 383.77 392.86
Temperature/K 298 298 298
Crystal system monoclinic orthorhombic orthorhombic
Space group P2, P2:2121 P2,2:2,
alA 8.8514(9) 16.759(6) 5.4500(5)
b/A 5.9553(6) 5.1692(17) 17.326(2)
c/A 18.3976(17) 23.304(8) 20.314(2)
o/° 90 90 90
B/ 97.931(5) 90 90
v/° 90 90 90
Volume/A3 960.51(16) 2018.8(12) 1918.1(3)
Z 2 4 4
Peacmg/mm? 1.222 1.263 1.36
m/mm™* 0.084 0.193 0.338
F(000) 376.0 815.0 828.0
Crystal size/mm? 0.3%x0.2x0.2 0.3x0.2x0.2 0.2%0.2%0.2
3garilgﬁ g’lzn 2.24 10 50.04° 4.26 t0 54.2° 6.182 to 50.054°
-10<h <10, -21<h <21, -6<h<6,
Index ranges -7<k<7, -2<k<6, -20 <k <20,
-18<1<21 -29<1<29 -24<1<23
Reflections collected 5261 10497 11480
Independent 3096 4436 3406
reflections [R(int) = 0.0462] [R(int) = 0.0786] | [R(int) = 0.0669]
Data/restraints/
parameters 3096/1/238 4436/0/271 3406/0/223
Goodness-of-fit on F? 0.977 0.989 1.052
Final R indexes R, = 0.0602, R; = 0.0580, R, = 0.0655,
[I>=26 ()] WR, = 0.1222 wR, = 0.1275 WR; =0.1782
Final R indexes R; =0.1642, R; =0.1233, R, =0.0881,
[all data] WR, = 0.1746 WR;, = 0.1557 WR; = 0.2027
pargest - peald 0.20/-0.16 0.23/-0.25 0.47/-0.41
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Appendix

Crystal Data and Structure Refinement for the Compounds 148b, 149b and 149i.

X-ray Structure

o ¥
S {75
Compound 148b 149b 149i
CCDC No. CCDC 921499 CCDC 1042716 CCDC 1042717
Empirical formula CyoH,51NO, CagHaaN4O, Ca4H2,N,0,
Formula weight 339.38 708.87 370.45
Temperature/K 298 298 298
Crystal system orthorhombic monoclinic monoclinic
Space group P2,2,2, P2./n P2,/c
alA 5.6127(11) 23.7627(10) 13.609(3)
b/A 16.985(3) 7.7869(4) 9.0259(11)
c/A 18.795(4) 24.2216(11) 16.365(2)
a/° 90 90 90
p/° 90 116.300(3) 105.074(7)
v/° 90 90 90
Volume/A® 1791.7(6) 4018.0(3) 1941.0(5)
Z 4 4 4
Peacmg/mm® 1.258 1.172 1.271
m/mm’™* 0.088 0.072 0.081
F(000) 720.0 1504.0 788.0
Crystal size/mm? 0.3x0.2%0.2 0.3x0.2%0.15 0.19 x 0.11 x 0.08
ig;ﬁﬁe gﬁan 3.24 10 50.14° 3.218 to 50.054° 6.202 to 55.016°
-6<h<5, 28 <h <28, -17<h<17,
Index ranges 20<k<19, 9<k<8, -11<k<11,
22 <1<22 28 <1<28 -17<1<21
Reflections collected |8771 25620 13042
Independent 3136 7080 4443
reflections [R(int) = 0.09] [R(int) = 0.1334] [R(int) = 0.0784]
Data/restraints/ 3136/0/227 7080/0/506 4443001255
parameters
Goodness-of-fit 0.948 0.905 1.082
onF
Final R indexes R, =0.0737, R, =0.0641, R, =0.0787,
[I>=20 ()] WR, = 0.1794 wR, =0.1123 WR;, = 0.1337
Final R indexes R; =0.2050, R; =0.2239, R; =0.1699,
[all data] wR, =0.2479 wR;, =0.1613 wWR, =0.1733
t:;%eﬁgi'/ﬁe A 0.20/-0.19 0.21/-0.21 0.25/-0.25
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Appendix

Crystal Data and Structure Refinement for the Compounds 149j, 150k and 152d.

X-ray Structure
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Compound 149j 150k 152d
CCDC No. CCDC 1042718 CCDC 1042726 CCDC 1042727
Empirical formula CusH25N505S Co5H23N30, C19H2N,0
Formula weight 44754 397.46 292.37
Temperature/K 298 298 298
Crystal system monoclinic monoclinic monoclinic
Space group P2, P2,/c P2,/n
alA 9.407(5) 9.1113(6) 8.9983(12)
b/A 19.749(9) 15.4212(11) 9.5729(12)
c/A 12.882(7) 14.8792(10) 19.648(2)
a/° 90 90 90
p/° 98.90(3) 92.064(4) 101.647(8)
/° 90 90 90
Volume/A? 2365(2) 2089.3(2) 1657.6(4)
Z 4 4 4
Peacmg/mm® 1.257 1.264 1.172
m/mm™* 0.168 0.081 0.073
F(000) 944.0 840.0 624.0
Crystal size/mm® 0.2x0.2x0.2 0.2x0.2x0.2 0.3x0.2x0.15
20 range for 6.02 to 50.048° 6.084 to 50.046° 4.234 t0 50.146°
data collection

-11<h<11, -10<h <10, -10<h <5,
Index ranges 23 <k<22, -16 <k <18, -11<k<11,

-15<1<15 171517 -22<1<23
Reflections collected 11711 11528 9213
Independent 6401 3672 2895
reflections [R(int) = 0.1122] [R(int) = 0.0512] [R(int) = 0.0465]
Data/restraints/ 6401/1/557 3672/0/272 2895/0/202
parameters
Goodness-of-fit 0.873 1.075 1.002
onF
Final R indexes R; =0.0882, R; = 0.0567, R; =0.0518,
[I>=20 ()] WR; = 0.2232 wR; = 0.1589 wR, = 0.1201
Final R indexes R; =0.1223, R; = 0.0667, R; =0.1114,
[all data] WR, = 0.2564 wR, =0.1721 WR; = 0.1457
t:‘;g/eﬁgﬁe“;fe A 0.31/-0.35 0.46/-0.54 0.15/-0.18
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Crystal Data and Structure Refinement for the Compounds 152e, 154a and 154b.

X-ray Structure ,
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Compound 152e 154a 154b
CCDC No. CCDC 1042728 CCDC 1042729 CCDC 1042730
Empirical formula C19H20N202 ConzoNzo C20H19C|N20
Formula weight 308.37 304.38 338.82
Temperature/K 298 298 298
Crystal system orthorhombic monoclinic monoclinic
Space group Pca2, P2:/n P2,/c
alA 13.902(2) 11.7393(12) 11.062(13)
b/A 9.2459(16) 6.3886(6) 18.99(2)
c/A 13.220(3) 21.318(2) 8.506(10)
o/° 90 90 90
B/° 90 90.765(8) 109.327(19)
v/° 90 90 90
Volume/A® 1699.3(5) 1598.7(3) 1686(3)
Z 4 4 4
Peacmg/mm® 1.205 1.265 1.335
m/mm’™ 0.079 0.079 0.235
F(000) 656.0 648.0 712.0
Crystal size/mm® 0.2x0.2x0.2 0.3x0.2x0.2 02x0.2x0.2
39 range for 6.124 to 54.966° 3.82 t0 50.04° 4.3 10 50.06°
ata collection

-18<h <18, -13<h<13, -13<h <13,
Index ranges -10<k <12, -6<k<7, 21 <k<22,

-17<1<16 25<1<25 -8<1<10
Reflections collected |11026 10154 7582
Independent 3760 2822 2971
reflections [R(int) = 0.1039] [R(int) = 0.0555] [R(int) = 0.0326]
Datarestraints/ 3760/1/214 2822/0/209 2971/0/221
parameters
Goodness-of-fit 1.004 0.984 1.033
onF
Final R indexes R; =0.0709, R; =0.0666, R; =0.0572,
[>=20 ()] WR, = 0.1648 wWR;, = 0.1645 WR, = 0.1629
Final R indexes R;=0.1378, R, =0.1426, R, =0.0743,
[all data] WR, =0.2072 wR, =0.2033 WR, =0.1775
'F;g;g/eﬁgﬂ“;fe A 0.16/-0.15 0.39/-0.27 0.66/-0.42
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Crystal Data and Structure Refinement for the Compounds 154c, 155h and 159e.

X-ray Structure
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Compound 154c 155h 159e
CCDC No. CCDC 1042731 CCDC 1042732 CCDC 1042733
Empirical formula C20H13C|2N20 C22H23N302 C21H21BI‘N204
Formula weight 373.26 361.43 445.31
Temperature/K 298 298 298
Crystal system monoclinic monoclinic monoclinic
Space group P2/c P2./c P2:/n
alA 10.5567(2) 8.764(2) 22.814(3)
b/A 18.6081(4) 21.249(3) 7.8259(8)
c/A 9.1981(2) 10.403(3) 25.231(4)
a/° 90 90 90
p/° 106.4410(10) 95.030(10) 104.749(6)
/° 90 90 90
Volume/A? 1733.00(6) 1929.7(8) 4356.3(10)
Z 4 4 8
Peacmg/mm® 1.431 1.244 1.358
m/mm’™ 0.385 0.081 1.914
F(000) 776.0 768.0 1824.0
Crystal size/mm® 0.3x0.3x0.2 0.2x0.2x0.2 0.2x0.2%x0.2
20 range for 4.02 to 50.06° 6.04 to 50.052° 6.18 to 54.968°
data collection

-12<h<12, -10<h <10, -20<h <23,
Index ranges -18 <k <22, -25<k<25, -9<k<10,

-10<1<10 -12<1<12 -32<1<32
Reflections collected |17751 15938 28314
Independent 3064 3412 9932
reflections [R(int) = 0.0255] [R(int) = 0.1034] [R(int) = 0.0804]
Data/restraints/ 3064/0/230 3412/0/245 9932/1/485
parameters
Goodness-of-fit 1.044 1.112 1.094
onF
Final R indexes R; =0.0429, R; =0.0930, R; =0.0921,
[I>=20 ()] wR, = 0.1122 wR; = 0.1905 WR; = 0.2866
Final R indexes R; = 0.0507, R; =0.1691, R; =0.1276,
[all data] WR, = 0.1185 WR, = 0.2312 WR, = 0.3256
ts;g/eﬁgl‘l“;fe A 0.75/-0.41 0.30/-0.26 2.11/-1.64
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Crystal Data and Structure Refinement for the Compounds 159h, 162 and 170a.

X-ray Structure

Compound 159h 162 170a

CCDC No. CCDC 1042734 CCDC 1042735 CCDC 1428975

Empirical formula Cy1H5,N,0, Cy1H24N,0, CssH36N,O,S

Formula weight 366.41 368.42 580.72

Temperature/K 298 298 298

Crystal system monoclinic monoclinic monoclinic

Space group C2/c C2/c P2,

alA 19.218(2) 24.733(2) 10.2651(10)

b/A 10.3371(10) 8.7639(5) 25.435(2)

c/A 20.295(3) 20.2777(17) 12.0617(12)

a/° 90 90 90

p/° 104.906(5) 118.402(3) 93.943(4)

/° 90 90 90

Volume/A? 3896.1(8) 3866.3(5) 3141.8(5)

Z 8 8 4

Peacmg/mm® 1.249 1.266 1.228

m/mm™* 0.087 0.088 0.143

F(000) 1552.0 1568.0 1232.0

Crystal size/mm? 0.3x0.2x0.2 04x0.2x0.2 0.2x0.2%x0.2

20 yange for 6.5 to 50.04° 6.666 to 50.04° 6.238 to 50.052°
22<h<22, -11<h<1l, -12<h<12,

Index ranges -12<k<12, 23 <k<22, -30 <k <30,
24 <1<24 -15<1<15 -14<1<14

Reflections collected | 15961 11711 23471

Independent 3424 3355 10852

reflections [R(int) = 0.041] [R(int) = 0.1122] [R(int) = 0.0566]

Datajrestraints/ 3424/0/251 3355/0/254 10852/3/755

parameters

Goodness-of-fit on F>  [1.039 1.152 1.048

Final R indexes R; = 0.0497, R; =0.0780, R; =0.0596,

[>=20 ()] WR; =0.1416 WR, =0.2377 WR, =0.1643

Final R indexes R; = 0.0606, R; =0.0987, R; = 0.0689,

[all data] wR, = 0.1531 WR, = 0.2928 WR, = 0.1782

t:;gleﬁgﬁa“;‘; A 0.23/-0.19 0.69/-0.42 0.44/-0.34

Hydrogens are omitted in case of 170a for better visualization.
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Appendix

Crystal Data and Structure Refinement for the Compounds 170b, 171f and 175b.

X-ray Structure
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Compound 170b 171f 175b
CCDC No. CCDC 1428976 CCDC 972901 CCDC 972904
Empirical formula CasH3sN,0,S CisH15sNO, C17H17NO,
Formula weight 580.72 241.28 267.32
Temperature/K 298 298 298
Crystal system monoclinic orthorhombic monoclinic
Space group P2, Pbca C2/c
alA 10.2506(18) 8.7494(5) 15.6829(10)
b/A 25.453(4) 12.1548(8) 9.9179(6)
c/A 12.0646(19) 24.0326(16) 19.1554(13)
a/° 90 90 90
B/° 93.691(9) 90 101.064(3)
v/° 90 90 90
Volume/A® 3141.2(9) 2555.8(3) 2924.1(3)
Z 4 8 8
Peacmg/mm® 1.228 1.254 1.214
m/mm™ 0.143 0.083 0.08
F(000) 1232.0 1024.0 1136.0
Crystal size/mm? 02x02x0.2 0.3x0.2x0.1 0.3x0.2%x0.2
§® range for 6.238 t0 50.054° 3.38 to 50.06° 4.34 10 50.04°
ata collection
-12<h<12, -8 <h <10, -18<h<18,
Index ranges -30 £k <30, -10<k <14, -11 <k <5,
-14<1<14 -28<1<23 22<1<22
Reflections collected |27897 11089 6081
Independent 11065 2268 2567
reflections [R(int) = 0.0693] [R(int) = 0.0311] [R(int) = 0.0425]
Data/restraints/ 11065/1/772 2268/0/164 2567/0/182
parameters
Goodness-of-fit on F? |0.968 1.036 0.953
Final R indexes R; =0.0603, R; =0.0463, R; =0.0578,
[>=20c ()] WR, = 0.1449 wR, =0.1281 wWR, =0.1304
Final R indexes R; =0.0889, R, =0.1061, R, =0.1230,
[all data] WR, =0.1668 WR, = 0.1588 wR, = 0.1619
'F;g;g/eﬁgﬂ“;fe a9 0.32/-0.25 0.15/-0.13 0.17/-0.19

Hydrogens are omitted in case of 170b for better visualization.
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Crystal Data and Structure Refinement for the Compounds 175e and 175f.

X-ray Structures

Compound 175e 175f
CCDC No. CCDC 972902 CCDC 972903
Empirical formula C19H21N02 CnglgNOZ
Formula weight 295.37 317.37
Temperature/K 298 298
Crystal system monoclinic monoclinic
Space group P2,/c P2:/n
alA 10.3789(18) 18.906(4)
b/A 17.058(3) 12.012(2)
c/A 10.3222(18) 15.896(3)
a/° 90 90
B/° 114.189(3) 108.704(3)
v/° 90 90
Volume/A? 1667.1(5) 3419.5(12)
Z 4 8
Peacmg/mm® 1.177 1.233
m/mm* 0.076 0.079
F(000) 632.0 1344.0
Crystal size/mm® 0.3x0.2%x0.2 0.3x0.2x0.1
36 range for 4.31050.14° 2.92 10 50.04°
ata collection
-12<h <10, 21 <h <21,
Index ranges -16 <k <20, -12<k<13,
S<I<12 -17<1<18
Reflections collected 6632 16577
Independent reflections 2953[R(int) = 0.0601] 5141[R(int) = 0.0614]
Data/restraints/ 2053/0/203 5141/0/430
parameters
Googlness-of-fit 0.911 0.966
onF
Final R indexes R; =0.0668, R; =0.0658,
[I>=20 ()] WR; = 0.1655 WR; = 0.1580
Final R indexes R; =0.1876, R; =0.1602,
[all data] wR; =0.2302 wR, =0.2118
Largest diff. peak/hole/e A® |0.45/-0.16 0.42/-0.35
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Representative NMR-spectra.

SpinWorks 3: Na-301b2 Proton test
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SpinWorks 3: Na415b Proton test
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SpinWorks 3: Na-327b Proton test
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SpinWorks 3: Na-322r2b Proton test
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SpinWorks 3: Na912 Proton test
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SpinWorks 3: Na738b Proton test
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SpinWorks 3: Na852a Proton test
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SpinWorks 3: NA 1108 A2
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SpinWorks 3: NA-1586 B3
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SpinWorks 3: NA 1587 R1
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SpinWorks 3: NA 1701
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SpinWorks 3: NA 1706
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SpinWorks 3: NA-1708b2
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SpinWorks 3: NA-1078-A4
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SpinWorks 3: NA 1079 A2
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SpinWorks 3: NA 1282 A2
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