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1. Introduction

1.1 Organic synthesis

Just as the ancestors who worked out how to build the Great Wall
transformed Chinese architecture two thousand years ago, organic
synthetic chemists who build molecules on a scale 10! times smaller have
transformed everyone’s daily life in modern times. Organic synthesis
commenced with Wdhler’s discovery that ammonium cyanate could be
converted into urea in the laboratory in 1828.! This scientific breakthrough
changed the common perception that there was a clear distinction between
molecules from living beings (organic) and those from non-living material
(inorganic), encouraged numerous chemists to attempt the synthesis of
more and more complex organic molecules.? Today, organic molecules
touch on all aspects of life, whether as a source of essential drugs,
materials, dyes, plastics, detergents, etc®. Since organic synthesis is one of
the most important ways to obtain these molecules, there is a strong
incentive to invest substantial resources in organic synthesis.

For synthesizing an organic molecule, there are three significant steps that
must be considered. Firstly, identifying the structure of the target
molecule. The target molecule may be prominent pharmaceutical drugs for
the treatment on human health, new materials with specific properties of
strength and flexibility required by engineers, molecules which could
selectively inhibit an enzyme required by a biochemist, or any imaginable
structures that might have significant value. Although some of these
molecules can be isolated from plants or marine animals, due to the
limitation of natural resources, organic synthesis is one of the most
important methods to obtain large quantities of valuable natural or non-
natural compounds. Secondly, designing appropriate synthetic
approaches. Exactly like the architectural blueprint is essential for
buildings, a perfect synthetic approach is also highly demanded to make
molecules, especially molecules with complex structures. Synthetic
planning usually starts with the target molecules and work backward
towards the starting materials. This process is referred to as retrosynthetic
analysis. The goal of this process is to simplify the target molecule into
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simpler precursors through bond-breaking. Such procedure will be
repeated until a simple or commercially available starting material is
reached. Based on simplifying the structure of the target molecules, more
than one possible synthetic pathways might be recognized, and the suitable
sequence of synthetic steps could be developed after comparing them
logically.*?

Once we identified the target molecule and the synthetic approaches, next
comes the most crucial step: making it. Whether constructing a building or
a molecule, tools are essential. In organic synthesis, tools are synthetic
methods for different organic compounds in appropriate reaction
conditions; for example, the hydroamination to construct C-N bond or the
aldol reaction to construct a C-C bond. Development of novel synthetic
methodology, one of the main branches of organic synthesis, plays a vital
role in accessing the target molecule in an efficient and practical approach.
The efficiency of a new methodology can be judged by a variety of metrics,
such as yield of the product, the chemo-, regio- and stereoselectivity of the
transformation, atom economy, and the number of manipulations.®’ The
development of new methodology not only provides organic chemists with
more available synthetic methods to efficiently accomplish their target
products but also promote the development of organic chemistry through
increased understanding of fundamental characteristics of molecules or
possible reaction mechanisms.

1.2 Nitrogen-containing compounds

It is difficult to imagine what the world would be without nitrogen-
containing compounds, which are among the most significant structural
components of living matters, pharmaceutical agents, agrochemicals,
functional materials, and dyes.®!! By 2014, analysis of the database of
Food and Drug Administration (FDA) approved drugs reveals that 84% of
small-molecule drugs contain at least one nitrogen atom.!? Therefore, the
synthesis of such compounds has long been recognized as a crucial topic
in organic synthesis. In the past century, numerous elegant methods have
been reported for the preparation of a large variety of nitrogen-containing
compounds.'® These synthetic strategies may be divided into two main
categories: (a) construction of new carbon-nitrogen bonds and (b)
construction of complex nitrogen-containing compounds from structurally
simpler nitrogen-containing derivatives through structural modifications.
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1.3 Synthesis of a-keto amides

a-Keto amides and their derivatives are important constituents that can be
found in many natural products, biologically relevant molecules, drugs,
and functional materials. For examples, this structural motif is found in the
23-membered macrolide FK506 (1.1) which is an immunosuppressant
drug that has been isolated from Streptomyces tsukubaensis,'* whereas
some other o-keto amides containing compounds have been used in
developing inhibitors of HIV protease (1.2)' and norovirus 3CL protease
(1.3)!¢ (Figure 1).

HO,, (o)
CbzHN N
MeO
© o)
0]
NHtBu
HIV protease inhibitor
1.2
H
N._O
o O COOEt

OMe |
CbzHN VLLNYkN J
FK506 : H o H
1 b

Norovirus 3CL protease inhibitor
1.3

Figure 1. a-Ketoamides containing biologically active compounds

Furthermore, the a-keto amides are highly versatile and valuable building
blocks due to the multiple reactions modes (two potential nucleophilic site
and two electrophilic centers, Scheme 1a).!” For examples, a-keto amides
1.4 were applied in organocatalytic diastereo- and enantioselective
Michael addition with nitroalkenes 1.5. In this process, amide proton
participated in the catalytic transition state and played a critical role in
controlling the stereoselectivities of Michael products 1.7'® (Scheme 1b).
Another example is phenyldimethylsilyllithium (1.9) mediated coupling of
a-keto amides 1.8 with zert-butanesulfinylimines 1.10 for the synthesis of
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enantioenriched a~(silyloxy)-f-amino amides 1.11, where o-keto amides
1.8 were utilized as an electrophile.!® (Scheme 1c¢)

N E Nu
u
N i H[/
o St
RI[ O
3 T -~
ICRAS
o) CF316 R'" O
’ 1
NHPh OZNV\)S(NHPh
b) HKW RSN = 2§
2 R
RO EtOAG, rt
1.4 1.5 1.7
R', R? = alkyl, aryl up to 94 % yield
up to>99 % ee
up to > 20:1 dr, anti selective
(@) N _H ?O

o .
7= o
K © \ﬁ

O---H— |

transition state

0 O ”

g THF ’<
c) PhMeZS|L| + N~ ""< >
)S]/ \ then H* o

Ar') O Ar
SiMe,Ph
1.10 111

up to 99 % vyield
up to >20:1 dr

Scheme 1. a) Potential reaction sites in a-keto amides. b) Michael addition of nitroalkenes 1.5 with o-keto amides
1.4. c) Silyllithium-initiated coupling of a-keto amides 1.8 with tert-butanesulfinylimines 1.10.

Due to the significance of this particular structural motif, it is not
surprising that several methods have been developed for the preparation of
a-keto amides and its derivatives.!”-** These synthetic routes can be mainly
grouped according to the formation pathway for these compounds (Figure
2): a) oxidation at C(2) of a suitable precursor, b) the oxidative and non-
oxidative amination approaches for the construction C(1)-N bond, ¢) C(1)-
C(2) o-bond construction processes, d) C(2)—R?3 bond-forming processes,
e) double-carbonylative amination methods, f) oxidation at C(1) of a
suitable precursor at C(1).!”
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) R' X R
X = OH, amine, r\‘l 2 A 0
Cl,CH,=, H,Ac R2 ﬂ(kw 2N ,
o) Y 2R
0

oxidative process at C(2)

N

C(1)-Nbond formation

1 (0] 1
B + J‘k ° B 1 i °) 81
RZNY\\/ Y RS &——— R2N %F@ > Ar-| RZN\H co
o Double-carbonylative amination
C(1)-C(2) bond formation a-keto amide

7\
R'" O o

R
| |
RZNTHL/’: ' el e

0 "R®
C(2)-R3 bond formation oxidative process at C(1)

Figure 2. Pathways for the synthesis of a-keto amide.

1.4 Synthesis of a-amino-/~hydroxy esters

As another class of significant scaffolds, a-amino-fhydroxy ester and
their corresponding vicinal amino diols are prevalent in a variety of natural
products and biologically relevant compounds. This structural motif
appears in vancomycin 1.13%!, cyclomarin C 1.12%? and polyhydroxylated

—
\ z

N NH /

475
o NH
HN: o O:S
MH N
HO: *
X ’[‘fo
b T
N OH

A

cyclomarin C: antiinflammatory
cyclic heptapeptide

1.12
HO HO
HO OH ) ) ~HO O
HO - N p OH vancomycin: glycopeptide antibiotics OH
1.13
- N

HO H OH OH

(+)-australine castanospermine
1.14 1.15

Figure 3. Biologically relevant compounds bearing a-amino-B-hydroxy ester derivatives.
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pyrrolizidine alkaloids, such as australine 1.14%* and castanospermine
1.15,24% all of which possess significant biological properties, including
anti-inflammatory and antibiotic properties, as well as inhibition of some
glucosidase enzymes (Figure 3). a-Amino-f-hydroxy ester and its
derivatives can also serve as synthetic precursors for other important
synthons?®?” or intermediates for the syntheses of complex natural
product?®,

Due to the importance and applicability of this structural motif, a growing
number of methodologies have been developed for the synthesis of -
amino-f-hydroxy esters and their derivatives, especially the synthesis with
both diastereomers in high enantioselectivity.?’ During the last decades,
with the development of asymmetric synthetic methodologies, several
innovative and efficient asymmetric routes towards these subunits have
been developed.

o chiral catalysis oH @
a) j)\ .+ PN \(/N \)J\Ot-Bu —_— R/\)J\Ot-Bu
R™ 'H Ph NaOH, NH,4CI NH,
1.16 1.17 1.18
94:6-96:4 dr
96-98% ee

Fs;C CF3
o >
" g
O Ar= . O CF3
Ar

chiral catalysis CF3
K2[0s02(0H>41 OH O Br
\1\/7’3\)]\ Cbz- NH2 tBuOCl ©
NaOH NHCbz
n-PrOH/H,0 1.21
o o [RuCly(Benzene)), OH O
o (S,5)-BnDPAE :
—————> M
Ar OMe HCO,H:EtzN ' e
NHBoc NHBoc
1.22 1.23
>95:5 dr
96:4-99:1 er

Scheme 2. Several strategies for the asymmetric synthesis of a-amino-B-hydroxy derivatives
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The vast number of asymmetric approaches can conceptually be divided
into several strategies:

a) the formation of carbon-carbon bond with concomitant formation of two
adjacent stereocenters. A representative example is shown in Scheme 2a,
the direct aldol reaction of glycine 1.17 for a variety of alkyl aldehyde 1.16
has been developed by use of a phase transfer catalysis 1.19 (Scheme 2a).*°

b) the installation of one or more heteroatoms onto a pre-existing carbon
skeleton. One such strategy 1is the Sharpless asymmetric
aminohydroxylation, in which the oxygen and nitrogen functionalities are
appended to the double bond simultaneously (Scheme 2b).?!

¢) the manipulation of a scaffold in which all the heteroatoms are present.
An excellent example of this type of strategy is the asymmetric
hydrogenation (AH) or asymmetric transfer hydrogenation (ATH) of o-
amino-f-keto ester 1.22 through dynamic kinetic resolution (DKR). In this
sequence, two contiguous stereocenters are constructed in a single
operation from a racemic starting material (Scheme 2c).3233

1.5 Synthesis of 1, 2-diamines

Another class of scaffolds, which are widely represented in natural
products, biologically active compounds, synthetic building blocks,
organocatalysts, and ligands, is 1,2-diamines.*** For example, bleomycin
1.24, isolated from Streptomyces verticillus, is an antitumor antibiotic
clinically used for the treatment of Hodgkin’s lymphoma, tumors of the
testis, and carcinomas of skin, head, and neck.’® The 1-aryl ethylene
diamine analogues ICI-199,441 1.25 have the potential to be useful
analgesics, free from the potential for abuse and the adverse side effects of
u agonists like morphine (Figure 4).* 1,2-Diamines are not only the
valuable synthetic intermediate for the preparation of nitrogen-containing
complex compounds, but also useful additives to stabilize and activate
organometallic reagents and inorganic salts due to its Lewis basic
property.®* As another essential application, chiral 1,2-diamines and their
derivatives are particularly useful as organocatalyst or chiral ligand for the
stereoselective synthesis.?’
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Figure 4. Biologically relevant compounds incorporating the 1,2-diamine moiety.

Conceptually, synthesis of the 1,2-diamines motif can be arranged in
several ways. Several examples are selected here to demonstrate the
current research progress with the focus on catalytic, asymmetric methods.

a) the two nitrogen atoms are installed simultaneously onto a preexisting
carbon skeleton.*® As an attractive approach, direct diamination of olefins
is probably the most straightforward method for the preparation of 1,2-
diamines using readily available alkenes. For example, in 2011, Mufiiz has
developed an enantioselective diamination of styrene 1.26 using chiral
iodine 1.27 as a chiral catalyst and bismesylimide as the nitrogen source.*
(Scheme 3a)

b) the method that utilizes a compound already containing one of the two
final nitrogen atoms of the target 1,2-diamine as the substrate. The ring-
opening of aziridine by nitrogen-containing nucleophiles or
hydroamination of allylic amines are excellent examples of this
strategy.***! In Scheme 3b is shown an enantioselective hydroamination
of allylic amine 1.29 using a chiral Rh-Biphep catalyst for the preparation
enantioenriched 1,2-diamine.*

c¢) the preparation of 1,2-diamines starting from two nitrogen-containing
substrates and involves the formation of a new C-C bond. In this manner,
successful methods based on Mannich-type reactions**** and the
enantioselective synthesis of 1,2-diamines by Cu-catalyzed reductive
couplings of azadienes with aldimines and ketimines have been
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disclosed.* The Cu-catalyzed process represents a rare example of
enantioselective reductive couplings of imines 1.33 to set vicinal
heteroatom-substituted stereogenic centers. (Scheme 3c¢)

I(OAC),
MeOOC.__O OTCOOMe
; NMs,
) | Xr X 1.27 | SN NMs;
a
G S
MSzNH. CH2C|2, 0°C R
1.26 1.28
up to 95% ee
H L [Rh(cod),]BF 4 RIN,R3
b) N R _R Chiral ligand H
2N X —
R ~ ’ H RZN\)"'/,
1.29 1.30 1.31
71% average yields
Ph 76-96% ee
N)\Ph NP(O)Ph, (Ph-BPE)CuH NCth1
C) % + 11]\ ) D — e R\/K/R
ROR t+BuOH RZ “NHP(O)Ph,
R
1.32 1.33 1.34
>20:1dr
up to 96% yield
up to 99:1 er

Scheme 3. Several strategies for the asymmetric synthesis of 1,2-diamine derivatives

1.6 The aim of this thesis

This thesis aims to develop new synthetic methods and explore the
possibilities to apply it in the total synthesis of natural products.

Chapter 2 deals with a mild procedure for the synthesis of a-keto amides
by a-oxidation of the corresponding o-keto amines mediated by
pyrrolidine and TEMPO. The method can also be applied to the synthesis
of a-keto thioamides and a-keto amidines.

Chapter 3 deals with a straightforward synthesis of anti-3-alkenyl-2-
amido-3-hydroxy esters from the corresponding racemic a-amino-/-keto
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esters by using ATH/DKR protocol. In order to highlight the versatility of
the methodology, it was applied in an efficient asymmetric synthesis of the
polyhydroxylated pyrrolizidine alkaloid (+)-alexine.

Chapter 4 describes an asymmetric formal hydroamination of enamines
approach using Cu-H catalyst for the synthesis of chiral 1,2-diamines. The
method provides a straightforward method for the synthesis of chiral 1,2-
dialkyl amines in good yields with high level of enantioselectivities for a
broad range of substrates and should have significant value for the
preparation of molecules bearing a 1,2-diamine motif.
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2. Pyrrolidine-TEMPO mediated
oxidation of a-keto amines for the
synthesis of a-keto amides

2.1 Introduction

As outlined in the introduction, the development of synthetic methods for
the synthesis of a-keto amides has attracted a growing number of
chemists’ interest due to the prevalence of this motif in natural products
and biologically relevant scaffolds, as well as its utilization in important
transformations. Many synthetic methodologies for the preparation of o-
keto amides have been developed over the past decades, however, more
efficient and convenient procedures are still highly demanded. This is
mainly due to drawbacks of existing methods, such as the dependency of
high cost and toxic catalysts, harsh reaction condition, complex procedures
for the preparation of the desired starting material or limited range of the
desired product. Compared with the other synthetic routes, the a-oxidation
of a-keto amine has attracted less attention from the synthetic community
over the past decade. This approach for the synthesis of a-keto amides has
only been reported as a side product in the Pd/Cu-catalyzed a~oxidation of
a-keto amines and has not been documented systematically.***® We then
became interested in developing the possibility of preparing a-keto amides
through o-oxidation of readily available a-keto amines 2.3 which could be
easily accessible by Sn2 substitution between primary amine or secondary
amine 2.2 with commercially available a-halogenated ketone 2.1.%
(Scheme 4)

O R3 O Il?z
’ —_—
R1Jl\/x © RN, R1JJ\/N\R3
X=Cl, Br, | a-keto amine
21 2.2 2.3

Scheme 4. Synthesis of a-keto amines 2.3.
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2.2 Enamine catalysis

The electrophilic substitution reaction in the a-position of carbonyl
compounds via enamine intermediate 2.6 generated by reacting carbonyl
2.4 with a primary or secondary amine 2.5 is called enamine catalysis>
(Scheme 5). Based on the nature of the electrophile (2.7 or 2.8), the
enamine can, therefore, undergo two different reaction pathways;
nucleophilic addition (Scheme 5A) and nucleophilic substitution (Scheme
5B). In both cases, the formed iminium ions (2.9 or 2.10) will then be
hydrolyzed to afford the a~substituted carbonyl product (2.11 or 2.12) and
regenerated the amine catalyst 2.5.50!

o dehydrati R3‘N’R4
) . R?: ,R4 enyaration
R N - = 1J\
R? H “H,0 R 1,
2.4 25 step 1 2.6
M s RY o o vy
X N ® \If hydrolysis )l( RS R
A 2.7 R1J|\/X e R1ﬂ\/ + “N”
B —— +H,0 2 H
addition R2 2 R
step 3 2.1 2.5
step 2 2.9
2.6 T .
X R3 FED Y@ hydrolysis (0]
N >
B L» | X R1ﬂ\/x " R%N/R4 + HY
bstitut R’ * 0 2 H
substitution R? step 3 R
210 212 2.5

Scheme 5. Enamine catalysis.

Over the past two decades, enamine catalysis has proven to be a highly
efficient process for the preparation of chiral or non-chiral a-substituted
carbonyl derivatives. This strategy has been applied to asymmetric aldol
reactions>>>3, Mannich reactions>*, and Michael reactions® of aldehydes
or ketones when using carbon-oxygen, carbon-nitrogen or carbon-carbon
double bond containing electrophiles. In general, a new carbon-carbon
bond will be formed in this step. The formation of carbon-hetero bond can
also be achieved by using azodicarboxylates>®, nitrosobenzene®’¥, and
singlet oxygen® as electrophiles. In another mode of enamine catalysis,
single bond containing electrophiles such as halogenation reagents®,
benzoyl peroxide®!, sulfenylation reagents®?, and other electrophiles®® can
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be added to the a-position of carbonyl compounds via enamine
intermediate catalysis; the overall result being the formation of o-
functionalized carbonyl derivatives.

In addition to the two main reaction pathways, a radical coupling pathway
between TEMPO and an enamine radical cations for the preparation of o-
hydroxy carbonyl compounds have been reported by Sibi and
Maruoka.5*%* The enamine radical cations were generated from the
enamine intermediate in the presence of a single electron transfer (SET)
reagent.

In contrast, the enamine-mediated oxidation of aldehydes and ketones to
give the corresponding a-carbonyl derivatives have received considerably
less attention. To the best of our knowledge, the only example reported is
the autoxidation of an enamine 2.13 to give the corresponding 1,4-dione
2.14 in 20% yield (Scheme 6).° However, the addition of a catalytic
amount of Fe3" or Cu?* to the reaction mixture resulted in a pronounced
enhancement of the reaction rate and yield (80-85%). Based on this result,
the authors speculated that this autoxidation reaction might proceed via a
free-radical process because the metal ions can accept an electron from
enamine 2.13 in the chain-initiation step.

—_—
(@)

C/\l 2. H;0*
0

213 214

Scheme 6. Autoxidation of enamine for the synthesis of 1,3-diones.

2.3 Results and discussion
As there were no previous reports of the a-oxidation of a~keto amines

using an enamine intermediate to provide the a-keto amides, we decide to
explore this reaction more thoroughly.
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2.3.1 Preliminary study of the a~oxidation of an a-keto amine

We started to investigate the a-oxidation by using a-keto amines 2.15a as
the benchmark substrate and pyrrolidine (I) as the catalyst. To our great
delight, treatment of 2.15a with 5 eq pyrrolidine (I) in CH2Clz under air
resulted in the formation of desired product 2.15 in low yield (23%, Table
1, entry 1). Encouraged by this result, we repeated this reaction under
balloon pressure of O», which resulted in a greatly improved conversion,
and 2.15 was formed in 63% yield (entry 2). It has been reported that
TEMPO can be used as an oxygen source for asymmetric o-
oxyamination of aldehydes through an enamine intermediate in the
presence of single electron transfer (SET) reagent.®»%* We were then
interested in running the oxidation under the same condition but adding 1
eq TEMPO. The result revealed that there was no significant effect on the
yield of 2.15, but the reaction rate increased significantly (entries 3 and 4).
At the same time, we did not detect any a-TEMPO-attached product in the
crude NMR sample. The same reaction was repeated under air and gave
2.15 in 41% yield and decreased reaction rate (entry 4). Furthermore, only
a trace amount of 2.15 was observed when the oxidation was performed
under an N> atmosphere (entry 5).

Table 1 c-oxidation of 2.15.[

‘ (o} pyrrolidine (1) ‘ (0]
Ph” N Ph Ph” N % Ph
DCM, r.t.,, 20 h
O
2.15a 2.15

Entry Pyrrolidine (eq) TEMPO (eq) Yield(%)®!
1 5 230

2 5 63(11)el

3 5 1 6619(52)e!

4 5 1 4119(23)e!
5 5 1 3Mf

[a] Unless noted, the reaction was carried out as follows: the mixture of 2.15
(0.3 mmol, 67.5mg) and pyrrolidine (1.5 mmol, 123 pL) were stirred in
CH2Cl2 (1mL) under room temperature for 20 h. [b] Yields were determined
by GC analysis using naphthalene as an internal standard. [c] Reaction was
stirred in a sealed tube under air. [d] Oz (1 atm) was used in a balloon in
this reaction. [e] Yields were determined by GC analysis using naphthalene
as an internal standard when this reaction was running 1.5 h. [f] N2 (1 atm)
was used in a balloon in this reaction. TEMPO = 2,2,6,6-
Tetramethylpiperidine-1-oxyl.
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2.3.2 Optimization of reaction conditions

Since it was noted that TEMPO has a beneficial effect on this oxidation,
we then continued to optimize the reaction condition using TEMPO as an
additive. The results showed that lowering the amount of TEMPO was

Table 2 Screening of reaction conditions!?

secondry amine
TEMPO | ©

| ©
_—
Ph/N\APh Ph/N%Ph

solvent, r.t., 20h

2.15a O, balloon 225
e .
s () Clien (-
N N N N N OH N~ ~COOH
H H H H H
I I n v v vi
Entry Amine (eq) TEMPO (eq) solvent Yield® (%)
1 1(5) 1 CH:Cl> 66
2 1(5) 0.7 CH:Cl2 62
3 1(5) 0.4 CH:Cl2 68
4 1(5) 0.1 CH:Cl2 69
5 1(3) 0.1 CH:Cl2 45
6 1(1) 0.1 CH:Cl2 13
7 1(0.1) 0.1 CH2Cl2 Trace
8 1(0) 0.1 CH:Cl2 0
9 11 (5) 0.1 CH:Cl2 43
10 11 (5) 0.1 CH2Cl2 10
11 IV (5) 0.1 CH:Cl2 12
12 V (5) 0.1 CH2Cl2 Trace
13 VI (5) 0.1 CH:Cl2 0
14 1 (5) 0.1 Toluene 45
15 1 (5) 0.1 EtOAc 60
16 1 (5) 0.1 THF 46
17 1 (5) 0.1 MeOH 50
18 1 (5) 0.1 CHCl3 56
19 1 (5) 0.1 DMF 66
20 1 (5) 0.1 DMSO 66
21 1 (5) 0.1 1,4-dioxane 44
22 1 (5) 0.1 Acetone 22
230 1 0.1 Pyrrolidine 64
24 1(5) 0.1 CHiCN 83

[a] Unless noted, the reaction was carried out as follows: the mixture of
1a (0.3 mmol, 67.5 mg), the secondary amine (1,5 mmol) and TEMPO
(0.03 mmol, 4.7 mg) were stirred in the solvent (1 mL) under under a
balloon pressure of Oz at room temperature for 20 h. [b] Yields were
determined by GC analysis using naphthalene as an internal standard.
[c] 1 mL of pyrrolidine was added as catalysis and solvent.

beneficial and the optimal result, in terms of both the yield and reaction
rate, was obtained by using 0.1 eq of the additive (Table 2, entries 1-4).
However, decreasing the amount of pyrrolidine was detrimental and
resulted in much lower yields of 2.15 (entries 4-7). As excepted, no
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product 2.15 was formed when this reaction was performed without
pyrrolidine, suggesting that an enamine intermediate played an important
role in the a-oxidation process (entry 8). Next, a series of commercially
available secondary amines were examined to study the influences on the
yield. However, pyrrolidine proved to be the most superior among the
investigated secondary amines (entries 9-13). Whereas most solvents gave
lower or comparable yields to CH2Cl: (entries, 14-23), the use of CH3CN
gave 2.15 in 83% yield (entry 24). Finally, our optimal reaction conditions
were confirmed as follows: pyrrolidine (5 eq), TEMPO (0.1 eq), a-keto
amine 2.15a (1 eq), stirred in CH3CN (1 mL) at room temperature under
O atmosphere. Under the optimized conditions, a-keto amide 2.15 was
afforded in 83% yield.

2.3.3 Scope of a-keto amines

With the best reaction condition in hand, the scope of pyrrolidine/ TEMPO-
mediate a-oxidation of a-keto amines 2.15a-2.27a was then investigated
(Table 3). It was found that various N-alkyl group, such as methyl, allyl,
and benzyl, were well tolerated in this oxidation, giving the corresponding
a-keto amides 2.15-2.17 in good yields. On changing from aryl dialkyl
amines to trialkyl amines, the oxidation became significantly slower, and
the reaction temperature had to be raised to 50 °C to achieve an acceptable
conversion to products 2.18-2.20. It appears that the oxidation is sensitive
to the electronic nature of the substituents in the benzoyl moiety. When the
substituent is a strong electron-withdrawing group (para-nitro), a complex
reaction mixture was obtained at ambient temperature. However, it was
possible to isolate the desired product 2.21 in 34% yield when the reaction
was repeated at -35 °C. Based on this result, we hypothesized that the
oxidation is highly dependent on the rate of the formation of the enamine
intermediate. The substrate with para-NO> benzoyl moiety is more
electrophilic compared with non-substituted benzoyl substrate due to its
strong electron-withdrawing effect, resulting in a faster condensation with
pyrrolidine. Indeed, the presence of electron-donating group e.g. p-OMe
slows down the oxidation, giving a 75 % yield of 2.22 after heating to 50
°C for 20 h, which also proved our hypothesis. The para-bromo substituent
gave the product 2.23 in 72 % yield without modification of the optimal
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Table 3 Scope of a-keto amines. 2]

pyrrolidine (5 eq)

RZ O
RZ O TEMPO (0.1 '
r\'l\)L 4>O(0 -l RVNW)LW
R R3 CH3CN (1 mL)
rt., O, (1 atm) 0o
-keto amine -keto amide
2.15a-2.27a 2.15-2.27
| © = 0o Bn O
! @ :
(7 O O™y
2.15,87% 2.16, 87% 217, 88%
o) C\ 0 o/\ 0
N N LN
o] o] o}
2.18, 63%! 2.19, 49%1 2.20, 54%1°
[ (0] | o) [ (6]
SA 8! T O
I 9 oy
NO, ° OMe © Br
2.21, 34% 2.22, 75%! 2.23, 72%
| |9 @
oY OY0 7O
MeO ° Br ° O.N ©
2.24, 79% 2.25, 80%! 2.26, trace!®
‘ o]
N =
o)
2.27, 43%

[a] Unless noted, the reaction was carried out as following: the mixture of a-keto amines (0.3 mmol),
pyrrolidine (1.5 mmol) and TEMPO (0.03 mmol, 4.7 mg) with Oz balloon were stirred in CH3sCN (1 mL)
under room temperature for 20 h. [b] Isolated yields [c] Stirred at 50 °C for 20 h. [d] Stirred at -35 °C for 20
h. [e] Stirred at room temperature for 72 h.

reaction condition. Next, the effect of altering the substituent on the aniline
moiety was investigated, and it was found that electron-donating para-
substituents were tolerated with good yield (2.24), whereas weakly
electron-withdrawing para-bromo derivative reacts much slower but in
comparable yield (2.25). When subjecting strong electron-withdrawing
para-NO> substituted a-amine keto substrate in the optimal condition,
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only trace 2.26 was detected on TLC after 72 h. Moreover, the substrate
containing a cinnamoyl moiety also gave 2.27 in 43 % yield.

Surprisingly, subjecting a~-methyl keto amine 2.28 to the optimal reaction
condition at 50°C for 20 h resulted in the formation of 2.29 as a single
product. It was believed that the formation of formylamide 2.29 in this case
was due to the oxidative cleavage of the carbon-carbon 8-bond (Scheme
7).

pyrrolidine (5 eq) |

o)
"“\)K TEMPO (0.1 eq) N.__O
©/ CH,CN (1 mL)
0,
2.28 50°C, 0 (1 atm) 2.29

52% yield

Scheme 7. Unexpected formation of formylamide 2.29.

2.3.4 Synthesis of a-keto thioamides and a-keto amidines

Encouraged by these successful examples for the preparation of a-keto
amides, we then turned our attention to the investigation of other oxidants,
such as elemental sulfur and nitrosobenzene. If successful, such
transformations would result in the formation of a-keto thioamides and o~
keto amidines, which both have been recognized as important structural
motifs.%% As shown in Table 4, oxidation of a-keto amines by using
sulfur (10 eq) afforded desired a-thioamides 2.30-2.32 in good to excellent
yields. When nitrosobenzene (2 eq) was used as the oxidant, a-keto
amidines 2.33-2.35 were also obtained in moderate yields.
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Table 4. Synthesis of a-keto thioamide and a-keto amidines.

RZ O pyrrolidine $2 0
! TEMPO (0.1 eq) N
RVN\)kAr = R Ar
CH4CN (1 mL) X
a-keto amine r.t.or50 °C, O, (1 atm) X =S or NPh
2.30-2.35
‘ (0] ?n (0] (0] O
N N LN
SR (1 !
2.30, 95%™M! 2.31, 87%! 2.32, 75%!

O é?%@ %@

2.33, 41% 2.34, 60% 2.35, 49%

[a] Isolated yields [b] The mixture of «a-keto amines (0.3 mmol), pyrrolidine (1.5 mmol), TEMPO (0.03
mmol, 4.7 mg) and sulfur (10 eq) in CH3CN (1 mL) were stirred under an argon atmosphre at 50 °C for 20
h. [c] The mixture of a-keto amines (0.3 mmol), pyrrolidine (0.3 mmol), TEMPO (0.03 mmol, 4.7 mg) and
nitrosobenzene (2 eq) in CH3sCN (1 mL) were stirred under an argon atmosphre at rt for 20 h.

2.4 Proposed mechanism for the pyrrolidine/TEMPO-
mediated oxidation of a-keto amines

To this end, a hypothesized mechanism of the pyrrolidine/TEMPO-
mediated o-oxidation for the synthesis of a-keto amide is shown in
Scheme 8. In the proposed mechanism the reaction starts by the
condensation between a-keto amine 2.15a and pyrrolidine I to provide the
electron-rich enamine 2.36, which is then transformed into radical cation
2.37 in the presence of TEMPO or O by single electron transfer (SET)
oxidation. The beneficial effect of TEMPO might be attributed to its
function as a single electron oxidant which could oxidize the enamines
easier than oxygen.%%’? At the same time, TEMPO" is formed and is in turn
protonated by water, giving TEMPOH and OH".”! Intermediate 2.37 can
then be trapped by O to form peroxyl radical intermediate 2.38.9 Next,
the formed TEMPOH serves as H-donor to reduce the peroxyl radical 2.38
to the iminium ion intermediate 2.39, regenerating the TEMPO catalyst.
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After hydrolysis of the iminium ion 2.39, the a-hydroperoxyl ketone 2.40
can be oxidized to the a~keto amide 2.15 through a Kornblum-Del.aMare-
type reaction.”? Notably, the possibility of a Kornblum-DeLaMare-type
reaction occurring before hydrolysis could not be completely ruled out.
According to these results of 2.25-2.26 from Table 3, we hypothesized that
the enamine intermediate 2.36 with higher electron-density would be
easier to get SET-oxidized by TEMPO to give the corresponding radical
cation 2.37, thus furnishing the a-keto amide products more efficiently.

| (0]
Ph” \)J\Ph N
Ph Ph
2.15a o)
N 2.15
pyrrolidine
H.O Kornblum—-DelLaMare reaction H.O
2 OH
N
Ph”L o TEMPO | 9
236 \/(j< Ph%)J\Ph
A
N TEMPOH N

0
0
AN
Z_
g\%
v
o
Y
o
0
AN
Z_
0
0
(@)
/
@]
T

(\\‘) Oy N 2.39
Q=0 2.38 0
TEMPO

Scheme 8. Proposed mechanism pathway for the a-oxidation.
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2.5 Conclusion

We have developed a fast and convenient procedure for the synthesis of o-
keto amides from easily accessible a-keto amines by an a-oxidation
mediated by pyrrolidine and TEMPO. The method can also be applied to
the synthesis of a~keto thioamides and a-keto amidines with moderate to
excellent yields. In the end, a suggested mechanism pathway for this novel
method is discussed.
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3. Synthesis of anti-a-amino- /-
hydroxy esters and its application in
total synthesis

3.1 Introduction

a-Amino-hydroxy esters and their derivatives is a crucial structural
motif because it is prevalent in a variety of natural products and
biologically relevant compounds, as outlined in the introduction. One
feature to note about the structural motif is that it includes two vicinal
stereocenters and can, therefore, exist as four stereoisomers — with the
hydroxyl and amino group syn or anti to each other and the enantiomers of
both relative configurations (Figure 5). These four different stereoisomers
often show distinct biological profiles by their interactions with the chiral
environment in biological systems. Therefore, it can always be an
attractive and challenging area to develop stereodivergent approaches for
the synthesis of all possible stereoisomers and individually elucidate their
effects in biological systems. In this chapter, we outline our
enantioselective approach to the synthesis of anti-3-alkenyl-2-amido-3-
hydroxy esters using asymmetric transfer hydrogenation (ATH) coupled
with dynamic kinetic resolution (DKR). In order to highlight the versatility
of the methodology, it was applied in the asymmetric total synthesis of the
polyhydroxylated pyrrolizidine alkaloids (+)-alexine (3.78).

OH O oH o
\)\ J\)J\ ’\)J\ R1Jﬁ)\0R2
NH, NH, NH,
(S,9) (RR) (S,R) (R,S)
anti syn

Figure 5. Four different stereocisomers of a-amino-S-hydroxy ester
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3.2 Asymmetric hydrogenation (AH) and asymmetric
transfer hydrogenation (ATH)

3.2.1 Asymmetric hydrogenation (AH)

The asymmetric hydrogenation of prochiral unsaturated substrates, such as
alkenes’>’, ketones”’’, imines’®, and enamines’®, is one of the most
effective and straightforward methods for the preparation of optically
active compounds. This method adds two atoms from hydrogen to one of
two faces of unsaturated compounds catalyzed by a small amount of chiral
transition metal complexes. The most well-known catalytic system for the
asymmetric hydrogenation of various unsaturated compounds is a series of
chiral ruthenium catalysts which was developed by Noyori, who was
awarded the Nobel prized in chemistry in 2001 for his contribution to this
area.?® The well-developed ruthenium-(R)-BINAP dicarboxylate 3.1,3!-3
ruthenium-(R)-BINAP  halogen-containing®*%> complexes 3.2, and
ruthenium-(R)-BINAP/diamine®*?” complexes 3.3 have all been used in
asymmetric hydrogenation of functionalized olefins, functionalized
ketones, and simple ketones, respectively (Figure 6).

TOm O OO
P | j:Rz

P\F\J /O RuX,L, Ru
N 0 o Clll\” g Rs
crrEly OO S
X = halogen (R)-BINAP/(S)-Ru(ll) catalyst
34 3.2 3.3

Figure 6. Three kinds of ruthenium-(R)-BINAP complexes.

The asymmetric hydrogenation of f-keto ester 3.4 for the preparation of
Shydroxy ester 3.5 could be catalyzed by ruthenium-BINAP halogen-
containing complex in high enantiomeric purity (Scheme 9)%8, wherein the
coordinative oxygen in the ester group played an important role to direct
the reactivity and stereochemical outcome in an absolute sense.?>
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RuX,(BINAP) OO PPh,

0O O X=Cl, Br,or | OH O

R1JJ\/U\OR2 g R1UJ\OR2 OO PPh,

H, (50-100 atm)
3.4 3.5

(R)-BINAP

Scheme 9. Asymmetric hydrogenation of p-keto ester.

3.2.2 Asymmetric transfer hydrogenation (ATH)

Hydrogenation can broadly divide into two employed strategies: direct
hydrogenation with a pressure of H> gas and transfer hydrogenation.
Transfer hydrogenation, referring to the homogenous process where a
proton and a hydride are transferred from a non-H» hydrogen source to the
substrate, is a convenient and powerful method to access various
hydrogenated compounds. It is an attractive alternative to direct
hydrogenation since it doesn’t need high pressure therefore doesn’t require
any specialized equipment or safety measures.”

2-Propanol has often been used as hydrogen donor for the asymmetric
transfer hydrogenation of ketones and imines because it is stable, easy to
handle, non-toxic, and inexpensive.”! Although the asymmetric transfer
hydrogenation using 2-propanol give satisfactory results in terms of both
reactivity and selectivity,”? an inherent drawback of the process is the
reversibility due to the fact that this reaction is a concerted process.”® More
specifically, the formed acetone (3.9) could also be reduced by the same
catalyst using alcohol 3.8 as the hydrogen donor (Scheme 10). Based on
this, even though the reduction proceeds with excellent enantiomeric
purity of the product, the reverse process lowers the enantioselectivity after
prolonged exposure of the reaction system to the catalyst.”*
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chiral OH

O
OH Ru-catalyst " 0
: /‘\ ’ A
3.6 3.7 @ 3.8 3.9
5 &

Toe--H-- -Ru--
‘. ‘\/‘Ph

3.10
transition state

Scheme 10. Asymmetric transfer hydrogenation of acetophenone using 2-propanol as hydrogen donor.

This drawback is overcome when using formic acid as the hydrogen source
for the transfer hydrogenation. Mechanistic studies have suggested that the
reaction of formic acid with the ruthenium-ligand complex is a stepwise
process. First, formic acid (3.12) reacts with the ruthenium-ligand complex
3.11 via an anti-addition of H" and HCOO" on ruthenium-nitrogen bond in
3.11, leading to the kinetically favorable complex 3.13 (Scheme 11). Then,
the resulting formate complex 3.13 gives rise to the hydride complex 3.15
through decarbonylation. It should be noted that the activated ruthenium-
hydride catalyst 3.15 can also participate in the CO; activation through the
formation of intermediate 3.14, giving back formic acid, which makes this
process reversible. On account of the reversibility, the CO2 should be
effectively removed from the catalytic system to avoid the reverse

reaction.”>%
T
HOTH SN-—--R\U»*OYH R‘u H o oo,
|
Phr\ ‘ Ph’%N\ 0 Ph’\
3. 12 PH’ “H’
3 11 3.13 3 15
anti-addition
'N-—--RU—H\LT/;O

Ph H. ‘ !

N._ /'OB’
LT

3.14

Scheme 11. Possible mechanism for the formation of Ruthenium-hydride catalyst.
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3.3 Synthesis of a-amino—/-hydroxy ester

3.3.1 Kinetic resolution (KR) and dynamic kinetic resolution (DKR)

The asymmetric hydrogenation (AH) or asymmetric transfer
hydrogenation (ATH) of racemic a-amino-f-keto esters coupled with
kinetic resolution (KR) or dynamic kinetic resolution (DKR) can give rise
to a-amino-f-hydroxy esters with a single stereoisomer out of the four
possible stereoisomers. In these approaches, two contiguous stereocenters
are constructed in a single operation.

Kinetic resolution is based on that one enantiomer of the substrate reacts
much faster than the other under asymmetric condition. As shown in
Scheme 12a, under suitable catalytic condition, it is possible that
enantiomer 3.16a react much faster than enantiomer 3.16b (k.i>>k:),
giving the o-amino-f-hydroxy ester 3.17a over than 3.18a through
asymmetric transfer hydrogenation or asymmetric hydrogenation. On the
other hand, the slower reacting enantiomer 3.16b of the starting material
can be recovered entirely, without any formation of 3.17b or 3.18b. The
limitation of this strategy is that the theoretical maximum yield of the
desired product is 50% due to the recovery of the non-productive starting
material.

A more elegant strategy would be if the starting a-amido-/f-keto ester was
able to racemize, giving rise to a dynamic kinetic resolution (DKR)
(Scheme 12b). In this case, if the rate of racemization between 3.16a and
3.16b is faster than the reaction (krac>kr1>>k:2), and the ATH/AH condition
is favored to give rise to 3.17a over than 3.17b, the asymmetric synthesis
of 3.17a as the only product is possible and the theoretical yield can be
100%.

Hence, the asymmetric hydrogenation (AH) or asymmetric transfer
hydrogenation (ATH) coupled with dynamic kinetic resolution (DKR) can
be used as a powerful technique for the stereoselective synthesis of a-
amino-f-hydroxy esters from racemic a-amino-/-keto esters.
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3.16a 3.17a 3.18a
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o 0 'Tz OH O OH O
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1 2 —_—> 2 + /'\l/u\ 2
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NH; condition NH; NH;
3.16b 3.17b 3.18b

Scheme 12. a) Kinetic resolution of a-amino-/keto ester. b) Dynamic kinetic resolution of a-amino-f-keto ester.

3.3.2 Synthesis of syn-a-amino-f-hydroxy ester via AH/ATH coupled
with DKR

To date, two examples for the enantioselective synthesis of syn-a-amino-
[hydroxy ester 3.20 using AH/DKR with a ruthenium catalyst and
bisphosphine ligand have been reported by Noyori and Genét.”**® The
observed enantioselectivity can be accredited to the coordination of the
ruthenium complex to the substrate 3.19 in the transition state, where the
metal can be coordinated to the ester moiety 3.21 or the carbonyl moiety
of the amide 3.22 (Scheme 13).”7%® Very recently, Zhang reported a highly
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Zhang reported a highly diastereo- and enantioselective access to syn-ao-
amido-f-hydroxy esters via ruthenium-catalyzed AH coupled DKR which
tolerated several functional groups.”’

B 3
<F,/'er o OR
U~~c
P'A,B)J&H
o o RuBr,(S)-synphos OH O R =0
T R2
o oo teooam o A I 3.21

NHCOR? . B

NHCOR? o |
R R?
3.19 <o O 3.20 <P' |“\
PPh, HO o¢<

o]

(S)-synphos

Scheme 13. Access to syn-a-amino-S-hydroxy ester via AH/DKR and the proposed transition states.

Due to the drawbacks of asymmetric hydrogenation, such as high pressure,
specialized equipment, and air-sensitive catalysts being required, the ATH
coupled with DKR is more attractive for the synthesis of such compounds.
The earlier research was devoted to the ruthenium-catalyzed ATH/DKR of
Boc-protected a-amino-fketo ester using diamine or vicinal amino
alcohol as chiral ligands, and formic acid as the hydrogen source.!%%-10!
These reactions are believed to proceed through a six-membered transition
state. In 2017, Wang developed an efficient asymmetric synthesis of
enantiomeric pure syn-aryl a-dibenzylamino-S-hydroxy esters 3.25 via
ATH/DKR using oxo-tethered catalyst 3.24. It was found that the dibenzyl
substituent at the nitrogen atom may play a key role in the stereoselectivity
(Scheme 14a).!2 The first rhodium-catalyzed ATH/DKR for the
stereoselective synthesis of a-benzoylamido-/-hydroxy ester 3.27 with a
tethered rhodium-DPEN complex 3.28 was reported by Ratovelomanana-
Vidal and Phansavath in 2018 (Scheme 14b).'®
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Scheme 14. Access to syn-a-amino-S-hydroxy ester via ATH/DKR

3.3.3 Synthesis of anti-a-amino-f-hydroxy ester via AH/ATH coupled
with DKR

Genét, and subsequently Hamada, disclosed an enantioselective synthesis
of anti-a-amino-f-hydroxy ester through AH/DKR of the hydrochloride
salt of a-amino-f~keto esters using a similar ruthenium catalyst and a
biphosphine ligand.”®!1%410> Two different rationales for the origin of the
observed anti-diastereoselectivity are proposed. Genét suggested the
chair-like transition state 3.29 with the ketone and ester carbonyl chelated
to the ruthenium and the ammonium salt in a favored equatorial position,”®
while Hamada envisioned this AH through the five-membered transition
state 3.33 with the 2-amino substituent as a directing group (Scheme
15).1% Furthermore, Hamada has also developed a series of methods for
the enantioselective synthesis of anti-a-amino-f-hydroxy esters from
hydrochloride salt of a-amino-fketo ester using other metal catalysts,
such as Rh, Ir, and Ni. All protocols give excellent yields,
diastereoselectivities and enantioselectivities for a broad range of
substrates,33:106-108
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Scheme 15. Stereochemical model for anti-stereoselectivity

We commenced our investigation for an ATH/DKR approach towards
enantioselective synthesis of anti-a-amino-S-hydroxy ester,3%10%110
Excellent results in terms of yields, diastereo- and enantioselectivities
were achieved for a wide range of a-amino-f-keto esters 3.34 in organic
solvents, emulsions or water system catalyzed by Ru/(S,S)-BnDPAE
complex. In addition, a model for predicting the stereochemical outcome
was proposed. The formation of a cyclic intermediate 3.34 with an
intramolecular hydrogen bond between N-H and the carbonyl played an
important role to control the addition direction of the hydride (Scheme
16a).!'"! In accordance with this hypothesis syn diastereomer 3.37 is the
major product when using the doubly protected a-amino-f-keto esters
3.36 as the substrate (Scheme 16b).

6 9 0---H OH OH O
— NB - B = -
g A OR = A7 P A S NHBoe = OR
NHBoc COOR COOR NHBoc
3.34 3.34 3.35 3.35

Re face attack

OH O

9 9 [RuCl,(benzene)], R
: OMe > K OMe
b) _NBoc (S.S)-BnDPAE _NBoc
HCOOH:Et3N (5:2) dr72:28

syn : anti
3.37

3.36

Scheme 16. a) Stereochemical model b) Reduction of doubly protected a-amino-f-keto ester
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3.4 Aim of the project

The focus of this project was to investigate a chemoselective 1,2-reduction
of 3-alkenyl-2-amido-3-keto esters in preference of a 1,4-reduction of the
enone moiety, for the synthesis of anti-3-alkenyl-2-amido-3-hydroxy
esters. The existence of a vinylic group in the 3-position of a-amino-f-
hydroxy ester allows for additional stereoselective manipulation and a
broader application in the total synthesis of polyhydroxylated pyrrolizidine
alkaloids.

3.5 Development of methodology

3.5.1 anti-3-Alkenyl-2-amido-3-hydroxy ester and its application in total
synthesis

As already mentioned, the a-amino-f-hydroxy ester is an important
structural motif, which can be found in a variety of biologically relevant
compounds and can serve as a platform for the preparation of other
valuable molecules. Although AH/ATH coupled with DKR is an effective
and straightforward approach for the stereoselective synthesis of such
compounds, the utilization of this method in synthesis of polyhydroxylated
alkaloids, compounds with biological activities,!'>!!3 is found to be
problematic because the scope of substrate is limited to aryl or aliphatic o~
amino-f-keto ester. We speculated that this problem could be overcome
by incorporation of a vinyl moiety in 3-position of a-amino-f-hydroxy
ester. For example, anti-3-alkenyl-2-amido-3-hydroxy ester 3.39, which in
turn is derived from easy accessible 3-alkenyl-2-amido-3-hydroxy ester
3.38 through ATH/DKR, can be a key intermediate in the asymmetric total
synthesis of polyhydroxylated alkaloids after additional stereoselective
manipulation (Scheme 17).
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Scheme 17. Proposed route from 3-alkenyl-2-amido-3-keto ester to polyhydroxylated alkaloids.

3.5.2 Preliminary study

The investigation was initiated by examining the ATH of ester 3.40 using
our previously optimized condition, yielding a complex mixture of
products, with the major product being a-amino-fhydroxy ester 3.42, in
which both reduction of the carbon-carbon double bond and the carbonyl
group was observed. In addition, substrate 3.40 proved relatively unstable
and decomposed after one week even when stored at -20°C, probably
through an intramolecular Michael addition. It has been reported that o-
methoxy-/-keto ester 3.43 was successfully applied for the synthesis of
allylic syn-1,2-diol 3.44 derivatives with excellent yields, distereo- and
enantioselectivities through ATH/DKR.!'*!!5> We, therefore, turned our
attention to a similar substrate 3.45, in hope that the phenyl group might
reduce 1,4-reduction. Again, a mixture of desired product 3.46 and over-
reduction product 3.47 were obtained; however, the desired product 3.46
was produced as the major product, with low dr (71:29). (Scheme 18)
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R
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Scheme 18. a) and c) Attempted reduction of 3.40 and 3.45. b) Known reduction of 3.43.

3.5.3 Optimization of reaction conditions

Encouraged by the preliminary findings, we then decided to test the
reduction of substrate 3.48a, in which the conjugate reduction should be
hindered. Subjecting 3.48a to the ATH condition described above resulted
in a complex mixture of anti-product 3.48, having low dr and moderate er,
and the over-reduced product 3.49 in poor selectivity (Table 5, entry 1). A
variety of benzyl protected amino alcohol ligands (3.51-3.58) were then
explored in hope of improving the chemo-, diastereo-, and
enantioselectivity of the reaction, but in all cases the results were not
satisfactorily (entries 2-9). We then turned our attention to testing the
unprotected ligands 3.59-3.61 (entries 10-12). Ligand 3.61 eventually
provided the highest enantioselectivity, although the reaction also gave a
mixture of desired product and over-reduction product in a 2.5:1 ratio. It
was then decided to explore different ruthenium dimer catalysts together
with ligand 3.61 (entries 13-15). It was found that ruthenium dimer
catalysts incorporating a substituted arene moiety gave improved
chemoselectivity with only trace amounts of the over-reduction product,
the best result being obtained with [RuCly(mesitylene)],. (entry 14)
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Table 5 Screening of catalysts and ligands [

o o [RuCly(arene)], QH (e} OH O
ligand -
X o 9 X oMe * OMe
e
NHCbz HCOOH:Et;N (1.5:3) NHCbz NHCbz
CH,Cly, rt desired product over-reduction product
3.48a 3.5-7d 3.48 3.49
OH OH OH NH OH OH
= N2 =
: Ph : :
P 7" Ph/'\;/Ph Ph/'\f ph PN Ph/'\;/Ph ph "
Bn/NH Bn/NH Ar<_NH NHZ NHZ NH,
(S,S)-BnDPAE (R,S)-BnDPAE (R,S)-BnDPAE (S,S)-DPEN  (R,S)-DPAE  (S,S)-DPAE
3.50 3.51 3.52-3.58 3.59 3.60 3.61
. . 3.48a 3.48 3.49 dr 3.48 .
[d]
entry Ru dimer Ligand (%)) (%)) (%)P! (anti:syn) er (anti)
1 benzene 3.50 5 50 20 55:45 88.5:11.5
2 benzene 3.51 21 41 16 89:11 7:93
3 benzene 3.52 (Ar=2,4.6- 38 14 10 75:25 85.5:14.5
trimethylphenyl)
4 benzene 3.53 (Ar=1- 25 27 13 84:16 89.5:10.5
naphthyl)
5 benzene 3.54 (Ar=4- 35 33 15 87:13 88:12
methylphenyl)
6 benzene 3.55 (Ar=4- 24 43 17 86:14 87.5:12.5
methoxylphenyl)
7 benzene 3.56 (Ar=4- trace 50 18 87:13 88:12
biphenyl)
3.57 (Ar=3,5-di- . .
8 benzene tert-butyl phenyl) trace 58 19 74:26 75:25
9 benzene 3.58 (Ar=4-tert- 400 go 23 88:12 93.5:6.5
butyl phenyl)
10 benzene 3.59 0 trace 71 - --
11 benzene 3.60 35 15 5 87:13 12.5:87.5
12 benzene 3.61 trace 50 20 80:20 95:5
13 p-cymene 3.61 33 47 trace 85:15 90.5:9.5
14 mesitylene 3.61 20 65 trace 91.5:8.5 93:7
15 hexamethylbenzene 3.61 34 28 trace 83:17 58:42

[a] Reaction performed with 0.1 eq of [RuClz(arene)]z, 0.2 eq of ligand heated in 2-propanol (0.3 mL) at 80 °C for
1 h. After cooling to room temperature, the catalyst was then added to the a-amino-S-keto ester 3.48a 0.2mmol
(1 eq) with HCOOH/EtNs (1.5 eq/3 eq) complex. [b] Isolated yields. [c] Determined by NMR spectroscopy of
crude reaction mixture. [d] Determined by chiral HPLC analysis (Chiralcel IA).

In order to further improve the reaction outcome, the screening of reaction
solvent and catalytic loading were then carried out (Table 6). This revealed
that the reaction was compatible with various solvents, while performing
the reaction in MeOH or CH3CN did not improve the outcome (entries 2-
3). On the other hand, the use of other solvents afforded similar results in
terms of yields and stereoselectivities as CH>Cl, (entries 4-8). In all cases
the starting material 3.48a was not fully consumed even after 7 days at
room temperature. Since the best result was obtained when using dioxane
(entry 8), this solvent was then selected as the reaction solvent for the final
optimization of catalyst loading (entries 9-11). It was observed that the
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best result, 72% yield of 3.48 with 95:5 dr and 96.5:3.5 er, was obtained
when using only 5 mol% of the catalyst (entry 11).

Table 6 Optimization of reaction conditionl?!

o o [RuCly(mesitylene)], OH O OH O
(S,S)-DPAE N
X OMe > OMe + OMe
NHCbz HCOOH:Et3N (1.5:3) NHCbz NHCbz
solvent, rt desired product over-reduction product
3.48a 3.5-7d 3.48 3.49
ent Ru/ligand solvent 3.48a 3.48 3.49 dr 3.48 er (anti)®
Ty (mol%) (%) (%)) (%)) (anti:syn)©
1 20 CH2Cl2 20 65 trace 91.5:8.5 93:7
2 20 MeOH 49 24 trace 86:14 89.5:10.5
3 20 CHsCN 26 37 trace 85:15 85:15
4 20 CHsCls 13 57 trace 94.5:5.5 96:4
5 20 toluene 11 63 trace 93.4:6.6 96:4
6 20 Et2O 11 61 trace 94.3:5.6 96:4
7 20 iPrOH 16 58 trace 92.5:7.5 95:5
8 20 dioxane 8 68 trace 93:7 95.5:4.5
9 15 dioxane 11 68 trace 93:7 96:4
10 10 dioxane 15 60 trace 94:6 96:4
11 5 dioxane 12 72 trace 95:5 96.5:3.5

[a] Reaction performed with [RuClz(mesitylene)]z, (S,S)-DPAE heated in 2-propanol (0.3 mL) at 80°C for 1 h.
After cooling to room temperature, the catalyst was then added to the a-amino-B-keto ester 3.48a 0.2 mmol (1
eq) with HCOOH/EtNs (1.5 eq/3 eq) complex. [b] Isolated yields. [c] Determined by NMR of crude products. [d]
Determined by chiral HPLC analysis (Chiralcel 1A).

3.5.4 Scope of 3-alkenyl-2-amido-3-keto esters

With the optimized conditions in hand, the next step was to evaluate the
scope of the reaction. The influence of the ester moiety in the substrate was
negligible as the anti-3-alkenyl-2-amido-3-hydroxy esters 3.48, 3.62-3.64
were all produced from corresponding starting materials in good yields and
high selectivities, respectively. However, the reaction outcome was highly
dependent on the amino protecting group, with N-acetyl and N-benzoate
protected substrates gave the corresponding products 3.66 and 3.67 in
lower yields and selectivities compared to 3.48, while the N-Boc protected
substrate gave 3.65 with equally good result. The ATH reaction proved to
be sensitive to the substitution at the olefin moiety with substrate 3.68a,
having a disubstituted alkene, giving mostly over-reduced products
derived from both 1,4- and 1,2-reductions and only minor amounts of 3.68.
Substrates having a trisubstituted and 1,1-disubstituted olefin moiety
performed well in the ATH reaction and delivered the corresponding
products 3.69 and 3.70 in excellent yields, dr and er. Similarly, products
3.71-3.73, having a conjugated olefin moiety, were obtained in moderate
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yields, dr and er in the reduction, while 3.74a and 3.75a did not give the
desired products.

Table 7 Scope of 3-alkenyl-2-amido-3-keto estersfallclld

[RuCly(mesitylene)], (2.5 mol%)

R 0 O RZ OH O
S (S,S)-DPAE 5 mol% =
R! OR* > RITY OR*
dioxane (1mL), iPrOH 0.3 mL
3.48a, 3.62a-3.75a it time 3.48, 3.62-3.75
OH O OH O OH O O OH 0
WOMe WOEQ wo )\/\‘)ko/'%
NHCbz NHCbz NHCbz NHCbz
3.48 3.62 3.63 3.64
6d, 72%(84%)! 7 d, 78%(87 %) 7 d, 66%(79%) 7 d, 72%(83%)!
dr 95:5 dr 96.4:3.6 dr92.8:7.2 dr94.5:5.5
er 96.5:3.5 er 97.5:2.5 er 97:3 er 96.4:3.6
QH o QH o
X OFEt YNH PhYNH A\/%OB
NHBoc o) fo) NHBoc
3.65 3.66 3.67 3.68
7 d, 67%(86%)! 7 d, 58%(73%)! 2d, 67%(75%)® 2d,<10%
dr97:3 dr 74:26 dr 83.7:16.3 dr n.d.
er 97:3 er 81.7:18.3 er 83.4:16.6 ern.d.
OH O OH O OH 0 OH O
b < < \ ~
WOMe WOMe WOB OEt
NHCbz NHCbz NHBoc NHBoc
3.69 3.70 3.7 3.72
1d,91% 1d, 60% 1.5d,77% 6d, 61% (92%)!
dr >95:5 dr >95:5 dr 85:15 dr91:9
er 98:2 er 98.5:1.5 er 92:8 er 88.5:11.5
QH (]
S
Moa OH O OH O
NHBoc 2 :
Br /\NOEt MSOMOB
3.73 NHBoc (o] NHBoc
3d, 43% (85%)
dr92.3:7.7 3.74 3.75
er 90.1:9.9 3d,nr. 3 d, complex mixture

[a] Reaction performed with [RuClz(mesitylene)]. (0.025 eq.) and (S,S)-DPAE (0.05 eq.) heated in 2-
propanol (0.3 mL) at 80 °C for 1 h. After cooling to room temperature, the catalyst was then added to the
3-alkenyl-2-amido-3-keto esters (0.2 mmol, 1 eq.) and HCOOH/EtN3 (1.5 eq/3 eq) in dioxane (1 mL). [b]
Isolated yields. [c] dr determined by 'H NMR analysis of the crude reaction mixture. [d] er determined by
chiral HPLC. [e] Isolated yields based on recovered start material. n.d. = not determined. n.r. = no
reaction.
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3.5.5 Stereochemical model

As described in Section 3.3.3, we believe that the diastereofacial
discrimination in this ATH can be rationalized by the formation of a 5-
member ring intermediate 3.48a, where an intramolecular hydrogen bond
exists between the N-H and the carbonyl group. Subsequently, the hydride
from the catalytic complex will attack the carbonyl from the less hindered
face, and lead to the formation of anti-product 3.48. (Scheme 19)

o o] O‘”’I'! OH OH O
WOME = )\/K/NCbZ —»)\/\/NHCbZ = w

NHCbz EooMe ¢ooMe NHCbz

3.48a 3.48a 3.48 3.48

Scheme 19 Stereochemical model

The formation of anti-configuration of 3.48 was proved by the synthesis
of oxazolidinone 3.77 in two steps. The J-coupling constant of the relevant
hydrogen is 8.4 Hz, which indicates that the oxazolidinone should be
cis.''% (Scheme 20)

(0]
OH O y F(":/C ) OH O o 4.41(d, J=84,1H)
X 2 (1 atm 2 riphosgene NH
X OMe ——» OMe — H%,_DH[
NHCbz NH; >\\ “COOMe
3.48 3.76 3.77

Scheme 20. Proof of the anti-configuration in 3.48.

3.6 Total synthesis of (+)-alexine

3.6.1 Background

Polyhydroxylated pyrrolizidine alkaloids are a group of naturally
occurring alkaloids based on the structure of pyrrolidine. Most of these
compounds have the potential to be selective glycosidase inhibitors and
antiviral or antiretroviral agents.?>!1311¢-118 Ag one of the most important
polyhydroxylated pyrrolizidine alkaloids, (+)-alexine 3.78 have been
isolated from genera Alexa.!'® It exhibits potent inhibitory activity toward
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carbohydrate-processing enzymes!?’ as well as antiviral and retroviral

activities.!!” Therefore, several efforts in its total syntheses have been
documented.!?!"!23 However, many of the earlier synthetic methods used
carbohydrates as starting materials, that require several protecting-group
manipulations, thereby making the total number of steps relatively high.

7a
HO | OH on
1T~ 1 oH O
HO— N 6 [— X OMe/Et
34 5 NHCbz
HO—
(+)-alexine
3.78 3.48/3.62

Scheme 21. Planned strategy for the synthesis of (+)-alexine

We envisioned that (+)-alexine (3.78) could be derived from a divergent
route starting from anti-3-alkenyl-2-amido-3-hydroxy ester 3.48/3.62,
which we anticipated could be synthesized by using the ATH/DKR of 3-
alkenyl-2-amido-3-keto ester. (Scheme 21)

3.6.2 Total synthesis of (+)-alexine

To demonstrate the applicability of the developed methodology it was
decided to apply it to an effective total synthesis of the polyhydroxylated
pyrrolizidine alkaloid (+)-alexine 3.78. Our retrosynthetic proposal is
shown in Scheme 20 and relies on the reported double-cyclization of
epoxide 3.79. The key alkene 3.80 could arise from a Grignard or Barbier
reaction of 3.81 followed by an intramolecular metathesis reaction with an
alkene. (Scheme 22)

OPg
LG < QPg
T OPg —— LG ~
O OH NHPg 7Y OPg
OH NHPg
(+)-alexine
378 379 3.80
OPg OH O
— [ Y P —— WOMe/Et
O NHPg NHCbz
3.81 3.48/3.62

Scheme 22. Retrosynthetic analysis of (+)-alexine (3.78).

The total synthesis of (+)-alexine is initiated by the scalable ATH/DKR of
3-alkenyl-2amido-3-keto ester 3.62a, yielding 3.62 with 87 % (brsm)
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yield, 96:4 dr and 97:3 er. Reduction of 3.62 with NaBHa4, followed by
protection of the resulting 1,3-diol provided bis-BOM compound 3.82 in
78% yield over two steps. We opted for the BOM protection group because
we had previously shown that a TBS group would mainly result in the
formation of the undesired Felkin-Anh product in the subsequent Grignard
addition. The BOM protecting group, on the other hand, is more prone to
deliver the chelation controlled product.'?* (Scheme 23)

o o OH O OBOM
ATH/DKR P a) NaBH,, EtOH, rt S
N ot —— > OEt —  » OBOM
NHCbz b) BOMCI, iPrNEt, NHCbz
NHCbz CHClg, 1t
3.12g 3
3.62a yield 77% (87% brsm) 78% (two steps)
dr 96:4
er 97:3
3.62 3.82

Scheme 23. Synthesis of bis-BOM compound 3.82

Different conditions were evaluated for the 1,2-addition reaction of the
aldehyde 3.83 which are derived from compound 3.82 through ozonolysis.
It was envisioned that the correct C1 stereochemistry required for (+)-
alexine (3.78) could be installed by a chelating-controlled addition to 3.83,
in which the ether in BOM and oxygen in aldehyde could chelate with the
Grignard reagent and exerts the major stereo-directing effect. On the
contrary, a Felkin-Anh controlled nucleophilic addition to aldehyde 3.83,
in which the BOMO moiety act as a large group, is expected to furnish the
undesired C1 stereoselectivity. It should also be noted that the S-NH has
the possibility to form a hydrogen bond to the aldehyde, thus resulting in
a more complicated outcome. Treatment of aldehyde 3.83 with vinyl
magnesium bromide at -78 °C afforded compound 3.84 as a mixture of two
diastereoisomers in a ratio of 50:50 (Table 8, entry 1). Repeating this
reaction at 0 °C result in an improved ratio, but still not satisfactory (entry
2). Next, a bidentate Lewis acid (MgBreOEt;) and a noncoordinating
solvent (CH2Cl>) was used in order to further increase the chelation.!?
However, the ratio still remained rather low (entry 3). Furthermore, when
this reaction was repeated in CH>Clz and using ZnCl; as Lewis acid, the
best result was obtained with 58 % yield and 75:25 ratio (entry 3).!2¢
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Table 8. Diastereoselevtive vinylation for the synthesis of 3.84.
a) 0Oy/DMS

OBOM OBOM OBOM
P DCM, -78°C-rt R B
ogoM ————— > > osom ¢ Z Y osom
NHCbz b) vinyl MgBr, (5 eq) OH NHCbz OH NHCbz
desired 3.84b
3.82 3.84a
OBOM
o0 =
through X OBOM
NHCbz
3.83, not ioslated
entry solvent Lewis acid (eq) teperature (°C) yield (% two steps)®  3.84a : 3.84b[)
1 THF -- -78°C n.d. 50:50
2 THF -- 0-rt n.d. 67:33
3 DCM MgBr2+OEt2 (3) -78°C - rt n.d. 67:33
4 DCM ZnCl2 (2.5) -78°C - rt 58 75:25

[a] Isolated yield. [b] Determined by 'H NMR analysis of the crude reaction mixture. n.d. = no determined

Subjecting 3.84, as a mixture of diastereomers, to 4-butenol p-tolyl-
sulfonate in the presence of Grubbs' 2nd generation catalyst, followed by
hydrolysis of the BOM protecting groups furnished diols 3.85. Column
chromatography of the mixture gave diasterecomer 3.85a in 67% yield and
dr>95: 5. (Scheme 24)

a) Grubb's 2nd cat.

DCM, rt
0BOM Z>"0Ts OH
: 0 OH
, 44% (64% brsm) : 0
= OBOM 2 OH . TsO - - oH
OH NHCb 5
z b) HCI, MeOH OH  NHCbz OH NHCbz
dr 3:1 0°Crt desired
3.84 67%, E/Z > 95:5 21%, E/Z > 955

3.85a 3.85b

Scheme 24. Metathesis reaction and the separation of 3.85a.

Next the stage was set for the neighboring group directed epoxidation of
3.85a. We accomplished the neighboring group directed epoxidation of
3.85a using Ti(OiPr)s and S-hydroperoxy alcohol 3.86, yielding anti
epoxide 3.87 in 78% yield as the only detectable isomer.!?” Deprotection
of 3.87 (Pd/C, H>, MeOH) followed by purification on silica gel afforded
(+)-alexine (3.78) in 76% yield as a white solid. The '"H-NMR and '3C-
NMR data, melting point and the optical rotation (mp 160-162°C, [a]** =
+42.1 (¢ 0.3 in H>O)) were in good agreement with the published data for
(+)-alexine!'*!22 (mp 162— 163 °C, [a] = +40 (¢ 0.25 in H>0)). (Scheme
25)
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150 9H Ti(OiPr)s, DCM
S 0 OH —— >
OH NHCbz
3.85a HOO OH

3.86

Scheme 25. Synthesis of (+)-alexine (3.78).

3.7 Conclusions

In summary, we have applied the ATH/DKR strategy for the operationally
straightforward synthesis of anti-3-alkenyl-2-amido-3-hydroxy esters
from the corresponding racemic 3-alkenyl-2-amido-3-keto esters. This
method is compatible for a broad range of starting material in moderate
yields with high chemo-, diastereo-, and enantioselectivities. In addition,
the key anti-3-alkenyl-2-amido-3-hydroxy esters product was applied in
asymmetric total synthesis of alexine 3.78, which also highlights the
versatility of the developed methodology. We believe that the anti-3-
alkenyl-2-amido-3-hydroxy esters also can serve as an intermediate in the
total synthesis of other polyhydroxylated alkaloids containing the anti-

amino alcohol subunit.
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4. Formal hydroamination of
enamines for the synthesis of chiral
1, 2-diamines

4.1 Introduction

The importance and the main synthetic approaches for the 1,2-diamine
structural motif have been described in Chapter 1.5. This introduction will
mainly focus on the hydroamination, Cu-H catalytic formal
hydroamination, and hydroamination for the preparation of 1,2-diamines.

4.1.1 Hydroamination

Hydroamination is the direct formation of a C-N bond by the addition of
an N-H bond across C-C multiple bonds of an alkene, alkyne, diene, allene.
This effective strategy has always attracted attention from the scientific
community as it allows for relatively simple starting materials to be readily
transformed into N-containing compounds, such as amines and
enamines.'?313% The addition of nucleophilic N-H across a C-C multiple
bonds is kinetically difficult because the high electron density of the
nucleophile and m-electrons of the C-C multiple bonds repel each other.
Therefore, noncatalytic hydroamination always requires either strongly
acidic condition'*"1*? where the C-C multiple bond is protonated and
which is then followed by the addition of an amine, or strongly basic
condtion'3*13* where the generation of a nucleophilic metal amide makes
the attack on the C-C multiple bond easier.

In comparison to noncatalytic hydroamination, metal-catalyzed
hydroamination could be achieved under milder conditions, because the
coordination of the metal catalysts mimics the action of the proton, and the
C-C multiple bond can reduce the electron density of m-system, thus
enabling the formation of C-N bond. The mechanistic pathways of metal-
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catalyzed hydroamination can roughly be divided into four categories
depending on their initiating step.

a) C-C Multiple bond activation (Scheme 26).

In this mechanism, the C-C multiple bond is activated by coordination to
a Lewis-acidic metal complex, and the C-N bond is formed by anti-
nucleophilic attack of amine 4.2 on the coordinated C-C multiple bond.
The carbon-metal bond in 4.3 is then cleaved through direct protonolysis
or protonation at the metal center followed by reductive elimination.
Finally, the starting catalytic complex 4.1 is regenerated from metal-amine
complex 4.5 through ligand exchange with another C-C multiple bond. As
an example, Hull reported a rhodium-catalyzed anti-Markovnikov-
selective hydroamination of homoallylic amine. The proximal Lewis basic
amine serves to promote reactivity and enforce regioselectivity through the
formation of the favored metallacycle.!®

HNR,

\ HNR,
= 4.2

[MI-NHR,
45

®
Heo™NR, [M?\/\NHZRQ
4.4 4.3

HNR,
Scheme 26. C-C multiple bond activition pathway.

b) Amine activation (Scheme 27).

The coordinatively unsaturated metal center activates the amine by ligand
exchange or oxidative addition of the N-H bond. The formed amido
hydrido complex then coordinates to a C-C multiple bond, followed by
migratory insertion of the C-C multiple bond into the M-N bond. After the
C-H reductive elimination, the product is liberated. A neutral iridium
catalyzed hydroamination of allylic acetate under basic condition probably
follows this pathway.!3¢
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¢) Metal-hydride catalytic complex.

Scheme 27. Amine activation pathway

The metal-hydride could be formed by a various way. For example,
oxidative addition of carboxylic acid or acidic N-H to the metal center has
been described. Other methods for the preparation of metal-hydride
includes dehydrogenation of alcohols and hydride transfer from silanes.
Like the pathway b, the metal-hydride pathway also involves the migratory
insertion of the C-C multiple bond into the M-H bond, and the C-N bond
is formed in the subsequent reductive elimination step. The Cu-H
catalyzed formal hydroamination pathway will be further discussed later
in this introduction (See 4.1.2).

d) Formation of vinylidene complex (Scheme 28).

This mechanistic pathway has only been described for the ruthenium-
catalyzed hydroamination of alkynes.!3” The catalytic cycle starts with the
formation of Ru-H species 4.11 followed by insertion of an alkyne to give
intermediate 4.12. The resulting Ru(II)-vinyl complex 4.12 rearranges to a
Ru(IV)-hydride-vinylidene species 4.13 via a-hydride transfer. Finally,
reductive elimination releases the enamine product 4.14 and regenerates
the Ru(0) catalyst.

414 NHR,
4.2
L,Ru
4.10
RoN,
Ly4Ru= c4
4_13 L RuNR2 411
i I
Ly Ru
412

Scheme 28. Pathway through the formation of vinylidene
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4.1.2 Cu-H catalyzed formal hydroamination

In 2013, the groups of Hirano, Miura!*®, and Buchwald'*® independently
developed a copper-catalyzed enantioselective formal hydroamination of
alkenes with O-benzoylhydroxylamines in the presence of an excess
hydrosilane. Since then, this approach has been well demonstrated for a
broad range of alkene and alkyne substrates'*-!#4 including
vinylsilanes!#, alkenyl dan boronates (dan = 1,8-diaminonaphthyl)!4S,
vinylphosphines!#” and 1-trifluoromethylalkenes'¥®. The proposed
mechanism of this reaction is shown in Scheme 29. Treatment of
Cu(OAc): 4.18 and (R)-DTBM-segphos 4.17 likely give rise to a Cu-
ligand complex, which was converted into the catalytically competent Cu-
H 4.21 through transmetalation with silane 4.19. Alkene 4.15 inserts into
the Cu-H bond to generate the corresponding chiral alkyl-Cu complex
4.22, which then intercepts hydroxylamine O-benzoate reagent 4.16 via
oxidative addition, which is followed by reductive elimination to generate
the enantioenriched amine product 4.20 and phosphine-bound Cu benzoate
4.23. Cu-benzoate 4.23 then undergoes transmetalation with silane 4.19 to
regenerate Cu-H 4.21 to complete the catalytic cycle.
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R R* 4.16
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Scheme 29. Proposed catalytic cycle of Cu-H catalyzed formal hydroamination

4.1.3 Synthesis of 1,2-diamines by applying hydroamination

To date, the catalytic hydroamination reaction has been established as a
powerful tool for the rapid synthesis of several types of amines, such as
1,3-amino  alcohols,!'*®  Baminosilanes,'* 1, 4-diamines,'*® a-
aminosilanes,'® g-trifluoromethylamines,'*® and a-aminoboronic acid
derivatives'#®, which themselves are valuable intermediates in organic and
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pharmaceutical chemistry. The first example for the synthesis of 1,2-
diamines reaction was reported by Knight in 1993 in which the
hydroamination procedure was employed (Scheme 30).!°° Nitrones 4.26
were reacted with allylamines 4.25 to afford 1,2,5-oxadiazinanes 4.27
through a retro-Cope elimination process, which was then treated with acid

and reducing agent to furnish the 1,2-diamine product.
R1 Ph

*NH 1 Rl
) o ’\‘j CH30| or toluene R‘N)\(‘) (1) HCI NH H
R + N, - ———> _—
\ o 60-110°C sz\["‘\ @ znHel R o
R® s
3 R
4.25 4.26 427 R 4.31
Ph Ph
R! /‘\ - R! +/ -
_—
J\[ LN‘ o J\[
4 29 4.30

Scheme 30. Synthesis of oxadiazinanes and its conversion into 1,2-diamine

Inspired by Knight’s work, Beauchemin later reported aldehyde-catalyzed
hydroamination of allylamine for the synthesis of 1,2-diamine (Scheme
31).*! In this manner, aldehyde 4.34 was used to tether a hydroxylamine
4.33 and an allylic amine 4.32, which is then followed by an intramolecular
retro-Cope elimination to install the 1,2-diamine moiety 4.35. The
proposed mechanism is shown in Scheme 31. Initially, the condensation
between aldehyde catalyst 4.34 and hydroxylamine 4.33 give rise to the
nitrone 4.36, which is then attacked by allylamine 4.32 to form
intermediate 4.37. Next, the stage is set for the retro-Cope type
rearrangement followed by an aminal cleavage, leading to the iminium ion
4.39. Finally, intermediate 4.39 exchange with another hydroxylamine
4.33 to furnish the 1,2-diamine product 4.35 and regenerate the nitrone
4.36. Furthermore, they utilized o-chiral aldehyde as catalyst to achieve
the enantioselective synthesis of 1,2-diamines with moderate to excellent
er 151
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4.34 4.36 R 4.38
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R
4%3 4.39

Scheme 31. Proposed mechanism for Beauchemin’s hydroamination.

In comparison to organocatalytic methods, metal-catalyzed
hydroamination for the synthesis of 1,2-diamines is more challenging,
because the Lewis basic amines have a high affinity for transition metals
which could lead to the formation of stable amine-metal complexes.
However, in 2014, Hull and coworkers reported the first intramolecular
hydroamination for the synthesis of 1,2-diamines (Scheme 32a).!3? In their
work, a Rh-DPEphos catalyst'>* was used for the hydroamination of an
allyl imine with cyclic secondary amines. The presence of the allylic imine
moiety could facilitate the hydroamination process because the
coordination of both the imine and olefin to the cationic ruthenium
complex increase the reactivity of olefin.!>? The reaction proceeds via the
C-C multiple bond activation discussed in Section 4.1.1 a. Very recently,
they extended their methodology to the asymmetric hydroamination
reaction by utilizing the same cationic ruthenium catalyst but using the
chiral BIPHEP-type ligand 4.47. To the best of our knowledge, this is the
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first example of the synthesis of enantioenriched 1,2-diamines via a metal-
catalyzed hydroamination (Scheme 32b).*?

0 [Rh(cod),]BF4 PPh, PPh,
\ () pPEphos H o
a) PMP _N + > PMP__N N/\
= H (2) NaBH,4, MeOH K/O
4.40
4.41 4.43 DPEphos
PMPW 4.42
( P—
P/ \//
4.44
H 1 3 [Rh(cod),]BF4 R‘N’R MeO P(2-furyl),
b) 2N A RY, R Chiral ligand H
R X + H B R2N\)"'u MeO P(2-furyl),
4.45 4.46 4.48

4.47

Scheme 32. Hull's hydroamination of allyl imine/amine for the synthesis of 1,2-diamine.

Just recently, a related method for the synthesis of 1,2-diamines via Cu-H
catalyzed formal hydroamination of allylic amines 4.49 was reported by
Buchwald (Scheme 33). It was found that the regioselectivity of this
reaction is related to the size of R!, where the much lower rr was obtained
when using primary alkyl substituents R! in comparing to the secondary
or tertiary alkyl substituents. The formation of side product 4.52 suggested
that a f-elimination followed by a formal hydroamination could take place
after the hydrocupration step. In order to prevent the f~elimination, they
then investigated different protecting group of allylic amine and found the
use of N-pivaloyl substrate could give the desired 1,2-diamine product
4.51 with good yield and er.!>*

Cu(OAc);, 5 mol%

||?3 (0] (R)-DTBM-segphos 6 mol% R2 RS
H N PPhz 6 mol% N
1 2Ns 3 A H
R\/\/N\Piv + R O)J\@\ > R1\/\/N‘PiV
MeO),MeSiH (4 e
4.50 4.51
R2
I
1
R\/\/N~R3
side product
4.52

Scheme 33. Buchwald’s formal hydroamination of allylic amine 4.49 for the synthesis of 1,2-diamine 4.51.
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4.2 Aim of the project

In this project, we were interested in developing a novel approach for the
preparation of enantioenriched 1,2-diamines from easily accessible
enamines through a Cu-H catalyzed formal hydroamination. We believe
that such a reaction would constitute a highly attractive method for the
synthesis of this important structural motif.

4.3 Results and discussions

4.3.1 Preliminary study

Enamines have electron-rich carbon-carbon double bonds due to the
resonance donation of the nitrogen lone pair into the C=C n-bond. They
have not been employed as substrates in the catalytic hydroamination
reaction, perhaps because of the hydrolytic sensitivity of these compounds
or their propensity to participate in enamine—imine tautomerization.”!>
However, if successful, such transformation would result in the formation
of 1,2-diamines. At the beginning of this project, we speculated that
decreasing the electron density of the enamine by using a conjugated
system, in which the hydrolysis and tautomerization of enamine could also
be prevented, may favor the desired hydroamination reaction.

We then chose the stable and commercially available 9-vinylcarbazole
4.53 as the enamine substrate and investigated its hydroamination with
different amine source in several reported reaction conditions. We began
our investigation with the use of Hartwig’s methodology!>® for the
hydroamination of 4.53 with morpholine 4.41. After stirring the reaction
at 85 °C overnight, no desired 1,2-diamine 4.54 product was produced and
the enamine starting material was recovered (Scheme 34a). Pd(0) has been
utilized as the catalyst for the inter- or intramolecular Markovnikov
hydroamination of electron-rich vinyl ether substrates.!’!” However,
such conditions are not compatible for the enamine substrates (Scheme
34b). Next, we turned our attention to the Cu-H catalyzed formal
hydroamination condition developed by Hirano, Miura'®® and
Buchwald!*?. To our great delight, treatment of 9-vinylcarbazole 4.53 with
O-benzoylhydroxylamine 4.58a under the reported formal hydroamination
conditions lead to the desired anti-Markovnikov 1,2-diamine product 4.59
with 10% isolated yield (Scheme 34c).
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Cu(OAc), (5 mol%)
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1.2 eq BnoN
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1eq 4.58a 10% yield
4.53 4.59

Scheme 34. Investigation of different hydroamination conditions.

These initial results unequivocally demonstrated the potential of the Cu-H
formal hydroamination approach and, equally clear, the need for a
screening of enamines substrates for the optimization of reaction
conditions. Formal hydroamination with a-methyl enamine 4.60 and S-
phenyl enamine 4.62 showed that the substituents on the 9-vinylcarbazole
4.53 had a negative influence on the reaction, probably as a result of their
delicate difference in electron density or steric hindrance of carbon-carbon
double bond (Table 9, entry 2-3). Surprisingly, the formal hydroamination
with an electron-rich dibenzyl enamine 4.64 afforded the 1,2-diamine
product 4.65 28% yield and excellent enantioselectivity. Notably, because
the competitive and unproductive reduction of hydroxylamine 4.58a with
silane is also catalyzed by the same Cu-H species,'*! 29 mol% enamine
4.64 remained when the hydroxylamine 4.58a was fully consumed (entry
4).
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Table 9. Preliminary screening of enamines®

Cu(OAc), (5 mol%)

R2 (R)-DTBM-segphos (5.5 mol%) NBn,R2
N > '
R1TX *R8 + BnyNOBz > 1J\KN\ 3
/\/2 (EtO),MeSiH (2 eq) R R
4.58a THF, 50 °C R2
Entry enamines products Time (h yield®! erld

1 10

N
X anN/\/&

4. 53 4. 59

Complex
\(& Bn N/W/N O 48 mixture
2
4 60

4.61

Nan
3 48 n.r.
P N Q Ph)\/N Q

462 4.63
NBn,

4 Ph/\/Nan Ph/'\/Nan 48 28(64) 98:2
4.64a 4.64

[a] Reaction performed with Cu(OAc)2 (5 mol%), (R)-DTBM-segphos (6 mol%), enamine (1 eq), 4.58a (1.2 eq)
and (EtO)2MeSiH (2 eq) in THF (1 mL) at 50 °C. [b] Yield determined by using '"H NMR spectroscopy and
an internal standard. [c] Determined by chiral HPLC. [d] Yield based on recovered enamine determined by using
"H NMR spectroscopy and an internal standard. n.r. = no reaction.

4.3.2 Optimization of reaction condition

With these preliminary results in hand, it is clear that a thorough
optimization of the reaction conditions was needed. We chose the formal
hydroamination of enamine 4.64a with hydroxylamine 4.58a as the model
reaction and began the optimization by investigating the ratio of enamine
4.64a and hydroxylamine 4.58a. Increasing the amount of hydroxylamine
4.58a led to similar results with yields and enantioselectivities, and did not
result in a full consumption of enamine 4.64a (Table 10, entry 1-4).
Treatment of 1 eq hydroxylamine 4.58a with 3 eq enamine 4.64a allows
us to skip the consumption problem of enamine, furnish the 1,2-diamines
product with improved yield and slightly lower er (entry 4). It has been
reported that the use of an electrophilic aminating reagent bearing a more
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Table 10. Optimization of reaction condition?!

(0] Cu(OAc), (10 mol%) NB
Ph/\/Nan + anN\O ligand (12 mol%) nzNan
4642 R Solvse"r:nZo °C " 4.64
4.58a-c
<o OMe
> C
OO PPh, (0] PAr, MeO PAr, o O -

o) PAr,
™ ST g ey
o J

Ar=35Me-CegHs  Ar=35--Pr-4-NMe,-CgH, (L3)
(R)-DM-SEGPHOS (L2) A = 3 5.+-Bu-4-MeO-CgH,
Ar=35tBu-4-MeO-CgH,  (R}-DTBM-BIPHEP (L4)  Ar=3.51Bu-4-MeO-CeH,
(R-DTBM.SEGPHOS (L6) (R)-DTBM-GARPHOS (L5)

(R)-BINAP (L1) OMe

entry 4.62/4.57 ligand R solvent silane (eq) time (h) yield(%)®! erld
1 1.2 L6 H (4.58a) THF DEMS (2) 48 28(64) 98:2
2 13 L6 H (4.58a) THF DEMS (2) 48 24(61) 98:2
3 1/5 L6 H (4.58a) THF DEMS (2) 48 40(73) 99:1
4 31 L6 H (4.58a) THF DEMS (2) 24 38 94:6
5 31 L6 NMe: (4.58b) THF DEMS (2) 24 53 97:3
64 31 L6 NMe: (4.58b) THF DEMS (2) 72 47 98:2
7 31 L1 NMe: (4.58b) THF DEMS (2) 48 <5 -
8 31 L2 NMe: (4.58b) THF DEMS (2) 48 11 n.d.
9 31 L3 NMe: (4.58b) THF DEMS (2) 48 26 96:4
10 31 L4 NMe: (4.58b) THF DEMS (2) 48 37 99:1
11 31 L5 NMe: (4.58b) THF DEMS (2) 48 44 98:2
12 31 L6 NEt. (4.58c) THF DEMS (2) 48 57 96:4
13 3/1 L6 NEt, (4.58c)  CH:Cl DEMS (2) 24 nr. -
14 31 L6 NEt. (4.58c) Et2O DEMS (2) 24 trace -
15 31 L6 NEt. (4.58c) toluene DEMS (2) 72 43 97:3
16 31 L6 NEt. (4.58c) dioxane DEMS (2) 72 49 96:4
171l 31 L6 NEt. (4.58c) THF DEMS (2) 24 50 97:3
1811 31 L6 NEt. (4.58c) THF DEMS (2) 24 58 96:6
19lal 31 L6 NEt. (4.58c) THF DEMS (2) 24 55 95:5
20 31 L6 NEt. (4.58c) THF DEMS (1.1) 36 61 96:4
21 31 L6 NEt. (4.58c) THF DEMS (3) 24 52 96:4
22 31 L6 NEt. (4.58c) THF DEMS (5) 24 55 95:5
23 31 L6 NEt. (4.58c) THF PMHS (1.1) 48 62 95:5
24 3/1 L6 NEt, (4.58¢) THF (MeO)SiH (1.1) 48 51 96:4
25 31 L6 NEt. (4.58c) THF DMMS (1.1) 48 69 97:3

[a] Reaction performed Cu(OAc)2 (10 mol%), (R)-DTBM-segphos (11 mol%), enamine 4.64 (0.25-0.75 mmol, 1-3 eq),
hydroxylamine 4.58 (0.25-1.25 mmol, 1-5 eq) and silane in solvent (1 mL) at 50 °C. [b] Yield determined by using 'H
NMR spectroscopy and an internal standard. [c] Determined by chiral HPLC. [d] PPh3(11 mol%) was added in reaction
as a co-catalyst. [e] Cu(OAc)2 (5 mol%), (R)-DTBM-segphos (5.5 mol%) were used in reaction. [f] Cu(OAc)2 (15 mol%),
(R)-DTBM-segphos (16.5 mol%) were used in reaction [g] Cu(OAc)z (20 mol%), (R)-DTBM-segphos (22 mol%) were
used in reaction n.r. = no reaction

66



electron-rich benzoyl group could enhance reactivity toward the
nucleophilic alkyl copper intermediate, thus suppressing the
nonproductive  consumption of hydroxylamine by the Cu-H
intermediate.'*! Indeed, the use of more electron-rich hydroxylamine
4.58b was beneficial to the reaction efficiency (entry 5). As discovered by
Lipshutz, triphenylphosphine could be used as a secondary ligand to
enable lower catalyst loading and improve overall reactivity for certain
system.!>8 However, the addition of 11 mol% PPh; to the model system
did not improve the results; instead, a decrease in reaction rate was
observed (entry 6). Next, we studied the formal hydroamination of
enamine 4.64a and hydroxylamine 4.58b using different bidentate
phosphine ligands. It was found that the use of bulky bidentate phosphine
ligands in the reaction has, somewhat counterintuitively, a beneficial effect
on the reactivity (entry 7-10). Moreover, both the ligands L5 and L6
resulted in increased yields, compared to those obtained when using L4,
while retaining excellent er values, perhaps indicating a beneficial
influence on the reactivity when increasing the electron-donating ability of
the biphenyl backbone (entry 5 and 11). The optimization was then
continued with (R)-DTBM-segphos (L.6), and the hydroxylamine 4.58¢
was selected for further optimization because of the slightly higher yield
compared to hydroxylamine 4.58b (entry 12). Further screening of
solvents revealed that performing the reaction in THF was optimal (entry
12-16). Increasing the catalyst loading led to the formation of 1,2-diamine
4.64 in similar yields and er, while a lower yield was obtained when
decreasing the catalyst to 5 mol% (entry 17-19). Finally, in order to further
improve the reaction outcome, we investigated the type and amounts of
silanes. It was shown that using 1.1 eq (MeO),MeSiH (DMMS) as the
hydride source had the beneficial influence on the reaction outcome,
affording 1,2-diamine 4.64 in 69% yield with 97:3 er (entry 20-25).

4.3.3 Scope of enamines

Having identified the optimal reaction conditions, we next investigated the
scope and limitation of the Cu-H catalyzed formal hydroamination of a
variety of enamines 4.64a-4.77a, 4.53 with dibenzyl hydroxylamine 4.58c,
and the results are presented in Table 11 and Table 12. The influence of
the N-substituents in enamines on the reaction outcome was negligible as
compounds 4.64a-4.68a all gave the corresponding dialkylamines 4.64-
4.68 with high ervalue, although the yield of the N-methyl indole
derivative 4.67 was somewhat lower. In addition, enamines derived from
morpholine 4.69a, 4-piperidinone 4.70a, and piperazine 4.71a-4.72a can
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also be accommodated, providing the desired product 4.69-4.72 in
excellent yields and slightly decreased enantioselectivities in the presence

Table 11. Scope of enaminesllllc]

) o) Bn Cu(OACc);, (10 mol%) Bn. _.Bn
R & (R)-DTBM-Segphos (11 mol%) N
R1/\/N‘R3 O Bn > R1J\
(MeO),MeSiH (1.1 eq) N
THF (1 mL), 50 °C R? °R3
4.64a-4.77a, 4.53 4.58¢ 4.64-4.77, 4.59
Bn\N,Bn Bn\ .Bn Bn\ .Bn Bn\ .
Bn Bn
4.64 4.65 4.66 4.67
yield 73%, e.r. 97:3 yield 57%, e.r. 97:3 yield 56%, e.r. 97:3 yield 40%, e.r. 95:5
Bn Bn
N7 Bn.  .Bn /@
N (0] B N
05 " n oy
N NJ
Bn” ™
4.68 4.69 4,70 4,714
yield 69%, e.r. 88:12 yield 86%, e.r. 88:12 yield 51%, e.r. 93:7 yield 85%, e.r. 75:25
Bn. .Bn Bn. .Bn Bn. ,.Bn
Bn. .Bn N N N
N (\N
NJ N N N
F Bn” "Bn MeO Bn” "Bn Bn” "Bn
4,724 4.73 4.74 4.75

yield 96%, e.r. 88:12

Bn., .Bn

o0
\_s N

Bn” "Bn

4.76

yield 56%, e.r. 95:5

yield 88%, e.r. 96:4

Bn., .B
N.y-BN

0 N

4.77
yield 72%, e.r. 51:49

yield 65%, e.r. 98:2

3

4.59
yield 11%

yield 40%, e.r. 97:3

[a] Reaction performed Cu(OAc)2 (10 mol%), (R)-DTBM-segphos (11 mol%), enamine (0.75 mmol, 3 eq),
hydroxylamine 4.58¢ (0.25mmol, 1 eq) and (MeO)MeSiH (34 uL, 1.1 eq) in THF (1 mL) at 50 °C. [b] Isolated
yields [c] Determined by chiral HPLC. [d] Reaction preformed with Cu(OAc)2 (5 mol%), (R)-DTBM-segphos (5.5
mol%), enamine (0.5 mmol, 2 eq), hydroxylamine 4.58c (0.25 mmol, 1 eq) and (EtO)-MeSiH (80 puL, 2 eq) in

THF (1 mL) at 50 °C.

of 5 mol% catalyst loading. We speculated that the higher activity might
be attributed to the less steric effects of these enamines. Next, the influence
of the aryl moiety on the reaction outcome was investigated. These results
revealed that both electron-rich and electron-deficient enamines 4.73a-
4.75a, as well as heteroaryl enamine 4.76a, reacted smoothly with 4.58¢
to afford the desired products in good yields and high enantioselectivities
(4.73-4.76). Based on these experimental observations, we speculated that
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the electron-deficient enamine 4.73a is more suitable for this reaction since
the excellent yield was obtained without any loss of enantioselectivity
(4.73). Enamine 4.77a, having an ester functional group, performed well
in the formal hydroamination reaction and delivered the corresponding
diamine ester 4.77 in good yield but as a racemate. It was believed that the
formation of racemic diamine product 4.77 in this case was due to the
isomerization of the copper enolate intermediate, which was formed
through the originally 1,4-addition of enamine 4.77a by the Cu-H
catalyst.1>>160  Furthermore, 9-vinylcarbazole 4.53 could also be
hydroaminated under the optimal condition, producing the anti-
Markovnikov product 4.59 in low yield.

Although several successful examples had been achieved, this Cu-H
catalyzed formal hydroamination reactions is not without limitations.
When subjecting enamines 4.78a-4.80a to the reaction conditions, none of
the desired diamine products were obtained. Instead, in each case the
starting material was recovered unaffected and the hydroxylamine was
reduced under the reaction conditions. Attempts to formally hydroaminate
the trisubstituted enamines 4.81a-4.82a proved to be unsuccessful and
produced none of the desired product, which might be attributed to
unfavorable sterical hindrance in the hydrocupration step. Finally, both N-
methylindole 4.83a or 1-pyrrolidino-1-cyclohexene 4.84a failed to afford
the desired products.

Table 12. Unsuccessful enamines substrates.

, : o
N. N. N
@N Boc @N Ts @/\/\NBnZ O

4.78a 4.79a 4.80a 4.81a
N
O / @
O O
_/ \
4.82a 4.83a 4.84a

4.3.4 Scope of hydroxylamines

The influence of the hydroxylamines on the reaction outcome was next
explored (Table 13). In these reactions, we found that in the presence of
enamine 4.64a, a wide range of hydroxylamines were tolerated. Electron-
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rich (4.85a and 4.87a), electron-deficient (4.86a) as well as heterocyclic
(4.88a and 4.89a) hydroxylamines all gave compatible results compared
with the standard substrate, affording the corresponding 1,2-diamines
4.85-4.89 in good yields and high er values. Interestingly, the Lewis basic
1-pyrimidylpiperazine hydroxylamine 4.90a was also successfully utilized
as an electrophilic aminating reagent, providing 4.90 in good yield and
excellent enantioselectivity. The dialkyl hydroxylamine 4.91a also gave
desired dialkylamine product 4.91 in good yield and high er value. The
absolute configuration of 4.91 was determined to be R by comparing its
optical rotation (ga] 25— _1.3 (¢ = 2.00, CHCl3) with literature data of its
enantiomer ([a]3°=+1.3 (c = 2.00, CHC13)'®', and the configuration of the
other compounds described in this work are assigned in analogy to 4.91.

Table 13. Scope of hydroxylamines. [@llblic]

Cu(OAc), (10 mol%) RY RS
N

) o R*
R N (R)-DTBM-Segphos (11 mol%)
NoMNgs 0" RS -
Ej/V EGN (MeO),MeSiH (1.1 eq) N,
R3 R

THF (1 mL), 50 °C

4.64a 4.85a-4.93a
4.85-4.93
4.69a
Bn\N Bn\N Bn\N OMe Bn\N S
W,

B Bn B Bn BV gnOMe B Bn

4.85 4.86 4.87 4.88
yield 60%, e.r. 95:5 yield 71%, e.r. 97:3 yield 44%, e.r. 88:12 yield 71%, e.r. 93:7
Bn. .Ph
Bn\N N LNJ (\O N
\ N B N N— 3 N\)
n
©/H L \N _/ }\‘ / @/k/ |

Bn/N\Bn Bri Bn” "Bn

4.89 4.90 4.9 4.92
yield 50%, e.r. 97:4 yield 60%, e.r. 99:1 yield 79%, e.r. 95:5 trace

BN \H
Bn Bn
4.93

no product

[a] Reaction performed using Cu(OAc)2 (10 mol%), (R)-DTBM-segphos (11 mol%), enamine 4.64a (0.75 mmol,
3 eq), hydroxylamine (0.25mmol, 1 eq) and (MeO).MeSiH (34 pL, 1.1 eq) in THF (1 mL) at 50 °C. [b] Isolated
yields [c] Determined by chiral HPLC. [d] Reaction preformed using Cu(OAc)2 (5 mol%), (R)-DTBM-segphos (5.5
mol%), enamine 4.69a (0.5 mmol, 2 eq), hydroxylamine (0.25 mmol, 1 eq) and (EtO)-MeSiH (80 puL, 2 eq) in
THF (1 mL) at 50 °C.
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To our disappointment, N,N-benzylaryl hydroxylamine 4.92a and semi-
benzyl hydroxylamine 4.93a only gave undesired by-product amines,
resulting from the reduction of the hydroxylamine by the
hydrosilane,!62:163

4.3.5 Proposed catalytic cycle

Based on the previously proposed mechanism for the CuH-catalyzed
hydrofunctionalization reaction of alkenes, a plausible catalytic cycle for
the formal hydroamination of enamine was proposed (Scheme 35). Regio-
and enantioselective hydrocupration of enamine 4.64a with the in situ
generated copper(I) hydride 4.94 provide the secondary alkylcopper
intermediate 4.95. In the hydroamination of alkenes it has been shown that
this step is irreversible and enantio-determining, and it is reasonable to
assume that this is also the case for the present reaction.!#!:16+-166 Oxidation
of alkyl copper species 4.95 with hydroxylamine 4.58c then furnishes the
enantioenriched 1,2-diamine 4.64 and releases the copper benzoate 4.96,
which is reconverted into Cu-H catalyst 4.94 upon transmetalation with
hydrosilane 4.98. In this reaction trace amounts of amine 4.115 was
detected in the crude reaction mixture. It is believed to be formed by a
formal hydroamination of styrene 4.100 resulted from the f-elimination of
4.95.144167 Notably, the competitive reduction of the hydroxylamine 4.58¢
is catalyzed by the same Cu-H catalyst 4.94, furnishing dibenzylamine
4.97 as an undesired by-product.
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4.64 4.58¢

NEt,

Scheme 35. Proposed catalytic cycle

4.3.6 One-pot synthesis of 1,2-diamines via formal hydroamination
process

Although the Cu-H catalyzed formal hydroamination of enamines
provided a novel approach for the enantioselective synthesis of a broad
range of 1,2-diamines, the preparation and isolation of unstable enamine
substrates limited the overall yields and the scope of targets. Therefore, we
were interested in developing a one-pot procedure for the synthesis of
chiral 1,2-diamines via the formal hydroamination, which would allow for
the in-situ utilization of formed enamine substrates without any
purification. At the outset, we spent some time in screening reaction
conditions for the formation of enamines that would allow for a subsequent
hydroamination.

Tinnis and Adolfsson have reported the reductive functionalization of
amides into triazolines, 4,5-dihydroisoxazoles, and pyrimidinediones. -
170 The key step for these transformations were the reduction of amides to
enamines using catalytic amounts of Mo(CO)s in combination with stable
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silane 1,1,3,3-tetramethyldisiloxane (TMDS). However, this protocol was
not successful in our hands and gave a minute amount of desired 1,2-
diamine product, probably due to the mixed catalysts making the reaction

elusive (Scheme 36).
Cl
. A

N

0" "Bn cl
1eq
ELN 4.86a
Mo(Co)s (0.5 eq) Cu(OAc), (10 mol%) Bn.

(R)-DTBM-Segphos (11 mol%) N

Xx_NBn
WNBHQ TMDS (3.3 eq) /@/\/ 2 -
NG N2
F °© THF (0.5 mL) F (MeO),MeSiH (1.1 eq) /Ej/‘V
F

THF (0.5 mL), 50 °C

3eq 65°C,1h not isolated
4.102 4.73a

trace
4.103

Scheme 36. One-pot synthesis of 1,2-diamine via Tinnis and Adolfsson’s protocol.

To simplify the reaction system, we then turned our attention to an
alternative strategy using a mild and fast method for the synthesis of
enamines from aldehydes and secondary amines.!”! In this case, the one-
pot synthesis of 1,2-diamines via formal hydroamination process was
achieved with high level of enantioselectivities and moderate yields (Table
14).
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Table 14. One-pot synthesis of 1,2-diamines. Il

0 34
_N.
Et,N
Cu(OAc); (10 mol%) R RS
(S)-DTBM-Segphos (11 mol%) N
0 . H THF or CHCl, RV\N’RZ R1Jﬁ
R R?2°R®  4A MS, 0 °C-rt R3 (EtO),MeSiH (2 eq) N
THF (1 mL), 50 °C R®°R?
not isolated
B BN Bn. _Bn o ”‘N/\©\
o]

R N\)
N O/V N
Bn Bn Bn Bn

4.64 yield 44%, e.r. 98:2 4.69 yield 74%, e.r. 95:5 4.86 yield 40%, e.r. 98:2
Bn. .Bn
Bn\ ,Bn )\/j N Bn\ - n
@N F Bn Bn ©/\/
4.72 yield 32%, e.r. 93:7 4.73 yield 44%, e.r. 99:1 4.104 yield 53%, e.r. 78:22

[a] Reaction preformed Cu(OAc)2 (10 mol%), (S)-DTBM-segphos (11 mol%), aldehydes (0.75 mmol, 3 eq),
secondry amines (0.83 mmol, 3.3 eq), hydroxylamine (0.25mmol, 1 eq) and (EtO)-MeSiH (34 uL, 1.1 eq) in THF
(1 mL) at 50 °C. [b] Isolated yields [c] Determined by chiral HPLC.

4.3.7 Study towards the formal hydroamination of vinyl ethers

The 1,2-amino alcohol functionality is also a structural element of central
importance to organic chemistry and biology due to its wide abundance in
biologically active natural products and pharmaceutical drugs.!”? Thus, it
is important to have efficient synthetic tools that can be used to access this
structural motif. We have developed a catalytic protocol for the
asymmetric synthesis of 1,2-diamines via the Cu-H catalyzed formal
hydroamination easily accessible enamines. This process is initiated by the
regio- and enantioselective hydrocupration of electron-rich enamines,
followed by an oxidative addition with hydroxylamine and reductive
elimination to furnish the desired 1,2-diamine product. We were then
interested in extending this novel methodology to vinyl ether substrates. If
successful, such transformation would result in the formation of 1,2-amino
alcohol.
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Our initial focus was directed toward the formal hydroamination of
commercial vinyl butyl ether 4.105. However, this attempt was
unsuccessful and gave N,N-dibenzyl-1-phenylethylamine 4.113 as the
major product, the result of a hydrocupration, B-elimination of a Cu(I)
alkoxide, followed by a hydroamination of the so formed ethylene to give
the observed product.'** Attempt to overcome this problem, we examined
this formal hydroamination of a series of vinyl ether substrates 4.106-
4.109. Unfortunately, all attempts gave the B-elimination products 4.113-
4.115. The lately reported Cu-H catalyzed formal hydroamination of N-
protect allylic amine revealed that differing in the protecting group on the
allylic amine nitrogen played an important role in preventing the [3-
elimination.!>* To our disappoint, vinyl ester substrates 4.110-4.112 all
gave complex reaction mixtures under the formal hydroamination
condition. (Table 15)

Table 15. Formal hydroamination of vinyl ether or vinyl ester
Cu(OAc), (5 mol%)
Q (R)-DTBM-segphos (5 mol%)
Bn  Y»—Ph
N-O

vinyl ether/ester + > product
Bl (EtO),MeSiH (2 eq)
0,
1.5eq 1eq THF(1 mL), 50 °C
4.58a
entry  vinyl ether/ester product entry  vinyl ether/ester product
NBn,
Bn\NJ o OMe
/
1 /\O/\/\ Bn 5 ©/\r
4.105 4113 4.109 4.115
B
n\NJ
2 F o ™S Bri 6 Z 0hc mess
4.106 4.113 4.110
Bn, o OAc
N—
3 Z>o PN Br 7 mess
4.107 4.113 4.111
Bn OAc
\Nf
4 o B 8 mess
4.108 4114 4.112
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4.4 Conclusions

In summary, to the best of our knowledge, we have developed the first
regio- and enantioselectivity formal hydroamination of enamines. This
method allowed direct access to the 1,2-dialkylamines motifs with
moderate to excellent yields and high level of enantioselectivities from
readily available starting materials. However, the application of this
method to a broader range of enamine substrates was limited due to the
instability of these compound. We then developed a one-pot procedure for
the formal hydroamination using an in-situ formation of enamines.
Although relatively lower yields were obtained in all cases, the high level
of enantioselectivities remained and the operation procedure was
simplified by avoiding the purification of enamines. In the end, attempts
to utilize this method for the synthesis of 1,2-amino alcohol was
unsuccessful due to the B-elimination of a Cu(I) alkoxide intermediate.
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5. Concluding remarks

This thesis deals with the development of new methodology for the
synthesis three kinds of N-containing compounds, which are a-keto
amides, a-amino-f-hydroxy ester, and 1,2-dialkyl amines. Furthermore,
the ATH/DKR protocol for the stereselective synthesis of anti-3-alkenyl-
2-amido-3-hydroxy esters was utilized as a key step for the total synthesis
of polyhydroxylated pyrrolizidine alkaloid natural products.

More specifically, a mild procedure for the a-oxidation of a-keto amines
to give the corresponding a-keto amides was developed. This method was
catalyzed by pyrrolidine and TEMPO, gave moderate to good yields. It
was believed that the reaction proceeds through an enamine intermediate
that is subsequently oxidized by TEMPO or O>. In addition, this method
can also be applied to the synthesis of a-keto thioamides and a-keto
amidines using sulfur and nitrosobenzene as oxidant.

In the second part of the thesis the focus was shifted to the stereoselective
synthesis of a-amino-f-hydroxy ester structural motif containing vicinal
stereocenters. Based on our previous work, we extended this ATH/DKR
protocol to the straightforward synthesis of anti-3-alkenyl-2-amido-3-
hydroxy esters from the corresponding racemic 3-alkenyl-2-amido-3-keto
ester. This method gave moderate to excellent yields, diastereoselectivities
and enantioselectivities for a broad range of substrates. In order to
highlight the versatility of the methodology, it was applied in an
asymmetric total synthesis of the polyhydroxylated pyrrolizidine alkaloid
(+)-alexine.

Finally, we developed the first example of the formal hydroamination of
electron-rich enamines substrates. This method provided a straightforward
and efficient approach for the synthesis of chiral 1,2-dialkyl amines in
good yields with high levels of enantioselectivities for a broad range of
substrate. In order to simplify the procedure and extending it to a broader
substrate range, we developed a one-pot procedure for the formal
hydroamination using enamines formed in situ, from the condensation
between aldehydes and secondary amines. Unfortunately, formal
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hydroamination of vinyl ethers failed to give the desired 1,2-amino alcohol
product due to the B-elimination of a Cu(I) alkoxide intermediate.
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Appendix

Experimental procedures and NMR data for unpublished compounds

Compound 2.29'73

Pyrrolidine (123 pL, 1.5 mmol) was added to a solution of a-keto-amine
2.28 (0.3 mmol) and TEMPO (4.7 mg, 0.03 mmol) in MeCN (1 mL) under
O: (balloon pressure) atmosphere. The reaction mixture was then stirred at
50 °C for 20h and the product was monitored by TLC. The reaction mixture
was then concentrated and purified by column chromatography (n-
heptane/EtOAc 100/20) to afford the corresponding product 2.29 as a
colorless oil. '"H NMR (400 MHz, CDCls) § 8.50 (s, 1H), 7.48 — 7.39 (m,
2H), 7.34 - 7.26 (m, 1H), 7.23 — 7.15 (m, 2H), 3.35 (d, /= 0.6 Hz, 3H).

Compound 3.77

A mixture of 10% Pd/C (35 mg, 0.033 mmol, 0.1 eq) and 3.48 (107 mg,
0.33 mmol, 1 eq) were dissolved in EtOH (1.4 mL) and EtOAc (2.1 mL)
mixed solvent, such mixture was then stirred at room temperature under
H; atmosphere (1 atm) for 6 h. The mixture was filtered through Celite,
and filtrate was concentrated under reduced pressure to yield the crude
product 3.76. The above crude product 3.76 and triphosgene (17 mg, 0.5
mmol, 1.5 eq) was dissolved in CH2Cl,. Then, iPr.NEt was added
dropwise at 0 °C and then stirred an additional 1 h at room temperature.
The reaction was quenched with saturated NaHCO3 and the aqueous phase
was extracted two times with CH>Cl,. The organic layers were dried over
NaySO4, filtered and concentrated and then subject to flash
chromatography (heptane/EtOAc 50/50) to yield the desired product 3.77
(22 mg, 33%) as a colorless oil. 'H NMR (400 MHz, CDCl3) § 6.27 (s,
1H), 4.86 (ddd, J = 10.6, 8.4, 3.2 Hz, 1H), 4.41 (d, J = 8.4 Hz, 1H), 3.82
(s, 3H), 1.89 (dddd, J = 13.6, 6.7, 4.8, 2.4 Hz, 1H), 1.54 (ddd, J = 14.1,
10.7, 4.9 Hz, 1H), 1.46 — 1.29 (m, 1H), 0.97 (dd, J = 6.7, 4.1 Hz, 7TH). 1*C
NMR (100 MHz, CDCl3) 6 169.8, 159.3, 58.3,52.6, 39.1, 24.8, 23.3, 21 4.

Compound 4.60 and 4.62

To a screw-capped reaction tube was Cul (0.21 g, 1.12 mmol, 0.1 eq), 9H-
carbazole (2.25 g, 13.50 mmol, 1.2 eq) and K3PO4 (4.70 g, 22.48 mmol, 2

81



eq). The reaction tube was then evacuated and backfilled with N; for three
times. Vinyl bromide (1.36g, 11.24 mmol, leq), ethylenediamine (0.15
mL, 2.25mmol, 0.2 eq) and 1,4-dioxane (1.0 mL) were then added by
syringe at room temperature. The reaction tube was then sealed by a screw
with a Teflon-lined septum, and the reaction mixture was stirred at 110 °C
overnight. The reaction mixture was concentrated and then directly
purified by column chromatography (Haptane/EtOAc) to yield the desired
product.

4.60'"*

'H NMR (400 MHz, CDCl5) & 8.13 (dq, J = 7.8, 0.9 Hz, 2H), 7.56 — 7.40
(m, 4H), 7.34 — 7.22 (m, 2H), 5.61 (q, J = 1.3 Hz, 1H), 5.38 (s, 1H), 2.26
(dd, J= 1.3, 0.7 Hz, 3H).

4.62'7

'H NMR (400 MHz, CDCls) & 8.14 (dd, J = 8.0, 2.5 Hz, 2H), 7.82 — 7.70
(m, 3H), 7.61 — 7.50 (m, 4H), 7.45 (td, J = 7.7, 3.6 Hz, 2H), 7.34 (qd, J =
7.1,2.6 Hz, 3H), 7.11 (dd, J = 14.5, 1.9 Hz, 1H).

Compound 4.81a'"!

Molecular sieves (4 A, 1.1 g) were added to a solution of
diphenylacetaldehyde (2 mL, 11.3 mmol, 1 eq) in dry CHCI3 (15 mL) at
room temperature. The solution was cooled to 0 °C, then the pyrrolidine
(1.4 mL, 16.9 mmol, 1.5 eq) was added and the reaction mixture was
stirred at 0 °C for 1 h. The reaction mixture was then filtered and
concentrated under reduced pressure to obtain the pure enamine 4.81a. 'H
NMR (400 MHz, CDCl3) 6 7.36 — 7.24 (m, 4H), 7.24 — 7.17 (m, 3H), 7.16
—7.10 (m, 2H), 7.10 — 7.04 (m, 1H), 6.66 (s, 1H), 3.07 — 2.95 (m, 4H),
1.79 — 1.72 (m, 4H).

Compound 4.82a!7>:176

In a three necked flask, 2-indanone (3 g, 22.7 mmol, 1 eq) was dissolved
in dry toluene (20 mL) at room temperature under N> atmosphere.
Morpholine (4 mL, 45.5 mmol, 2 eq) was then added in one portion, and
the reaction system was stirred at 90 °C overnight. The reaction mixture
was then filtered and concentrated under reduced pressure to obtain the
pure enamine 4.82a as brown solid. "H NMR (400 MHz, CDCls) § 7.33 —
7.21 (m, 1H), 7.13 (dd, J=26.1, 7.5 Hz, 2H), 6.95 (t, /= 7.4 Hz, 1H), 5.60
(s, 1H), 3.84 (t, /J=4.9 Hz, 4H), 3.42 (s, 2H), 3.16 (t, /= 4.9 Hz, 4H).
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Compound 4.92a'%3

White solid. '"H NMR (400 MHz, CDCls) & 8.00 — 7.83 (m, 2H), 7.55 —
7.40 (m, 2H), 7.38 — 7.23 (m, 5H), 7.23 — 7.15 (m, 2H), 7.08 (tt, J = 7.2,
1.2 Hz, 1H), 6.69 — 6.60 (m, 2H), 4.77 (s, 2H), 3.43 (q, J = 7.1 Hz, 4H),
1.23 (t,J= 7.1 Hz, 6H).

Compound 4.93a'#

Yellowish solid. 'TH NMR (400 MHz, CDCI3) & 8.03 (t, J = 6.4 Hz, 1H),
7.90 —7.81 (m, 2H), 7.48 — 7.42 (m, 2H), 7.41 — 7.30 (m, 3H), 6.67 — 6.58
(m, 2H), 4.24 (d, J= 6.4 Hz, 2H), 3.43 (q,J=7.1 Hz, 4H), 1.21 (t, J="7.1
Hz, 6H).

Compound 4.104

Colorless oil. '"H NMR (400 MHz, CDCl3) & 7.47 — 7.42 (m, 5H), 7.41 —
7.37 (m, 2H), 7.36 — 7.30 (m, 6H), 7.28 — 7.22 (m, 2H), 3.97 (t, /= 7.0 Hz,
1H), 3.83 (d, J = 13.8 Hz, 2H), 3.33 (d, J = 13.8 Hz, 2H), 3.12 (d, J = 7.1
Hz, 2H), 2.47 (s, 4H), 1.85 — 1.60 (m, 4H). 3C NMR (100 MHz, CDCls)
6 140.3, 129.0, 128.8, 128.2, 128.0, 127.1, 126.8, 60.1, 57.4, 54.4, 53.9,
23.5.

Compound 4.111'77

'H NMR (400 MHz, CDCl5) § 7.89 (d, J = 12.8 Hz, 1H), 7.39 — 7.30 (m,
4H), 7.30 — 7.22 (m, 1H), 6.43 (d, J = 12.8 Hz, 1H), 2.22 (s, 3H).

Compound 4.112!78

'H NMR (400 MHz, CDCls) & 7.58 — 7.46 (m, 2H), 7.43 — 7.31 (m, 3H),
5.51 (d,J=2.2 Hz, 1H), 5.06 (d, J= 2.2 Hz, 1H), 2.31 (s, 3H).

Compound 4.113'7°

'H NMR (400 MHz, CDCls) § 7.41 (d, J = 7.1 Hz, 4H), 7.37 — 7.30 (m,
4H), 7.29 — 7.23 (m, 2H), 3.61 (s, 4H), 2.54 (q, J= 7.1 Hz, 2H), 1.11 (t, J
=7.1 Hz, 3H).

Compound 4.114!%

'H NMR (400 MHz, CDCl3) § 7.41 (t, J = 6.3 Hz, 4H), 7.35 (q, J = 7.7,
7.1 Hz, 4H), 7.29 — 7.23 (m, 2H), 3.60 (s, 4H), 2.42 (t, J = 7.3 Hz, 2H),
1.56 (p, J = 7.4 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H).

Compound 4.115'%

'"H NMR (400 MHz, CDCI3) & 7.63 — 7.25 (m, 15H), 4.10 (q, J = 6.9 Hz,
1H), 3.78 (d, J = 13.8 Hz, 2H), 3.64 (d, /= 13.8 Hz, 2H), 1.59 (d, /= 7.0
Hz, 3H).
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