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General introduction

1 Organic synthesis

"Chemical synthesis always has some elements of planning in it. But, the
planning should never be too rigid. Because, in fact, the specific objective which
the synthetic chemist uses as the excuse for his activity is often not of special
importance in the general sense; rather, the important things are those that he
finds out in the course of attempting to reach his objective.” R. B. Woodward

These words are credited to the Nobel laureate R. B. Woodward, which
summarize the symbiotic nature between the development of organic
chemistry and the aspiration of chemists to synthesize increasingly more
intricate molecules. The origins of organic synthesis can be traced back to
Wohler's urea synthesis in 1828.1 Since that milestone, a plethora of novel
transformations have emerged, furnishing chemists with a wide array of tools
to synthesize complex molecules whilst enhancing the efficiency of such
processes.

The advances achieved by synthetic chemists have elevated total
synthesis to the forefront of 21st-century natural sciences, serving as a seed
for the development of various disciplines (Figure 1). The ability to synthesize
new molecules efficiently has played a pivotal role in uncovering new
biological phenomena, such as biochemical pathways and the elucidation of
the structures of natural products. Additionally, it has significantly impacted
industry by facilitating the development of numerous medicines, nutritional
products, cosmetics, and has even emerged as a new field in materials science.

Indeed, the journey of discovery in organic chemistry is far from over,
and there is still much ground to be covered. Nowadays, the improved
reaction efficiency through catalytic transformations, the development of
asymmetric methods, and pioneering more environmentally friendly green
chemical transformations are in the forefront of organic chemistry. By
pushing the boundaries of knowledge and innovation in these areas, organic
synthesis continues to play a crucial role in shaping the future of science and
technology.
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Figure 1. Cooperative relation between different areas.

2 Chirality

Chirality is defined by the impossibility of superimposing the mirror
image of a certain object onto itself. This idea extends to the realm of
chemistry, wherein a molecule is considered chiral if it can be distinguished
from its mirror image. Lord Kelvin stated in 1893 a definition for chirality that
it is still used in our days: “I call any geometrical figure, or group of points,
'chiral’, and say that it has chirality if its image in a plane mirror, ideally
realized, cannot be brought to coincide with itself.”2

A chiral molecule and its mirror image are termed enantiomers,
possessing the same physical properties aside from the optical rotation of
polarized light. This rotation occurs in opposite directions for each
enantiomer, a phenomenon initially observed by Biot in 1832.3 Years later, in
1848, Louis Pasteur achieved the resolution of tartaric acid enantiomers by
manually separating its chiral crystals.*

Enantiopure compounds hold a prominent position across various
fields, with particular emphasis on biological systems. All known biological
systems are formed by a large amount of homochiral molecules such as the
series of D-sugars or L-amino acids amongst a large variety of chiral unrelated
compounds. The origin of homochirality in all living organisms remains
elusive, yet it plays a pivotal role in molecular recognition across diverse
biological mechanisms, typically rendering only one enantiomer biologically
valuable.

In the pharmaceutical market, approximately 50% of medicines are
chiral and half of them are administered as enantiopure compounds. The
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utilization of chiral drugs in its racemic form presents a plethora of
disadvantages.>¢ Typically, the two enantiomers present different roles
within the organism and can act completely different. For instance, L-Dopa
proves to be a powerful treatment for Parkinson disease, while its D-
counterpart is toxic and causes agranulocytosis. Another case in point is the
application of (§,5)-ethambutol treatment of tuberculosis, where its meso form
(R,S)-ethambutol and the enantiomer (R R)-ethambutol can lead to optic
neuritis, potentially resulting in blindness. Additionally, a prominent effect is
observed in (S)-methamphetamine which is often used as a recreational drug
while its enantiomer (R)-methamphetamine is used as an active ingredient of
some nasal decongestant (Figure 2).7

Other pair of enantiomers exhibit similar effects, but usually one
enantiomer is more potent than the other one, even resulting in the
ineffectiveness of the second. Although the administration of such drugs as a
racemic mixture is usually considered safe, it remains undesirable for two
reasons. Firstly, the less potent enantiomer provokes the necessity of
increasing the overall dose to achieve the same effect. Secondly, the
administration of an enantiopure compound may result in fewer side effects
due to the removal of those associated with the less potent enantiomer.

Therefore, the enantioselective synthesis of the active enantiomer
always represents a remarkable improvement, and the change from the
administration of a racemic mixture to its enantiopure form is commonly
referred as a chiral switch.8 A case in point is observed with the racemic
mixture citalopram, an antidepressant drug, and escitalopram which
constitutes the pure and more potent (S)-enantiomer. Another widely used
drug that adheres to this principle is esomeprazole, the (S)-enantiomer of
omeprazole, which is employed to reduce stomach acidity by inhibiting the
proton pump. (Figure 2).
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Figure 2. Enantiomers of different drugs.

In this context, the development of new methodologies enabling the
stereocontrolled construction of new chiral elements represents a key
challenge for organic synthesis, which serves as a pivotal instrument to gain
access to novel types of molecules thereby facilitating the development of the
aforementioned applications. Over the last decades, asymmetric catalysis has
emerged as the most effective and sustainable tool to address such challenges.

3 Asymmetric catalysis

Traditionally, methods based on chiral resolutions or chiral auxiliaries
were the most commonly employed for the asymmetric synthesis of chiral
compounds. °1¢ Despite their importance and their high current value, the
introduction of atom economy concept by Trost 1718 represented a paradigm
shift in organic synthesis. This simply states that an efficient transformation
implies that most atoms in the starting materials have to be part of the
resultant product, and the other reagents ideally should be used only in
catalytic amounts, which encouraged to carry out chemical transformation
under catalytic conditions.
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Since then, organic chemists strive to develop asymmetric reactions
under catalytic conditions, whether using enzymes (biocatalysis),
organocatalysts, or metal catalysts.

3.1 Biocatalysis

The use of enzymes in asymmetric synthesis is commonly referred as
biocatalysis. As early as 1894, Emil Fischer proposed the lock and key model,
in which he already recognized that enzymes were chiral compounds, and as
such, they can effectively differentiate between prochiral elements to
generate chiral compounds in an enantioselective manner. 1920

Since then, enzymes have been widely used in catalytic
transformations, due to their low toxicity, environmentally friendly
conditions and remarkable selectivities.21 24 Indeed, enzymes serve as highly
specific catalysts, minimizing the formation of byproducts and leading to high
yields in most cases.

While very powerful, biocatalytic approaches to asymmetric synthesis
faces several challenges. A primarily issue lies in the specificity of most
enzymes to their natural substrates. While this is very useful to perform
reactions simultaneously, it is a drawback to devise widely applicable
methods. Furthermore, they are usually unable to deliver the complementary
enantiomer, since the enzyme with the opposite configuration is not
accessible. Finally, the strictly narrow conditions that enzymes require, such
as the use of water as solvent and its incompatibility to most organic solvents,
a very narrow margin of temperatures and pH to be active, or the need for
certain cofactors that act as “biological reagents” such as NADP, ATP or
thiamine phosphates restrict their use in large scale processes.

Directed evolution has emerged as a solution to some of these
problems, which consist of mimicking nature to obtain the desired enzyme
with modifications that improve its performance by human selection. In this
approach, the desired gene to code an enzyme is subjected to a mutagenic
process in which a library of genes is formed. Then, these resultant genes are
expressed in the corresponding modified enzymes which are screened in the
objective reaction. The most successful variants are isolated, and the cycle is
repeated. By repeating this cycle, a variant with much better efficiency than
the wild-type one can be obtained, with the desired variants that were being
sought in a fast process (Figure 3).
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An example of an asymmetric biocatalytic transformation improved by
directed evolution used on an industrial scale is the Baeyer-Villiger
Monooxygenase CDX-003 (Scheme 1).2526 In this approach the BVMO
enantioselectively oxidizes the sulphide to the corresponding sulfoxide,
generating esomeprazole, a drug widely used to reduce stomach acid. The
ketoreductase CDX-019 alongside with isopropanol allows the recovery of
NADP cofactor, which is used in tiny amounts (Chem rev 2018, 118, 1-3). CDX-
003, the desired variant, was developed after 41 mutations respect to the
wild-type, which initially yielded the undesired isomer (R)-omeprazole in a
70% ee.

Oz

oo CDX-019 (1 mol%) OMe
€ CDX-003 (2 mol%)
IPA N
N 9 MeO \L
b NADP (0.0001 mol%) NNt
MeO | T H
N S N _N o) 87%
| N H pH = 9 buffer ee > 99%

esomeprazole

Scheme 1. Biocatalytic synthesis of esomeprazole.
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3.2 Organocatalysis

Biocatalysis alongside with metal catalysed reactions, which will be
covered in the next section, were the only transformations to create new
asymmetric reactions until few decades ago. A new type of catalysis, known as
organocatalysis, emerged in 2000. This type of catalysis takes advantage of the
catalytic properties of small organic molecules without the need for
complementary metals to trigger highly stereocontrolled transformations,
thereby rendering enantiopure compounds. 27-31

David MacMillan and Benjamin List were awarded the Nobel Prize in
Chemistry 2021 “for the development of asymmetric organocatalysis” which
started independently by two seminal contributions. 3233

Indeed, MacMillan reported the asymmetric Diels-Alder reaction of o, 3-
unsaturated aldehydes with dienes catalysed by a chiral imidazolidinone to
obtain the endo adducts with a remarkable enantiomeric excess (Scheme 2).

(0]
NH
oy
R 0 Ph H R (\1

(20 mol%) SR,
= + H — = T H
[ " ‘ MeOH/H,0, rt .

endo
72 -90%
ee 83 -94%

Scheme 2. Organocatalysed Diels-Alder reaction.

In parallel, Benjamin List disclosed the direct and asymmetric aldol
reaction between acetone and aldehydes catalysed by the simple natural a-
amino acid L-proline (Scheme 3). This methodology hinges on the double
functionality of proline, that provides both the nucleophilic amino group and
the acid-base functionality to act as a cocatalyst.

H
O O (6] OH
30 mol%
N G L. L
A H™ R DMSO, rt MR
54 — 97%
ee 60 — 96%

Scheme 3. Proline-catalysed aldol reaction.

Organocatalysis is nowadays a mature technology that has already
reached industrial processes. A case in point is the industrial synthesis of
Darunavir, an antiretroviral for the treatment of HIV that was approved by the
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FDA in 2006. A key step of this synthetic sequence consists of a L-proline
catalysed cross aldol reaction, which yields the required intermediate as a
80:20 diastereomeric mixture and 99% enantiomeric excess. An alternative
route uses diphenylprolinol to give the aldol adduct in a 94:6 diastereomeric
ratio and 99% enantiomeric excess. These two intermediates are further
transformed into the final product darunavir (Scheme 4). 3435

(0] (0] (0] 0
BnO\/\)kH + BnO\)kH BnOMH . H)S(OEt

| | o

O\COZH

N
H
25 mol%
(¢}
BnO .
nO_ .. H
dr 80:20 OH

ee 99% OBH\ /

i Q’J
0
% 00
S=0 OH Y~

Darunavir
(Prezista®)

Scheme 4. Organocatalytic industrial-scale synthesis of darunavir.

3.3 Metal catalysis

The use of chiral metal complexes represents the third approach in
asymmetric catalysis. As its name suggests, this takes advantage of the
chemical activity of complexes coupled to the metal centre, the key reading
element, and chiral small organic molecules or ligands, which provide suitable
environment around the metal necessary to discriminate the pathway leading
to a particular enantiomer.

The 2001 Nobel Prize of Chemistry was awarded to Knowles, Noyori
and Sharpless for “their work on chirally catalysed hydrogenation and
oxidation reactions”. 36-39

8
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One of the first breakthroughs in this field was made by Knowles. In
1968, he developed an enantioselective hydrogenation method using a
monodentate phosphine, which initially yielded low enantiomeric excess.40
However, in 1975, Knowles improved this method by introducing a bidentate
phosphine chiral complex, DIPAMP, which significantly enhanced
enantioselectivity to over 90%.*! These developments proved their utility by
contributing to the industrial-scale production of L-Dopa, a crucial treatment
for Parkinson's disease (Scheme 5, A).4243

The introduction of BINAP ligand by Noyori in 1980 represented a
second milestone (Scheme 5, B).#4-4¢ This C2 symmetric axially chiral
diphosphine revolutionized asymmetric hydrogenation, achieving perfect
enantioselectivity in the synthesis of phenylalanine derivatives from (2)-(a-
amido)cinnamic acids. The widespread adoption of this chiral ligand in
various organic synthesis processes underscores its profound impact on the
field.

H, (3.8 bar)
 (RR-DIPAWP)
Rh(COD)]BF4
o (0.005 mol %) ©/ @
M
eOWOH _MeOH,50°C | WOH .
NHA H,O*
AcO ¢ fHs
L-DOPA (R, R) DIPAMP
ee 72%

O Ph,
P\
Rh
PG % clos PG,
NH O NH

COOH (0 7 mol%) COOH
H, (3 — 4 bar), MeOH, 50 °C 96 — 99%
ee 84 — 96%

Scheme 5. Asymmetric reduction reactions.

These developments in asymmetric hydrogenation, along with further
improvements, are currently recognized as one of the most versatile methods
for the generation of chiral compounds at large scale, being present in several
industrial transformations.*”

In parallel, Sharpless also made significant contributions in asymmetric
epoxidations (Scheme 6, A).48 In 1980, he developed the first asymmetric
variant of allylic alcohol epoxidation employing diethyl tartrate as chiral
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ligand, and subsequently expanded the scope of asymmetric oxidation, using
(DHQ).PHAL and (DHQD).PHAL ligands in the osmium-mediated
dihydroxylation of olefins (Scheme 6, B).49-51

R Ti(OiPr), Ti(OiPr), R
R)'\/\OH L-(+)Diethyl tartrate D-(-)Diethyl tartrate R/‘}/\OH
o ‘BUOOH BUOOH 0
R R
OH OH
HO, (DHQ),-PHAL (DHQD),-PHAL  Ho
y R — R
R R 0Os0O4 cat, NMO 0Os0O4 cat, NMO R R

(DHQ),-PHAL (DHQD),-PHAL

OMe

Scheme 6. Asymmetric oxidation of olefins.

Since these pioneering contributions, other chiral ligands for metal
catalysed asymmetric transformations have arisen (Figure 4). 52-55 Amongst
all of them, some privileged scaffolds, typically with C2 symmetry, are the most
employed ones, and high levels of enantioinduction have been achieved in
manifold transformations such as Diels-Alder cycloadditions, aldol reactions,
conjugate additions, Mannich-type reactions or allylic alkylations, amongst

o </ R
N 0. T ==
0 N o © PAr, PAr,
I | R OH HO R
N N @) F’AI"Z PAI'2
Iy S
0

others.

R R

pyBOX SEGPHOS BINAP SALEN

Figure 4. Privileged chiral ligands structures.
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4 Mechanistic considerations

4.1 Activation modes

Asymmetric catalysts hinges on the differentiation of enantiotopic
elements to selectively drive the reaction towards one enantiomer, which is
achieved by the incorporation of chiral elements into the catalyst.
Additionally, each catalyst possesses a particular mechanism in which the
substrate is activated, accelerating the reaction rate. The mechanism of a
catalyst can be classified in various categories, known as activation modes
(Figure 5). 27,5657

One prevalent activation mode consists of the activation of a carbonyl
compound by transforming it into an enamine intermediate, which efficiently
reacts with the desired electrophile. A case in point is represented by a
plethora of L-proline catalysed transformations such as aldol32 or Mannich>8
reactions. Alternatively, a secondary amine also facilitates its condensation
with aldehydes or ketones forming the corresponding iminium intermediate,
increasing the electrophilicity of the substrate. 33:59.60

A particular activation mode was introduced by MacMillan in 2007, in
which the iminium ion formed was subjected to a single electron transfer
(SET) oxidation to generate a radical intermediate, enabling access to
homolytic reactivity. 6!

Another notable contribution pioneered by Jacobsen and Sigman was
the development of a thiourea derived catalyst, which activated a carbonyl
compound by the formation of hydrogen bonds.? This method has been
extended to a plethora of new transformations based on the activation of
various substrates by hydrogen bonds.63-65

Amongst all activation modes, acid catalysed transformations
represent one of the most abundant strategies to activate the desired
substrates due to its capacity to activate a wide array of substrates. [llustrative
examples include the use of chiral highly acidic Brgnsted acids such as chiral
phosphoric acids, or the wide field of metal catalysed transformations, which
commonly acts as chiral Lewis acidic species activating either the nucleophile,
the electrophile or both simultaneously.66-71

11
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Figure 5. Activation modes of various transformations.

4.2 Acid catalysis

Most organic reactivity hinges on polar reactions in which a
nucleophilic species reacts with an electrophilic counterpart. If the
electrophile used is coordinated with a proton or a Lewis acid, the electron
deficiency is increased, thus enhancing its reactivity. Based on this principle,
the utilization of acids as catalysts represents a common method to catalyse
organic reactions (Figure 6).

In general, phosphoric acids have a pKa of 12-14 in acetonitrile, N-
sulphonyl phosphoramides are more acidic with pKaaround 6-8 and sulfonyl
imides around 5. These acids are very strong and can be compared with other
widely used acids such as trifluoroacetic acid (TFA) or hydrobromic acid. 72

12
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Figure 6. pKa scale of acids used in asymmetric catalysis.

List group has recently developed a new class of chiral Brgnsted acid
catalysts, imidodiphosphorimidates (IDPi).’2-7¢ They are BINOL-derived
species with highly acidic centres confined by a bulky chiral microspace,
which mimics enzymes as the confinement of the substrate to provide an
excellent discrimination. Importantly, these catalysts can be fine-tuned by
adjusting the 3,3" positions of BINOL moiety, modifying the chiral space to
adapt the desired substrate as well as its acidity, which depends on the
imidodiphosphorimidate group. This combination of remarkable versatility
coupled with an exceptional selectivity through confinement establishes IDPi
as general catalysts for acidic transformations.

Embracing this approach, List and co-workers have been able to
achieve unprecedented asymmetric transformations via the activation of
highly inert substrates. Indeed, the strongly acidic character of IDPi generates
highly reactive carbocation or oxocarbenium intermediates, which form an
ion pair with the IDPi controlling the stereochemical outcome of the reaction.

IDPi are capable of activating substrates such as the simple olefins to
form carbenium intermediates, which upon intramolecular addition furnished
different tetrahydrofurans (Scheme 7, A).77 They can also form norbornane
derivatives via non-classical carbocations (Scheme 7, B),78 oxocarbenium
intermediates from tetrahydrofurans and tetrahydropirans (Scheme 7, C),”°
or active aldehydes to form oxocarbenium surrogates (Scheme 7, D).8% The
last reaction is particularly interesting because the product directly yields
another aldehyde, which has a similar reactivity compared to the reagent.
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However, the IDPi confinement achieves the discrimination between them,
avoiding the otherwise typically oligomerization of the product.

= ZYe) 0
Tunnable | \::;
confinement 0 0~

and acidity @ ® = Tunnable

NS / rl acidity and
\ LN Y. / onfinement;
\ Q,,//b
IDPi (5 mol%)
R OH

IDPi

.. O
R= 66 — 94%
RJ@\/\/OH } — —Q ee 84 —97%

CyH, 60 °C
X=OCNHCCI
IDPi MeO ol
(5 mol%) (MeO)3CgH3
PhMe, 25 °C Q’@
2-48h - H Me0
Brensted acids
_SR; _IDPi
() 0o (Amolw) |7 > 0® e 0 O 43_97%
Q PN el T WAL ee79-97%
OAc R CyH,60°C R
_SiR IDPi : R3Si
0 0™ (0.5-1.5mol%) | Do-SRs S0 0 76-87%
- ——— ] — L N, ee70-96%
R”H H  CHCly —60°C, |z~ >y R H
20min—-6h Lewis acids

Scheme 7. IDPi catalysed transformations.

While acidity scales may assist in the choice of the appropriate catalyst
to generate the cationic active intermediates, chemists still rely on their
intuitive ability to distinguish among diverse substrates and predict potential
reactivity between them. In order to gain a better understanding and
efficiency, it is highly valuable to possess tools that facilitate fast and accurate
predictions regarding the reactivity of different species.

4.3 Mayr parameters

In this context, Mayr established a scale to measure the electrophilicity
and nucleophilicity of a wide range of compounds. Assuming that the kinetics
of reactions depends on the electrophile and nucleophile independently, Mayr
established Equation 1, and defined two parameters. The N parameter, which
measures the nucleophilicity of a certain compound, and the slope parameter
sw, for which allyl trimethylsilane was established as the referent nucleophile
with a sy =1. For the electrophilic counterpart, only one parameter non solvent
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dependant was necessary, E, for which bis(4-methoxyphenyl)methylium
cation was established as the reference electrophile with a E = 0.8182

logkgoc = sy(E + N)

Equation 1. Mayr’s equation.

Using this approach it has been established the E parameters for over
three hundred electrophiles with a range between -30 to 8.83-85 Also the N and
sy parameters have been determined for over one thousand nucleophiles with
a range between -9 to 32.86-89 This allows the quantification of the kinetic
constant k of a large number of reactions and also permits organic chemists
quantify and order the electrophilic and nucleophilic character of the species
involved. As a general rule of thumb established by Mayr, if the N + E > -5,
which means a k = 10-5 M-1s-1, a reaction is expected to occur within one day.
Contrarily, if the N + E < 5 the reaction will proceed too slowly (Figure 7).
Deviations from Mayr correlations will appear in N + E > 9 (k > 1010 M-1s-1),
which is known as “diffusion control conditions”. In this type of reactions, the
rate determining step is not the formation of the adduct between the
electrophile of the nucleophile, but rather the diffusion of the species through
the reacting mixture, which favours the observation of side reactions and loss
of selectivity in the desired reaction.

Mayr model has demonstrated a wide applicability and one of the main
strengths is the ease of use. Noteworthily, this model does not consider the
formation of the electrophile in situ, for example by a Lewis acid, if this is the
rate-determining step, or the presence of side reactions that become faster
than the formation of the Nucleophile-Electrophile adduct.

+ KJr [ \
-7 N\
O O

Ko
0 | N
Ph
Ph)\/ )\/koa Ph/g‘
Ph
24.99 18.82 11.66
N E
T _BCI
o) 0 N +g o
P | -y |
Ph X" "H H H N™ H
[l
19.9 129 11.50 -6.69 112

Figure 7. Mayr’s nucleophilicity and electrophilicity scale.
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Based on this scheme, enolates of alkaline metals, usually generated by
strong bases such as LDA or LiHDMS, can react with neutral electrophiles such
as primary alkyl halides by a Sx2 mechanism as demonstrated by Evans.!?
Contrarily, transition metal enolates such as titanium enolates can only react
with alkyl halides favoured by Sx1 mechanism or activated electrophiles such
as oxocarbenium compounds 13 or by radical mechanisms.?0-%3 In this context,
a general strategy relies on the activation of electrophilic species with a Lewis
acid to generate the corresponding oxocarbenium, carbocation or iminium
ion, facilitating their reaction with the appropriate nucleophile.

5 Stereodivergence

Despite the advancements highlighted above, achieving a complete
control over both absolute and relative configuration in catalytic and
asymmetric transformations remains a formidable challenge. Indeed, most
methodologies aiming to synthesize two stereocentres in a single step can
effectively control both the absolute and relative configuration, albeit only for
one of the potential diastereomers.?*

Therefore, the development of methodologies capable of obtaining any
of the potential stereoisomers at will is highly desirable.?>% A case in point of
such a challenge involves the synthesis of the antimalarial mefloquine, the
(R.S) enantiomer of which induces psychotropic side effects. In 2013, Hall
synthesized and evaluated all four stereoisomers for their medicinal
applications (Scheme 8).°7 The synthesis relied on a tandem Pd-catalysed
asymmetric isomerization and allylation step, yielding the syn stereoisomer.
Unfortunately, the anti stereoisomer was not available, and two additional
steps were required to invert the configuration of the alcohol, a process that
could have been circumvented with the availability of a stereodivergent
methodology.
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OoTf CHO i) (+)-TANIAPHOS (6 mol%)
_ N F’d(OAc.)z (3 mol%)
PhNMe,, dioxane, rt, 12 h
~
N N CF3 ii) PhMe, 130 °C, MW, 2 h
Boc
CF3
HO N Ha .| CHaCl
H HCI conc Crabtree's 48 h, rt
N MeOH cat
_ rt, 1h

NH, PPh, N CF,4

Ph
= O 93%
\
Fe HO. N

§ (R,R)-Mefloquine
> —_— Boc
= B N

(+)-TANIAPHOS

i) DMP, CH,Cl, N™ CFs
ii) TFA, CH,Cl, CF3 97%
NaBH,,CeCls,

-78°C

82% |iii) HCI conc
(S,R)-Mefloquine] MeOH. 1, 1h

Scheme 8. Stereoselective synthesis of mefloquine isomers.

One of the main strategies for accessing all stereoisomers involves the
use of slightly modified starting materials in a pseudo-stereodivergent
approach. In enolate based reactions, the use of preformed silyl enol ethers
with different geometry gives the opposite diastereoselectivity. However, a
genuine catalytic stereodivergent approach does not require to change the
starting material, just the catalyst.

Such a formidable challenge has been met by dual catalysis, which has
emerged as a promising option for stereodivergent catalysis. Dual catalysis
hinges on the activation of both the nucleophile and the electrophile with two
distinct chiral catalysts, which facilitates the stereodivergent approach. The
key feature of such approach is that each catalyst independently controls the
stereocentre it activates, operating autonomously from the other.

For instance, Carreira and coworkers reported the stereodivergent a-
allylation of hydratropaldehyde using the pseudo-enantiomers quinine and
quinidine derivatives to activate the aldehyde through an enamine
intermediate alongside with the chiral iridium phosphite complex which
activates the allyl group (Scheme 9).%8 The four stereoisomers were prepared
with excellent selectivities by only choosing the appropriate combination of
ligands.
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< Ph
(R,S) 78% T [{Ir(cod)Cl},]
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ee >99%
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O Ph
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bh (S.R) 80%
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e
NH, NH,
N N~
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Scheme 9. Stereodivergent allylation of a-branched aldehydes.

An alternative strategy consists of the use of a tandem reaction. The
initial stereocentre is created through an asymmetric reaction, followed by
the installation of a second stereocentre by means of a catalyst-controlled
diastereoselective reaction, subject to matching/mismatching effects. A
particularly impressive example was reported by Buchwald and coworkers,
who prepared all eight stereoisomers of a 1,3-aminoalcohol containing three
stereocentres (Scheme 10).°° Treatment of E or Z a,-unsaturated ketone and
combining it with the appropriate combination of the chiral diphosphines
DTBM-SEGPHOS and DM-SEGPHOS, along with Cu(OAc): to facilitate a
hydrosilylation-hydroamination sequence, it is possible to produce all the

O Ph
W~
< Ph
KIr(cod)Cl},] (S,S) 71%
(S)-AlQ T dr >20:1
ee >99%
(R)-A/QD
[{Ir(cod)Cl},]
(0] Ph
HW
(RR) 77% Ph
dr>20:1
ee >99%

0 (S

(R)-A

potential stereoisomers in excellent selectivities and moderate yields.
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Scheme 10. Stereodivergent synthesis of 1,3-aminoalcohols.

6 C—-C Bond forming reactions

One of the main challenges in modern organic chemistry lies in the

stereocontrolled construction of C-C bonds. Unfortunately, there is a limited

array of transformations capable of generating these bonds in a

stereoselective manner. Therefore, the development of new methodologies in

this area is highly desirable.

Several strategies have been used to generate new stereocentres while

forging new C-C bonds, including allylation of carbonyl compounds, o-

alkylations, additions to carbonyls, electron-deficient olefins, or cycloaddition
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reactions (Figure 8). In this context, metal enolates from carbonyl compounds
emerge as one of the most versatile nucleophiles for the stereocontrolled
construction of C-C bonds.?*

M
o
R
R
R OX M-R
Alkylation
(e}
Py Rf/ R
RTOH T S
Allylation Cycloadditions
M -
o c-C
O R
0
R™ "H M-R R-M X-R
Carbonyl additions Cross couplings
M
o
EWG
LR%R
M-R

Conjugate additions

Figure 8. C-C bond forming reactions.

6.1 Carbonyl as nucleophiles

Depending on the electrophile used the reaction of the a-position of a
carbonyl compound can be classified into different groups, standing out as the
most important ones the aldol reaction, the Michael addition, the Mannich
reaction and the a-alkylation, using aldehydes, electron-deficient olefins,
imines or alkylating agents respectively (Figure 9).

A x

R R ewe

)\)V pase M
Aldol
Michael

waR

Alkylation Mannich

Figure 9. Reactions of metal enolates with different electrophiles.

Enolate geometry plays a pivotal role in determining the
stereochemical outcome of such reactions. Therefore, the stereoselective
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synthesis of either the (E)- or (Z)-enolate becomes essential. While certain
substrates like acyclic ketones or esters are particularly challenging in this
regard, substituted imides or thioderivatives have shown to be reliable
substrates for generating the corresponding enolate with excellent
stereocontrol.

Indeed, a very powerful strategy to control the enolate geometry takes
advantage of some privileged platforms from which to carry out the
asymmetric reaction, and finally remove them to obtain the desired functional
group (Figure 10).Easily removable amides containing a chelating elementare
specially useful to generate the (Z)-enolate while simultaneously chelate the
metal used to produce a rigid five or six-membered chelates. The most spread
scaffolds include the Evans-like oxazolidinones and thiazolidinethiones,100
2,5-pyrrolidinones,101-103 pyrazoles,104-107 imidazoles108 or 7-
azaindolines.109.110

le) S (@] —
A A s EN\N% [NH N
o R
Evar_|s_-I|ke Pyrrolidinone Pyrazole Imidazole 7-Azaindoline
oxazolidinones

X 0 _N O N O |
JA O | o
O R

Figure 10. Platforms commonly used in asymmetric catalysis from carbonylic
compounds.

Finally, the enolates represented in Figure 10 may undergo highly
stereocontrolled reactions, which evolve through open or closed transition
states.

6.2 Direct reactions

Classical approaches based on the reactivity of metal enolates rely on a
two-step sequence. The first step involves the treatment of the carbonyl
compound with either with a strong base or an appropriate combination of a
Lewis acid and a tertiary amine to generate the required enolate. Once the
nucleophilic intermediate is formed, addition of the electrophile permits the
stereocontrolled construction of the carbon-carbon bond to take place. Such
two-step sequence is known as indirect reaction.
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Aiming to adhere to principles dictated by atom economy, direct
reactions encompass catalytic transformations in which the latent nucleophile
and the electrophile are subjected to the required conditions to form the
enolate in situ, which is usually achieved by the combination of a Lewis acid
and a tertiary amine, without affecting the electrophile (Scheme 11).111 This
approach enables the use of substoichiometric amounts of Lewis acids,
facilitating the development of catalytic asymmetric processes.

strong base
or

o LA ¢ E* 7
mild base
s R
S tnnlonse, T Jor
E
LA
‘ mild base {LA\ -‘
(0}

Bl

Scheme 11. Direct reactions.

6.2.1 Aldol additions

The first example of a direct aldol reaction was reported by Shibasaki,
in which the heterobimetallic complex BINOL-La triggered the reaction of
unmodified ketones with aldehydes (Scheme 12).112

0 o} O OH
R)-LLB (20 mol% H
D L T
R H® 'R HyO (0.2 equiv))THF R R
-20°C,72-135h 43 -90 %
ee44 -91%

Scheme 12. Shibasaki’s LLB direct aldol reaction.

Another prominent example of a direct aldol reaction was developed
by Trost, which involves a bimetallic zinc complex with an engineered
designed chiral ligand ProPhenol (Scheme 13).113 This bimetallic species acts
as a bifunctional catalyst, generating the enolate from unmodified aromatic
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ketones and activating the aldehyde simultaneously to generate the aldol
adduct in good yields and selectivities for most cases.

Ph
Ph l:’hOH HO Ph
JN OH NL

(S,S)-ProPhenol

ProPhenol (5 mol%)
Et,Zn (10 mol%)

0 0 O OH
PhsP=S (15 mol%)
N
Ar)K H)kR MS 4A, THF, ArMR
5°C, 48 h 24-79 %
ee 68 —99 %

Scheme 13. Trost’s ProPhenol catalysed direct aldol reaction.

These two seminal reports inspired several approaches towards the
development of direct aldol addition reactions, which due to its potential and
prevalence in several target molecules it persists as a field of great interest.

6.2.2 Michael addition

The asymmetric variant of the Michael addition experienced a rapid
growth after the reports of Yamaguchil!!* and Shibasaki,'’> who used
malonates as Michael donors and different enones as acceptors.

The rubidium salt of (S)-proline resulted a good catalyst for the
asymmetric Michael additions of malonates to different enones, although only
modest enantioselectivities were achieved (Scheme 14).

N~ YCO,Rb o

o O o}
P EN H
BnO OBn + R R

‘ (5 mol%)
_ =

R CHCIs, rt, 72 h R
62-91% CO,Bn
35-77% ee

£_CO,Bn

Scheme 14. Yamaguchi rubidium prolinate Michael reaction.

Shibasaki developed a series of heterobimetallic complexes, including
(R R)-ALB, which performed with excellent results on the Michael addition of
benzyl malonate to cyclic enones, achieving excellent yields and
enantioselectivities. Afterwards, this intermediate was used on the total
synthesis of tubifolidine (Scheme 15).116
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Scheme 15. Total synthesis of tubifolidine by a direct asymmetric Michael addition.

The wide variety of Michael donors, including but not restricted to
carbonyl pronucleophiles, combined with the several existing possibilities as
Michael acceptors makes this transformation one of the most versatile organic
reactions. However, several challenges arise from this versatility, including
the stereochemical control or regioselectivity towards the 1,2 addition in
several substrates. Therefore, much effort is done to obtain novel highly
selective methodologies with wide scopes to enable the exploitation of these
transformations.
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6.2.3 Mannich Reaction

Shibasaki reported the first direct asymmetric Mannich reaction using
his heterobimetallic complexes. The initial reports resulted in only modest
enantioselectivities.!'” However, further developments lead to the use of a
combination of Et:Zn alongside with (S,5)-Linked-BINOL ligands, which
provided outstanding results for the anti Mannich adducts (Scheme 16).118

o)
I 1]
N PPNz O OMe EtoZn (4 mol%) PhaPs\i 0 ome
)\\ + (S,S)-Linked-BINOL (1 mol%)
ROH MS 3A, THF, —20°C, 4 -9 h R
OH OH

OH HO dr 80:20 —> 98:2
0
OH HO ee >98%

(S,S)-Linked-BINOL
Scheme 16. Et2Zn/Linked BINOL catalysed Mannich reaction.

Later, List>8 reported the first organocatalysed Mannich reaction based
on his previous work on aldol reactions and Kobayashi’s1? three component
Mannich addition. As shown in Scheme 17, the three component system
consists of the pronucleophile carbonyl compound, the desired aldehyde and
p-anisidine. In this system, the imine is formed in situ, and further reacts with
the carbonyl nucleophile catalysed by the natural amino acid L-proline to
furnish the N-PMP-protected anti Mannich adduct in good yields and
remarkable stereocontrol.

{ Mcoon
o o OMe N o P
e 7 (30 mot%) AAr
H” R HN

CHCI3 orDMSO, rt, 12 -48 h

35 -90%
ee 70 — 96%

Scheme 17. L-Proline catalysed three component Mannich addition.

All these approaches paved the way towards the development of direct
asymmetric Mannich additions. Unfortunately and despite significant efforts,
several challenges remain unconquered, such as the use of non-precious metal
catalysis or uncovering transformations with broader applicability.
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Objectives

Building upon the precedents discussed previously, asymmetric
catalytic transformations are currently at the forefront of organic chemistry.
In this context, this thesis aims to develop novel direct, catalytic and
asymmetric methodologies to construct new carbon-carbon (C-C) bonds
using metal enolates derived from abundant and non-toxic metals.

In Chapter I, the objective is to study new asymmetric aldol reactions.
In a first approach, reactions between different achiral N-acyl-thioimides and
aromatic aldehydes are assessed. This involves the propionate as well as the
acetate aldol reaction. In a second approach, additions to more challenging
o,B-unsaturated aldehydes are examined. Finally, additions to propargylic
aldehydes are also evaluated in parallel with new cobalt and iron aldol
addition processes.

Scheme 18. Objectives of Chapter .

In Chapter I, the focus is directed towards the regiocontrol additions
to o,B-unsaturated aldehydes, optimizing the conditions for the obtention of
both syn and anti Michael adducts in a diastereodivergent manner.
Afterwards, the scope of this transformation is expanded to several a,(-
unsaturated aldehydes and thioimides. Finally, more challenging extended
Michael acceptors which involved the addition to «,B,y,6-unsaturated
aldehydes are examined.
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Scheme 19. Objectives of Chapter II.
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In Chapter III, derivatization of the Michael adducts from the
previously developed method is examined. The application of the resultant
transformation to the synthesis tapentadol, a commercially available opioid,

is described.

o Ar O Ar O
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Tapentadol

Scheme 20. Objectives of Chapter III.

In Chapter IV, summarized our efforts towards the development of
Mannich-type reactions through activated iminium ions. Furthermore,
preliminary studies towards 1,3-dipolar cycloaddition transformation
between a,B-unsaturated thioimides and nitrones are presented.
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Scheme 21. Objectives of Chapter IV.
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Metal catalysed asymmetric C-C bond forming reactions

1 Introduction

The aldol reaction holds a prominent position amongst all organic
transformations due to its capability to form new C-C bonds and install up to
two new stereocenters. Importantly, the resultant (-hydroxy carbonyl
compounds are prevalent motifs in a wide variety of natural products, which
has made the aldol reaction a lingering topic of research. 1.2

Indeed, since its discovery by Wurtz in 1872, several strategies have
emerged to address the challenges inherent in these transformations. Key
advancements include the introduction of preformed enolates in Mukaiyama
reactions,3-7 the development of stereocontrolled transformations based on
chiral auxiliaries such as Evans oxazolidinones,? chiral ketones introduced by
Paterson, or the development of catalytic asymmetric methods, amongst
others (Figure 11).9-20

A particularly challenging variant involves the catalytic generation of
the nucleophilic partner from the carbonylic reactant in the presence of the
electrophilic aldehyde. The high efficiency of such approach, named direct
reaction, has attracted much attention and triggered the development of a
large number of methods, both in the organocatalytic and the metal catalytic
arena.

In this context, the groundbreaking findings of Hajos-Parrish-Eder-
Sauer-Wiechert on the intramolecular aldol reaction of an achiral triketone,
catalysed by proline to yield an enantiomerically enriched bicyclic diketone,
remained largely unexplored for three decades. 2! This changed when Barbas
and List demonstrated the synthetic potential of intermolecular aldol
reactions catalysed by proline and triggered the development of a variety of
direct and organocatalytic aldol transformations.22 Parallel to these
achievements, the introduction of chiral metal -catalysts such as
[LaLis(BINOL)3] (LLB) and ProPhenol by Shibasaki?3 and Trost?4 respectively,
pioneered further advancements on direct aldol reactions through metal
enolates.
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Figure 11. The development of the aldol reaction.

More than two decades from the first report by Shibasaki and the
introduction of LLB catalyst, the direct asymmetric aldol reaction remains a
significant challenge. Several of the reported methods provide access to the
syn aldol adduct, while the anti adduct counterpart is usually elusive, which
increases the interest towards the development of anti selective
methodologies.?>

One of the most efficient approaches towards the direct asymmetric
aldol reactions was developed by Evans (Scheme 22). This relied on the

46



Metal catalysed asymmetric C-C bond forming reactions

catalytic generation of the enolate combining N-acyl-thiazolidinethiones with
chiral nickel(Il) complexes in the presence of 2,6-lutidine, which upon
reaction with the aldehyde furnished enantiomerically pure syn aldol adducts.
Alternatively, aldol-like adducts derived from trimethyl orthoformate could
be obtained by using other nickel catalysts in the presence of BF3-OEta. 2627

RCHO (MeO);CH
TMSOTf BF3-Et,0
2,6-Lutidine 2,6-Lutidine

[(S,S)-'Bu-BOX]Ni(OTf), S o S)-Tol-BINAPNi(OTf),
10 mol%) R (3 mol%)
( 6) )kN)k/
4:1 PhMe/CH,Cl,, CH,Cly,
1-36 h 0.5h
-78 to 20 °C -78to0°C
[(S,S)-tBu-BOX]Ni(OTf), | [(S)-toIBINAPINi(OTf),

O (tol)z
P<,,. OTf o o

>Nil S
P~ OTf SXNMO/
\_/

N
/s tol
R TfO OTf (tohz R
46 — 86%
dr 88:12 - 97:3 51-92%
ee 90 — 97% ee 90 — 99%

Scheme 22. Nickel(II) catalysed direct aldol type reactions.

Importantly, a further contribution from Sodeoka, which involved the
use of nickel(II) chloride complex and its subsequent in situ activation by a
silyl triflate.282° This avoids the use of the highly moisture sensitive nickel(II)
triflate complex, and facilitates the overall transformation, as proved in the a-
fluorination of N-acyl-thiazolidinones shown in Scheme 23.

PhO,S. | -SO,Ph
|

F
TESOTf
2,6-Lutidine
o o0 [(R)-BINAP]NICI, 0O o
P J_r (5= 10 mol%) L R
S PhMe, —20 °C, 24 h S
/ / E
56 — 99%
ee 61 - 88%

Scheme 23. In situ activation of nickel(II) chloride complex.
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In turn, Kumagai and Shibasaki developed an asymmetric syn aldol
reaction using N-acyl-7-azaindoline as the starting platform to carry out
asymmetric aldol reactions with aromatic aldehydes, which furnishes the syn
adducts in high yields and selectivities (Scheme 24).30

o ArCHO o on Ph,
(R,R)-PhBPE (10 mol%) 0 Ph
mesitylcopper (10 mol% - P
(AR mesityicopper ( )~ I, P
DMF, —40°C, 24 h R L Ph

=\ =\, ‘oh

" N\ 62 -95% (R,R)-PhBPE
dr 78:22 — 90:10
ee 871 -93%

Scheme 24. Copper(I) catalysed syn aldol reaction.

Further developments of the direct aldol reaction of N-3-butenoyl-7-
azaindolines with aromatic and aliphatic aldehydes have given access to the
corresponding aldol adducts. Depending on the nature of the aldehyde and by
choosing the appropriate combination of chiral ligand and phenolic additive,
syn or anti relative configurations can be obtained in excellent yields and
enantioselectivities (Scheme 25).31 With these adducts in hand, the total
syntheses of two different natural products with opposite relative
stereochemistry, the blumiolide C and kainic acid were performed.
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Scheme 25. Stereodivergent aldol addition of N-acyl-7-azaindolines.

In turn, Healy reported in 2023 an outstanding direct, asymmetric, and

stereodivergent aldol reaction that provides access to all four possible

stereoisomers from identical reactants (Scheme 26).18 Indeed, simple

treatment of malonic acid half thioesters with aldehydes in the presence of 10

mol% of salen or salalen-titanium complexes led to the syn or the anti aldol

derivatives in a highly stereocontrolled manner. All in all, the choice of the

titanium catalyst determines the stereochemical outcome of the reaction and

proves the potential of metal enolates to undergo direct and enantioselective

aldol reactions.
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) )
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OH HO OH HO
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(S,S)-SALEN (S,S)-SALALEN
ArCHO ArCHO
OH O (S,S)-SALEN (10 mol%) O O (S,S)-SALALEN (10 mol%) OH O
Ti(O'Pr), (11 mol%) Ti(O'Pr)4 (11 mol%)
Ar SPh HO SPh Ar” 7 Ssph
R PhMe, iPrOH R PhMe, iPrOH &
4AMS, rt 4AMS, rt
81-96% 67 —99%
dr 75:25 — 94:6 dr 67:33 - 91:9
ee 90 -98% ee 92 -99%

Scheme 26. Diastereodivergent aldol reaction.

In this context, and drawing upon the earlier contributions by Evans
and Sodeoka, our research group has been working on the development of
novel direct, catalytic, and asymmetric aldol reactions to yield protected aldol
adducts. Using achiral thioimides as promising platforms to exclusively form
the chelated metal (Z)-enolates, able to react with aldehydes and acetals
activated by Lewis acids through open transition states in which the putative
electrophile is an oxocarbenium species, the configuration of the resultant
aldol adducts is governed by chiral nickel(II) complex.

Preliminary studies based on such an approach permitted our group to
develop highly stereocontrolled silyl triflate mediated additions of different
thioimides to trimethyl orthoformate catalysed by chiral nickel complexes. As
a proof of concept, the anticonvulsant drug lacosamide was synthesized in
only five steps taking advantage of this novel aldol-like reaction (Scheme
27).3233
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S 0 [(R)-DTBM-SEGPHOS]NICI
SXNJK/ (1 mol %) ’ A M e
‘\/‘ CH,Cl,, -40°C, 2 h ‘\/‘ 90%
- 0

99% ee
HC(OMe),
TESOTf
2,6-Lutidine _
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Scheme 27. Aldol like additions of trimethyl orthoformate.

Subsequently, the group initiated a project to investigate the

simultaneous installation of two stereocenters. In this case, N-acyl-1,3-

oxazinane-2-thiones were employed as pronucleophiles, TMSOTf serving as
Lewis acid and 2-5 mol% [(R)-DTBM-SEGPHOS]NiCl: was utilized as catalyst.
This approach resulted in the formation of syn aldol adducts protected as

ethers in good yields and high selectivities (Scheme 28).34

ArCH(OAIK),
TMSOTf
2,6-Lutidine
S O [(R)-DTBM-SEGPHOSINICl,

s

O)KN)K/R (2 - 5 mol %) )k |

@ CH,Clp, 0°C, 115 h K/‘ H —
0

dr 74.26 92:8
ee 92 - 99%

o OAIk

Scheme 28. Direct syn aldol-like reactions of acetals.

51



The Aldol Reaction

In parallel, a new strategy to gain access to the anti-aldol counterpart
was devised. Studies carried out by Stuart Kennington in his PhD Thesis took
advantage of the activation of aldehydes with bulky Lewis acids to obtain the

anti protected aldol adducts in high yields and excellent selectivities (Scheme
29).3536

TIPSOTf
2,6-Lutidine
i L o [(R)-Tol-BINAP]NICI i o  OTIPS
2 mol %
T ’ HJK@\ CHC(:I 20:C)I1h 1 N%
2vl2, — ’ z
K) OMe K) OMe
90%
dr 85:15
ee 99%

Scheme 29. Direct anti aldol reactions.
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2 Towards wide scope aldol reactions

2.1 Studies on the anti aldol reaction from
thioimides

The excellent results obtained in the anti selective aldol addition from
N-propanoyl-1,3-thiazinane-2-thione summarized in Table 1. Aldehyde scope
of the direct anti aldol reaction. served as the starting point of this Thesis.
Building upon these results, we moved to analyse the impact of the
substituents in the acyl group of the thiazinanethione.

ArCHO
TIPSOTf (1.5 equiv)

2,6-Lutidine (1.5equiv) S O OTIPS
[(R)-Tol-BINAP]NICI
AT 2

S
SAN CH,Cl,, =20 °C, t SN
- Semmret 1)

Ar
2 mol% cat, 5 mol% cat, 15h 10 mol% cat, 15h
dr 85:15 ee 99% 82% dr 85:15 ee 97% 77% dr 85:15 ee 94% 76%
)S'L % % JL /O\TIP‘S '
10 mol% cat, 10 mol% cat, 5 mol% cat, 15h
dr 84:16 ee 97% 6% dr 84:16 ee 97% 4% dr 76:25 ee 97% 62%
TIPS TIPS
S o o OMme O O S O OTIPS

AN Ay |
) = : o
5 mol% cat, 15h - 10 mol% cat, 3d
dr 97:3 ee 97% 56% dr 87:13 ee 90% 61%
j,\ OTIPS i OTIPS
5 mol% cat, 2h 5 mol% cat, 2h
dr 88:12 ee 98% 74% dr 89:11 ee 99% 79%

Table 1. Aldehyde scope of the direct anti aldol reaction.
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Firstly, we required to synthesize the heterocycle in large quantities, so
the two-step sequence to synthesize the 1,3-thiazinane-2-thione was scaled
up to 120 mmol (Scheme 30). This started with the treatment of a solution of
3 amino-1-propanol in CH2Clz with chlorosulphonic acid at 0 °C to obtain 3-
ammoniopropylsulphate in high yield (87%), effectively transforming the
hydroxyl group into a good leaving group. Subsequently, the resultant
sulphate was dissolved in ethanol, followed by the addition of carbon
disulphide, which was reacted with a solution of KOH in water/ethanol to
neutralize the ammonium group. After, heating the reaction mixture at 70 °C
for 1 h results in the carbon disulphide forming a dithiocarbamate, which
cyclize to form the desired 1,3 thiazinane-2-thione at large scale (120 mmol)
and quite high yield (63%).37

0.0
CISOzH Y +
HO/\/\NHZ o \O/\/\NH3
CH,Cl, 0°C to rt
89%
Y . KOH i
070" ""NH; + CS, S” O NH

1:1 EtOH/H,0, 70 °C K)

63%
Scheme 30. Synthesis of 1,3-thiazinane-2-thione.

Following the synthesis of the heterocycle, the next step involved the
synthesis of various N-acyl-1,3-thiazinane-2-thiones. These different
derivatives were selected to assess the impact of bulkiness of the substituents,
as well as the chemoselectivity of the overall transformation.

Two different methods were used to obtain the desired N-acyl-1,3-
thiazinane-2-thiones 1. Acyl chlorides were coupled to the thiazinanethione
with EtsN as a base (Table 2, protocol A), while carboxylic acids were coupled
using carbodiimides and catalysed by DMAP (Table 2, protocol B).
Alternatively, if the direct coupling using carbodiimides resulted in very low
yields, the acid was derivatized with oxalyl chloride catalysed by DMF to yield
the corresponding acyl chloride, after which the protocol A was followed. The
products were purified by flash chromatography to afford the pure compound
(22-84% yield).
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Protocol A (0]

CI)J\/R

S S O
Et3N (1.3 equiv) R
ij\)NH CH,Cl, 0°Ctort,2—-24h ?ij\/’ilJ\/
2Ll2, or, z—
1
Protocol B 0
R
HOJJ\/
S EDC-HCI (1.3 equiv)

S (0]
DMAP (20 mol% R
( 0 Ao

CH,Cly, 0°C tort, 2 — 24 h v

1

() e0% () s9% (U a2%

1e 1f 19

Table 2. Synthesis of N-acyl-1,3-thiazinane-2-thione.

Once prepared, the reaction of N-acyl-1,3-thiazinane-2-thiones with 4-
methoxybenzaldehyde (a) was evaluated under the same conditions
described in Table 3 to furnish the TIPS-protected anti aldol adducts. Each
reaction was briefly optimized in terms of catalyst loading and time to achieve
optimal results.

The TIPS-protected aldol adducts were successfully synthesised in
most cases, with a remarkable excellent enantiomeric excess across all
compounds. However, the diastereoselectivity, and consequently the yield,
decreased when the steric hindrance increased, as shown in Table 3. Indeed,
a significant loss of diastereoselectivity and yield was observed from 2aa
compared to compounds 2ba and 2ca. This trend was accompanied by a
decrease in reaction rate, which forced an increase of catalyst loading from 2
mol% to 5 mol% in the latter example. Nevertheless, the tolerance to other
functional groups was excellent, without a significant influence observed by
the presence of some of the most common functional groups such as alkenes,
alkynes, halides, or esters. Enantiomerically pure (ee 94-99%) protected anti
adducts 2da-2ga were isolated in good to high yields (62-76%).
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TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) s O OTIPS

S O (0]
R [(R)-Tol-BINAP]NICI
Jylon iy s, 1,
2v12, = s
v ] oM K) OMe

R
a e 2
S O OTIPS S O OTIPS S O OTIPS
SXN)%@ S)kN)k:/'\@ Aoy :
N OMe NN OMe L Nipr OMe
2aa 2ba 2ca
2mol% cat, 1h 2mol% cat, 2h 5mol% cat, 2h
dr 85:15 ee 99% 82% dr 81:19 ee 99% 78% dr 75:25 ee 99% 60%
S O OTIPS S O OTIPS

PR

S N Y S N Y
m OMe L 7 OMe
2da 2ea
2mol% cat, 3 h 5mol% cat, 5h
dr 81:19 ee 99% 76% dr81:19 ee 98% 75%
S O OTIPS i o OTIPS
S)LN ' i N)Kl/'\©\
j\ OMe K) \k/ OMe
Br
O0“~ "OMe
2fa 2ga
2mol% cat, 3h 2 mol% cat, 15h
dr 82:18 ee 94% 62% dr 79:21 ee 99% 70%

Table 3. Thioimide scope of direct anti aldol reaction.

Once the scope of the reaction was firmly established, our group
evaluated the displacement of the scaffold to obtain enantiomerically pure
derivatives (Scheme 31).3¢

With this aim, these studies were carried out by Stuart Kennington in
his Thesis, starting with the synthesis of different amides, including activated
amides such as morfoline or Weinreb amide, was tested by nucleophilic
displacement of the scaffold with the corresponding amine catalysed by 20
mol% of DMAP without detriment to the stereoselectivity. Furthermore, the
absolute configuration of amide derived from (S)-a-Methylbenzylamine was
assigned to the (2S5, 3S) via X-ray analysis. To our pleasure, all these products
were isolated in high yields (>80%), and even quantitative yield was achieved
for the morpholine amide derivative. The aldol product can be reduced under
mild conditions using LiBH4 to furnish the corresponding alcohol in an 85%
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yield. Esters can also be prepared by nucleophilic displacement using DMAP
(20 mol%) as catalyst. Furthermore, the sodium enolate of ethyl acetate was
used to obtain (-ketoesters with a remarkable 78% yield, which is a very
powerful platform in enolate-based reactions.

(e} OTIPS
MeO.
N
[
: O OTIPS 88% OMe O OTIPS
A
Ph H ; MeNHOMe-HCI MeO™ ™~
= Et;N, DMAP =
83% OMe CH,Cly, 1t, 12 h OMe
95%
(S)-PhCHMeNH,, DMAP )S]\ (6] OTIPS MeOH, DMAP
CHyCly, 1t, 2 h rt, 15 h
Morpholine, DMAP U . EtOAc, NaHDMS
CHCly, 1t, 2 h = THF, -78°C, 1 h
2Ll OMe 8°C.
LiBHy4
O OTIPS THF, 1t, 2 h O O OTIPS
(\N ; MeO
(o) - -
OMe OTIPS OMe
99% 78%
HO ;
) OMe

85%

Scheme 31. Removal of the heterocycle.

2.2 Mechanistic studies

Theoretical calculations were carried out by Dr. Gabriel Aullén to shed
light on a plausible mechanism compatible with the experimental data, which
would be helpful for a better understanding of the experimental trends and
suggest a transition state to account for the stereochemical outcome of the
reaction.3¢

To initiate the study of the possible transition states, the molecular
geometry of the enolate [{(R)-Tol-BINAP}Ni(thiazinanethione)]* was
optimized in its singlet state. The most stable conformation represented in
Figure 12 involves a slightly distorted square planar chelated nickel(II)
enolate.
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Figure 12. Optimized geometry of the nickel(II) enolate.

With this optimized geometry, the most favourable transition states
leading to the different stereoisomers were analysed. The calculations were
based on the previous enolate geometry combined with the oxocarbenium
intermediate (TIPSO)CH(CsHsOMe)*.

From the four transition states, A and C would lead to the anti
diastereomers with opposite enantioselectivity, while B and D would lead to
the syn diastereomers with opposite enantioselectivity (Figure 13). The
results showed large energy difference (>2.2 kcal/mol) between the approach
of the enolate from the Re face (Figure 13, transition states A and B) and that
from the Si face (Figure 13, transition states C and D), therefore contributing
the latter ones less than 1%, which accounted for the excellent
enantioselectivity.

The diastereoselectivity was also explained by the energy difference
between transition states A and B, which corresponds to a theoretical 68:32
ratio, in good agreement to the experimental ratio (anti/syn 85:15).
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Figure 13. Transition states of the aldol addition.

An important detail to understand the energy order involves the
additional stabilization through Van-der-Waals H---H interactions between
the isopropyl groups of the silyl substituents and the thiazinanethione ring
(distances <2.5 A), which would explain the extra stability of transition state
A and C over B and D respectively. As said, Ni(Il) atom presents a close to a
square-planar geometry, and it was found that D presents the most important
destabilization through an interaction between the tolyl substituent of the
phosphine and the aromatic group, forcing the TIPS group to adopt a near
linear geometry far from ideal (132° in the free electrophile).

Therefore, we proposed the catalytic cycle, in which the nickel(Il)
chloride acts as a precatalyst, which is first activated by the silyl triflate to
generate the true catalyst. This nickel(II) triflate complex chelates to the N-
acyl-thiazinanethione, which acidifies the a-proton leading to its
deprotonation by 2,6-lutidine to generate the enolate. Simultaneously, the
silyl triflate activates the aldehyde, generating the oxocarbenium
intermediate which reacts through an open transition state to produce the
aldol adduct and regenerate the nickel catalyst (Scheme 32).
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Scheme 32. Catalytic cycle of the aldol reaction.

In summary, the carbon-carbon bond forming step hinges on an open
transition state, in which the Ni(II) adopts a close to square-planar geometry
and one of the tolyl groups of the phosphine blocks the Si m-face of the
resultant enolate formed, which explains the outstanding enantioselectivity
obtained in all cases. In turn, the diastereoselectivity is defined by the attack
through the Re or Si m-face of the oxocarbenium intermediate, and several
weak interactions such as the Van-der-Waals stabilization between the
trialkylsilyloxy group and the scaffold as well as distortions in the bond angles
play a significant role in the m-facial differentiation.
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3 Acetate aldol reaction

3.1 Introduction

Traditionally, acetate aldol reaction has received a special attention.
Although it only generates one new stereocenter, the close energy of the
transition states it can evolve through makes acetate aldol a particularly
challenging reaction.?® Indeed, well-developed methodologies for its
propionate counterpart often fails in this type of enolates as in the case of
Evans imide-derived boron enolates. One of the most successful approaches is
based on the Mukaiyama aldol reaction with preformed silicon enolates
promoted by chiral Lewis acids.3° One of the first examples reported was by
Mukaiyama and Kobayashi, who used a chiral diamine alongside with
Sn(0Tf)z in catalytic amounts (Scheme 33).40 The power of this methodology
was proved by the addition of the silyl ketene thioacetal to a chiral aldehyde,
demonstrating that the inherent effect of the chiral group on the aldehyde had
only a minimal impact on the stereochemical outcome, which was controlled
by the chiral diamine.

O OH (R)-diamine (S)-diamine O OH

EtS Sn(OTH), Sn(OTH), EtS
85% OTBS (20 mol%) (20 mol%) 84%  OTBS
dr 96:4 dr94:6
N_ N_
(R)-diamine (S)-diamine
O OH 0 OH
EtS - Ets)w
85% OTBS (20 mol%) 86%  OTBS
dr 94:6 dr 96:4

Scheme 33. Sn(II)-mediated acetate aldol reaction.

Much more recently, List showcased the potential of IDPi catalysts to
activate substrates in highly stereoselective transformations proceeding
through open transition states. A particular case of interest is the cross aldol
reaction from aldehyde silyl enol ethers (Scheme 34).4! This example is highly
challenging due to the similar reactivity of the final product with the initial
reagent, which usually leads to extensive levels of polimerization. The ability
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of IDPi to distinguish between them resulted in the obtention of a single
product with a remarkable enantioselectivity.

IDPi
_SiR IDPi R3Si
o) 0" (0.5-1.5mol%) o O
o, K — J N
R”H H CHCl3, —60°C, R H
20min—-6nh 76 — 87%
ee 70 — 96%

Scheme 34. IDPi organocatalysed acetate aldol reaction.

Parallel examples in direct reactions proceeding through metal
enolates are scarce, Shibasaki’s heterobimetallic compound LLB and Trost
zinc ProPhenol were the two seminal reports in which the acetate aldol
reaction was obtained in high enantioselectivities. (Scheme 12 and 13, general
introduction). However, most reported methodologies suffers from poor
selectivities or narrow scope.

In this context, we were interested in investigating the feasibility of
aldol transformations with the acetate counterpart.

3.2 Optimization

Taking advantage of our own experience, we initiated the exploration
of the acetate aldol addition by assessing the reaction of different thioimides
with p-methoxybenzaldehyde (a) as a model substrate. The sterically
hindered TIPSOTf was used as Lewis acid since it had proved to be crucial for
the selectivity obtained in propionate aldol reactions.

Initial attempts included the reaction of 1h with different chiral Ni(II)
catalysts. Unfortunately the enantioselectivities turned out to be
disappointingly poor, being the (R)-BIPHEP nickel complex the best catalyst
(Table 4, entry 5), and the changes in both the binaphthyl moiety or the
phosphine aromatic substituents did not significantly modified the selectivity
(Table 4, entries 1-3, 5-6). The introduction of bulky substituents such as
DTBM or the non-aromatic phosphine BPE (Table 4, entry 7) inhibited the
reaction. Although increasing the temperature facilitated the formation of

62



Metal catalysed asymmetric C-C bond forming reactions

aldol adduct as for DTBM-SEGPHOS, there was no stereocontrol at all (Table
4, entry 5).

TIPSOTY (1.5 equiv)

8 2,6-Lutidine (1.5equiv) S O OTIPS
SJKN L*NiCl, (10 mol %) S)kN
‘\/‘ CH,Cl,, =20 °C, 15 h ‘\/‘
2ha OMe
Ligands L*
OMe
& { )
OO { PR Np~ ~Ph
PAr, O PAr, MeO PAr, MeO PAr, H
<O PAr, MeO PAr, MeO PAr,
o

PAr2
OO Phﬁ_nph

OMe
(S)-BINAP (R)-SEGPHOS (R)-BIPHEP (R)-GARPHOS  (S,S)-Ph-BPE
Ar = Ph Ar = Ph Ar = Ph Ar=Ph
(S)-Tol-BINAP  (R).DTBM-SEGPHOS
Ar=4-MePh  ar- 3 5.tBu,-4MeOPh
Entry L* Conv (%)* Yield (%)? ee(%)¢

1 (S)-BINAP 72 - 30

2 (S)-Tol-BINAP 54 20 38

3 (R)-SEGPHOS 56 - 28

4 (R)-DTBM-SEGPHOS? 67 36 0

5 (R)-BIPHEP 98 . 42

6 (R)-GARPHOS 88 . 30

7 (S,5)-Ph-BPE 0 - -
a) Established by 'H NMR analysis. b) Isolated yield. c) Established by
chiral HPLC analysis. d) 0 °C

Table 4. Chiral ligands screening with thiazinanethione.

Next, the thiazolidinthione 1i was employed. The results were
comparable to those of thiazinanethione 1h. Modifications on both the
binaphthyl structure and the aromatic substituents did not result in any
significant improvement of the enantioselectivity, which remained poor
around 38-44% ee. Particularly poor were the results with the bulky DTBM-
SEGPHOS catalyst, which completely eliminate any facial discrimination,
resulting in the formation of a racemic mixture of aldol adducts. Similarly to
thiazinanethione, the (R)-BIPHEP nickel catalyst provided the best results
(Table 5, entry 5).
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TIPSOTS
s 0 o 2,6-Lutidine S 0o OTIPs
UL ! L*NiCl, (10 mol %) PR

.

S N CH,Cl,, —20°C, 15 h S N
OMe OMe
1i a 2ia

Entry L* Conv(%)® Yield(%)* ee(%)*
1 (S)-BINAP 54 - 42
2 (S)-Tol-BINAP 50 32 40
3 (R)-SEGPHOS 69 - 38
4 (R)-DTBM-SEGPHOS 80 - 0
5  (R)-BIPHEP 99 - 44
6  (R)-GARPHOS 89 - 42

a) Established by 'H NMR analysis. b) Isolated yield. c) Established by
chiral HPLC analysis.

Table 5. Chiral ligands screening with thiazolidinthione.

The substitution of the endocyclic sulphur with oxygen was also

investigated by Vanessa Schmidt in her Erasmus thesis.#? Unfortunately,

enantioselectivities were poor in all cases, comparable to previous ones

(Table 6, entries 4-7) or ever lower when oxazolidinethione 1j were used
(Table 6, entries 1-3). Both N-acetyl oxazinanethione 1k and N-acetyl
oxazolidinethione 1j resulted in poor enantioselectivities, with similar results

amongst all phosphines. Once again, the (R)-BIPHEP nickel catalyst provided

the best results, although still not synthetically useful (Table 6, entry 6).
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TIPSOTf (1.5 equiv)

S 0O e 2,6-Lutidine (1.5equiv) S O OTIPS
AL HJK@\ L*NiCl, (10 mol %) O)LN)K/k@\
‘\@) CH,Cl,, 20 °C, 15 h ‘\@)

n OMe f OMe
1 a 2
Entry n L* Conv(%)®  Yield(%)*  ee(%)*
1 0 (5)-Tol-BINAP 95 93 28
2 0 (R)-BIPHEP 96 - 20
3 0 (R)-GARPHOS 82 69 7
4 1 (S)-BINAP 76 36 28
5 1 (S)-Tol-BINAP 62 20 40
6 1 (R)-BIPHEP 93 - 47
7 1 (R)-GARPHOS 70 54 40

a) Established by 'H NMR analysis. b) Isolated yield. c) Established by chiral HPLC analysis.

Table 6. Chiral ligands screening with oxazinanethione and oxazolidinthione.

In summary, the acetate aldol reaction has proved to be a highly
challenging transformation in which the differentiation of both m-faces of the
aldehyde is significantly much more complicated than for the propionate
counterparts. The present study indicates that the ring size and the change of
the endocyclic heteroatom has no significant impact on the stereochemical
outcome of the reaction. Moreover, none of the nickel catalyst from chiral
phosphines, most of them based on Cz symmetrical biarylic systems, have
provided reasonably good enantioselectivities, being the [(R)-BIPHEP]NiClz
the most adequate among them.

At this point, it became evident that achieving high selectivities in
acetate aldol reactions would require either designing a new catalytic system
or developing a new platform to achieve such control. However, these
objectives were out of the scope of this Thesis, and the acetate aldol reaction
project was abandoned.
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4 Other metal enolates for aldol
reactions

In our quest to develop direct and stereocontrolled processes, we
wondered if other metals could be the key for more efficient and successful
catalysts. Most widely used catalysts are based on precious metals such as Pd,
Pt, Ir, Ru. Unfortunately, the low abundancy of these metals renders them
expensive and they usually present significant levels of toxicity. Therefore,
there is a growing demand to replace these metals with more sustainable and
less toxic alternatives such as 3d transition metals. Nickel has demonstrated
to be highly successful in many catalysed reactions developed in our group,
but we envisaged that other 3d metals might offer new options on catalysed
transformations, including novel type of substrate activation.

4.1 Co catalysed aldol reactions

Cobalt catalysis represents an excellent complement to that supported
by nickel. Indeed, nickel(II) complexes usually present a square planar
geometry, typically observed in d® metal complexes. Whereas, cobalt(II)
counterparts adopt a tetrahedral or octahedral geometry, greatly modifying
the sterical demand of the ligands attached.

Additionally, cobalt catalysed transformations are uncommon, and just
a few reports describe them on direct asymmetric aldol reactions. 4344 The
first example was reported independently by Duan*> and Reiser,*¢ in which L-
proline combined with cobalt(II) salts acts as the catalytic species, albeit only
modest levels of selectivity were achieved in most cases (Scheme 35).

L-Proline (20 mol%) O OH

o) o
)J\ L CoCl, (10 mol%)
+ H

_
O AT MeOH,m, 36-60n | | A
! NP
7 62 — 98%
ee 50 -98 %

Scheme 35. Cobalt(Il)-proline complex catalysed aldol reaction.

In this context, and considering that the development of a cobalt
catalysed asymmetric direct aldol reactions could provide an excellent
alternative to the nickel counterpart, we analysed different cobalt species as
catalysts for the well-developed TESOTf-mediated aldol reaction described in
Section 2 to test their catalytic potential.
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The start of this project was grounded on the use of thiazolidinthione
11 alongside with 4-methoxybenzaldehyde in the presence of TESOTf as the
Lewis acid and 2,6-lutidine as the base. Initial trials were conducted at 0 °C for
16 h with a 20 mol% of catalyst loading. The obtained results are summarized
in Table 7 revealed that CoClz and Co(OAc): were pretty active (Table 7,
entries 2, 5). Surprisingly, they displayed higher activity compared to the
nickel counterparts (Table 7, entries 1 and 4), which yielded a complex
mixture of products in very low conversion and none of them being the aldol
product. Cobalt(IlI) species such as CoFs were inactive leading only to the
recovery of the starting materials (Table 7, entry 2). Other cobalt salts yielded
complex mixtures of products, detecting the aldol adduct 3la only in the
Co(acac)z (Table 7, entry 6) although it was not possible to determine the
diastereomeric outcome.

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) S O OTES

)L Jj\/ Co Cat (20 mol%) )L
CH20I2, 0°C,16h \ /
OMe

11 3la
Entry Catalyst Conv(%)“ (ant(:::yn)b A:;i:tlezctl:;ct Yield (%)¢

1 NiClz 38 - X Complex mixture
2 CoCl: 72 59:41 v 60

3 CoFs 0 X -

4 Ni(OAC): 69 X 0

5 Co(OAc): 80 70:30 v 22

6 Co(acac)2 23 v Complex mixture
7 Co(NO3)2 69 X Complex mixture
8 C0S04 76 - X Complex mixture

a) Starting material recovered established by 'H NMR analysis using methyl 4-nitrobenzoate as
internal reference. b) Established by 'H NMR analysis. c) NMR yield using methyl 4-nitrobenzoate
as internal reference.

Table 7. Cobalt catalysed aldol reaction.

These results suggest that actually cobalt species could indeed serve as
catalysts to generate the corresponding cobalt(Il) enolates, which may exhibit
higher activity than the corresponding nickel (II) enolates. With these results
in mind, we introduced organic ligands in the structure with the objective of
making cobalt complexes chiral and useful catalysts for asymmetric
transformations
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Our initial approach used achiral and readily available ligands, with a similar
reactivity than their chiral counterparts. In this regard, we first chose
triphenylphosphine, which should have a similar reactivity and catalyst
stability as the chiral biarylphosphines counterparts. Additionally, we
considered the Schiff base ligand SALEN, whose chiral counterparts are
commercially available (Figure 14).

PP PPh; A
roF~~ -FArp
Co Co
co —> Go
X X X X
(Ph3P),CoX, L*CoX,
—N N—
o o E— o o R
Co(SALEN) R R
Co(SALEN*)

Figure 14. Chiral counterparts of SALEN and phosphine ligands.

To our delight, three commercially available cobalt species, including
the Co(I) phosphine catalyst, gave good to high conversions and the desired
aldol adducts were obtained in high yields (Table 8, entries 1-3). Surprisingly,
the in situ preparation of the catalyst by adding CoClz and PPhs resulted in the
obtention of the complementary stereoisomer, albeit several byproducts
appeared thus limiting the utility of the latter approach (Table 8, entry 4).
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TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) S O  OTES

S o0 O
Co Cat (20 mol%)
A, ) A
-/ CH,Cl,, 0°C,16h \__/
11 a

OMe 3la OMe
Entry Catalyst Conv (%) (_h Yield (%)¢
(anti:syn)b
147 Co(SALEN) 92 70:30 90
2 (PhsP)3CoCl 70 77:23 69
3 (PhsP)2CoCl2 76 71:29 66
4 CoCl2 + 2 PPhs - 20:80 Complex mixture

a) Starting material recovered established by 'H NMR analysis using methyl
4-nitrobenzoate as internal reference. b) Established by 'H NMR analysis. c)
NMR yield using methyl 4-nitrobenzoate as internal reference.

Table 8. Cobalt complex screening for the cobalt catalysed aldol reaction.

With these exciting results in hand, we proceeded to further optimize
all these reactions. We initially analysed the impact of the catalystloading and
the concentration on the reaction kinetics while maintaining the lowest
temperature to not compromise the reaction selectivity We found that the
reaction could be carried out with just 10 mol% of cobalt catalyst at high
concentration give the aldol adduct in >95% conversion in just 5 h at 0 °C.

Next, we analysed the reaction from different thioimides commonly
used, substituting both the exocyclic and endocyclic heteroatom, as well as the
ring size. Moving from five to six membered ring heterocycle 1a enhanced the
diastereoselectivity, albeit it reduced substantially the yield (Table 9, entries
4-6). Substitution of the endocyclic sulphur by oxygen in the five membered
ring heterocycle 1m leaded to degradation products with low yields of the
aldol addition (Table 9, entries 7-9), while in the six membered ring 1n leaded
to extensive degradation (Table 9, entries 10-12). In turn, employing an
exocyclic oxygen inhibited the reaction, and starting materials were recovered
unchanged (Table 9, entries 13-15).
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TESOTf (1.5 equiv)
2,6-Lutidine (1.5equiv) Y O OTES

L k/ Co Cat (10 mol%) )L
——>X N Y
CH2<:|2 0°C, 15 h :
R OMe

3
Entry X,Y N Catalyst Conv (%) dr (anti:syn)b Yield (%)¢
1 S,S 0 (PhsP)3CoCl 70 77:23 69
2 S,S 0 (PhsP)2CoCl: 80 76:24 80
347 S,S 0 (SALEN)CoCl2 81 73:26 80
4 SS 1  (PhsP)sCoCl 74 96:4 36
5 SS 1  (PhsP).CoCly 81 91:9 32
647 S,S 1 (SALEN)CoCl: 83 87:13 14
7 oS 0 (PhsP)3CoCl 100 - 0
8 oS 0 (Ph3P)2CoCl. 86 63:36 22
947 0S 0 (SALEN)CoCl: 100 62:38 46
10 0S 1  (PhsP)sCoCl 100 - 0
11 0S 1  (PhsP):CoCl 88 - 0
1247 oS 1 (SALEN)CoCl2 93 - 0
13 0,0 0  (PhsP)sCoCl 0 - -
14 0,0 0  (PhsP):CoCl, 0 - -
15 0,0 0  (SALEN)CoCls 0 - -

a) Starting material recovered established by 'H NMR analysis using methyl 4-nitrobenzoate as
internal reference. b) Established by 'H NMR analysis. c) NMR yield using methyl 4-nitrobenzoate
as internal reference.

Table 9. Heterocycle optimization of cobalt catalysed reactions.

These results summarized in Table 9 clearly shows that cobalt
complexes may trigger catalytic aldol reactions from five and six-membered
ring thioimides. Unfortunately, they afford the anti aldol adduct and not the
syn counterparts, which would be an ideal complement to the established
method. However, the promising results from such substrates warrant further
study involving the use of chiral cobalt complexes and a variety of Lewis acids.
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4.2 Fe catalysed aldol reaction

Iron is the most abundant transition metal in earth and also the
cheapest and most sustainable element to work with. Furthermore, life has
adopted iron as an essential element in various biological systems, resulting
in low toxicity and therefore allowing high concentrations (>1300 ppm) in
pharmaceutical products, —a property that very few metal catalysts can
achieve. Despite numerous efforts to replace precious metals with iron
catalysts, the results have been very limited so far, proving the challenge of
effectively implementing this metal in organic synthesis. In this context, we
decided to explore iron as a catalyst in the direct aldol reaction, for which
there are no precedents in the literature.

Following a similar strategy to that from the cobalt counterpart, the
reaction was initially conducted with readily available iron salts, including the
most common oxidation states. To our delight, the reaction with FeCl3 yielded
the corresponding aldol adduct with a promising 27% yield whereas Fe(0OAc)2
afforded a lower 14% yield (Table 10, entries 1-2). These firsts trials showed
the potential of iron compounds to facilitate the aldol reaction.

Afterwards, we explored the use different additives to enhance the
reactivity of the iron salts as well as to serve as well as a platform for the
introduction of chirality. In this regard, we used diamines such as 1,10-
phenantroline, 2,2’-bipyridine and 2,2’-biquinoline, alongside with
triphenylphosphine. Diamines resulted in complex mixtures of products, none
of them corresponding to the aldol adducts (Table 10, entries 3-6). In turn,
introduction of triphenylphosphine in the iron(Ill) catalyst significantly
reduced the reaction rate and decreased the stereoselectivity (Table 10, entry
7), although the combination of Fe(OAc):z and triphenylphosphine as ligand
proved to be beneficial and gave a 67% of conversion and a promising 40%
NMR yield.
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TESOTf (1.5 equiv)
2,6-Lut (1.5 equiv)

Fe Cat (20%) S O OTES
)k )K/ __ additive (20%) M
————————>S8 N v
CHZCIZ,O °C,16h \__/ H
3la OMe
Additives

4 N\ 7 N N\ 7 N N\
CNQ@ O WD S
1,10-Phenantroline Biquinoline Bipyridine

Entry Catalyst Additive Conv (%)® dr (anti:syn)b  Yield (%)

1 FeCl3 - 78 78:22 27
2 Fe(0Ac): - 49 78:22 14
3 (Phen)FeCls - 61 - 0
4 FeCls Phen 64 - 0
5 FeCls Bipyridine 43 - 0
6 FeCls Biquinoline 52 - traces
7 FeCl3 PPhs 57 58:42 17
8 Fe(0Ac): PPh; 67 55:45 40

a) Starting material recovered established by 'H NMR analysis using methyl 4-
nitrobenzoate as internal reference. b) Established by 'H NMR analysis. ¢) NMR
yield using methyl 4-nitrobenzoate as internal reference.

Table 10. Iron catalysed aldol reactions.

These very preliminary results just demonstrate that both FeCls and

Fe(OAc)2 can effectively catalyse the aldol addition between thioimides 1 and

activated aldehydes. Furthermore, phosphine ligand accelerates the reaction

rate while preventing the formation of byproducts when combined with

Fe(OAc)2. Future studies should take into account these promising results and

explore the impact of chiral ligands that have been employed in asymmetric

transformations catalysed by iron complexes (Figure 15). These involve,

bipyridine-based ligands have been successfully used at the asymmetric

opening of ring epoxides, thia-Michael additions, cyclising aminofluorinations

and asymmetric Mukaiyama aldol reactions. In turn, chiral diphosphines have

been utilized in enantioconvergent Suzuki reactions, hydrogenations and

hydrosilylation reactions.*8-51
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2 / ‘
7N/ N g o Ko
=N N= PR PPhy </l X
tBu Fe/ - 1tBu Fe/ \ N\F _—N
— 4 © cr cl A
cl ca’ @
bipyridine-based phosphine-based BOX-based
ligands ligands ligands
2 PFG
Ar
I \
o ACN,,,, .. NMes
\Fe Cl N—-Fe X
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Figure 15. Iron chiral complexes.

5 Aldol reactions with o,f-unsaturated
aldehydes

In parallel to these studies and aiming to expand the scope of the
process, we evaluated the aldol reaction to o,3-unsaturated aldehydes due to
its synthetic potential. Indeed, these reactions could furnish chiral v,6-
unsaturated-f-hydroxy carbonyl compounds, which are among the most
versatile building blocks in organic synthesis.3¢

Keeping in mind that addition of enolates to o,3-unsaturated aldehydes
raises a regioselective problem, since the addition could take place not only
towards the 1,2 position but also the 1,4 position, we decided to carry out a
comprehensive optimization to find the appropriate conditions to achieve a
highly regio- and stereoselective transformations.225

5.1 Aldol reactions with cinnamaldehyde

We started by optimizing the reaction conditions based on the ones
developed previously for the anti-aldol addition to aromatic aldehydes, using
commercially available (E)-cinnamaldehyde (b) as the model substrate.
Preliminary results carried out by Stuart Kennington in his Thesis indicated
that the reaction yielded mixtures of both aldol and Michael adducts.
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First, we assessed the influence of the scaffold and the silyl triflate on
the regio- and diastereoselectivity of the aldol reaction catalysed by
(Me3P)2NiCla.

The results, summarized in Table 11, revealed that the regioselectivity
is predominantly governed by the bulk of the silyl triflate, obtaining high
selectivities towards the Michael adduct with bulky triflates such as TIPSOTf
with ratios ranging from 28:72 up to 13:87, while the less bulky TMSOTf
completely reverts the regioselectivity favouring the aldol addition with
selectivities ranging from 73:27 up to 82:18. In contrast, the
diastereoselectivity of the process is slightly affected by the Lewis acid
employed, obtaining comparable results between all of them with the
remarkable exception of the combination of 1m with TMSOTf (entry 15),
which lowers significantly the diastereomeric outcome.

In turn, the choice of the heterocycle had a lesser impact compared to
the Lewis acid. Substitution the endocyclic sulphur atom by oxygen has a little
influence in both the regioselectivity and the diastereoselectivity towards the
aldol addition. Furthermore, the six-membered ring heterocycles afforded
comparable results to the five membered counterparts.

In summary, optimal conditions to carry out the desired aldol addition
involve using TMSOTf in combination with oxazinanethione 1n (Table 11,
entry 8), which showed the best regioselectivity towards the aldol product
and an excellent diastereoselectivity.
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(o}

H)v\Ph
b S OSiR; S e} F:’h
. XXN)K/'\/\Ph X)L WOS'R
R,SiOTF (1.5 equiv) N" Rs
N
CH,Cl,, —20°C, 15 h
OSiR; S

S (e} 2,6-Lutidine (1.5 equiv) ‘\H)
X)LN)K/ (Me3P),NiCl, (5 mol %)
K@) s 0
o XQ;N)WP“ XN
N

OSiR,

Entry X n RsSiOTf t(h) Conv(%)* rred dr(1,2)e dr(1,4)
14 S 1 TIPSOTf 5 93 15:85 - 81:19
2 S 1 TESOTf 5 88 44:56 84:16 78:22
3 S 1 TBSOTf 2 >99 67:33 76:24 78:22
4 S 1 TMSOTf 2 >95 74:26 80:20 80:20
5 0O 1 TIPSOTf 5 94 27:73 - 80:20
6 0O 1 TESOTf 5 94 62:38 95:5 65:35
7 0O 1 TBSOTf 16 76 75:25 94:6 52:48
8¢ 0 1 TMSOTf 16 90 82:18 92:8 55:45
9 S 0 TIPSOTf 5 90 13:87 - 81:19
10 S 0 TESOTf 5 80 48:52 89:11 77:23
11 S 0 TMSOTf 2 >99 65:35 86:14 65:35
12 0O 0 TIPSOTf 5 97 28:72 - 70:30
13 0O 0 TESOTf 5 80 50:50 96:4 58:42
14 0O 0 TBSOTf 5 85 52:48 90:10 50:50
15 0O 0 TMSOTf 2 99 73:27 62:38 43:57

a) Established by 'H NMR analysis. b) 1,2:1,4 ratio. c) Diastereomeric ratios from 1,2
adducts. d) Isolated yield. e) 43% isolated yield of TMS unprotected anti adduct.

Table 11. Lewis acid screening for the aldol reaction to (E)-cinnamaldehyde.

With these encouraging results in hand, we focused our attention on
the chiral catalyst that should keep or even improve both the regio- and the
diastereoselectivity with an excellent enantiocontrol.

Disappointingly, any of the commonly used chiral C2 symmetric
nickel(II) catalysts were effective (Table 12). The BIPHEP family (Table 12,
entries 3-4) and the bulkier phosphines of the SEGPHOS family (Table 12,
entries 6-7) gave very low conversions to the desired product 4nb (<5%) and
provided complex mixtures of subproducts, likely due to the nucleophilic
addition of the exocyclic sulphur to cinnamaldehyde. In contrast, BINAP
family (Table 12, entries 1-2), the less bulky SEGPHOS Table 12, entry 5) and
the GARPHOS family (Table 12, entries 8-10) yielded almost equimolar
mixtures of 1,2- and 1,4-adducts. Moreover, the diastereoselectivities were
also lower than the ones obtained using the achiral (Me3P)2NiCl: catalyst.
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s 9 0 22’\{80de S o OTMs
,6-Lutidine
T ey
1n b 4nb
Entry L* Conv (%) rr(1,2:1,4) dr (syn/anti)*b
1 (S)-BINAP 85 49:51 30:70
2 (S)-Tol-BINAP 40 50:50 28:72
3 (R)-BIPHEP 0 - -
4 (R)-TM-BIPHEP <5 - -
5  (R)-SEGPHOS 67 43:57 33:67
6  (R)-DM-SEGPHOS 0 - -
7  (R)-DTBM-SEGPHOS <5 - -
8 (R)-GARPHOS 64 46:54 31:69
9 (R)-DMM-GARPHOS 52 58:42 22:78
10 (R)-DTBM-GARPHOS 34 51:49 11:89

a) Established by 'H NMR analysis. b) Diastereomeric ratio of aldol adduct

Table 12. Chiral ligand screening for the aldol reaction with cinnamaldehyde.

In a final attempt to obtain regioselectively the desired aldol addition

we also explored the reaction of a-methyl-cinnamaldehyde (c). The reaction

was conducted with two different catalysts. In this occasion the use of BINAP

ligand (Table 13, entry 1) resulted exclusively in the formation of byproducts
related to the exocyclic S-alkylation, while DTBM-SEGPHOS (Table 13, entry
2) afforded much better stereoselectivities, producing only one diastereomer

albeit with a modest regioselectivity.

O
H )H/\Ph
c
TMSOTf
i o 2,6-Lutidine i O OTMS S 0 Ph
2 mol % L*NiCl
U)K/ Cmoc/o Ioé U . “>ph @WOTMS
H,Cl,, —20 H
1n 4nc 5nc
Entry L* t(h) Conv(%)* rr(1,2:1,4)¢ dr (major/minor)sb
1 (R)-BINAP 2 0 - -
2 (R)-DTBM-SEGPHOS 2 >95 65:35 >95

a) Established by 'H NMR analysis. b) Diastereomeric ratio of aldol adduct.

Table 13. Chiral ligand screening for a-methyl o,f-unsaturated aldehydes.
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These results improved those from cinnamaldehyde, albeit the
regioselectivity was not synthetically useful, which led us to abandon the
study of this transformation.

5.2 Aldol reaction with propargyl aldehydes

Propargyl aldehydes represent another class of a,3-unsaturated
substrates that could give access to highly versatile products. Indeed, the
resultant compounds might serve as useful substrates for reduction
processes, facilitating formal aldol addition to non-aromatic aldehydes and
undergo partial reductions to yield (E) or (Z) allylic alcohols.

As they also raise the intricate challenge of controlling simultaneously
the regio-, diastereo- and enantioselectivities, we first used the optimized
conditions to assess the feasibility of the reaction. Specifically, we used
thiazinanethione 1a alongside with phenylpropargyl aldehyde (d) and a
combination of TIPSOTf as Lewis acid, 2,6-lutidine as the base and
representative nickel(II) catalysts.

Unfortunately, complex mixtures of products containing both the 1,2
(2ad) and 1,4 adducts (6) were steadily obtained. Furthermore, a significant
amount of exocyclic sulphur addition was detected, preferentially towards the
1,4 pathway forming 7 as the major product, but also obtaining a mixture of
other several products. These results revealed that propargylic aldehydes
were neither appropriate substrates for our purposes.

TIPSOTf (1.5 equiv)

S O 0] 2,6-Lutidine (1.5equiv) S O  OTIPS
L*NiCl; (5-10 mol %
S)J\NJJ\/ + HJ\ Z( °) s N \\
|\/| Ph CH,Cl,, —20 °C, 16 h |\/| Ph
1a d 2ad
Byproducts Ph Ph O

0O Ph AN

S
LA LYy Lo
S N g OTIPS
Y SN H SN
~ U J

Entry L* Cat (mol %) Conv (%) S-alkylation 7 (%)
1 (MesP)2 10 45 9
2 (S)-BINAP 5 82 26
3 (R)-DTBM-SEGPHOS 5 55 10

a) Established by 'H NMR analysis.

Table 14. Aldol addition to phenylpropargyl aldehyde.
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5.3 Nicholas—type aldol reaction with propargyl
aldehydes

Given the difficulties encountered in controlling the aforementioned
transformation, we decided to first protect the triple bond with Co2(CO)s, a
strategy that had been already exploited by the group.3652 The role of the
cobalt-protected species is twofold. First, it serves as a protecting group for
the alkyne, avoiding the undesired 1,4 addition products; and secondly, it
stabilizes the carbocation generated in the reaction mixture, which activates
the propargylic position towards Sn1-type reactions (Scheme 36).5354 This
approach, known as Nicholas-type reaction, has been a widely employed to
produce and stabilize different types of carbocationic species.

LA. LA. LA. LA.
" o o

(0]
+ +
H&CO(COB - % /C‘:O(Co)a -y /C‘30(CO)3 I H&CO(COk
Ph CO(CO)3 Ph CO(CO)3 Ph CO(CO)3 Ph%CO(CO)S

Scheme 36. Stabilization of carbocationic intermediates.

The cobalted propargyl aldehyde was readily synthesized in high yields
by mixing Co2(CO)s with propargyl aldehyde d at 0 °C in CHzCl: to give e in
93% yield after chromatographic purification (Scheme 37).

(0] (0] (0]
Co,(CO Co,(CO
HJ\ —»2( )s H -Co(CO); = H)K\/ 2(CO)e
X o ]
pr  CHzClz 0°C | bh
Ph CO(CO)3 e
d 93%

Scheme 37. Protection of propargyl aldehydes with dicobalt octacarbonyl.

A preliminary study by Stuart Kennington in his Thesis suggested that
the combination of thiazolidinthione 11 and TESOTf would be superior to that
of the thiazinanethione 1a and TIPSOTf counterpart, as the S-alkylation
product is minimized. Based on this precedent, we examined the reaction
under these conditions.

Initial trials indicated that the expected aldol adduct 3le was obtained
with good stereoselectivity, albeit in low yields. Different conditions were
used to achieve complete conversion, as summarized in Table 15, which
illustrated that long reaction times and high catalyst loadings resulted in
lower yields, suggesting a possible product degradation under reaction
conditions.
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TESOTf (1.5 equiv)
2,6-Lutidine (1.5equiv) S O OTES

)L JJ\/+ HJJ\ Coy(CO)s  L*NiCly (5-10 mol%) S)LN)H/\/COZ(CO)S

CH,Cl,, T, t \J/ \\Ph
11 e 3le
Entry L* Cat (%) T(°C) t(h) ((:(;3‘: dr (major/minor)? yieldc
1 (R)-DTBM-SEGPHOS 5 0 16 66 85:15 48
3 (R)-DTBM-SEGPHOS 10 0 16 100 87:13 (35),34
4 (S)-BINAP 10 0 16 100 78:22 -
6  (R)-DTBM-SEGPHOS 10 0 5 100 >97:3 (60),44
7  (R)-DTBM-SEGPHOS 10 20 5 3 - -
8  (R)-DTBM-SEGPHOS 75 0 5 100 >97:3 (60)

a) Starting material recovered established by 'H NMR analysis using methyl 4-nitrobenzoate as
internal reference. b) Established by 'H NMR analysis. ¢) (NMR yield) isolated yield, using methyl
4-nitrobenzoate as internal reference.

Table 15. Catalyst optimization of the aldol addition to cobalted propargyl aldehydes.

With these results in hand, we assessed the impact of the heterocycle
on the reaction outcome (Scheme 38). The reactions conducted with 6-
membered ring heterocycles 1a and 1n resulted in the formation of a complex
mixture of products. In contrast, the 5-membered counterparts afforded the
protected aldol adducts without any detected byproducts, albeit with
moderate yields. However, the lower selectivity of 1m prompted us to discard
this option in favour of 11.

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)

50 : s o OTEs
[(R)-DTBM-SEGPHOSINICI,
A A H)K C0,(CO)s (10 mol%) A _Cox(CO)s

N NS
CH,Cl,, 0°C, 16 h LH) N
n 1 e n 3
S O OTES S O OTES
J C0,(CO)g M C0,(CO)g
$” N \\/\\ s N \\/\\
. Ph s Ph
3ae 3le
Complex mixture 44%, dr> 95:5
S OTES S O OTES
J Coa(CO) o )LN Cox(CO)
N \\ \\
3me 3ne
68%, dr 74:26 Complex mixture

Scheme 38. Assessment of the scaffold.
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Such puzzling results led us to launch a further scrutiny of the
experimental conditions in an attempt to understand the key points of this
aldol reactions. Unexpectedly, the reaction without the nickel complex yielded
exclusively the aldol adduct 3le without any byproducts, obtaining a full
conversion and as a single diastereomer (Scheme 39).

TESOTf(1.5equiv) S O OTES
)J\/ JJ\Co2 (CO)s 2,6-Lutidine (1.5 equiv) S)L )H/\/Coz(cox5
N

CH,Cl,, 0°C, 16 h \__J AN

Ph Ph

11 e 3le Conv 100%
dr>97:3

Scheme 39. Non-catalysed aldol addition to cobalted propargyl aldehydes.

This result suggests that the nickel catalyst was not responsible in the
outcomes observed in all previous reactions, and consequently, the
enantioselectivity was likely not being controlled as presumed. Subsequent
analysis of the enantioselectivity of several batches of the resultant aldol
adducts unveiled a very low enantiocontrol (0% ee).

The main hypothesis was that cobalt species formed in the synthesis or
purification of the protected aldehyde could be the ones responsible of
catalysing the aldol reaction without control of the selectivity. A careful
purification of the cobalt protected aldehydes improved the results, but a
significant contribution of the background reaction remained active, and
overall the stereocontrol was still poor (7% ee). Finally, changes of the
heterocycle and the Lewis acid turned to be unsuccessful, achieving higher
enantioselectivities albeit with very low reproducibilities (47-77% ee).

In summary, and despite our efforts in the addition of nickel enolates
from thioimides to a cobalted propargyl aldehyde, it proved to be troublesome
due to undesired background reactions catalysed by cobalt salts.
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6 Outline

Overall, Chapter 1 describes novel approaches towards direct

asymmetric aldol reactions from thioimides catalysed by chiral nickel (II)
complexes.

Indeed, a new method to furnish TIPS-protected anti aldol adducts has
been successfully developed. This hinges on the use of the chiral [(R)-Tol-
BINAP]NiClz, which provides high levels of stereocontrol with exceptional
enantioselectivities, up to 99% ee. Remarkably, it has been established the
high chemoselectivity of the method by analysis of a wide array of substrates.

Disappointingly, acetate aldol reactions proved to be challenging
transformations, and the resultant products were obtained with poor
enantioselectivities.

Unfortunately, parallel studies with a,f-unsaturated aldehydes have
presented challenges in terms of regiocontrol, resulting in poor
regioselectivities with trialkylsilyl triflates as Lewis acids. However, it has
been found that less sterically demanding Lewis acids favours the 1,2 addition
pathway, leading to the use of acetals as equivalents to activated aldehydes.

Interestingly, cobalt and iron complexes are promising candidates to
develop more efficient catalytic methods. Indeed, preliminary studies open
new pathways for the development of novel and sustainable catalysts to
complement the reactivity based on nickel catalysts.

Finally, the reactivity of propargyl aldehydes and cobalted propargyl
aldehydes also have been examined. Unfortunately, background processes
without stereochemical control prevented us to attain successful results.
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Metal catalysed asymmetric C-C bond forming reactions

1 Introduction

In 1887, Arthur Michael reported the conjugate addition of diethyl
malonate to ethyl cinnamate in EtONa/EtOH. The resultant B-substituted
ester was the first Michael adduct.! Such a simple addition of a nucleophile to
an olefin activated with an electron withdrawing group heralded the
development of one of the most important C-C bond-forming reactions, the
1,4- or Michael addition. Notable contributions to the field were due to
Gilmann, who developed similar reactions with organocuprate reagents.?
These organometallic compounds exhibit a remarkable predilection for
additions to the -position, thereby enriching the scope of conjugate addition
reactions.

Since such seminal contributions, the landscape of Michael additions
has undergone a profound development. Indeed, a plethora of new Michael
acceptors and donors have emerged, greatly expanding the scope of the
conjugate addition reactions.

Initially, the Michael reaction was developed in a two-step procedure,
in which the first step involved the stoichiometric generation of the enolate,
and the second step consisted of the addition of this enolate to the
corresponding Michael acceptor in a process commonly referred to as an
indirect Michael reaction.

The initial attempts to obtain new enantioenriched products were
conducted using chiral auxiliaries such as Evans oxazolidinones.3# Later,
Kobayashi pioneered the development of asymmetric catalysis by using a
BINOL-Ti complex.> Since then, other catalysts have been developed in this
field, expanding the scope of this transformation (Figure 16).6°8

Indirect Michael additions

G
EtO,C _CO,Et oo o 0T><ro @O\E’/N\\P/O
| STi— | \\) N
Ti=0 2\ !
Phj/\/CO2Et o N)\/ ®o/ ' §/N\ N~ O N HN O
\—Q Bu cd(ly By Ts Ts
1887 P s
[
Arthur Michael Evans Kobayashi Scolastico List
first reaction oxazolidinones First asymmetric BOX-ligands ACDC catalysis
variant

Figure 16. Milestones in the Michael reaction.
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A highly desired transformation involves the in situ formation of the
enolate and subsequent addition to the Michael acceptor, in which is known
as a direct Michael reaction. This approach enables the catalytic generation of
the enolate, thus increasing the overall atom economy of the
transformation.®10

Importantly, the first direct catalytic asymmetric variant appeared in
1975, when Wynberg pioneered the use of chiral chinchone alkaloids as
catalysts.!! Since the emergence of organocatalysis, several Michael reactions
catalysed by small organic molecules, such thioureas and imidazolidinones
developed by Takemoto and Macmillan respectively, have appeared. In
parallel, metal-catalysed Michael additions were introduced by Brunner,!2
and further developed by Yamaguchi!® using rubidium prolinate and
Shibasakil4 Al-BINOL (ALB) catalyst (Figure 17).1215°18

Direct organocatalysed Michael additions
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Figure 17. Direct Michael additions.

In this context, the increasing need for more efficient transformations
has made the direct, asymmetric and catalytic addition of carbonyl
nucleophiles to o,3-unsaturated carbonyl acceptors one of the most
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interesting C-C bond forming reactions, since they provide access to valuable
1,5-dicarbonyl compounds with up to two new stereocenters. 19721

Unfortunately, one of the synthetically more valuable additions, which
involve the use of a,3-unsaturated aldehydes remain underdeveloped. 2° This
is due to the highly electrophilic character of aldehydes, which renders them
prone to undergo 1,2 additions rather than the conjugate 1,4 additions.

To address the regioselectivity challenge arisen in these
transformations, a common strategy hinges on organocatalytic approaches,
thus avoiding the inherent activation of 1,2-position of metal catalysts.
Typically, organocatalysts enhance the reactivity towards 1,4 position via
iminium intermediates, facilitating the control of the regioselectivity of the
process (Scheme 40).

Metal catalysis Organocatalysis
O OH ML o o ’f\N}” O R O
n H
XWR X)K’ HMR X H
R R R
1,2-adduct 1,4-adduct

Scheme 40. Regioselectivity of the additions to a,-unsaturated aldehydes.

The introduction of imidazolidinone catalyst by Macmillan enabled the
participation of «,f-unsaturated aldehydes in Michael addition reactions. In
this work, a silyloxy furane was reacted with different a,f-unsaturated
aldehydes in the presence of imidazolidinone-DNBA salt via the formation of
an iminium intermediate to give the corresponding syn Michael adducts in
high yields (Scheme 41).17

oL 7/
IN 0 NO,
Bn N)\‘Bu o)
Hy
NO

imidazolidinone-DNBA

2

] imidazolidinone-DNBA R O
(0) R -
T™MSO R 20 mol% S
AW R H ( " 0= H
CH,Cly/H,0 =
— —_— o] —
20t0-70°C, 11 =30 h e

dr 97:3 - 85:15
ee 84 — 99%

Scheme 41. Imidazolidinone catalysed Michael addition to o,f3-unsaturated aldehydes.
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Maruoka and coworkers devised an organocatalytic and regiodivergent
approach to switch the selectivity by deactivating the inherent trend of
iminium intermediates towards the 1,4 addition (Scheme 42). This was
achieved by modifying the distance of the acid functionality. The proximity of
this acid functionality in the diarylprolinol moiety effectively deactivates the
iminium intermediate. Such deactivation of iminium pathway forces the
activation of the aldehyde only by Brgnsted acid catalysis, which consequently
produces exclusively the 1,2 addition.22

o 00
v I )
H OH
Ar: 3,5-(CF3),CeH3 NHTf
N
H

Diarylprolinol Binaphthyl amine

Diarylprolinol

Binaphthyl amine
(10 mol%)

(10 mol%)

O OH O R O
H)WR HWH
R R
1,2:1,4: > 95:5 1,2:1,4: 13:87 — 5:95
dr (anti/syn): 79:21 — 91:9 dr (anti/syn): 11:85 — 5:95
ee 88 - 99 % ee 91 -98 %

Scheme 42. Regiodivergent organocatalytic addition to o,f-unsaturated aldehydes.

In turn, Lee and coworkers developed a prominent reaction to form
Michael adducts utilizing a stereodivergent approach through a dual catalytic
system (Scheme 43).18 In this method, highly acidic and labile esters
pentafluorophenyl arylacetates, act as pronucleophiles, producing active
species through reaction with the selected BTM catalyst. Upon reaction of the
a,B-unsaturated iminium intermediate, the desired syn or anti enatiomerically
pure 1,4 adduct is obtained.
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TMS-Diarylprolinol TMS-Diarylprolinol
(10 mol%) (10 mol%)
O (e}
(S)-BTM (10 mol%) (R)-BTM (10 mol%)
CH,Cl,/H,0 cero)K/Ar Ar/\)kH CH,Cl,

-10°C, 18 h

-10°C, 18 h

O Ar O O Ar 0
G (P~ 3 P
CeFs0” Y H N Ar A CeFs0” Y H
Ar H  OTMs N N Ar
62— 90% Ar: 3,5-(CF3),CqHs o 57-93%
dr (syn/anti) 83:17 — 92:8 dr (syn/anti) > 5:95
ee >99% TMS-Diarylprolinol (R)-BTM ee 96-99%

Scheme 43. Stereodivergent organocatalytic Michael addition to o,B-unsaturated
aldehydes.

Although such approaches effectively produce 1,4 adducts in a
regioselective manner, organocatalytic methods usually presents low
reactivities, and only the most acidic pronucleophiles are capable of
performing such transformations. On the other hand, there is a lack of metal-
catalysed transformations to carry out such conjugate additions in a highly
regio- and stereoselective manner.

In this context, we devised the possibility of using our thioimides as
pronucleophiles to react them with g,-unsaturated aldehydes, to activate the
electrophilic partner and blocking the 1,2-addition in the carbonyl bond using
bulky Lewis acids (Scheme 44).

R3SIOTf R5SIOTf
S 0 o 2,6-Lutidine

2,6-Lutidine
R P U G

n

o} R

O R

X NWOSiRa X N)K_‘/k/\osm3
Lﬁ) R Lﬁ) R
n n

Scheme 44. Stereodivergent nickel(Il) catalysed additions to o,f-unsaturated
aldehydes.
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2 Synthesis of a,fB-unsaturated
aldehydes

a,B-Unsaturated aldehydes were synthesized following a modified
procedure reported by Ando,?3 which hinges on a one-pot Julia-Kocienski
olefination. The synthesis of the 2,2-dimethoxyethyl 1-phenyl-1H-tetrazol-5-
ylsulphone (PT sulphone) shown in Scheme 45 was scaled up to produce large
amounts of product (>13 g). This synthesis consisted of a two-step process
wherein  the  1-phenyl-1H-tetrazole-5-thiol =~ was  coupled  with
bromoacetaldehyde dimethyl acetal in high yields, followed by oxidation of
the resultant thioether to afford the desired PT sulphone (Scheme 45).

OMe
N<_-SH OMe 'BuOK NS A
N+ e L __BO% WY OMe
NN, OMe  DMF, 80°C,6h  \-N.
Ph Ph >95%
O O OMe
\ 7/
S
N,\N\j/ \/kOMe
N-N. NH,4)gM070,4 (10 mol®
" 94% I(-|O4)?35c;/7)2ét(OHr:to;)r)1
>13 gscale| 272\°07%) o
PT sulphone

Scheme 45. Synthesis of the PT sulphone.

Next, a Julia-Kocienski olefination between that PT sulphone and the
corresponding aldehyde, followed by an acid hydrolysis led to the desired a,3-
unsaturated aldehydes f-q in good yields and excellent selectivities (Scheme
46).
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O O OMe O tg OMe H O
), uOK Cle6 M
Y o P — =
N'N\W/ \)\OMe HJ\R THF MeO)%/\R EtOAc HJ\/\R
\l\\l’N\ (E/Z) >99:1
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o) o] o)
W7 HN HO
f g h
79% OMe 85% 80% Cl
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S\
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78% CF3 46% 79%
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77% 36% %
Scheme 46. Synthesis of aromatic a,3-unsaturated aldehydes.

Unfortunately, such a simple method was unsuitable for certain
aldehydes. Thus, other approaches were required. For instance, (Z)-a-bromo-
cinnamaldehyde r was synthesised following a literature procedure using an
a-bromination of cinnamaldehyde (Scheme 47).24

(0] ) (0]
y P 1) Brp, AcOH, rt, 30 min y P
2) K,CO3, 120 °C, 30 min Br

r
75%

Scheme 47. Synthesis of (£)-a-bromo-cinnamaldehyde.

In turn, (E)-iodoacrolein was synthesised by treatment of
propiolaldehyde with Nal and 4 M H2SOs (Scheme 48).25 However, the
resulting product was unstable upon exposure to air, necessitating its
immediate utilization.
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0
Nal, H2804
-
Et,0,0°C, 2 h HJ\S/\

Freshly prepared (E)-iodoacrolein
(E)-iodoacrolein under air

Scheme 48. Synthesis of (E)-iodoacrolein.

As an alternative, the slightly more stable (Z)-iodoacrolein was
prepared via a two-step procedure.26 As shown in Scheme 49, ethyl propiolate
was treated with Nal in acetic acid at 70 °C to yield (Z)-ethyl-3-iodoacrylate.
Subsequently, the resulting ester was reduced with DIBALH to afford the
desired (Z)-iodoacrolein, which was utilized without further purification.

(0] (0} | (0} |
Nal, AcOH DIBALH
EtO % 70°C, 16 h EtO CH,Cl, H ;
78% _780 i
o —78°C, 15 min 38%

Scheme 49. Synthesis of (Z)-iodoacrolein.

Finally, the silylated a,3-unsaturated aldehyde u was synthesised in a
three step sequence which involved the simultaneous silylation of the
terminal alkyne and the alcohol of propargyl alcohol, followed by the
hydrolysis of the resulting silyloxy group (Scheme 50).27 Reduction of the
acetylene to the (E)-allyl alcohol using RedAI® and oxidation of the resultant
allylic alcohol with MnOz2 furnished the desired a,f-unsaturated aldehyde u.

OH OH OH
i) MeMgBr (2 eq) |
| | THF/Et,0, 0 °C, 16 h | | RedAI® | MnO, |
ii) Me,PhSiCI (2 eq) PhMe/Et,O Me.Ph CHyClp MeoPh
40°C, 2 h _si_ o0°ctort2h SiMezPh refiux, 3 h . SiMe;
iii) HyS04, 0°C, 5min by, 20% 83% 55%
0

Scheme 50. Synthesis of (E)-3-(dimethylphenylsilyl)acrylaldehyde.
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3 Results

3.1  Optimization

With the starting a,B-unsaturated aldehydes in hand, we initiated the
development of a novel method to generate Michael adducts as a result of their
reaction with chiral nickel enolates of thioimides to a,f-unsaturated
aldehydes. As we have stated from the previous chapter (Table 10, Chapter I),
increasing the steric bulk of silyl Lewis acid in the addition of thioimides to
cinnamaldehyde, our a,3-unsaturated aldehyde model, significantly favoured
the regioselectivity towards the Michael adduct, up to rr 13:87 using the most
bulky TIPSOTf (Table 15, entries 1 and 9) while the least bulky TMSOTf
provided the 1,2 adduct as the major product (Table 15, entries 4, 8, 11 and
15). Furthermore, our observations suggested that heterocycles containing a
sulphur endocyclic adduct improved the regioselectivity towards the Michael
product slightly (Table 15, entries 1, 5, 9 and 12).

In turn, six and five-membered scaffolds, thiazinanethione 1a (Table
15, entries 1-4) and thiazolidinthione 11 respectively (Table 15, entries 5-8),
behave similarly, but the former usually reacted faster and the purification of
the resultant product used to be easier. Consequently, the thiazinanethione 1a
was chosen as the optimal substrate to proceed with further optimization.
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R3SIOTf (1.5 equiv)
S o) o) 2,6-Lutidine (1.5 equiv)

S O Ph
(Me3P),NiCl, (5 mol%) )W
NN N . Ay AP osik,
CH,Cl,, —20 °C, t ‘\M/‘ :
-1 b - 9

Entry RsSiOTf 1 X n t(h) Conv(%)* rr(1,2:1,4)¢ dr(1,4)*
1 TIPSOTf 1a S 1 5 93 15:85 81:19
2 TESOTf 1a S 1 5 88 44:56 78:22
3 TBSOTf 1a S 1 2 >99 67:33 78:22
4 TMSOTf 1a S 1 2 >95 74:26 80:20
5 TIPSOTf 1n O 1 5 94 27:73 80:20
6 TESOTf 1n O 1 5 94 62:38 65:35
7 TBSOTf 1n O 1 16 76 75:25 52:48
8 TMSOTf 1n O 1 16 90 82:18 55:45
9 TIPSOTf 11 S 0 5 90 13:87 81:19
10 TESOTf 11 S 0 5 80 48:52 77:23
11 TMSOTf 1l S 0 2 >99 65:35 65:35
12 TIPSOTf 1m O O 5 97 28:72 70:30
13 TESOTf 1m O 0 5 80 50:50 58:42
14 TBSOTf 1m O 0 5 85 52:48 50:50
15 TMSOTf 1m O O 2 99 73:27 43:57

a) Established by 'H NMR.

Table 15. Optimization of auxiliary and Lewis acid.

Next, the impact of the solvent was evaluated. We employed [(R)-
DTBM-SEGPHOS]NICl:z as catalyst because preliminary studies showed better
results than [(R)-Tol-BINAP]NiClz used in Chapter I.

To our pleasure, the use of this catalyst in CH2Clz enhanced the
regioselectivity significantly towards adduct 9ab, up to rr 98:2, while the
diastereoselectivities remained high (Table 16, entry 1). The addition of large
quantities of toluene slowed down the reaction rate (Table 16, entries 1-2 vs
3-4), but the 1,2-addition was completely supressed and the
diastereoselectivity was substantially increased up to 88:12 (Table 16, entries
2-3). However, the solubility was troublesome in pure toluene and both
conversion and diastereoselectivity were eroded (Table 16, entry 4).
Substituting toluene by a non-polar solvent such as pentane resulted in the
loss of diastereoselectivity (Table 16, entry 5), while the substitution of CH2Cl2
by 1,2-dichloroethane (DCE) had no discernible impact, maintaining the same
selectivities with a slightly slower kinetics (Table 16, entry 6).
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TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
R)-DTBM-SEGPHOSI]NICI, S O Ph

s o o [ P
S*N)K/ * HMPh (2 mol%) SXNWOTIPS
v Solvent, —20 °C v H

1a b 9ab
Y . . dr syn anti
Entry Solvent t(h) Conv (%)* rr(1,2:1,4) (1,4)¢ (%) (%)
1 CH:Cl2 1 >97 98:2 79:21 70 19
2 PhMe/CHzCl; 1:1 1 >97 >99:1 84:16 72 16
3 PhMe/CHzCl2 4:1 5 >97 >99:1 88:12 80 11
4 PhMe 16 94 >99:1 84:16 - -
5 Pentane/CH2Cl24:1 5 95 >99:1 76:24 - -
6 PhMe/DCE 4:1 5 92 >99:1 87:13 - -

a) Established by 'H NMR analysis. b) Isolated yield.

Table 16. Optimization of the solvent.

Therefore, it was clear that the solvent had a significant impact on both
the regio- and diastereoselectivity. Indeed, the syn Michael adduct 9ab was
the main product when the reaction was catalysed by [(R)-DTBM-
SEGPHOS]NIClz in 4:1 PhMe/CH2Clz (Table 17, entries 1-2). To our surprise,
the diastereoselectivity also increased when [(R)-BINAP]NiClz was used
instead, but now the main product was the opposite diastereomer, the anti
Michael adduct 9’ab (Table 17, entries 3-4). Similar results were attained
with [(R)-Tol-BINAP]NiCl; (Table 17, entries 5-6).

TIPSOTYf (1.5 equiv)

Bpi
s O o 2,6-Lutidine (1.5 equiv) K/A :
[L*INiCl, (2 mol%) 9ab
A, A,

‘\) Solvent, —-20 °C, t S (0] Ph
1a b é )K:/k/\onps

9'ab
Conv T dr
Entry L* Solvent t(h) %) (L,2:1,4)7 (syn/anti)e
1 (R)-DTBM-SEGPHOS CH2Clz 1 >97 98:2 79:21
2 (R)-DTBM-SEGPHOS 4:1 PhMe/CH,Cl; 5  >97  >99:1 88:12
3 (R)-BINAP CH.Cl, 5  >97 97:3 51:49
4 (R)-BINAP 4:1 PhMe/CH:Clz 5 >97 >99:1 15:85
5 (R)-Tol-BINAP CH:Cl2 5 >97 98:2 60:40
6 (R)-Tol-BINAP 4:1 PhMe/CH2Cl2 5 >97 >99:1 15:85

a) Established by H NMR analysis.

Table 17. Comparison of the selectivities with different catalysts and solvents.
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With these exciting results in hand, we proceeded to analyse in depth
the impact of the chiral ligand under the previous conditions on the regio-,
diastereo-, and enantioselectivity of the reaction. With this aim, we assessed
the reaction of the thiazinanethione 1a with cinnamaldehyde catalysed by a
wide range of chiral nickel(II) complexes containing commercially available
atropoisomeric diphosphines shown in Table 18.

All four families of chiral biaryl phosphines (BIPHEP, GARPHOS, BINAP
and SEGPHOS) provided the Michael adducts with a perfect regioselectivity
(1:4/1:2 > 99:1) along with an amazing enantioselectivity (ee 99%).
Therefore, diastereoselectivity remained as the main challenge.

Interestingly, the variation between these families was low and
afforded a close range of diastereoselectivities (Table 18, entries 1, 3, 6 and
8). Contrarily, the aromatic substituent on the phosphine proved to be crucial
in determining the main diastereomer. Indeed, phosphines containing small
substituents rendered preferentially the anti diastereomer 9’ab in
selectivities up to 15:85 (Table 18, entries 1-4 and 6-9) while an increase of
the steric hindrance of such aromatic substituents resulted in an increase
towards the formation of the syn diastereomer 9ab (Table 18, entries 4 and
10) In summary, the most significant differences are observed with DTBM
aromatic substituents, which completely reverse the diastereoselectivity
towards the preferential formation of the syn diastereomer 9ab (Table 18,
entries 5 and 10).
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S

O Ph
D G-
TIPSOTf (1.5 equiv) S N ; OTIPS

2,6-Lutidine (1.5 equiv) v :
9ab

s o o]
[L*INIiCl, (2 mol%)
S)LN)K/+ HMPh 41Phl\; CH of i o "
K) 1a b -20°C, 5 h U S oTiPs

9'ab
OMe
J ., <°;
MeO PAr, MeO PAr, PAr, 0 PAr,
MeO PAr, MeO PAr, ::PAQ 0 PAr,
J O <X
OMe
(R)-TM-BIPHEP (R)-DTBM-GARPHOS (R)-Tol-BINAP (R)-DTBM-SEGPHOS
Ar = 3,4,5-tri-MeOCgHy Ar = 3,5-di-'Bu-4-MeOCgH, Ar=4-MeCeHs Ar = 3 5-di-'Bu-4-MeOCgH,
(R)-BIPHEP (R)-DMM-GARPHOS LA (R)-DM-SEGPHOS
Ar=Ph Ar = 3,5-di-MeCgH3 Ar=Ph Ar = 3,5-di-MeCgHs
(R)-GARPHOS (R)-SEGPHOS
Ar = Ph Ar = Ph
Conv ee major syn anti
Entry Ligand (%) rr (1,4:1,2)e  dr (syn:anti)® ( %)]b [o'/‘;)c (%)¢
1 R-BINAP >99 >99:1 15:85 99 15 78
2 R-Tol-BINAP >99 >99:1 15:85 99 15 75
3 R-SEGPHOS >99 >99:1 19:81 99 19 74
4  R-DM-SEGPHOS 95 >99:1 31:69 99 26 52
5  R-DTBM-SEGPHOS  >97 >99:1 88:12 99 80 11
6  R-BIPHEP >99 >99:1 23:77 99 23 75
7  R-TM-BIPHEP 16 >99:1 30:70 - - -
8  R-GARPHOS >99 >99:1 20:80 - 19 79
9  S-DMM-GARPHOS 47 >99:1 13:87 - - -
10  R-DTBM-GARPHOS 90 >99:1 87:13 99 68 11

a) Established by 'H NMR analysis. b) Established by chiral HPLC analysis. c¢) Isolated yield.

Table 18. Optimization of the ligand.

Therefore, this method offers a straightforward manner to achieve a
stereodivergent approach, which provides access to all four stereoisomers by
modification of the chiral ligand used (Scheme 51). Indeed, the (R)-DTBM-
SEGPHOS leads to the (S,R) synisomer while (S)- DTBM-SEGPHOS would yield
the opposite (R,S) syn stereoisomer. In contrast, (R)-BINAP yields the (S,S) anti
isomer while the (S)-BINAP counterpart furnishes the (R,R) adduct.
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S O Ph S O Ph
S)I\N Y A oTiPS S)I\N OTIPS
K) (S,R) (R,S)
TIPSOTf (1.5 equiv) TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv) 2,6-Lutidine (1.2 equiv)
[(R)-DTBM-SEGPHOSINICI, (R)- DTBM-SEGPHOS]N|CI2
(2 mol%) syn (2 mol%)
4:1 PhMe/CH,Cl, ‘ ‘ 4:1 PhMe/CH,Cl,
—20°C,5h —-20°C,5h
s NJ\/ HJv\Ph
TIPSOTf (1.5 equiv) K) TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv) 2,6-Lutidine (1.2 equiv)
[(R)-BINAP]NICI, (2 mol%) [(S)-BINAPINICI, (2 mol%)
4:1 PhMe/CH,Cl, anti 4:1 PhMe/CH,Cl,
-20°C,5h -20°C,5h
S O Ph S O Ph
S)I\NWOTIPS S)LN)W\OTIPS
K) (S,9) K) (R,R)

Scheme 51. Stereodivergent approach to all Michael adducts.

3.2 Other electrophiles

With these results in hand, we investigated parallel additions to other
Michael acceptors commonly employed in conjugated additions, with the aim
of expanding the scope of the method.

The addition to the chalcone under the experimental conditions
previously optimized led to the obtention of a complex mixture, containing
various isomers, including the (E) and (Z)- syn and anti adducts as well as the
1,2 addition product and the TIPS-deprotected 1,4 adduct (Scheme 52). In
order to facilitate the analysis, different conditions to remove the silyl enol
ether and substitute the scaffold were tried, but this only yielded complex
mixtures.
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S O Ph OTIPS

TIPSOTf (1.5 iv) SJ\N Fh
.5 equiv

2,6-Lutidine (1.5 equiv) I\)
S O 1) [(R)-Tol-BINAP]NICI, O ph OTIPS

SJ\NJ\/+ Ph/\)J\Ph (o mot%) )L
L CH,Cl, 0°C, 16 h

M
Uwph

Scheme 52. Products towards the addition to chalcone.

We also analysed the feasibility of a,f-unsaturated esters as
electrophiles. Model methyl cinnamate was subjected to the optimized
conditions. However, the starting materials, both the thioimide and the methyl
cinnamate, were recovered unmodified.

Finally, a,B-unsaturated nitro compounds were also examined.
Unfortunately, treatment of the mixture of N-propanoyl-thiazinanethione and
the B-nitrostyrene under optimized conditions did not yield any product.
Instead, the starting materials remained unmodified, accompanied by minor
impurities.

These negative results prove the sensitivity of the conjugate additions
and the necessity to develop specific conditions for any Michael acceptor.

3.3 Aldehyde scope

At this point, we focused our attention on the effect of using different
aldehydes in the presence of [(R)-DTBM-SEGPHOS]NiCl: as catalyst.

Firstly, we investigated the impact of the electronic effects of the
aromatic ring (Table 19). The results proved that the regioselectivity towards
the Michael addition remained excellent (>99:1) across all substrates, along
with a consistent single enantiomer.

The main variations were observed in terms of diastereoselectivities.
The most electron rich substrates exhibited fast kinetics and similar
diastereoselectivities around 85:15. The placement of a moderate
electronwithdrawing group at para position did not modify the
diastereoselectivity but the catalyst loading had to be increased to 5 mol%.
Stronger electronwithdrawing groups such as i and j required a 10 mol%
catalyst loading and long reaction times to provide the corresponding syn
Michael product 9ai and 9aj but in poorer diastereomeric ratios and
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moderate to low yields. Noteworthily, the enantioselectivity of adduct 9ai was
not possible to determine due to a difficult separation of both diastereomers
by either flash chromatography and chiral HPLC analysis.

TIPSOTF (1.5 equiv)

2,6-Lutidine (1.2 equiv)
[(R)-DTBM-SEGPHOS]NICI, Ar

s o A
)k )K/ )K/\ (x mol%) SkNWoﬂps
K) 1a bij sTpPmercHCL 20°C T () L

S S @ o ©
)LN )WOTIPS S)LN)WOTIPS S NW
‘\/‘ :9ab ‘\/‘ :9af :9ag

2mol%cat 5h 2mol% cat 5h 2mol% cat 5h
80% ee99% dr88:12 58% ee99% dr80:20 72% ee99% dr88:12

0]

o

(%]

OTIPS

C

RN CIEN - BN
LA A LA A LA A

S ; OTIPS S ; OTIPS S ; OTIPS
K/‘ 9ah K/‘ 9ai K/‘ 9aj
5mol%cat 5h 10 mol% cat 48 h 10 mol% cat 48 h
67% ee99% dr85:15 53% ee- dr67:33 35% ee99% dr60:40

Table 19. Syn selective scope of para substituted a,B-unsaturated aldehydes.

These results prove the synthetic potential of the method, since even
highly electron-poor substrates produced the desired Michael adduct. In any
case, the electronic properties do not affect the regioselectivity and neither
the enantioselectivity, which remained excellent across all substrates.

Next, with the collaboration of Lena Friedrich on her Erasmus thesis,?8
we investigated the impact of the substitution at different positions of the
aromatic group (Table 20). We introduced a methoxy substituent in ortho and
meta positions and compared it with the para substitution. Similarly, we
examined the effect of methyl substitution. Noteworthily, the introduction of
substituents in the meta position to form 9ak and 9am provided comparable
results to those of substitutions on the para position 9af and 9ag, with
selectivities around 85:15 and only the reaction to form 9am required an
increase in catalyst loading to 5 mol%. In contrast, the introduction of
substitutions in the ortho position to form 9al and 9an required an increase
in catalyst loading or reaction time due to slower kinetics. Additionally, both
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examples presented a higher diastereoselectivity, although the
regioselectivity of 9al was slightly eroded obtaining rr (1,2:1,4) 13:87.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv)
o] 0] [(R)-DTBM-SEGPHOS]NICI, Ar

s s o A
SAN)K/ * HMAr (x mol%) SXN)W\OTIPS
(L 41 PhMe/CH,Cly, -20°C,t [ J

1a f-n 9

O (0] Y OMe

X i
Y oTIPS S NWOTIPS S NWOTIPS
‘\/‘ 9af ‘\/‘ 9ak 9al

2mol% cat 5h 2mol%cat 5h 5mol%cat 5h
58% ee99% dr80:20 61% ee99% dr85:15 54% rr87:13 ee 99% dr93:7

O Gl

s S
s7ON oTIPS S)LNWOTIPS S)LNWOTIPS
‘\/‘ 9ag ‘\/‘ _9am ‘\/‘ _9an

2mol% cat 5h 5mol% cat 5h 5mol% cat 16 h
72% ee99% dr88:12 74% ee99% dr80:20 60% ee99% dr90:10

o

S
I

E '<: :>—O
=
o
o
=
3
=

C

S
I

Table 20. Effect of the substitution on the aromatic ring on syn selective reactions.

Finally, other aromatic aldehydes were tested (Table 21). As the use of
heterocycles represents a valuable approach for industrial purposes, due to
the high prevalence of these substrates in commercial products, we
investigated the reactions with two electron rich heterocycles o and p. These
proved to be excellent substrates since they exhibited excellent
regioselectivities and enantioselectivities (ee 99%), while high
diastereoselectivities up to 94:6 provided excellent yields of the desired
isomers 9ao and 9ap. It is worth mentioning that (E)-3-(2-
furanyl)acrylaldehyde p proved to be slightly unstable and polymerized under
the standard reaction conditions, which made necessary to increase the
catalyst loading to accelerate the process.

A more challenging o,,y,6—-unsaturated aldehyde q was also examined.
This substrate, being an extended Michael acceptor, contains an additional
reactive centre at the & position, thereby posing a new regioselective
challenge. However, the reaction exhibited an excellent selectivity towards
the (3 position while effectively controlling the enantioselectivity and afford
the enantiomerically pure syn Michael adduct 9aq in a remarkable 72% yield.
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Finally, we also assessed the impact of incorporating substituents at the
a-position of the aldehyde, such as a bromine or a methyl group. In both cases,
the regio-, diastereo-, and enantioselectivities were outstanding, so the
products 9ar and 9ac were isolated as a single isomer, which demonstrates
the extraordinary potential of these substrates.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv)
s [(R)-DTBM-SEGPHOS]NiCI, Ar

S
)L (x mol%) )L
b Z “Ar 4:1 PhMe/CH,Cly, —20°C,t S~ N Z OTIPS

C,0—-r ‘\/‘

XA XA R
S N)W\OTIPS S N)W\OTIPS S NWOTIPS

_9aq

9ao 9ap
2mol% cat 2h 5mol% cat 16 h 2mol% cat 16 h
86% ee99% dr94:6 83% ee99% dr91:9 72% ee 99% dr92:8

O e
ANWOTIPS SANWOTIPS

J @
9ar
5mol% cat 5h 2 mol% cat 5h
86% ee99% dr>97:3 88% ee99% dr>97:3

Table 21. Syn selective scope of other a,3-unsaturated aldehydes.

A parallel study was carried out with [(R)-BINAP]NiCl. complex. As for
the former catalyst, we first examined the impact of electronically different
substituents at para position (Table 22).

Strong electrondonor groups such as f slightly reduced the
diastereoselectivity towards the anti isomer. However, the regioselectivity
and enantioselectivity were not affected, and the corresponding anti Michael
product 9’af was isolated with a 50% yield in an enantiomerically pure form.
In contrast to the (R)-DTBM-SEGPHOS counterpart, [(R)-BINAP]NiCl:
tolerated better the most electron withdrawing substituents. Although
increasing the catalyst to 10 mol% was unavoidable, the reaction with i
provided comparable diastereoselectivities and yields in only 16 h, while the
use of aldehyde j resulted in moderate diastereoselectivities and only 24 h of
reaction were required. Unfortunately, the enantioselectivity of adduct 9’ai

110



Metal catalysed asymmetric C-C bond forming reactions

could not be determined because both stereoisomers could not be separated
neither by flash chromatography nor chiral HPLC analysis.

In summary, the enantiomerically pure anti Michael products 9’ were
isolated in 50-78% yield irrespective of the electronic character of the
substrate in para position.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
0} [(R)-BINAP]NiCl,

S S O Ar
s)LN)K/ MAr (x mol%) SXNWOTIPS
L 4:1 PhMe/CH,Cl, —20 °C, t (L f g

OMe
N OTIPS S)LN ; 7 OTIPS S)LN : 7 OTIPS

9ab ‘\/‘ é' ‘\/‘ é

9'af 9'ag
2mol%cat 5h 2mol% cat 5h 2mol% cat 5h
78% ee99% dr 15:85 50% ee99% dr25:75 74% ee99% dr17:83

cl CF, NO,
N X = OTIPS S N ; = OoTIPS S N ; = OTIPS

(/)>:m

C

U ) )
9'ah 9'ai 9'aj
5mol% cat 5h 10 mol% cat 16 h 10 mol% cat 24 h
57% ee99% dr17:83 66% ee- dr18:82 66% ee99% dr26:74

Table 22. Anti selective scope of para substituted o,3-unsaturated aldehydes.

Next, we assessed the effect of the substitution in ortho and meta
positions compared to the para counterpart, as we had done for the syn
adducts 9 (Table 23). Similarly, the regioselectivity and enantioselectivities
were absolutely controlled, yielding enantiopure 1,4 adducts 9’, while
diastereoselectivity was the most affected parameter. Using aldehyde k
resulted in a significantly increase in diastereoselectivity, achieving
comparable results to other substrates, while ortho-substituted aldehyde 1
yielded comparable results of aldehyde f. Furthermore, the introduction of a
methyl group in these positions were well-tolerated and similar results were
obtained across all substrates, albeit reaction kinetics were slightly affected,
necessitating an increase in catalyst loading to 5 mol% to afford adducts 9’am
and 9'an (Table 23).
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TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S O o) [(R)-BINAP]NiClI, S O Ar
x mol% )W
Sij)k/ . (x mol%) Ay A ores

4:1 PhMe/CH,Cl, —20 °C, t ‘\/‘

1a f-n -9
OMe
OMe
S O S O S O OMe
STUONT Y A oTiPS S)kN ; A oTiPS S)kN ; A oTiPS
N 9'af N 9'ak N 9'al
2mol%cat 5h 2mol%cat 5h 5mol% cat 5h

50% ee99% dr25:75 55% ee99% dr13:87 43% €ee99% dr26:74

S O S O S O
S” °N ; 7 OTIPS S)kN ; 7 OTIPS S)kN ; 7 OTIPS
S o i
2mol%cat 5h 5mol% cat 5h 5mol% cat 16 h

74% ee99% dr17:83 50% ee99% dr11:89 56% ee99% dr17:83

Table 23. Effect of the substitution on the aromatic ring on anti selective reactions.

Regarding the reactions with heteroaromatic aldehydes o and p, the
regioselectivity and enantioselectivity were also outstanding, and only
enantiopure 1,4 adducts were obtained (Table 24). Unfortunately, the
diastereoselectivity suffered a significant detriment, leading to no control
over the diastereoselectivity at -20 °C. Taking advantage of the high kinetics
of these substrates, the reaction was carried out at -40 °C, which permitted us
to obtain an acceptable dr (syn/anti) 26:74 to obtain 9’ao. Unfortunately, the
inherent instability of the furane counterpart p made this strategy unsuitable,
and only a dr ~1:1 ratio was achieved.

The extended Michael acceptor a,[3,y,6-unsaturated aldehyde q was not
able to keep a complete regioselectivity as occurred with the former catalyst,
and arr (1,4:1,6) of 70:30 was obtained. However, high diastereoselectivities
and enantioselectivities were maintained, obtaining an acceptable 49% yield.

Finally, the reactions with a-substituted aldehydes r and ¢ were highly
successful, since the regioselectivity was excellent, along with the
enantioselectivity. In turn, high levels of diastereoselectivities (dr syn/anti
17:83) were achieved, particularly noteworthy for the 9’ac adduct.
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TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S O (0} [(R)-BINAP]NiCI, S O Ar

x mol%

S)'LN)K/ . H)K(\Ar ( 0) SANWOTIPS
4:1 PhMe/CH,Cl, —20 °C, t

‘\) 1a R c, o—r ' ‘\) -9 R

S £ O~

S (e} S (0] S
SAN ; Z OTIPS SAN ; 7 OTIPS SAN ; Z OTIPS
N (L van vag

5mol% cat -40°C 5h 5mol% cat 16 h 2 mol% cat 16 h

63% ee99% dr26:74 40% ee99% dr47:53 49% rr 70:30 ee 99% dr 17:83

S S
S)LN ; Z TOTIPS S)LN Z “OTIPS
() = B e
9'ar 9'ac
5mol% cat 5h 2mol% cat 16 h
75% ee99% dr17:83 83% ee99% dr8:92

Table 24. Anti selective scope of other o,3-unsaturated aldehydes.

Up to this point, it has been demonstrated that this novel method shows
a wide scope and a large array of aromatic a,f-unsaturated substrates, can
undergo highly selective syn and anti Michael additions. The regioselectivity
is in most cases excellent (rr > 99:1), the diastereoselectivity is consistently
good, while the enantiocontrol is always outstanding (ee 99%).

3.4 N-Acyl-thiazinanethiones scope

The next step aimed to expand the reaction scope by utilizing N-acyl
thiazinanethiones bearing different substituents at the acyl group and
analysing their impact on the reaction, as well as the tolerance of other
functional groups commonly employed in organic synthesis.

In this regard, with the collaboration of Gabriela Benedito in her Master
thesis,?? we first focused our attention towards the obtention of the syn
Michael adducts using the [(R)-DTBM-SEGPHOS]NiCl: catalyst (Table 25). The
results revealed that the reaction was highly sensitive to steric hindrance at
the Ca position, which forced us to increase the catalyst loading to 10 mol%.

Indeed, the use of 1b resulted in a drop in regioselectivity and
diastereoselectivity, yielding a rr (1,2:1,4) 10:90 and dr (syn/anti) 76:24 for
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adduct 9bb. Bulky substituents at Ca such as 1p and 1q inhibited the reaction,
leading to the recovery of the starting materials, while the use of the more
acidic 1r surprisingly furnished the anti adduct 9'rb as the major
diastereomer with a moderate selectivity dr (syn/anti) 35:65, considering
such poor result, the enantioselectivity of this product was not checked.

The introduction of different functionalities such as a terminal alkyne,
an ester or an azido, furnished the expected adducts 9eb, 9fb and 90b
respectively without any interference associated to these functional groups in
the reaction outcome, but these reactions required a 10 mol% of catalyst
loading to reach full conversion. With regard to adduct 9eb and 9fb, they were
obtained with slightly lower rr (1,2:1,4) 10:90, and additionally the adduct
9eb diastereoselectivity was also slightly eroded with a dr (syn/anti) 71:29.
As for adduct 90b, it was conducted with the thiazolidinethione instead of the
thiazinanethione, because the preparation of the N-azidoacetyl-1,3-
thiazinanethione was unfeasible due to its rapid degradation upon its
formation. However, this modification did not affect in terms of selectivity,
which afforded only the 1,4 adduct with a dr (syn/anti) 85:15. Noteworthy, all
the reactions were tolerant in terms of enantioselectivity, obtaining a single
enantiomer (99% ee) across all substrates.

114



Metal catalysed asymmetric C-C bond forming reactions

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
0} O [(R)-DTBM-SEGPHOS]NICI, S O Ph

S -
S)LNJK/R + Ph/\)LH (x mol%) S)LNWOTIPS

4:1 PhMe/CH,Cl, —20 °C, t H
‘\/‘ 1 b ‘\/‘ R 9

O Ph

S P S O Ph
XNWOTIPS S”ON OTIPS SXNWOTIPS

! $
) )

9ab 9bb 9eb

2mol% cat 5h 10 mol% cat 16 h 10 mol% cat 16 h
80% ee99% dr88:12 38% rr10:90 ee99% dr76:24 53% rr 10:90 ee 99% dr 71:29

o

[0)]

S O Ph O Ph

s
S NWOTIPS SXNWOTIPS
-/

(J \ Ny
CO,Me
9fb 9ob
10 mol% cat 16 h 10 mol% cat 16 h
54% rr10:90 ee 99% dr 85:15 54% ee99% dr85:15

- S (0] Ph S (0] Ph
. & S*NWOTPS S*NWOTW’S
‘\) :\OPMP ‘\) Bn ‘\/‘ e
9pb 9qb 9'rb

2mol%cat 16 h
- - 33% ee- dr35:65

[0} Ph

s
SXN)WOTIPS

Table 25. Syn selective scope of N-acyl thiazinanethiones.

A parallel investigation was carried out with [(R)-BINAP]NiClz
counterpart, using identical substrates. The results shown in Table 26
revealed an enhanced tolerance towards the steric hindrance at the Ca
position. Notably, the utilization of 1b only required a 5 mol% of catalyst
loading to achieve comparable results to 1a counterpart. More bulky
substituents also proved suitable and gave the corresponding anti adducts
9’pb and 9’qb with a remarkable stereocontrol, although ether p exhibited a
detriment in regioselectivity obtaining a rr (1,2:1,4) 10:90. Furthermore, the
more acidic 1r also afforded the expected anti adduct in comparable results
to the propionyl counterpart. Remarkably, the introduction of functional
groups such as a terminal alkyne or an ester proved to be acceptable under
reaction conditions and furnished the expected anti aldol adducts 9’eb 9’fb
smoothly. Unfortunately, azide-containing thioimide 10 gave an equimolar
mixture of diastereomers, although in good yield.
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Finally, of particular note is the consistently excellent
enantioselectivity observed, with a remarkable ee 99% observed across all
formed adducts, thereby underscoring the exceptional control afforded by

this methodology.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S O [(R)-BINAP]NiCI, S O Ph

o
s)LN)k/R * Ph/\)LH (x mot%) )LNWOTIPS

S :
4:1 PhMe/CH,Cl, —20 °C, t ‘\/‘ =
' R

1 b

S
OTIPS SAN

K)

S” N OTIPS S N

L

-
s

g
(-

9'ab 9'bb
2mol% cat 5h 5mol% cat 5h 5mol% cat 16 h
78% ee99% dr 15:85 57% ee 99% dr20:80 53% ee99% dr18:82
i (0] Ph i (e} Ph
S NWOTIPS S NWOTIPS
H \ H
\ N3
CO,Me
9'fb 9'ob
5mol% cat 16 h 5mol% cat 16 h
70% ee99% dr20:80 45% ee99% dr50:50
S Ph S Ph S Ph
SAN)WOTIPS A )WOTIPS )k )Wonps
L N K) Bn K) Ph
9'pb 9'qb 9'rb
10 mol% cat 5h 2mol% cat 16 h 2mol%cat 5h
61% rr10:90 ee 99% dr 10:90 47% ee99% dr 15:85 74% ee99% dr 16:84

Table 26. Anti selective scope of N-acyl thiazinanethiones.

To determine the absolute configuration of both isomers, selected
examples of the solid compounds were recrystallized from DCM/hexane. The
resulting single crystals were analysed by X-ray crystallography by Merce
Font Bardia (Figure 18). The results showed that the adduct 9aj and 9ar
corresponds to the syn 25,3R isomer while the adduct 9’gb corresponds to the

anti 25,35 counterpart isomer.
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Ty

s o @ s o © s i%
S)LNWOTIPS S*NWOTIPS SiL)N S orips
B

N K)

9aj 9ar 9'gqb

Figure 18. Crystal structures of selected compounds.

3.5 Limitations

The most important constraint of this novel Michael addition approach
lies in the necessity of an aromatic moiety at the conjugated position of the
aldehyde, since non-aromatic a,f-unsaturated aldehydes usually lead to low
conversions, which may be attributed to the lack of aldehyde activation by the
silyl triflate, owing the diminished stability of the oxocarbenium intermediate
required (Table 27).

Initially, attempts were made to employ (E)-iodoacrolein s in the
reaction. However, the starting material exhibited extreme instability and
proved difficult to manipulate, undergoing extensive degradation within
minutes as shown above in Scheme 48. Although the Michael addition was
carried out, only a complex mixture of extensively degraded products was
obtained. Therefore, we assayed the (Z)-aldehyde counterpart t which
presented a higher stability. However, under reaction conditions the aldehyde
partially isomerized to the (E)-counterpart s, which prompted the obtention
of a complex mixture of products.

Other aldehydes lacking y-CH were employed in order to avoid
potential silyl enol ether side reactions. The introduction of a silyl substituent
in y-position resulted in the recovery of both the starting thioimide and the
aldehyde u unaltered. Aldehydes possessing different functional groups at the
y-position did not provide better results. Indeed, the use of electron-
withdrawing groups such as ethyl ester v was completely ineffective and
produced the partial degradation of the aldehyde, while the starting thioimide
was recovered. Even aldehydes with electron-donating groups such as
dimethylamino w led to no conversion, with both the starting thioimide and
the aldehyde being recovered.
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Commercially available crotonaldehyde y was employed as the
electrophile. However, only traces of some products could be found (< 5%)
with the starting material predominantly recovered. Remarkably, the silyl
enol ether of crotonaldehyde was not detected, which suggested that the lack
of reaction may be attributed to the lack of aldehyde activation rather than to
a deactivation via silyl enol ether formation. We also tested the reaction with
methacrolein z, expecting that the less hindered (3-position would enhance its
reactivity while the absence at the y-CH should mitigate potential alternate
mechanism. Unfortunately, the expected adducts were neither obtained, and
the starting thioimide was predominantly recovered. Additionally, products
derived from the methacrolein were detected, which indicated that the
aldehyde was degraded in the reaction mixture. We also used the chiral
catalyst [(R)-BINAP]NiClz which has proved to exhibit greater reactivity than
the achiral counterpart in most reactions, but similar results were observed.

In summary, results summarised in Table 27 firmly established that the
o,B-unsaturated aldehyde had to contain an aromatic group at the conjugated
position.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv)

3 o o L*NiCl, (x mol%) R
0
A N, v
(L 4:1 tol:CH,Cl,
-20°C, 16 h
O | (0] (e}
I/\)LH I\)LH PhMeZSi/\)LH
s t u
(MezP), (10 mol%) (Me3P), (10 mol%) (Me3zP), (10 mol%)
degradation isomerization and degradation no reaction
O O O
EtONH \N/\)LH NH
o v ! w x
(Me3P), (10 mol%) (Me3P), (10 mol%) (MesP), (10 mol%)
no reaction No reaction no reaction
(e} (e}
MH Y’LH
y z
(Me3P), (10 mol%) (Me3zP), (10 mol%) degradation
no reaction (R)-BINAP (5 mol%) degradation

Table 27. Limitations on the Michael addition to a,-unsaturated aldehydes.
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3.6 1,6-Additions

o,B,y,6-Unsaturated aldehydes as electrophilic species are extremely
challenging substrates due to the presence of three electrophilic centres,
which increases the number of potential isomers. In general, metal-catalysed
transformations show a high preference to the formation of 1,2 addition
products, while most organocatalytic approaches strongly favour the 1,4
addition. Consequently, the acquisition of extended Michael adducts remains
rare and scarce.

We had already established that the combination of aldehyde q with
[BINAP]NiClz as catalyst triggers the formation of a significant amount of 1,6
adducts 12 (Table 24). Thus, we hypothesized that it might be feasible to
reoptimize the reaction conditions to favour the formation of 1,6 adducts over
the 1,4 adducts.

Based on the aforementioned precedent, we explored the influence of
the scaffold in this transformation. We tested different N-propanoyl
thioimides, showing that only thioimide 1a favours the 1,4 addition, while
other substrates showed no control over the regioselectivity between 3 and §
positions (Table 28, entries 1-4). Additionally, we examined the outcome of
the reaction using N-azidoacetyl thioimides, which would grant access to
valuable a-amino acids (Table 28, entries 5-6). Unfortunately, both the regio
as well as the diastereoselectivity were steadily poor and complex mixtures of
isomers were obtained in all cases.

TIPSOTf (1.5 eq)

2,6-Lutidine (1.5 eq)
[(S)-BINAP]INICI, S O Ph

s 0 0
R )W 2 mol%
X)(N)K/ iy N ph, ( o) XJKN)H/WOTIPS
1

4:1 PhMe/CH,Cl,, —20 °C, t
q 12
n n

Entry X n R t(h) Conv(%)* rr(12:1,4:1,6)> dr(1,6)
1 S 1 Me 1 >99 0:70:30 55:45
2 0O 1 Me 05 >99 1:53:46 50:50
3 S 0 Me 05 >99 0:58:42 45:55
4 O 0 Me 05 >99 4:53:43 42:58
5 S 0 Ns 0.5 >99 1:53:46 44:56
6 0O 0 Ns 0.5 >99 1:63:37 35:65

a) Determined by 'H NMR analysis of the crude mixture.

Table 28. Study of the addition to a,3,y,6-unsaturated aldehydes.

Next, we investigated the impact of the Lewis acid in the addition of
thiazolidinethione 11 (Table 29). The results were moderate irrespective of
Lewis acid, but we observed that less bulky triflates favours the formation of
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the 1,2 addition without a significant improvement, which confirmed the
importance of the steric hindrance of the triflate.

R3SiOTf (1.5 eq)
2,6-Lutidine (1.5 eq)
S O [0} [(S)-BINAPINICI, S O Ph
0,
SXN)K/ + prh (2 mol%) SXNWOSiRg

(A 4:1 PAMe/CH,Clp, =20 °C,t 1\ J° £ 9y

q

Entry Lewisacid t(h) Conv(%)* rr(1,2;1,4:1,6) dr(1,6)
1 TIPSOTf 1 >99 1:53:46 55:45

2 TESOTf 2 >99 10:63:27 34:66

3 TMSOTf 2 >99 39:35:26 37:63

a) Determined by 'H NMR analysis of the crude mixture.

Table 29. Optimization of the Lewis acid.

Finally, we explored the impact of the chiral ligands and the solvent.
The results suggests that BINAP can lead to very modest 1,6-regioselectivities
and diastereoselectivities (Table 30, entries 1-2) while DTBM-SEGPHOS
strongly favours the 1,4 addition (Table 30, entries 3-4). The addition of
toluene as solvent enhanced significantly both the regioselectivity and
diastereoselectivity for BINAP catalysed reactions, albeit useless
approximately 2:1 mixtures rr and dr were obtained.

TIPSOTf (1.5 eq)

S o) 0 2,6-Lutidine (1.5 eq) S o) Ph
[L*INiCl, (2 mol%)
SAN)K/ - A : - SAN)H/WOTIPS
/1 q Solvent, -20 °C \ / 12Iq
Conv Ir dr
Ent L* Solvent t(h
iy olven M oy @214160 (1L,6)r
1 (S)-BINAP CH:Cl, 0.5 >99 1:53:46 45:55
2 (S)-BINAP PhMe:CH:Cl; 4:1 3 >99 7:32:61 39:61
3 (R)-DTBM-SEGPHOS CH:Cl, 0.5 >99 0:84:16 39:61
4 (R)-DTBM-SEGPHOS = PhMe:CH2Cl» 4:1 3 >99 0:82:18 32:68

Table 30. Optimization of solvent and catalyst.

With these results in hand, the selective 1,6 conjugate addition turns
out to be possible through the fine optimization of some parameters, being the
most promising one the use of very bulky silyl triflates, although the
exploration of different combinations of solvent/catalyst is required. Despite
such promising conclusions and owing to the moderate selectivities obtained
up to this point, this study was abandoned.
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4 Mechanistic studies

Our investigation also extended to mechanistic insights into this novel
transformation, aiming to elucidate the origins of the regioselectivity, the
main transition states underlying the observed diastereoselectivity, and the
outstanding enantioselectivity observed with both catalysts. These studies
were carried out by Prof. Gabriel Aullén.

To initiate this investigation, theoretical calculations were conducted
to determine the electronic effects that could account for the observed
regioselectivity. Indeed, analysis of the LUMO of the [PhCH=CHCHOTIPS]*
revealed that both 1,2 and 1,4 positions (C1 and C3) are actually electronically
equivalent, suggesting an equal probability of attacking towards both
positions (Figure 19). Therefore, the regioselectivity must be controlled
mostly by sterical effects induced by the alkyl groups of the Lewis acid.

C3 Cc1
30% 28%

Figure 19. LUMO-orbital of the [PhCH=CHCHOTIPS]* adduct.

This observation aligns with the experimental data, wherein the use of
less sterically hindered silyl triflates fails to properly control the
regioselectivity of the reaction.

Subsequently, the most stable conformations of both [{(R)-
BINAP}Ni(thiazinanethione)]* and [{(R)-DTBM-SEGPHOS}
Ni(thiazinanethione)]* were examined (Figure 20). Interestingly, one of the
aromatic substituents of the phosphine is placed on the Si mt-face of the enolate
in the four most stable conformations, thus blocking the attack towards this
face (Figure 20). This explains the high levels of enantioselectivity observed
and determines the absolute configuration of the Ca chiral centre.
Additionally, these results accounts for the large alterations in selectivity
observed when the aromatic substituents were modified during the
optimization process, while the effect of the biarylic moiety modification was
rather low.
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Figure 20. Geometries of the most stable enolate conformations.

With the optimized geometries in hand, the most stable transitions
states for the Michael addition were evaluated. Sixteen different transition
states were calculated, considering the four most stable conformations and
the four more stable possible approaches (Figure 21).

Firstly, the transition states for [(R)-DTBM-SEGPHOS]NiClz catalyst
were explored. Interestingly, the most stable transition state involved the -
Re face of the enolate attacking the Si m-face of the aldehyde, positioning the
bulky TIPS group towards the thiazinanethione. This configuration presented
interactions between these two groups through Van der Waals forces,
stabilizing the resulting intermediate. This approximation leads to the (S,R)-
syn diastereomer, consistent with the experimental observations.
Furthermore, the second most stable conformation, wherein m-Re face of the
enolate engages the Re m-face of the aldehyde leads to the anti diastereomer,
and exhibits an energy of +0.9 kcal/mol, which predicts a ratio syn/anti 85:15
at-20 °C, in good agreement with the experimental results (dr 88:12). Finally,
other transition states present much higher energies (>2.2 kcal/mol), which
avoids their effective participation on the reaction outcome, and thus explains
the excellent enantioselectivity observed.
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+0.0 kcal/mol +0.9 kcal/mol

(S,R) Syn (S,S) Anti

Ni
s/ N\ /N
o S o
SEoNE, SN,
’ T|Ps|\)

+2.5 kcal/mol +2.5 kcal/mol

Tips

(R,S) Syn (R,S) Syn

Figure 21. Transition states using [(R)-DTBM-SEGPHOS]NiCl: catalyst.

The same process was applied to the transition states catalysed by [(R)-
BINAP]NiClz (Figure 22). In this case, the most stable transition state resulted
in the approach of the Re m-face of the enolate towards the Re m-face of the
aldehyde, to provide the (S,5)-anti isomer, which matches perfectly with the
experimental observations. However, the parallel transition state leading to
the syn isomer presented an energy of +15.5 kcal/mol, which indicated that it
would not participate in the reaction. This discrepancy does not align with the
experimentally observed 15:85 diastereomeric ratio and suggests that other
factor could come into play.
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/

g

s Nm TIPS

| |Ph o | Q7

7 Lol

TIPS
+0.0 kcal/mol +15.5 kcal/mol
Anti Syn

Figure 22. Transition states [(R)-BINAP]NiCl; catalyst.

The abovementioned transition states are consistent with a mechanism
represented in Scheme 53. As shown, the nickel(Il) chloride is activated to
form the nickel(II) triflate complex, the real catalytic species. Then, it chelates
the thioimide acidifying the Ca H. Then, the 2,6-lutidine deprotonates this
species to form the nickel enolate. Simultaneously, the aldehyde is activated
by the TIPSOTf. The resultant oxocarbenium intermediate approaches the
enolate and reacts through either syn TS or anti TS, depending on the catalyst
used. Finally, the release of the nickel catalyst gives the desired Michael
adduct.
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S

O Ar
PR P L*NiCl,
S N OTIPS 2 TIPSOTf s o)
R
2+

K/‘ 2 TIPSCI
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|
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Scheme 53. Catalytic cycle of the Michael addition.

r

5 Outline

In summary, we have developed an unprecedented novel asymmetric
Michael addition to o,-unsaturated aldehydes catalysed by chiral nickel (II)
complexes to get access to all possible stereocenters at will, through the
simple modification of the chiral ligand of the catalyst. This method proved to
be excellent in terms of regioselectivity, with most of substrates exhibiting a
1t (1,2:1,4) exceeding >1:99. Remarkably, the enantioselectivity has emerged
as one of the most robust aspects of this method, obtaining in all cases
enantiopure compounds (99% ee).

The [(R)-DTBM-SEGPHOS]NiClz has been established the most
appropriate complex to obtain syn Michael adducts with high
diastereoselectivities. Main limitations arise with strongly electron-poor
substrates or the introduction of steric hindrance in the Ca position.
Interestingly, the reaction with an a,f3,y,6-unsaturated aldehyde showed an
excellent regioselectivity and the adduct from the CpB attack was isolated in
excellent yield.

The results with [(R)-BINAP]NiClz were excellent across most
substrates, exhibiting a wider tolerance than the DTBM-SEGPHOS counterpart

125



The Michael Reaction

in terms of reactivity. Main limitations of this catalyst affect the most electron
rich substrates in which a slight loss in diastereoselectivity is observed.

TIPSOTf
2,6-Lutidine TIPSOTf
[(R)-DTBM- S O 0 2,6-Lutidine
SEGPHOS]NiCI, SJ\NJ\/R HJ\/\A [(R)-BINAP]NiCI,
4:1 PhMe/CH,Cl, K) R " 741 PhMe/CH,Cl,
—20°C -20°C
S O Ar S 0O Ar
- SJ\NWOTIPS SJ\NWOTIPS -
) R R )RR
syn anti

Scheme 54. Stereodivergent Michael addition catalysed by chiral nickel(II) complexes
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Metal catalysed asymmetric C-C bond forming reactions

1 Introduction

In Chapter II, we have described a highly efficient stereodivergent
Michael reaction, based on the direct and TIPSOTf-mediated addition of
achiral thioimides to o,3-unsaturated aldehydes catalysed by chiral nickel(II)
complexes. A remarkable feature of the method involves the use of an achiral
heterocycle as a directing group. While this fragment serves as an effective
platform for the C-C bond forming step, it is essential to devise mild methods
for its removal and the subsequent conversion into a variety of functional
groups.

Preliminary studies in our group had already documented
experimental conditions for the removal of the thiazinanethione of aldol
adducts to yield amides, carboxylic acids, as well as esters, ketones, aldehydes
or alcohols (see Chapter I).! Such approaches have also been applied to other
heterocycles shown in Figure 23.2-* The removal of the five or six-membered
heterocycles is usually pretty similar, with those containing an endocyclic
sulphur atom being slightly more reactive.

o)
(\NXR R.’IJ)LR
o
o} s 0 s 0 o)
Meo\N)kR SJ\NJ\R OJLNJ\R HO)LR
! N N
o O S o0 S o 0
EtOMR S)LNJ\R OJLNJ\R MeOAR
J/ J/
o)
HO" R H)LR

Figure 23. Derivatizations of N-acyl thioimides.

In this context and considering that the Michael adducts contain a
particularly reactive site, the TIPS silyl enol ether, it was necessary to validate
the abovementioned methods to deliver enantiomerically pure intermediates
to be used in asymmetric synthesis. Furthermore, the silyl enol moiety could
also be used to produce a new variety of intermediates. With the aim of
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establishing appropriate conditions to fulfil such objectives, we carried out a
comprehensive study of these transformations, which has been crucial for the
asymmetric synthesis of tapentadol described on this Chapter.

2 Removal of the thiazinanethione
heterocycle

2.1 Scale up of Michael adduct

We scaled-up the reaction to generate large amounts of the Michael
adduct in order to facilitate the study. Indeed, the reaction catalysed by [(R)-
DTBM-SEGPHOS]NiClz was carried out at 10 mmol scale, which produced the
desired enantiomerically pure adduct smoothly (Scheme 55). The conversion
was complete, the diastereoselectivity remained high (dr 83:17) and the
enantiomerically pure syn Michael adduct 9ab was isolated with a 73% yield.
Furthermore, a 12% of the anti diastereomer 9’ab was also obtained.

As the diastereoselectivity was slightly poorer than that observed at 1
mmol scale (dr 83:17 vs 88:12) probably due to the exothermic nature of the
reaction, cooling the bath initially at -40 °C was attempted. The
diastereomeric ratio was increased to dr 88:12, but the final conversion
reached only 70% in detriment of the overall yield. Thus, the previous
conditions were considered good enough to obtain up to 5 g of the desired
adduct.

TIPSOTY (1.5 eq)
2,6-Lutidine (1.3 eq)
s O o [(R)-DTBM-SEGPHOSINiCl, S O  Ph

AL (2 mol%) P G N
S N + H = S N ; OTIPS
v 4:1 PhMe/CH,Cl,, v :
1a b —20°C,5h - 9ab

10 mmol scale
73% syn
dr 83:17
ee 99%

Scheme 55. Scale up of the asymmetric Michael addition.

2.2 Heterocycle displacement

We initiated this investigation by synthesizing a methyl ester, a
common functional group useful for further reactions. The abundant
prevalence of esters in natural and pharmaceuticals compounds is
remarkable, which made their preparation synthetically strategic. Thus, a
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mixture of the Michael adduct 9ab and DMAP as nucleophilic catalyst in
methanol at 0 °C was stirred overnight. Employing 10 mol% DMAP resulted
in an 87% conversion over 16 h (Table 31, entry 1), so 20 mol% was required
(Table 31, entry 2). The methyl ester 13 was obtained in quantitative yield,
with the recovery of 90% of the heterocycle (Table 31, entry 3).

S O Ph O Ph
. DMAP e
. M . TIP
U\l ; OTIPS — 1 h0°C 76 20" oTIPS
9ab 13
Entry Scale (mmol) DMAP (mol%) Conv (%)* Yield (%)?
1 0.1 10 87 -
2 0.1 20 100 -
3 0.5 20 100 99

a) Established by 1H NMR analysis. b) Isolated yield.

Table 31. Derivatization to methyl ester 13.

Amides are also present in a wide variety of natural compounds and
drugs, and are fundamental building blocks for entire research fields such as
peptide synthesis. Additionally, morfoline amides are highly desirable
intermediates in organic synthesis, owing to their facile transformation into
carbonylic compounds.> Hence, the obtention of amides via heterocycle
displacement was highly desirable.

Initially, methyl B-alaninate was used to generate amide 14 in the
presence of EtsN to neutralize the hydrochloride form of B-alaninate.
Surprisingly, the displacement only proceeded with a 50% of conversion
(Table 32, entry 1). Neither the introduction of DMAP nor the increase of
methyl 3-alaninate and EtsN improved the conversion (Table 32, entries 2-3).
To our pleasure, the use of CH2Clz instead of THF circumvented the problem,
and a complete conversion was achieved along with a high yield (Table 32,
entries 4-5).
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methyl B-alaninate
hydrochloride
S O Ph Et3N

P o O Ph

SN DMAP (x mol% PPN

S)LN S oTips (x mol%) Meo)vN S otips
H Solvent, rt, 16 h H H

‘\/‘ " 9ab 14 ~

Scale B-alaninate-HCI EtsN DMAP Conv Yield
Entry . . Solvent
(mmol) (equiv) (equiv) (mol%) (%) (%)°
1 0.1 1.25 1.5 - THF 50 -
2 0.5 1.25 1.5 20 THF 50 -
3 0.1 2.5 3 20 THF 50 -
4 0.1 25 3 20 CH:Clz 100 -
5 0.5 25 3 20 CH:Clz 100 80

a) Established by 'H NMR analysis. b) Isolated yield.

Table 32. Synthesis of a -alanine amide 14.

Furthermore, the Michael adduct was transformed into the morfoline
amide under the optimized conditions used for methyl (-alaninate (Scheme
56). The adduct 9ab was treated with morfoline and 20 mol% of DMAP to
obtain amide 15 in 95% yield.

S (0] Ph Morfoline (2.4 equiv) (0] Ph

i DMAP (20 mol%) PN
s N)WOTIPS NI OTIPS
K) : CH,Cl,, 0°C to rt, 16 h Q :
- O =

9ab 15 95%

Scheme 56. Synthesis of morfoline amide 15.

The thiazinanethione can also be eliminated by means of a reductive
process. In this regard, the adduct 9ab was converted into an alcohol
employing LiBH4. Remarkably, the reaction proved to be efficient, achieving
complete conversion in only 2 h. Subsequent scale up to 3 mmol permitted us
to isolate enantiomerically pure alcohol 16 in 93% yield (Scheme 57).

i O Ph Ph
)W LiBH, (2 equiv) 3
= 4 W
‘ H ‘ TIP
SN T OTIPS  F 0Ctort. 2n o OTIPS
‘\/‘ " 9ab - 16 93%

Scheme 57. Reduction to alcohol 16.

The synthesis of the corresponding aldehyde 17 by treatment with
DIBALH was also explored. On a first attempt, the conversion was not
achieved, so the amount of DIBALH was increased, and the reaction time was
extended with a limited success (Table 33, entries 1-3). Afterwards, DIBALH
was added dropwise over 30 min, producing a significant increase in the
conversion (Table 33, entry 4). Subsequently, the reaction was scaled up to
0.5 mmol to afford pure aldehyde 17 in 74% yield (Table 33, entry 5).
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S O Ph O Ph
PPN DIBALH PPN
= =
U oTIPS ooy, sct M oTIPS
9ab 17
Entry Scale (mmol) DIBALH (equiv) t(h) Conv (%)® Yield (%)?
1 0.1 1.3 1 80 -
2 0.1 1.5 6 83 -
3 0.1 2 9 75 -
4 0.1 1.5¢ 4 90 -
5 0.5 1.7¢ 5 92 74

a) Established by 'H NMR analysis. b) Isolated yield. c) slow addition of
DIBALH over 30 min

Table 33. Reduction to aldehyde 17.

2.3 Manipulation of the silyl enol ether

As mentioned previously, the resulting silyl enol ether is an attractive
platform to carry out further transformations. To explore this reactivity, it was
deemed prudent the previous removal of the heterocycle to form either an
ester or an alcohol, which could be more suitable substrates for further
transformations.

Initially, the alcohol derivative 16 was subjected to a catalytic
hydrogenation process. Surprisingly, this proved to be a challenging substrate,
as no conversion was observed under a variety of conditions. (Table 34,
entries 1-7). Therefore, we moved to the ester derivative 13, which proved to
be an easy substrate towards the catalytic hydrogenation, furnishing the
corresponding protected alcohol in quantitative yield (Table 34, entries 8-9).
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Ph Ph
XMOTIPS Hzr,tC?;a:lst X\_/\/\OTIPS
" 13o0r16 T 1819
Entry X Product (;c;l:l) (l:: r Catalyst mol% Solvent ((:;o)‘: Yield(%)®
1 CH20H 18 0.1 1 Pd/C 10 EtOAc 0 -
2 CH20H 18 0.1 1 Pd/C 20 EtOAc 0 -
3 CH20H 18 0.1 1 Pd/C 20 MeOH 0 -
4  CH:0H 18 0.1 1 Pd/C 20 EtOH 0 -
5 CH20H 18 0.1 1 Rh(PPh3)sCl. 20 EtOH 0 -
6  CH.0H 18 0.1 5 Pd/C 10 EtOH 0 -
7  CH:0H 18 0.1 5 Pt20 10 EtOH 0 -
8 COOMe 19 0.1 1 Pd/C 20 EtOH 100 99
9 (COOMe 19 0.45 1 Pd/C 20 EtOH 100 99

a) Established by 'H NMR analysis. b) Isolated yield.

Table 34. Hydrogenation of the silyl enol ether

The alcohol 16 containing the silyl enol ether was then converted into the
corresponding aldehyde. Treatment of 16 with a 1 M solution of TBAF in THF
furnished the aldehyde efficiently, which reacted with the hydroxyl group to
form a cyclic acetal as a 1:1 mixture of diastereomers 20 in high yields
(Scheme 58).

Ph OH
: TBAF
NN (0]
HO H oTiPs THF, rt, 1 h
= Ph
16 20 0.5 mmol

85%

Scheme 58. Deprotection of the silyl enol ether.

2.4 An unexpected reaction.

The Mukaiyama aldol reaction holds a prominent position for the
stereoselective formation of C-C bonds.® Therefore, we envisaged that our
Michael adducts possessing a silyl enol ether could serve as a platform for
stereocontrolled Mukaiyama-type transformations. In this context, we
explored the feasibility of Mukaiyama-type transformations from our Michael
adducts.

Benzaldehyde was chosen as a model substrate for the aldol addition,
employing BFs-Et20 as a Lewis acid. Unexpectedly, the reaction furnished
lactone 21 as the sole product with a full conversion and a 63% yield as a
single diastereomer and the remaining aldehyde was fully recovered
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unmodified (Scheme 59). In turn, the use of TiCls produced only a complex
mixture, including retro-Michael products.

S O Ph 0 0
W BF3-Et,0 (1.5 equiv)
ST N Y OTIPS + H S 0
|\) : CH,Cly, ~78 to 0 °C /)\ _
N~ s “Ph
0.1 mmol 2eq
9ab 21 63%

Scheme 59. An unexpected reaction.

Since the aldehyde seemed to be inactive, we repeated the reaction just
using BF3-Et20. To our surprise, removal of the benzaldehyde resulted in the
formation of a complex mixture of products, including the cyclized adduct 21
(Scheme 60). The conversion was incomplete and significant amounts of
products from the retro-Michael b and 1a, and free thiazinanethione were also
detected. While modifying the protocol by introducing the starting material
over a BF3-Et20 solution reduced the formation of most retro-Michael
products, several subproducts persisted. These observations strongly suggest
that the aldehyde plays a pivotal role, maybe as catalyst or promoter of the
reaction.

Cyclization| O

X
s 0 7 NH
JL W BF3-Et,O (1.5 equiv) 21
S NT OTIPS :
v : CH,Cl,, 780 0°C | Retro-Michael s o
o)

0.1 mmol )k )K/
9ab H)Y\Ph U 1a

Scheme 60. Products obtained in the reaction.

Remarkably, the results at -78 or 0 °C were similar, which proved that
the temperature has a negligible impact on the reaction outcome.
Subsequently, aldehydes with different electronic properties were examined
and compared to the reaction without the presence of any aldehyde (Table 35,
entry 1). The results revealed that aldehydes containing electron donating
substituents (Table 35, entries 2-3) partially inhibit the reaction, diminishing
the reaction rate to afford a complex mixture with a high presence of retro-
Michael products 1a and b and deprotected adduct 22. Conversely, neutral or
electron withdrawing substituents proved to be beneficial, with benzaldehyde
emerging as the optimal additive (Table 35, entries 4-5). Finally, the use of
aliphatic aldehyde propanal did not bring any improvement (Table 35, entry
6).
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(0}
) o
s 0 (2 equiv)

)J\ )J\/\% BF3-Et,0 (1.5 equiv)
STONTY OTIPS

CH,Cly, T, t

* 9ab

Cyclization Deprotection

21 21 22a

[ Retro-Michael products]

s o
HJ\/\Ph SJ\NJ\/

g "
b 1a
Entry R t(h) T(°C) Conv (%) Purity (%)®?
1c - 3 rt 96 56
2 4-MeO-CsHa 3 rt 83 Complex mixture
3 4-Me-CeHa 3 rt 92 40
4 Ph 3 rt 100 90
5 4-Cl-CeHa 3 rt 100 80
6 Et 4 0 70 44

a) Established by 'H NMR analysis. b) Established by 'H NMR comparing the
ratio of product 21 vs all other subproducts. c) No aldehyde was used

Table 35. Aldehyde screening for the cyclization reaction.

Dilution proved advantageous in terms of both reaction rate and
selectivity (Table 36, entries 1, 4-6), which suggested an intramolecular
mechanism. Finally, treatment of a 0.01 M solution of adduct 9ab with
benzaldehyde and BF3-OEtz provided a 83% yield of lactone 21 (Table 36,
entry 6).
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X
@ :
S O Y (2 equiv) E\ /dj/
: BF5-Et,0 (1.5 equiv)
SJLNWOTIPS 32 a N
v : CH,CI, T, t

21
Entry Scale Conc t (h) T (°0) Conv Yield Purity
(mmol) ™) (%) (%) (%)
1 0.1 0.07 35 -781t00 100 63 100
2 0.5 0.07 3 Otort 92 - 33
3 0.9 0.07 3 rt 95 - 58
4 0.2 0.04 3 0 100 - 91
5 0.1 0.01 15 0 100 - 91
6 0.5 0.01 1 0 95 83 100

a) Established by 'H NMR analysis. b) Isolated yield. c) Established by 'H NMR comparing the ratio
of product 21 vs all other subproducts.

Table 36. Screening of the concentration.

This novel transformation was also evaluated for the anti counterpart
9’ab to assess the formation of different stereoisomers (Scheme 61). On the
contrary, the use of the (RR)-isomer led to retro-Michael products, which
demonstrated the key role of the relative configuration.

0O

W,

H

s 0 (2 equw
BF3-Et,0 (1.5 equiv)
SJLN Z OTIPS )\
k/| : CHCly rt,3.5h

9'ab

21" 30% purity
Scheme 61. Use of anti adduct for the cyclization reaction.

Based on the preceding results, we hypothesize that an initial step
could involve the deprotection of silyl enol ether to generate the aldehyde.
Indeed, a 1°F NMR analysis revealed the presence of TIPSF, indicating that
BF3-Et20 may be responsible for its deprotection. Subsequently, the
nucleophilic exocyclic sulphur could interact with the aldehyde, which in turn
could attack the carbonyl amide in a highly ordered bicyclic transition state,
with the Ph and the Me substituents located at equatorial positions (Scheme
62). In this mechanistic scheme, the aldehyde might act as a modulator of the
Lewis acidity of BFs3, thereby either facilitating or hindering the deprotection
step, and consequently influencing the reaction rate.
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X
NN R™ 'H
éF3 k/\ N
+orBF3 ©

S O Ph O Ph O

- R™H s 2
s NWOTIPS JLN)K/\)LH

—_ —————>  §

Regulates the
Lewis acidity \
(e}

o

CLLT, —— AR
0

N/)\S “'Ph Ph l\s{)\s

Scheme 62. Proposed mechanism of the cyclization reaction.

Keeping in mind our interest in new Mukaiyama-type reactions, and the
influence of the heterocycle, we examined parallel reactions from TBDPS
protected hydroxy derivative 23 (Table 37, entries 1-3) or morfoline amide
15 (Table 37, entry 4). Unfortunately and despite our efforts, we did not
succeeded and simple deprotection of the silyl enol ether leading to the
corresponding aldehyde was mostly observed.

(0]

© H)kPh ©
(2 equiv) 0

X\/;\%\OTIPS LA (1.5 equiv) M
: CH,Cly, —78 10 0 °C, t i H

15 0r23 22b-22c

Entry adduct X (Iff;':l) Lew's  Aldehyde (ltl) %&)“)" Yield (%)
1 23 CH.OTBDPS 01  BF#EO PhCHO 3 100 62
2 23 CH.OTBDPS 05  BF»EO  PhCHO 3 100 43
3 23 CH,0TBDPS 0.1 TiCls EtCHO 3 100  Complex
mixture
4 15  CON(CH.CH:):0 0.1 TiClh  EtCHO 5 100 -

a) Established by 'H NMR analysis. b) Isolated yield of aldehydes 22.

Table 37. Trials to obtain the Mukaiyama-aldol adduct.

Methyl ester 13 was then used instead of the protected alcohol 23. The
reaction with BFs3-Et20 resulted in the deprotection of the silyl enol ether,
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exclusively generating the aldehyde 22d (Table 38, entry 1). The substitution
of the Lewis acid by TiCls alongside with the use of propanal unexpectedly
yielded the reduced cyclization product 24 as a single product. (Table 38,
entry 2). Furthermore, the treatment of ester 13 with 30 mol% of Sc(0Tf)s as
Lewis acid in the presence of propanal excess furnished the cyclized adduct as
a single product in 48 h, which demonstrates that this type of chemistry could
be performed catalitycally (Table 38, entry 3).

o© H)OLR o©o i

MeO™ ™ OTIPS MeO H | “on

CH,Cly T, t

13 22d .24

Entry Scale (mmol) Lewisacid R t(h) T (°C) Conv (%)? Major product

1 0.1 BFsEtO Ph 4 -78to0 100 22c
3 0.1 TiCle Et 4 -78to0 100 24
4 0.5 Sc(OTf); Et 48 rt 100 24

a) Established by 'H NMR analysis.

Table 38. Obtention of the reduced cyclization product.

Due to the challenges encountered in such Mukaiyama-type reactions,
the study was paused at this point. Nonetheless, further development of this
novel reaction could be a great tool to generate enantiopure chiral lactones.

3 Total synthesis of Tapentadol

The development of novel transformations plays a pivotal role in
organic synthesis as enables new and more efficient synthetic sequences.

In this context, we looked for different targets where our novel method
could play a promising role (Figure 24). For instance, the installation of these
two contiguous stereocentres in a diastereodivergent manner might be used
to access cannabinoids moieties such as CBD or A°THC, psychoactive
compounds able to interact with cannabinoid receptors, phenylpiperidines
such as paroxetine, which strongly interacts with the nervous system,
exhibiting morphine-like effects, antidepressants properties or acting as
stimulants, or chebulinic acid, a natural product known for its
hepatoprotective effects.

Finally, we envisaged that our Michael addition could be employed for
the synthesis of tapentadol, a commercially available synthetic opioid for the

treatment of intense pain management.” 11
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CsHqq

HO O OH
---<

CcBD
(cannabinoids)

F
OH
©/ i O Ar O
\N/Y\/ S N X H 0 O,
| S AT
Tapentadol H
Paroxetine
(phenylpiperidines)
OH
HO
OH
HO 0 OH
HO P OH
O&/o
HO | OH
O O
O
HO,C—_

HO'™

Chebulinic acid

Figure 24. Potential applications of the asymmetric Michael addition.

3.1 Precedents

Tapentadol was developed by Griinenthal in 2001.12 This molecule is a
synthetic opioid which exhibits a dual mode of action, acting as agonist of the
p-opioid receptor and as a norephedrine reuptake inhibitor. Notably, it is
slightly more potent than tramadol and oxycodone, with the added benefit of
presenting less side effects. Such a profile makes tapentadol an appealing
target, and not surprisingly, a few synthetic routes have already been
reported.

There are primarly three types of approaches to the synthesis of this
compound (Figure 25).13 The first one consists of synthesizing a racemic
mixture followed by an appropiate chiral resolution. The second approach
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takes advantage of chiral auxiliaries to control the formation of the new
stereocentres. The last one relies on the use of asymmetric catalysts to
generate the new stereocentres.

O O o
MeO > MeO MgBr -
| o l}l/ ~o

Resolution of racemic mixtures

Chiral Auxiliary approaches

OH
o L
! Z OBn
/H/Ph \,i,&‘/\/ O\_/.r(\l)‘\/\©/

Ph
Tapentadol
Asymmetric catalysis
o}
MeO BnO B
Asymmetric Asymmetric claisen Asymmetric
hydrogenation rearrangement Mannich addition

Figure 25. Precedent approaches towards tapentadol synthesis.

In 2012, Zhang et al** reported a synthesis of tapentadol based on the
use of Evans oxazolidinones to control the configuration of the stereocentres
(Scheme 63). They installed the first stereocentre by a stereocontrolled
Michael addition of the organocuprate formed by EtMgBr and CuBr-MezS, in
the presence of BFs-Et20 as Lewis acid. Subsequent a-alkylation using
NaHDMS and Mel afforded the second stereocentre with an excellent
stereocontrol. After removal of the oxazolidinone, the reduction of the
dimethylamide intermediate with LiAlHas, followed by deprotection of the
benzyl substituent by catalytic hydrogenation afforded tapentadol with an
overall yield of 49% and 99% ee in ten steps.
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Scheme 63. Zhang synthesis of tapentadol.

A catalytic hydrogenation played a pivotal role in the synthesis of
tapentadol by Mapi Pharma (Scheme 64).15 The reduction of the (2)-a,f-
unsaturated amide, accessed prepared through a Horner-Wadsworth-
Emmons olefination, produced the chiral amide in a 97% ee. Further reduction
of the amide followed by demethylation yielded tapentadol in a 55% overall
yield in five steps.
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Scheme 64. Mapi Pharma tapentadol synthesis

An elegant synthesis was later described by scientists from Boehringer
Ingelheim (Scheme 65).1¢ Starting from the cinnamic acid derivative, its
reduction to alcohol and subsequent conversion into an allylic ether followed
by an isomerization catalysed by an iridium complex yielded the key
intermediate. Then, a Ru-catalysed Claisen rearrangement introduced both
stereocentres in a >95:5 dr and 93% ee. Subsequent reductive amination with
Me2NH and hydrogenation steps gave Tapentadol in 33% overall yield in eight
steps.
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Scheme 65. Boehringer Ingelheim tapentadol synthesis.

An organocatalytic approach based on L-proline was pioneered by
scientists from Shanghai Biobond Pharmaceutical (Scheme 66).1317 The key
step consisted of a Mannich reaction of 1-(3-bromophenyl)propan-1-one with
paraformaldehyde and dimethylamine catalysed by L-proline, which
furnished enantiomerically pure (96% ee) 3-amino ketone with a remarkable
85% yield. Then, a Wittig reaction and was conducted to generate the olefin,
and subsequent Suzuki-type reaction facilitated the introduction of the
hydroxyl group followed by hydrogenation of the olefin, which ultimately
furnished Tapentadol in a 36% overall yield in seven steps.

paraformaldehyde i)Ph;PEt"Br-

Me,NH 'BuONa
\)J\©/B"L Proline (30 mol%) <. /YJ\Q/Br ii) HCI, EtOAc

85%
\N r
©/OH 81%
i) B(pin),, AcOK,
HCl i Pd(PPhj3),
\N/Y\/ _ HaPdC i) NaBO3
| iii) HCI/EtOAC
81%
(36% overall) 65%
7 steps, 96% ee

Scheme 66. Shangai Biobond Pharmaceutical tapentadol synthesis.
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In summary, the stereocontrolled construction of the two stereocentres
is a real challenge, and none of the approaches reported so far involved the
use of a Michael addition reaction. Therefore, we envisaged that our Michael
method might be able to install both stereocentres in a single step with
excellent selectivities.

3.2 Synthesis of tapentadol via asymmetric
Michael addition

The synthesis of tapentadol started using thioimide 1a and aldehyde k
to perform the asymmetric Michael reaction at 10 mmol scale catalysed by
[(S)-BINAP]NiClz. The reaction proceeded as expected and the anti Michael
adduct ent-9’ak (dr 19:81) was isolated with a 69% yield as a single

enantiomer (Scheme 67).
OMe
TIPSOTf (1.5 eq) ©/
o 2,6-Lutidine (1.3 eq) s o

s o <
MeO [(S)-BINAPNICl, (2 mol%) :
S)ka/ © NH SAN A oTIPS
&1POMGICH,C, | ]
N -20°C, 5 h ent-9'ak

1a k (10 mmol)
69% anti
dr (syn/anti) 19:81
ee 99%

Scheme 67. Asymmetric Michael addition at multigram scale.

The heterocycle was efficiently removed employing Me:NH-HC] with
EtsN in just 2 h in the presence of DMAP to furnish amide 25 quantitatively at
3 mmol (Scheme 68). The resultant product was pure enough and no
chromatographic purification was required.

OMe OMe
Me,NH-HCI (2.5 equiv ©/
0 2 ( ) o

Et3N (3 equiv) H

S : :
: o :
S)’LN = oTIPS DMAP (20 m0|/0) \N = OTIPS
L CH,Cl, 0°Ctort, 2 h \

ent-9'ak 25

~3 mmol
100%

Scheme 68. Derivatization to dimethylamide 25.

Next, the amide 25 was reduced with LiAlHs4 to the corresponding
tertiary amine 26 with a 78% yield at 1 mmol scale (Scheme 69).
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: LiAIH,4 (2.2 equiv) :
Y A 0TIPs 4 Y A oTiPS
\ THF, 0°C, 3 h \

Scheme 69. Reduction to amine 26.

Subsequently, the silyl protecting group was removed under mild
conditions. Initially, TBAF was used but the appearance of several
subproducts led us to discard this approach. Alternatively, the use of mild
acidic conditions furnished the desired aldehyde 27 with excellent results
(Scheme 70). Indeed, treatment of the silyl enol ether 26 with 1 M HCl at room
temperature produced the desired aldehyde 27, which was used without
further purification.

: 1M HCI :
N Z>oTiPS N H
\ THF, rt, 8 h \
Scheme 70. Deprotection of the silyl enol ether 27.

The previous aldehyde 27 was submitted to Wolff-Kishner reduction
conditions to eliminate the carbonyl group. The aldehyde was first treated
with hydrazine hydrate at 160 °C for 4 h. Then, the water generated and excess
hydrazine was distilled by simply exposing the reaction mixture to the open
atmosphere in which is known as Huang-Minlon modification.!® Subsequently,
addition of NaOH and stirring the mixture at 200 °C for 16 h afforded the
amine 28. Purification by column chromatography in SiO2 deactivated with
EtsN resulted in significant amounts of product loss, whereas the purification
by extractions afforded the pure product in 88% yield over the two previous
steps (Scheme 71).

OMe OMe
i) NoH4-Ho0 (32 equiv),
o 160°C,4 h

: i) NaOH (40 equiv), H
N H 200°C, 16 h Y
| ethyleneglycol |
27 28 1 mmol
88%

Scheme 71. Wolff-Kishner reduction to form amine 32
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The final step involved the deprotection of the methyl ether.l® A
solution of the previously prepared amine 28 in HBr 48% was heated to reflux
temperature for 8 h to deliver the desired tapentadol with a remarkable 96%

yield (Scheme 72).
©/OM8 ©/OH
: HBr 48 % :
~N ~N
’\‘I/Y\/ reﬂux ’\‘I/Y\/
28 Tapentadol

0.7 mmol
96%

Scheme 72. Deprotection of methyl ether.

Overall, tapentadol was obtained in a six-step sequence with a 45%
overall yield in its enantiopure form (ee 99%) with only two chromatographic
purifications, which shows some advantages to other abovementioned
synthesis (Scheme 73). The overall yield is superior to those of Shanghai
Biobond Pharma (Scheme 66) and Boehringer Ingelheim (Scheme 65)
comparable to the Zhang synthesis (Scheme 63) and slightly lower than Mapi
Pharma synthesis (Scheme 64). Moreover, our synthesis includes simple
experimental procedures and avoids the use of expensive metals such as
rhodium, iridium, or difficult to handle Lewis acids such as Sn(0Tf)2 used in
the synthesis by Boehringer Ingelheim and Mapi Pharma.
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Scheme 73. Total synthesis of Tapentadol based on asymmetric anti Michael addition.

4 Outline

In summary, the resultant Michael adducts can be used to synthesize a
large variety of enantiomerically pure intermediates by displacement and
recovery of the heterocycle, including esters, amides, active amides such as
morfoline amide, alcohols or aldehydes. Additionally, the silyl enol ether
moiety serves as a second reactive point which can be employed in advanced
transformations. Furthermore, a novel reaction was developed to obtain
chiral enantioenriched lactones in high yields.
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Scheme 74. Transformations of the Michael adduct.

Furthermore, the opioid (R R)-tapentadol has been successfully
synthesized, generating both stereocentres in a highly controlled manner.
This useful drug has been synthesised in a six-step sequence with a 45%
overall yield as a single enantiomer. Furthermore, readily accessible and
commercially available reagents have been used in the subsequent steps after
the asymmetric Michael addition and only two chromatographic purification
steps are required, which increases the ease of use and scalability of the
synthesis developed.
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Metal catalysed asymmetric C-C bond forming reactions

1 Introduction

-Amino carbonyl motifs represent a highly versatile building block in
organic synthesis, with a plethora of bioactive compounds featuring them.
Despite their significance, -amino carbonyl compounds are less frequently
encountered in the literature compared to their B-hydroxy carbonyl
counterparts, primarily due to the reduced electrophilicity of imines. Indeed,
the classical Mannich reaction, first described by Carl Mannich in 1912,
provides a direct method for synthesizing such (-amino carbonyl motifs,
based on the utilization of a trinary system comprising an enolizable carbonyl
compound, an aldehyde, and a primary or secondary amine (Scheme 75).

B-Hydroxycarbonyl
(0] compounds

B-Aminocarbonyl
compounds

Scheme 75. Aldol and Mannich reactions.

The first asymmetric variants of the Mannich reaction were reported
by Kobayashi using a chiral zirconium-BINOL catalyst in a Mukaiyama-type
transformation. Later, List introduced the first three-component direct
asymmetric Mannich reaction catalysed by the simple amino acid L-proline,
applying the concept of organocatalysis to the field of Mannich reactions. In
turn, a parallel contribution by Jgrgensen described the direct addition of a-
ketoesters to a-iminoesters catalysed by a BOX-copper(II) complex. Since
then, the field of asymmetric catalysis has been steadily growing, with
numerous catalysts being developed to efficiently facilitate Mannich
additions. The most significant approaches are illustrated in Figure 26.1°16
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Figure 26. The development of the Mannich addition.

1.1  Activation of C=N bond

The Mannich reaction is one of the most potent methods to obtain 3-
amino carbonyl compounds, which are key structural motifs in a plethora of
compounds. Furthermore, these motifs are also key precursors of -lactams,
one of the most important class of antibiotics.

In spite of such a central position, the Mannich reaction is
underdeveloped compared to its carbonylic counterpart, the aldol reaction.
This disparity can be attributed to the lower electrophilicity of C=N bond
compared to the C=0, which makes it a more challenging reaction. A common
strategy to surpass this electrophilic barrier involves the attachment of
electron withdrawing substituents to the nitrogen atom, thus enhancing the
electrophilicity of the carbon-nitrogen double bond. An illustrative
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demonstration is the electrophilicity parameters of different C=N bond
determined by Mayr. Compared to the benzaldehyde, even imines with
electron withdrawing substituents such as N-diphenylphosphinic (Dpp) or
Boc are still less reactive, while only electron withdrawing groups such as Ts
are capable of reaching similar reactivities (Figure 27).

D B T
N PP N ¢ o) N

-15.89 -14.22 -12.9 -11.50

Figure 27. Electrophilicity parameters of imines and benzaldehyde

Interestingly, an added advantage of using these imine-activating
groups is that, once the Mannich addition is complete, most of these groups
act as protecting groups of the resultant amine, thus increasing the value of
the Mannich adducts (Scheme 76).

EWG._ _EWG
(0] N Asymmetric O HN
R Mannich reaction
X)‘k/ + H —_— > X
R
Activated imine N-Protected

Mannich adduct

Scheme 76. Activating and protecting role of the electron withdrawing substituent.

1.2 Direct asymmetric Mannich reaction

Several approaches have been reported for the direct asymmetric
Mannich addition. In the realm of metal-catalysed transformations, most
Mannich additions furnish the syn adducts,!7 2! as exemplified in the process
developed by Jgrgensen. In this study, a-ketoesters reacted with N-tosyl-a-
imino esters in the presence of a copper(ll) complex to yield the
corresponding syn Mannich adducts in high yields and selectivities (Scheme
77).
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j%b H” >CO,Et CH,Cl,, 1t, 40 h Wcoza
o O R
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dr 75:25-90:10
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Scheme 77. Copper(l]) catalysed Mannich addition.

More recently, Kumagai and Shibasaki reported the reaction of N-a-
benzyloxyacetyl-7-azaindolines with N-Boc aromatic imines in the presence
of a copper(I) catalyst to furnish stereoselectively syn Mannich adducts in high
yields. (Scheme 78).22

PPh, By
N
PC
PO A
N N
= [
Ligand Barton base
[Cu(MeCN)4]PFg (10 mol%)
(0] NBoc Ligand (12 mol%) O  NHBoc
Barton base (10 mol%)
N H Ar N Ar
_ OBn DME, rt, 24 h _ OBn
N N
N\ "/ 62— 97%
dr 77:23 — >95:5
ee 93 — 98%

Scheme 78. Copper(I) catalysed Mannich addition.

Non-activated imines can also be used in Mannich reactions provided
that the metal enolates are highly nucleophilic. A case in point involves the
direct reaction of esters to non-activated imines catalysed by a strong
potassium chiral base reported by Kobayashi. In this approach, a strongly
nucleophilic potassium enolate is formed, which reacts with the unactivated
imine while the stereochemical outcome of the addition is governed by the
coordination of the potassium enolate to a chiral BOX-type ligand (Scheme
79).
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Catalyst

©:0Me MeOQ
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R
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Scheme 79. Reaction of non-activated imines with potassium enolates.

An alternative approach involves the use of imine surrogates that, upon
activation by a Brgnsted or Lewis acid, generate the imine or iminium ion in
situ, which then reacts with the nucleophile. For example, Smith reported the
addition of (-arylacetic esters to N,0-aminals using cooperative isothiourea
and HCI Brgnsted acid catalysis (Scheme 80).

Vsl
-HCI

(R)-BTM-HCI

R. _R .
o N i) (R)-BTM-HCI (5 mol%) o]

Ar THF, 4AMS, rt, 4-120 h .R
Cero)K/ + Meo) M O)K/\N

e ;
ii) MeOH, DMAP (20 mol%) A !

Ar R
51 -94%
ee 88 - 92%

Scheme 80. N,0-Aminals in asymmetric Mannich reactions.

In this context, and based on our previous experience in aldol and
Michael reactions, we envisaged that our nickel(II) enolates from thioimides
could be good candidates to react with these type of preformed N-substituted
imines or aminals able to provide the required iminium-like intermediates.
The activation of such imines or aminals by a Lewis acid would enhance the
electrophilicity as occurred with the aldehyde counterparts, which would
facilitate the desired Mannich transformation. (Scheme 81)
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Scheme 81. Reaction of thioimides with activated imines or aminals.

2 Starting materials
2.1 Activated imines

The use of preformed activated imines offers several advantages, such
as an enhanced stability towards the nickel(Il) complex, a higher
concentration of the electrophile, or the avoidance of products associated to
the presence of free carbonyl and amine compounds in parallel aldol
transformations.

For these reasons, we decided to synthesise imines bearing different
protecting groups for the initial trials. These protecting groups could also act
as activating agents for the Mannich addition by increasing the electrophilicity
of the iminium intermediate. For instance, Ts, Cbz, and Bz groups are electron
withdrawing substituents increase the electrophilicity of the C=N bond while
furnish the protected amines as Mannich adducts, thereby increasing the
value of the overall transformation. We were also interested in assessing the
reactivity of alkyl or aryl imines, activated by a Lewis acid species to give
tertiary amines after the Mannich reaction. Particularly, the use of a benzyl
group furnishes an easily removable and highly valuable protecting group of
the amine in the Mannich adduct.

Two primarily methodologies were used for the synthesis of imines.
The first one involved the formation of an adduct between the imine and p-
toluenesulphinate (Table 39, A), which upon treatment with a base formed the
desired pure imine.?3 The second methodology consisted of the condensation
of the carbonyl compound and the amine to form the corresponding imine in
the presence of a dehydrating agent (Table 39, B).24

The results shown in Table 39 report non-optimized yields.
Importantly, the resulting imines were highly unstable and readily
hydrolysed, requiring their immediate use after formation for most
substrates.
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o) o R, R,
e n 1:1 HCO,H/H,0 NH NaHCO, )‘N\
N _— —_—
H R + RNH, + NaO rt, 16 h Ts R H,O,rt,2h H R
N82304/K2003
o or R.
)L + RNH, 4A MS /‘I\‘l\
H R CH,Cly, 1t, 16 h 07 R
Ts Cbz. Bz. Bn. Ph<
s ‘N z ‘N z ‘N ‘N ‘N
H/‘\@ H)\© H/‘\© H/K@\ H/K©\
OMe OMe
A, 45% A 1% A, <10% B, 88% B, 88%

Table 39. Synthesis of imines.

Furthermore, N-Dpp protected imines are particularly advantageous
for peptide synthesis because their cleavage does not form carbocationic
intermediates, thus preventing undesired side reactions. To evaluate the
feasibility of their Mannich reactions with our nickel enolates, we synthesized
imine f by treatment of diphenylphosphinamide with benzaldehyde catalysed
by TiCl, in the presence of EtzN (Scheme 82).25

TiCl, _Po
Et;N N™ 1

o o) Ph
X i I Ph
©)LH HoN F,hPh CH,Cl, 0°C, 2 h
71%

Scheme 82. Synthesis of Dpp-imine.

Finally, benzaldehyde oxime was also synthesized from benzaldehyde
by treatment with hydroxylamine, which was then methylated using methyl
iodide and NaH to yield the final 0-methyl oxime f (Scheme 83).26

N-OH i) NaH N-OMe
NHZOH HCI, NaOH | i) Mel \
H @ —————— H
HZO 80°C,64 h DMF, 0°C, 16 h
28% 99%
g

Scheme 83. Synthesis of O-methyl oxime of benzaldehyde.
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2.2 N,O- and N,N-aminals

An alternative to activated imines as electrophiles hinges on the use of
iminium ion surrogates. The most common imine equivalents are their
adducts with alcohols or amines, to form the corresponding N,0- and N,N-
aminals. Upon activation by a Lewis acid, these adducts form an iminium ion,
which may participate in a Mannich transformation.

First, a cyclic N,0-aminal was synthesized by condensation of 4-
methoxybenzaldehyde and ethanolamine using a Dean-Stark apparatus,
followed by protection of the resultant free amine to form the desired N,O-
aminal j’ (Scheme 84).

i) NaH

(0} HoN ~"oH (\O ii) BnCl (\O
B ——————
H Dean-Stark N DMF, rt,16h N
Tol, 120 °C, 16 h Bn
OMe OMe OMe

i 23%
(two steps)

Scheme 84. Synthesis of a cyclic N,0-aminal.

In turn, N,0-aminal K’ was synthesized from phthalic anhydride and
benzylamine to form N-benzyl phthalimide in quantitative yield. Subsequent
partial reduction with NaBH4 in MeOH, followed by methylation using NaH
and methyl iodide resulted in the formation of the desired N,0-aminal K’
(Scheme 85).

0 i) NaH 0
BnNH2 NaBH,4 i) Mel
" AcOH, "'MeOH, t, 1 h N=BN —ThE N=Bn
120°C, 1 h i, 4 h
OH

OMe
K

99% 43%

Scheme 85. Synthesis of a phthalimide-derived N,0-aminal.

Various aminals were synthesized by reaction of the aldehyde and the
amine in the presence of a dehydrating agent followed by the in situ addition
of an alcohol or an amine to the resultant imine (Table 40).27
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R R
] Na,S0O,4/K,CO N7
)L + RyNH + RXH #, N
R rt, 16 h RX R
() ()
Bn. Bn. _.Bn
eO N NAOMe 'T'/\'T'
Bn Bn Bn
73% >10% 43% 25%
I' m' n' o'

Table 40. Synthesis of aminals by condensation.

The synthesis of N,N-aminal m’ proved to be challenging due to the
incomplete formation of the final adduct, which difficulted the purification. To
overcome this problem, a mixture of benzaldehyde and piperidine was treated
with alumina in THF under reflux, which led to a complete conversion and a
75% yield of the desired pure N,N-aminal m’ (Scheme 86). 28

O O
H
O e oﬁg
THF, 80°C 16 h

75%
Scheme 86. Synthesis of a piperidine-derived N,N-aminal.

An N,N-aminal p’ containing a benzotriazole ring was also synthesized
(Scheme 87). These aminals are known to be stable and can be easily purified
by recrystallization. Indeed, treatment of benzaldehyde with dibenzyl amine
and benzotriazole led to a mixture from which N,N-aminal p’ was
recrystallised in a good yield.?°

NBn,
BnZNH
N
Et20 MeOH 1:1, N=N

0°C, 16 h

P 63%

Scheme 87. Synthesis of aminal p’ from benzotriazole and dibenzylamine.

Finally, in an alternative approach, a nitrone q’ derived from
dibenzylamine was synthesized. Its activation with a trialkylsilyl group would
render an iminium ion equivalent. Furthermore, nitrones are known to be
bench stable and easy to handle compounds, contrary to several of the
previous imine surrogates. The synthesis relied on the oxidation of the
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hydroxylamine precursor with H202, rendering the corresponding nitrone in
high yield (Scheme 88).30

H20, N
~N
MeCN 50°C, 16 h I
o
q' 90%

Scheme 88. Synthesis of nitrone q’.

3 Additions to imines

We initiated our investigation by using the conditions of the method
developed in Chapter I, with achiral (MesP)2NiClz complex as catalyst and
conducting the reaction at 0 °C. The results revealed that tiny amounts of the
desired Mannich adduct were formed (Scheme 89), while, the N,0-silyl ketene
acetal 30a was obtained instead as the major product as a 68:32 (Z:E) ratio.

TESOTf (1.5 equiv)
Ts <

s o) ‘N 2,6-Lutidine (1.5 equiv) OTES
Me3zP),NiCl, (10 mol %)
- I e (10mol%)
[\) CH,Cl,, 0°C, 16 h [\) [\)
1a a' 29aa’

Scheme 89. Mannich reaction with tosyl imine.

Since the reaction without the presence of the imine did not produce
the silyl ketene acetal, the tosyl imine must play a key role in its formation
(Scheme 90). Presumably, the imine is firstly silylated, and the resultant
intermediate acts as a more effective silylating agent compared to TESOTH,
which reacts directly with the thioimide rather than through the Mannich
addition pathway, to produce the silyl ketene acetal 30a with 2,6-lutidine
acting as a base. This pathway is highly undesirable as the formation of the
silyl enol ether may be irreversible, blocking the direct Mannich addition, or
undergoing a Mukaiyama-Mannich pathway without any stereochemical
control.

TESOTf
2,6-Lutidine

S
AL e A A
" A "

H
AN Silylating agent /

2,6-Lutidine

Scheme 90. Formation of the silyl ketene acetal.
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This unexpected result led us to explore the impact of the thioimide,
aiming to enhance the reaction towards the Mannich adduct while avoiding
the silyl ketene acetal formation. The substitution of the endocyclic sulphur
atom by an oxygen significantly increased the amount of the Mannich adduct
(Table 41, entries 3-4) but the conversion was still poor and the undesired
silyl ketene acetal 30 was also formed in comparable yields (Table 41, entries
2 and 4). Other silyl triflates and BF3-Et20 were also tested in the reaction with
11 but without success.

T TESOTf T
i 0 s \/\’\t 2,6-Lutidine i O HN~ s i OTES
(Me3P),NiCl, (10 mol %)
X N)K/ " H>Ph X" N X N)\&“
‘\H/‘ CH,Cl,, 0°C, 16 h k\(\a/[ ‘\ﬁ/‘
n n n
1 a' 29 30
Entry 1 X n 1(%)* Mannich (%)® dr? 30 (%)
1 la S 1 53 <3 - 47
2 In 0 1 51 22 57:42 16
3 11 S 0 42 4 80:20 54
4 Im O O 42 37 55:44 20

a) Established by 'H NMR analysis using mesitylene as internal standard.
c) dr of the Mannich adduct 29.
Table 41. Screening of heterocycles for the Mannich addition.

The unsatisfactory results called for a new approach to obtain the
desired B-amino carbonyl compounds. Instead of focusing our efforts in the
reaction with tosyl imine a’, we moved to explore different nitrogen
substituents able to facilitate the formation of the iminium ion while avoiding
the silyl transfer to the thioimide. Furthermore, we selected different amine
protecting groups to activate the C=N bond and obtain directly valuable
protected amines.

Unfortunately, the introduction of activating groups such as Cbz, Bz, or
Dpp proved to be useless and the expected Mannich adducts were never
observed in significant amounts in the reaction mixtures. In turn, the use of N-
benzyl or N-phenyl imines was neither appropriate and gave mixtures of
undesired products probably as the result of attacks to the exocyclic sulphur
atom of the thioimide.
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4 Additions to aminals

Due to the abovementioned poor results, we decided to change the
strategy and assess the use of imine equivalents. Initially, we explored the
reaction with preformed iminium ions derived from Eschenmoser salts.
Surprisingly, these salts were found to be unreactive towards the Mannich
addition of our nickel enolates, recovering only the thioimide 11 (Scheme 91).

TESOTf (20 mol%)
[0} 2,6-Lutidine (1.5 equiv)

S X S 0
Nt ;
Me3P),NiCl, (10 mol %
A L N7 (MegPaNCl (10 mol %) S)LN)HAN/
\_/ \

/ I CH,Cl,, 0°C, 16 h

11 h-i’ 291h

Scheme 91. Mannich reaction using iminium salts.

Thus, we focused our attention to the use of N,0-aminals, which upon
activation with the Lewis acid TMSOTf were expected to generate the required
iminium ion. We first examined the cyclic N,0O aminal j’, which resulted
unreactive, only recovering the starting thioimide 11 (Table 42). Next, we
assessed the reaction of N,0-aminal I’, which yielded the Mannich adduct with
a 90:10 diastereomeric ratio in low yields (<30%) alongside with several
subproducts, as N-propanoyl-piperidine which suggests a partial degradation
of the starting material, and accounts for the low conversion towards the
Mannich adduct obtained. Similarly, the use of N,N-aminal counterpart m’
resulted exclusively in the formation of N-propanoyl-piperidine and
deacylated thiazolidinethione, preventing the formation of the Mannich
adduct.

All the former aminals proved to be highly sensitive and difficult to
handle, which posed a significant challenge to the development of the
methodology. Therefore, we employed more robust N,0-aminals such as K’
and p’. However, the utilization of K’ only led to the formation of a complex
mixture of unknown products. Remarkably, the addition of p’ to the reaction
mixture provoked immediately a colour change from black, typically
associated to the nickel(II) complex, to bright yellow, which suggests a rapid
catalyst degradation presumably due to the coordination of the benzotriazole
moiety.
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TMSOTf (1.5 eq)

i 0 J\I\RZ 2,6-Lutidine (1.5 eq) )k
Me3P),NiCl, (10 mol %)
S N)K/ . xS g (MegP)NICl ( 0) R
\/ CH,Cl,, =20 °C, 16 h
11 i-q'

B 0 [Nj
o, %@bQ%

i K

No reaction Complex mixture Low conv. Complex mixture Catalyst deactivation
(< 30%) dr 90:10

Table 42. Mannich reactions with aminals.

To our delight, the use of N,0-aminal n’ resulted in the formation of the
Mannich adduct with a high 85% conversion (Table 43, entry 1).
Unfortunately, the reaction was difficult to reproduce, probably due to the low
stability of the starting N,0-aminal. This low reproducibility could be
effectively solved by using the N,N-aminal counterpart o’, which yielded
exclusively the Mannich adduct, with a 68% yield and a 14% ee using [(S)-
BINAP]NiCl2 as catalyst (Table 43, entry 2). In order to improve the
enantioselectivity, the reaction was cooled down to -20 °C. The reaction was
complete in just 2 h and the selectivity increased up to 56% ee (Table 43, entry
3). Further cooling to -40 °C did not improve the selectivity (Table 43, entry
4).

TMSOTf
S o NBn, 2,6-Lutidine S 0O NR,
N L*Ni::'z Slo Ti%) S\):N
— 1 n é:gg"ﬁz o 2910’
Entry aminal L* t(h) T(°C) SM (%) Conv. (%) Yield (%) ee (%)?

1 n (MesP). 16 0 15 85 - -
2 o’ (S)-BINAP 16 0 0 100 54 14
3 o’ (S)-BINAP 2 -20 0 100 - 56
4 o’ (S)-BINAP 5 -40 0 100 56

a) Established by 'H NMR. b) Conversion. c) Isolated yield. d) Established by 'H NMR of the (S)-a-
methylbenzylamine derivative.
Table 43. Screening of aminals as imine surrogates.

This modest result showcases the ability of thioimide nickel(II)
enolates to react with iminium ions in Mannich-type reactions. Obviously,
further studies are required to unveil the most appropriate conditions to
attain good enough transformations.
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Finally, we explored the utilization of a nitrone q’ as an imine precursor,
which upon in situ activation with a silyl triflate, it was expected to generate
an iminium intermediate capable of participating in a Mannich addition to give
adduct 331q’. Unfortunately, the reaction yielded small amounts of the desired
adduct, along with a large mixture of unknown products (Scheme 92).

TESOTf (1.5 eq)

2,6-Lutidine (1.5 eq) S o0
A )K/ JKQ (Me3zP),NiCl, (10 mol %) S)kN

CH,Cly, —20°C, 16h  \__J

Bn., _OTES
N

291q'

Scheme 92. Nitrone q’ in direct Mannich addition.

5 A change of perspective
5.1 Cycloaddition reactions

Up to this point, the Thesis has dealt with the reaction of metal enolates
from thioimides, particularly chiral nickel (II) complexes, in direct type
stereocontrolled C-C bond forming reactions with different electrophiles
(Scheme 93, right). Keeping advantage of such experience, we envisaged that
a,B-unsaturated thioimides might be excellent platforms from which to carry
out cycloaddition type reactions. Indeed, the chiral nickel complex would form
the chelate with the o,f-unsaturated thioimide, thereby creating an active
electron-deficient olefin able to take part in cycloaddition reactions (Scheme
93, left).

+
AroP  PAr
Arzg /PArz 2\ PaaL:
Ni /NI\
R R
A N I N\ )\/
\ -/ -/
Electron-deficient Ni(ll) enolate
olefin nucleophile

Scheme 93. Nucleophilic enolates and electrophilic electron-poor olefins of thioimides.

Particularly, we hypothesized that nitrones might undergo 1,3 dipolar
cycloadditions with a,f-unsaturated thioimides to yield elaborate (3-amino
carbonyl motifs.3! Further reduction of the N-O bond of the resultant
oxazoline might yield the corresponding 3-amino carbonyl compound with up
to three new stereocenters (Scheme 94).
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Enolate chemistry

Ni(Ill) o Ry R

S
S O R.+.R
D T G
H Ar

Kﬁ) W :
. . n
g Iminium B-Amino carbonyl

x

Cycloaddition

)Sk o Ni(ll) S O A N-O
+ R cat reduction
X N)v\R + AN ———Xx"ON — X

N<
- 0 G 'R
n nitrone n R

Scheme 94. Access to $-amino carbonyl compounds.

B-Amino carbonyl

Electron deficient olefins derived from imides and thioimides have
been reported to be suitable dienophiles in Diels-Alder reactions or [3+2]
dipolar additions to nitrones. Evans provided remarkable approaches in this
area and developed highly efficient Diels-Alder reactions using a,f-
unsaturated imides catalysed by [(S,S)-‘BuBOX]Cu(SbFs) (Scheme 95).32 This
methodology was subsequently utilized in the key step of the synthesis of Al-
THC.

OAc

X

O o o o0
1) [
O)kN)v [BUBOX]CuU(SbFg), (2 mom)o)kN
\/ CH,Clp, -20°C,18h  \_/ >
AcO™ CsHy4 OH

57%
0 0 dr 73:27 ent-A'-THC
S/IN NI\) ee 98%

FeSB SbFg
[(S,S)'BuBOX]Cu(SbFg),

Scheme 95. Diels-Alder reactions of imides.
Furthermore, Evans developed an hetero-Diels-Alder transformation
from these imides and silyl enol ethers. Upon treatment of the cycloaddition

adduct with an alcohol, the equivalent to a Michael adduct was isolated
(Scheme 96).33

177



The Mannich Reaction

)Ol'\is TMSQ, R
R g
o o R O o R O
)k )v (BuBOXICU(SHFo), (2moi%e) I ron M :
N R 207N R
CH,Cl,, 20 °C, 18 h \ / / R
89 — 99%
dr >90:10
ee 83 - 98%

Scheme 96. Hetero-Diels Alder reaction of imide.

5.2 1,3-Dipolar cycloadditions

The 1,3 dipolar reactions are a particular class of [3+2] cycloadditions
in which a dipole reacts with a dipolarophile, typically a carbon-carbon
multiple bond. They have been extensively used in organic synthesis, which
includes classic transformations such as ozonolysis or copper(I)-catalysed
cycloaddition of alkynes and azides. The later reaction was key to what is
known as click chemistry and was recognized with the 2022 Nobel Prize to
Sharpless and Meldal.3435

Other significant dipoles include carbonyl ylides or nitrones. Carbonyl
ylides have been widely used for their facile in situ generation by rhodium(II)
catalysed decomposition of a-diazo carbonyl compounds. For instance, Suga
developed a tandem rhodium(1I) catalysed carbonyl ylide generation followed
by intermolecular 1,3 dipolar cycloaddition with N-acryl oxazolidinones
catalysed by a chiral ytterbium complex (Scheme 97).3¢

o
OMe OMe
Rh(OAC), \)k k MeQ
0 (2mol%) ot
y CH,Cl, - Y(OTf)3 (10 mol%) O@
5 2 5 (S.8) pyBOX (10 mol%) endo:exo 88:12
ee 98%

Carbonyl ylide

Scheme 97. 1,3-Dipolar reaction of an a-diazido carbonyl ylide.

Interestingly, Suga described a highly exo-selective cycloaddition of
nitrones and N-acryl thiazolidinthiones as dipolarophiles catalysed by a chiral
nickel(II) complex, which affords the corresponding exo adduct with a
remarkable enantiomeric excess (Scheme 98).37
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9Bk
Ar

Ar:3,5-Cly-2-OH-Ph
BINIM
.0
O
+/O‘
N BINIMANIQ) (10 mol%)
&
HKR CHCly, rt, 15-150 h T S
s

exo:endo 86:14 — 99:1
ee 82-95%

R.

s o
SANMR .
\/

Scheme 98. Reaction of thioimides with nitrones in 1,3 dipolar cycloadditions.

5.3 Stereodivergent 1,3-dipolar cycloadditions

In this context and having explored the Mannich reaction with nitrone
q’, we tested their 1,3-cycloaddition reactions to generate 3-amino carbonyl
compounds using our nickel catalyst in a parallel transformation to that
reported by Suga. Our first approach used 10 mol% of [(R)-DTBM-
SEGPHOS]NiIClz as catalyst, activated with TMSOTf. To our delight, the
reaction furnished the endo adduct 31sq’ with an excellent dr 97:3, a high
90% ee in a 66% yield (Scheme 99). Additionally, [(S)-BINAP]NiCl: produced
the complementary exo adduct 31’sq’ in a good dr 21:79 as a single
enantiomer with a 47% overall yield (Scheme 99).

S (@] + B
Xnq- PN
Ph N
SXNM + (\)
J/ -
1s q'
[(R)-DTBM-SEGPHOS]NICl, [(S)-BINAP]NICI,
(10 mol%) (10 mol%)
TMSOTf (20 mol%) TMSOTf (20 mol%)
CH20I2 0°C,16h CH,Cl,, 0°C, 16 h \
(0]
Bn\)%» Bn\N\%»
N7//S
S
31'sq' 31sq'
47% 66%
endo:exo 21:79 endo:exo 97:3
ee 99% ee 90%

Scheme 99. Stereodivergent 1,3-dipolar cycloaddition of nitrone.
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These very preliminary results herald a promising asymmetric
stereodivergent method for the formation of five-membered heterocyclic
rings and up to three new stereocenters in a highly controlled manner.
Subsequent manipulations of these valuable heterocyclic intermediates are
expected to provide (-amino carbonyl compounds equivalent to Mannich
adducts, which could give access to such challenging motifs.

Beyond the need for a comprehensive analysis of the new
stereodivergent paradigm, we hypothesize that acryl thioimides could
become a useful platform for a wide array of asymmetric pericyclic reactions,
which could encompass 1,3-dipolar cycloadditions as well as Diels-Alder
reactions, catalysed by chiral nickel complexes (Scheme 100).

L
|
Ni

/N
O

o]
XJ\NJ\/\R
o

R5SIOTf (cat)
LNiCl, (cat)

: L* L

o.+.R ) .

N N & AN

P! S TP B UL ®
R H
X N)J\(S/R - XJJ\NJ]\/\R : X N
O- 1,3-Dipolar Diels-Alder B
N cycloaddition I\M) reaction X
n R n n R

Scheme 100. Cycloaddition reactions from acryl thioimides.

We are aware that the development of such transformations will
demand great efforts, but the benefits of would be tremendously worthwhile.

6 Outline

Overall, Chapter IV describes the efforts made towards the
development of new methods to obtain $-amino carbonyl compounds.

Direct and asymmetric Mannich additions of thioimides to several
activated imines have been attempted without success. Sometimes the imine
was not stable enough under the reaction conditions, leading to extensive
degradation, other times imines triggered the synthesis of undesired silyl
ketene acetals, thus preventing the Mannich addition pathway.
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In turn, N,0-aminals have proven to be difficult to manipulate, and poor
results have been obtained. Instead, the N,N,-aminal counterparts are much
more promising substrates towards the Mannich addition. The best result has
been obtained with N,N-dibenzylaminal.

Finally, a stereodivergent approach based on 1,3-dipolar cycloaddition
of nitrones have been assayed with excellent results. The addition of nitrones
to N-acryl thioimides catalysed by either [(R)-DTBM-SEGPHOS]NiCl:z or [(S)-
BINAP]NiCl:z afforded the cycloaddition products with endo and exo selectivity
respectively. Therefore, further efforts in both lines are warranted to develop
highly stereocontrolled carbon-carbon bond forming reactions from
thioimides catalysed by chiral nickel(II) complexes.

Mannich reaction -

_R
i O HN
R” "H
s” °N R
R3SIOTf \/

2,6-Lutidine
L*NiCl,

NR,

i O NR,
S N)H/‘\R
-/

TMSOTf
2,6-Lutidine
L*NiCl,

NR,

B I
Y NBn,
T™SOTF  \_J )H/\ 5‘;‘2’7
2,6-Lutidine ee oo
L*NiCl,
1,3-dipolar cycloaddition + B
PhTSNT" S o Pph
o N :
— - S N N-Bn
[(R)-DTBM-SEGPHOSINICl, 1\ J ]
(10 mol%) &0 66%
TMSOTf (20 mol%) endo:exo 97:3
ee 90%
+ B
PhA’T‘/ " S O Ph
0 LA
- S N™ N-Bn
[(S)-BINAP]NICl, \J }
(10 mol%) o 47%
TMSOTf (20 mol%) endo:exo 21:79
ee 99%

Scheme 101. Summary of Mannich and cycloaddition reactions.
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This Thesis has explored catalytic asymmetric carbon-carbon bond
forming transformations using catalysed by chiral complexes of common and
abundant metals, with emphasis on chiral nickel (II) derivatives. Taking
advantage of nickel(II) enolates from thioimides, we have made contributions
in the fields of asymmetric aldol, Michael and Mannich reactions.

In Chapter I, the aldol reaction of thioimides with a wide range of
aldehydes was described. During these studies, we successfully developed the
aldol reaction between N-acyl-1,3-thiazinane-2-thiones and aromatic
aldehydes activated by TIPSOTf in the presence of [(R)-Tol-BINAP]NiClz (2-
10 mol%) to furnish the protected anti aldol adduct in high yields and
diastereoselectivities, along with an excellent enantiomeric excess.
Challenging substrates such as o,3-unsaturated aldehydes, propargyl
aldehydes and the acetate aldol reaction marked the limits of this novel
transformation. Furthermore, other abundant metals such as cobalt and iron
could also catalyse the aldol reactions, thus paving the way for future
advancements.

In this context, attention should be paid to the introduction of chiral
ligands to these metals such as chiral SALEN derivatives or chiral phosphines
to achieve control over the enantioselectivity of the process (Scheme 102).

(0]

J

H Ar

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
[(R)-Tol-BINAP]NICI , S 0 OTIPS

2-10 1%
S)LN)K/R CH C(I 20‘:3020)15h @MM
oGl — 1 2= R
o

2 60-93%

R4H dr 75:25 — 85:155
_ o,

Ar # C=CAr, C=CAr G Lh s

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
[SALEN]CoCl, ( 10 mol%)

CH,Cl,, 0°C, 5 h \S o ores

S O
SXN)K/ T H TESOTf (1.5 equiv) SAN
\ 2,6-Lutidine (1.5 equiv) \ :
OMe

Fe(OAc), (10 mol%), OMe
1 a PPhs 20 mol%) 7 3la
CH,Cl,, 0°C, 16 h Cobalt catalyst

80%, dr 73:26
Iron catalyst
47%, dr 55:45

Scheme 102. Aldol reactions of thioimides catalysed by metal enolates.
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Part of these results of Chapter I were published in:

“Kennington, S. C. D.; Teloxa, S. F.; Mellado-Hidalgo, M.; Galeote, O.;
Puddu, S.; Bellido, M.; Romea, P.; Urpi, F.; Aullén, G.; Font-Bardia, M. Direct and
Enantioselective Aldol Reactions Catalyzed by Chiral Nickel(II) Complexes.
Angew. Chem. Int. Ed. 2021, 60 (28), 15307-15312.”

In Chapter II, a stereodivergent Michael addition of N-acyl
thiazinanethiones to the challenging o,3-unsaturated aldehydes was
described. These substrates had not previously been reported in metal-
catalysed Michael reactions, due to the inherent tendency towards 1,2 aldol
adducts. We surpassed this challenge by the use of bulky TIPSOTf and N-acyl
thiazinanethiones, which react with aromatic aldehydes in the presence of
[(R)-DTBM-SEGPHOS]NiClz (2-10 mol%) to furnish the syn Michael adduct in
high yields and diastereoselectivities. Additionally, the reaction in the
presence of [(R)-BINAP]NiClz (2-10 mol%) yielded the complementary anti
diastereomer in high yields and diastereoselectivities. In both cases, the
regioselectivity was complete to the 1,4 addition adduct and the
enantioselectivity was outstanding (99% ee). So we can prepare any of the
potential stereoisomers at will. Importantly, this transformation proved to
tolerate the presence of several functional group on the aromatic moiety and
the N-acyl thiazinanethione (Scheme 103).

TIPSOTY (1.5 equiv)

2,6-Lutidine (1.2 equiv)
[(R)-DTBM-SEGPHOS]NICl, S O Ar

210 mol% PPN
( b) A AN oTips

S
4:1 PhMe/CH,Cly, —20°C, 2 - 48 h K) :
R

9
s o 0 Syn Michael adduct

35 —-88% syn
s)kN)K/R + H)K/\A, TIPSOTF (1.5 equiv) dr (syg/anti) 60:40 — >97:3
L ] 2,6-Lutidine (1.2 equiv) CORLRD

[(R)-BINAPINICI, S O Ar
(2 - 10 mol%) Py )W\

S N 7 OTIPS
4:1 PhMe/CH,Cl,, -20°C, 2 - 24 h ‘\) =

R o
Anti Michael adduct
47 — 83% anti
dr (syn/anti) 26:74 — >8:92
ee 99%

Scheme 103. Stereodivergent Michael addition to a,f3 unsaturated aldehydes.
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Chapter III explores the scale-up and the derivatization of the Michael
adduct, demonstrating that the thiazinanethione acts as an active ester and
can be readily removed to convert the Michael adduct into a wide variety of
useful functional groups. Additionally, the resulting silyl enol ether from the
Michael reaction is also an important reacting centre from which several
transformations can be carried out. The map of the transformations of the
model adduct 9ab is represented in Scheme 104.

(0] Ph
Oii/ TBDPS/\;/?Z\OTIPS
o N T 93%
OH
O Ph
‘_ (0]
PhCHO OTIPS TBDPSCI
Sc(OTf), =T imidazole
99%
20
o) 85%
Pd/C TBAF
o] Ph
o . v
“ =
s 21 PN HO™ > F"oTiPs
MeO : OTIPS 83% = 16
- MeOH 93%
oo, DMAP (20%) ]BF3-Et20 4
S O Ph
N
SJLNJ\/\/\OTIPS
B-Alanine 9ab
DMAP (20%) DIBALH
morfoline
DMAP (20%)

o O Ph O Ph
tOJl\/\NWOTIPS W HWOTIPS
H (\N . oTIPS :
14 o J 17

80% 15 74%
95%

Scheme 104. Transformations from the Michael adduct 9ab.
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Taking advantage of these results, the asymmetric synthesis of (R,R)-
tapentadol, a commercially available opioid, was achieved in six-steps in high
overall yield (45 %) with an excellent stereochemical control. The synthetic
sequence is summarised in Scheme 105.

OMe
TIPSOTf (1.5 equiv) ©/
s o) fe) 2,6-Lutidine (1.3 equiv) e}
MeO [(S)-BINAPINICI, (2 mol%)
S)LN)K/ e NNy OTIPS
‘\/‘ 4:1 PhMe/CH,Cl,,
\ . -20°C,5h ent-9'ak (10 mmol)
a . 69% anti
Me,NH-HCI (2.5 equiv) dr (syn/anti) 19:81
Et3N (3 equiv) ee 99%
CH,Cly, 0°Ctort, 2 h
OMe OMe
HCI 1M LiAIH, 0
(3 equiv) i
= OTIPS 52.2 equiv) \ % oTIPS
THF, 1t,5h THF,
78% 0°C,2.5h >99%

©/OMG

(0]

W 1) NoH, H OMe oH
(32 equw ©/

etilenglicol =

160°C,4h  ~ HBr 48% :

ii) NaOH '\‘I/Y\/ 110 °C, 8 h \N/\‘/\/
(40 equiv), 28 ‘ 96%
200°C, 16 h 88% (over 2 steps) (45 % overall)

6 steps, 99% ee

Scheme 105. Total synthesis of (R R)-tapentadol
The results of Chapter II and Chapter III were published in:

“Galeote, O.; Kennington, S. C. D.; Benedito, G.; Fraedrich, L.; Davies-
Howe, E.; Costa, A. M.; Romea, P.; Urpi, F.; Aulldn, G.; Font-Bardia, M.; Puigjaner,
C. Direct, Stereodivergent, and Catalytic Michael Additions of Thioimides to
a,B-Unsaturated Aldehydes - Total Synthesis of Tapentadol. Angew. Chem. Int.
Ed. 2024, 63 (12).”

In Chapter 1V, the Mannich reaction between N-acyl thioimides and
imines or imine surrogates, as N,0- and N,N-aminals, was explored. In these
transformations, the N-propanoyl thioimide was treated with the activated
imines or iminium ions in the presence of a nickel(I1I) complex. Unexpectedly,
the use of imines mostly furnished the formation of an N,0-silyl ketene acetal.
Additionally, most of the N,0 and N,N-aminals tested were unstable and
difficult to handle. These limitations could be solved by the use of N,N-
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dibenzyl aminal, but it furnished the corresponding Mannich adduct with a
modest enantioselectivity.

In the near future, robust N,0 or N,N-aminals should be tested, looking
for the best option to get access to the corresponding Mannich adducts. We
expect that the use of substituted aminals could provide two new
stereocentres, which would increase the synthetic potential of the reaction.

Mannich reaction N’R
\
R/kH

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)

i OTES
[L*INiCI, (10 mol%)
s N)\,JJJ

CH,Cl,, 0°C, 16 h )
301
S 0 ’\fnz
A NBn,
/ '
1l TMSOTf (1.5 equiv)

2,6-Lutidine (1.5 equiv)
[(R)-DTBM-SEGPHOS]NICI, S 0

(10 mol%) )k

CH,Cly, —20°C, 16 h g8 N NBn
1o 54%
ee 56%

Scheme 106. Mannich reactions of thioimides to imines and aminals.

Furthermore, preliminary studies on the reaction of N-acryl-
thiazolidinethione and nitrones in 1,3 dipolar cycloadditions in the presence
of [(R)-DTBM-SEGPHOS]NICIl; furnished exclusively the endo diastereomer
with a 90% ee, while [(S)-BINAP]NiClz produced the exo counterpart with a dr
79:21 as a single enantiomer. These completely different reactions might open
new avenues for the stereoselective construction of carbon-carbon bonds
through reaction of thioimides catalysed by chiral nickel(II) complexes.
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1 General methods

Unless otherwise noted, reactions were conducted in oven-dried glassware under
inert atmosphere of N2 with anhydrous solvents. The solvents and reagents were
dried and purified when necessary according to standard procedures.
Commercially available reagents were used as received. Analytical thin-layer
chromatographies (TLC) were carried out on Merck silica gel 60 F2s4 plates and
analysed by UV (254 nm) and stained with phosphomolybdic acid, KMnOa4 or 4-
methoxybenzaldehyde. Column chromatographies were carried under low
pressure (flash) conditions and performed on SDS silica gel 60 (35-70 um).
Eluents are indicated in brackets in each case. Re values are approximate. Melting
points (Mp) were determined with a Stuart SMP10 apparatus and are
uncorrected. Specific rotations ([a]p) were determined at 20 °C on a Perkin-Elmer
241 MC polarimeter equipped with a sodium lamp (A 589 nm, D-line).

HPLC analyses were conducted on a Shimadzu LC-20 HPLC system, using chiral
Phenomenex Lux® columns under isocratic conditions and detected at 254 nm.
High performance liquid chromatography-mass spectra (HPLC-MS)
chromatograms were obtained with a Waters Alliance HT 2795 coupled with a
photodiode array Waters PDA 2996 and a Waters ZQ 2000 spectrometer.

IR spectra (Attenuated Total Reflectance, ATR) were recorded on a Nicolet 6700
FT-IR Thermo Scientific spectrometer and only the more representative
frequencies (v) are reported in cm-L

1H NMR (400 MHz) and 13C NMR (101 MHz) spectra were recorded at room
temperature on a Varian Mercury 400 or a Bruker 400. tH NMR (500 MHz) and
13C NMR (126 MHz) were recorded at room temperature on a Bruker 500.
Chemical shifts (8) are quoted in ppm and referenced to internal TMS (8 0.00 for
1H NMR) and CDCls (8 77.0 for 13C NMR). Data are reported as follows: chemical
shift (number of protons, multiplicity, coupling constants, proton); multiplicity is
reported as follows: s, singlet. d, doublet. t, triplet. q, quartet. p, quintet or m,
multiplet (and their corresponding combinations); coupling constants (J) are
quoted in Hz. Where necessary, 2D techniques (NOESY, COSY, HSQC) were also
used to assist on structure elucidation.

High resolution mass spectra (HRMS) were obtained with an Agilent 1100
spectrometer by the Unitat d’Espectrometria de Masses, Universitat de Barcelona.
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2 Preparations of starting materials

2.1 Preparation of scaffolds

2.1.1 Synthesis of thiazinanethione!

S
CISOgH O\\S,P KOH . )(NH
HO™ """ NH, CHCl, 0°Ctort 07 07 "NH;* 1:1 EtOH/H,0, 70 °C v

3-Ammoniopropylsulphate

107550 NH*

Chlorosulphonic acid (10.5 mL, 159 mmol, 1.06 equiv) was added dropwise to a
solution of 3-amino-1-propanol (11.5 mL, 150 mmol, 1.0 equiv) in CH2Clz (35 mL)
under a constant flow of N2 at 0 °C. The reaction mixture was stirred for 15 h at rt
after which the solvent was removed in vacuo to afford a white solid. The white
solid was triturated with MeOH and dried under reduced pressure to afford 20.7
g of 3-ammoniopropylsulphate (134 mmol, 89% yield), which was pure enough
by 'H NMR and required no further purification.

White solid.

Mp 205-207 °C.

IR (ATR) v 3126, 3064, 2976, 1627, 1530, 1195, 1169, 1065, 923, 759, 574 cm-1.
1H NMR (400 MHz, DMSO-de¢) § 7.64 (brs, 3H, NH3), 3.81 (t,/ = 6.0 Hz, 2H, CH2S03),
2.76-2.90 (m, 2H, CH2NH3), 1.74-1.86 (m, 2H, CH2CH2NH3).

13C NMR (100.6 MHz, DMS0-ds) & 63.2 (CHz2), 36.7 (CHz), 27.3 (CHz).

HRMS (+ESI) m/z calcd for C3H10NO4S [M+H]* 156.0325, found 156.0322.

1,3-Thiazinane-2-thione

S

X

S” 'NH

Carbon disulphide (9.6 mL, 160 mmol, 1.3 equiv) was added dropwise to 3-
ammoniopropylsulfate (18.70 g, 121 mmol, 1 equiv) under Nz at rt. Then, a
solution of KOH (14.8 g, 265 mmol in 1:1 H20/EtOH 200 mL, 2.2 equiv) was added
dropwise to the reaction mixture at 0 °C. The resulting solution was then heated
to reflux and stirred for 2 h, after which it was further stirred overnight at rt. Then,
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it was cooled with an ice /water bath. The white precipitate was filtered and rinsed
with cold water. It was dissolved in CH2Clz, dried (MgS0a4), and the solvent was
removed in vacuo to obtain a white solid. The filtrate was also acidified and
extracted with CH2Cl: to recover more product. The combined product was
purified by recrystallization in CH:Clz/Hexanes to obtain 10.12 g of 1,3-
thiazinane-2-thione (75.6 mmol, 63% yield).

White solid.

Mp 130-133 °C.

R¢ 0.20 (CH2Cl2).

IR (ATR) v 3144, 3052, 2917, 1546, 1358, 1335, 1013, 899 cm-™.

1H NMR (400 MHz, CDCl3) § 8.92 (s, 1H, NH), 3.48 (t, ] = 5.6 Hz, 2H, NCH3), 3.02-
2.99 (m, 2H, SCH»), 2.18 (tt, /] = 7.6, 4.7 Hz, 2H, NCH2CH>).

13C NMR (100.6 MHz, CDCI3) 6 194.6 (C), 44.3 (CHz), 30.0 (CHz), 20.5 (CHz).
HRMS (+ESI): m/z calcd. for [M+H]* C4HsNS2: 134.0093; found: 134.0093.

2.1.2 Synthesis of 1,3-oxazinane-2-thione and 1,3-
oxazolidine-2-thione
i) CS, EtsN, s
MeOH, 0 °C to rt
HO™ () Nk, conocn A
II) H202‘ rt
n: 0,1 A
1,3-Oxazinane-2-thione
S
O)LNH

Anhydrous Et3N (5.6 mL, 40 mmol, 1 equiv) was added dropwise to a solution of
3-amino-1-propanol (3.2 mL, 40 mmol, 1 equiv) in absolute methanol (40 mL)
under a nitrogen atmosphere. The mixture was then cooled to 0 °C, followed by
the dropwise addition of carbon disulphide (3.6 mL, 60 mmol, 1.5 equiv). After
complete addition, the mixture was stirred at 0 °C for 30 min, warmed up to rt and
stirred for another 30 min. The resulting pale-yellow solution was then quenched
dropwise with 30% (v/v) H202 (7.0 mL). The yellow suspension was filtered, and
the organic layer was concentrated under reduced pressure using a peroxide
tramp before the addition of 2 M NaOH (20 mL) and concentrated further.
Afterwards, the solution was acidified by the addition of 2 M HCl (ca. 30 mL) to pH
1. The resulting bright yellow solution was extracted with CH2Clz (3 x 25 mL), and
the combined organic layers were dried (MgS0a4), filtered, and concentrated under
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reduced pressure. The solid obtained was purified by recrystallization
(Hexanes/CHzClz) to yield 3.34 g (29 mmol, 72% yield) of a white crystalline
powder.

White solid.

Mp 126-127 °C.

Rr0.35 (80:20 Hexanes/EtOAc).

IR (ATR) v 3162, 2976, 2946, 1567, 1462, 1311, 1227, 1151, 1049, 913, 760, 578
cmL.

1H NMR (400 MHz, CDCI3) 6 8.82 (1H, br s, NH), 4.42-4.35 (2H, m, OCHz), 3.40 (2H,
td, /= 6.2, 2.7 Hz, NCH2), 2.16-2.05 (2H, m, NCH2CHz2).

13C NMR (100.6 MHz, CDCI3) § 186.7 (C), 68.0 (CHz), 40.3 (CHz), 19.6 (CHz).
HRMS (+ESI): m/z calcd. for [M+H]* C4HsNOS: 118.0321; found 118.0323.

1,3-Oxazolidine-2-thione

0" 'NH

-/
Anhydrous EtsN (5.6 mL, 40 mmol, 1 equiv) was added dropwise to a solution of
ethanolamine (2.4 mL, 40 mmol, 1 equiv) in ethanol (40 mL). The mixture was
then cooled to 0 °C, followed by the dropwise addition of carbon disulphide (3.6
mL, 60 mmol, 1.5 equiv). After complete addition, the mixture was stirred at 0 °C
for 30 min, warmed up to rt and stirred for further 30 min. The resulting yellow
solution was then quenched by dropwise addition of 30% (v/v) H202 (7.5 mL).
The pale-yellow suspension was filtered, and the organic layer was concentrated
under reduced pressure before the addition of 2 M NaOH (25 mL) and
concentrated further. Afterwards, the solution was acidified by the addition of 2
M HCI (ca. 35 mL) to pH 1. The resulting bright yellow solution was extracted with
CH2Cl2 (3 x 25 mL), and the combined organic layers were dried (MgS0a), filtered,
and concentrated under reduced pressure. The solid obtained was purified by
recrystallization (Hexanes/CH:Cl2) to yield 3.1 g (30 mmol, 74% yield) of pure
product.
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White solid.

Rf0.40 (50:50 Hexanes/EtOAc).

Mp 97-99 °C.

IR (ATR) v 3203, 2923, 1520, 1456, 1398, 1312, 1284, 1203, 1162, 1033 cm1.
1H NMR (400 MHz, CDCI3) 6 7.80 (1H, br s, NH), 4.73 (2H, t, ] = 8.8 Hz, OCHz2), 3.85
(2H, t,] = 8.8 Hz, NHCH>).

13C NMR (100.6 MHz, CDCl3) 6 190.1 (C), 70.4 (CHz), 44.1 (CHz).

HRMS (+ESI): m/z calcd. for CsHeNOS [M+H]*: 104.0165; found 104.0167.

2.2 Synthesis of N-acyl-thioimides

(e}

s 1) Ho)k/R
COCl,, DMF, 4 h, rt
A : o M Ak

X~ "NH
KM) 2)Et3N, CH,Cl, KM)
n 0°Ctort n n: 0,1

0O

) )K/R S 0
x)kNH cl XXN)K/R
KM) Et;N, CH,Cl, KM)

n O°Ctort n n: 0,1
0
) HOJK/R S 0

EDC-HCI, DMAP
X)LNH X)LN)K/R

CH2C|2, 0°Ctort

GENERAL PROCEDURE 1

Two drops of DMF were added to a solution of a carboxylic acid (1 equiv) in CH2Cl2
(0.25 M) at rt. The solution was cooled in an ice/water bath, oxalyl chloride (1.2
equiv) was added dropwise and the resultant solution was warmed up to rt and
stirred for 4 h. Then, removal of the volatiles under reduced pressure afforded the
corresponding acyl chloride, which was used directly in the next reaction.

A solution of 1,3-thiazinane-2-thione (1 equiv) in CH2Cl2 (0.5 M) was cooled to 0
°C with an ice/water bath and neat EtsN (1.3 equiv) was added dropwise.
Afterwards, a solution of the acid chloride (1.2 equiv) previously prepared in
CH2Cl2 (1.2 M) was added dropwise with a cannula. The mixture was warmed up
to rt and the reaction was followed by TLC. On apparent completion, the reaction
mixture was quenched with sat. NH4CI (5 mL/10 mmol), rinsed with water (20
mL/10 mmol) and extracted with CHzClz (3 x 10 mL/10 mmol). The combined
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organic extracts were washed with 2 M NaOH (3 x 25 mL/10 mmol) and 2 M HCI
(25 mL/10 mmol), dried (MgS04) and concentrated under reduced pressure. The
resulting residue was purified by flash chromatography to give the desired N-acyl-
heterocycles.

GENERAL PROCEDURE 2

An acyl chloride (1.2 equiv) was added dropwise to a solution of 1,3-thiazinane-
2-thione (1 equiv) and EtsN (1.3 equiv) in CH2Cl2 (0.5 M) at 0 °C in an ice/water
bath. The mixture was warmed up to rt and the reaction was followed by TLC. On
apparent completion, the reaction mixture was quenched with a saturated
solution of NH4Cl (5 mL/10 mmol), rinsed with water (20 mL/ 10 mmol) and
extracted with CH2Clz (3 x 10 mL/ 10 mmol). The combined organic extracts were
washed with 2 M NaOH (3 x 25 mL/ 10 mmol) and 2 M HCI (25 mL /10 mmol),
dried (MgS0O4) and concentrated under reduced pressure. The resulting residue
was purified by flash chromatography or recrystallization to give the desired N-
acyl heterocycle.

GENERAL PROCEDURE 3

A carboxylic acid (1.2 equiv) was added dropwise at rt to a solution of 1,3-
thiazinane-2-thione (1 equiv), EDC-HCI (1.3 equiv) and DMAP (20 mol%) in CHzCl2
(1.2 M). On apparent completion by TLC, the reaction mixture was partitioned (for
10 mmol) in Et20 (30 mL) and water (30 mL), washed with sat. NH4Cl (20 mL),
NaOH (3 x 25 mL) and brine (25 mL). The residue was purified by flash
chromatography to give the desired N-acyl-heterocycles.

N-Propanoyl-1,3-thiazinane-2-thione (1a)

S O
o
Following the General Procedure 1, 1,3-thiazinane-2-thione (10.64 g, 80 mmol)
was dissolved in CHz2Clz (80 mL). Subsequently, EtsN (14.5 mL, 104 mmol) and
propionyl chloride (8.4 mL, 96 mmol) were added dropwise and the solution was
stirred for 2 h. The crude was purified by flash chromatography (90:10
Hexanes/EtOAc) to give 12.7 g (67 mmol, 84% yield) of pure 1a.
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Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

IR (ATR) v 2975, 2934, 2877, 1700, 1469, 1374, 1344, 1302, 1198, 1166, 1020,
966,919 cm-L

1H NMR (400 MHz, CDCI3) 6 3.95-3.91 (m, 2H, NCHz), 3.09 (q, / = 7.3 Hz, 2H,
0CCH), 3.03 (t, / = 6.8 Hz, 2H, SCHz2), 2.29-2.21 (m, 2H, NCH2CH2), 1.22 (t,/ = 7.3
Hz, 3H, CHz3).

13C NMR (101 MHz, CDCls) & 202.8 (C), 178.9 (C), 46.4 (CHz), 32.0 (CHz2), 22.8
(CHz), 10.0 (CHs).

HRMS (+ESI) m/z calcd for [M+H]* C7H12NOSz: 190.0355, found 190.0354.

N-Butanoyl-1,3-thiazinane-2-thione (1b)
NN

Following the General Procedure 2, 1,3-thiazinane-2-thione (1.33 g, 10 mmol) was
dissolved in CH2Clz (10 mL). Then, EtsN (1.8 mL, 12 mmol) and butanoyl chloride
(1.26 mL, 12 mmol) were added. The resulting mixture was stirred for 3 h. The
crude was purified by flash column chromatography (from 40:60 to 60:40
Hexanes/CH:Cl2) to afford 689 mg (3.3 mmol, 67% yield) of pure 1b.

Yellow oil.

Rr 0.3 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 3.94-3.90 (m, 2H, NCH2), 3.09-2.99 (m, 4H, SCHz,
COCHz2), 2.29-2.20 (m, 2H, SCH2CH32), 1.81-1.67 (m, 2H, COCH2CHz), 0.95 (t, /= 7.4
Hz, 3H, CHzs).

13C NMR (101 MHz, CDCl3) & 203.4 (C), 177.9 (C), 46.3 (CHz2), 41.0 (CH2), 32.1
(CH2), 23.0 (CH2), 19.6 (CHz), 13.6 (CHa3).

HRMS (+ESI) m/z calcd. for [M+H]*CsH14NOS2: 204.0511; found: 204.0510.

N-(4-Methylpentanoyl)-1,3-thiazinane-2-thione (1c)

Y
Following the General Procedure 3, 1,3-thiazinane-2-thione (2.67 g, 20 mmol, 1
equiv), EDC-HCI (4.98 g, 26 mmol, 1.3 equiv) and DMAP (490 mg, 4 mmol, 20

mol%) were dissolved in CH2Clz (40 mL). Subsequently, 4-methylpentanoic acid
(3.0 mL, 24 mmol, 1.2 equiv) were added dropwise and the solution was stirred
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for 24 h. The crude residue was purified by flash chromatography (1:1 Hexanes/
CH2ClI2) to give 858 mg (3.8 mmol, 19% yield) of pure 1c.

Yellow solid.

Mp 32-35 °C.

Rf0.30 (80:20 Hexanes/EtOAc).

IR (ATR) v 2953, 2927, 2867,1702, 1287, 1133, 1107, 1014, 925 cm-1.

1H NMR (400 MHz, CDCl3) § 3.94-3.88 (2H, m, NCHz), 3.10-3.00 (4H, m, SCHz,
COCHz), 2.29-2.21 (2H, m, NCH2CHz2), 1.65-1.51 (3H, m, CH2CH(CH3)2), 0.90 (6H
d, ] = 6.4 Hz, CH(CH3)2).

13C NMR (100.6 MHz, CDCI3) 6 203.2 (C), 178.4 (C), 46.4 (CH2), 37.2 (CH2), 34.8
(CHz), 32.0 (CHz), 27.7 (CHz2), 22.9 (CHz), 22.3 (CH3).

HRMS (+ESI): m/z calcd for [M+H]* C10H1sNOS2: 232.0824, found: 232.0826.

N-(4-Pentenoyl)-1,3-thiazinane-2-thione (1d)
SJJ\ N JW

Following the General Procedure 1, 4-pentenoic acid (0.77 mL, 7 mmol) was
dissolved in CH2Clz (25 mL) and two drops of DMF were added. Then, oxalyl
chloride (0.72 mL, 8.4 mmol) was added dropwise. After 4 h, volatiles were
removed under reduced pressure to obtain 4-pentenoyl chloride, which was used
directly in the next reaction without further purification.

Afterwards, EtsN (0.91 mL, 1.3 mmol) and 5-hexynoyl chloride were added to a
solution of 1,3-thiazinane-2-thione (666 mg, 5 mmol) in CH2Cl2 (10 mL) at 0 °C,
and the resulting mixture was stirred for 2 h. The reaction crude was purified by
flash column chromatography (from 40:60 to 60:40 Hexanes/CHzCl2) to afford
358 mg (2.0 mmol, 28% yield) of pure 1d.

Yellow oil.

Rr0.4 (70:30 Hexanes/EtOAc).

IR (ATR) v 3074, 2924, 1703, 1639, 1287, 1124, 1066, 1014, 915 cm1.

1H NMR (400 MHz, CDCl3) 6 5.82 (ddt, J = 16.8, 10.2, 6.5 Hz, 1H, CH=CH2), 5.11-
4.96 (m, 2H, CH=CHz2), 3.95-3.88 (m, 2H, NCHz), 3.19 (t,/ = 7.4 Hz, 2H, OCCH3), 3.03
(t,J= 6.8 Hz, 2H, SCH2), 2.52-2.41 (m, 2H, CH2CH), 2.28-2.20 (m, 2H, NCH2CH2).
13C NMR (101 MHz, CDCI3) & 203.76 (C), 177.35 (C), 136.77 (CH), 115.82 (CHz),
46.50 (CH2), 38.55 (CHz2), 32.24 (CH2), 30.25 (CHz), 23.19 (CHz).

HRMS (+ESI) calcd. for [M+H]* CoH14NOS2: 216.0511; found: 216.0511
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N-(5-Hexynoyl)-1,3-thiazinane-2-thione (1e)
Z
Z
ij\)N N

Following the General Procedure 1, 5-hexynoic acid (0.77 mL, 7 mmol) was
dissolved in CH2Clz (25 mL) and two drops of DMF were added. Then, oxalyl
chloride (0.72 mL, 8.4 mmol) was added dropwise. After 4 h, volatiles were
removed under reduced pressure to obtain 5-hexynoyl chloride.

Afterwards, EtsN (0.91 mL, 1.3 mmol) and 5-hexynoyl chloride were added to a
solution of 1,3-thiazinane-2-thione (666 mg, 5 mmol) in CH2Cl2 (10 mL) at 0 °C,
and the resulting solution was stirred for 2 h. The reaction crude was purified by
flash column chromatography (from 40:60 to 60:40 Hexanes/CH2Clz) to afford
822 mg (3 mmol, 60% yield) of pure 1e.

Yellow oil.

R 0.4 (70:30 Hexanes/EtOAc).

IR (ATR) v 3284, 3132, 3039, 2922, 1813, 1742, 1702, 1123, 1040, 1009 cm-1.
1H NMR (400 MHz, CDCI3) & 3.97-3.91 (m, 2H, NCHz), 3.20 (t, / = 7.3 Hz, 2H,
COCHz), 3.04 (t,] = 6.8 Hz, 2H, SCH2), 2.31-2.21 (m, 4H, SCH2CH, CH2CCH), 2.00-
1.89 (m, 3H, COCH2CH, CCH).

13C NMR (101 MHz, CDCls) 6 203.96 (C), 177.2 (C), 83.3 (C), 69.4 (CH), 46.4 (CHz2),
37.9 (CHz), 32.2 (CHz), 24.8 (CHz), 23.2 (CHz2), 17.8 (CH2).

HRMS (+ESI) m/z calcd. for C4aHsNS2 134.0093; found: 134.0095. m/z calcd. for
[M+H]* C10H14NOSz2: 228.0511; found: 228.0512.

N-(5-Methoxy-5-oxopentanoyl)-1,3-thiazinane-2-thione (1f)

S O 0]
A A~
k)

Following General Procedure 2, 1,3-thiazinane-2-thione (803 mg, 5 mmol) was
dissolved in CH2Clz (10 mL). Afterwards, EtsN (1 mL, 7.8 mmol) and methyl 5-
chloro-5-oxopentanoate (1 mL, 7.2 mmol) were added and the solution was
stirred for 24 h. The crude residue was purified by flash chromatography (CHzCl2)
to give 921 mg (3.0 mmol, 59% yield) of pure 1f.
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Yellow oil.

R¢ 0.25 (CH2CI2)

IR (ATR) v 2948, 2847, 1733, 1470, 1463, 1454, 1437, 1128,929 cm1.

1H NMR (400 MHz, CDCI3) § 3.95-3.91 (m, 2H, NCHz), 3.67 (s, 3H, OMe), 3.14 (t,/
= 7.3 Hz, 2H, OCCHz), 3.03 (t, / = 6.8 Hz, 2H, SCH2), 2.38 (t, /] = 7.3 Hz, 2H,
CH2CO2Me), 2.30-2.22 (m, 2H, NCH2CHz), 2.09-2.00 (p, ] = 7.3 Hz, 2H, OCCH2CHz)
13C NMR (CDCI3, 100.6 MHz) § 203.7 (C), 176.9 (C), 173.4 (C), 51.6 (CH3), 46.3
(CHz2), 38.1 (CH2), 33.0 (CH2), 32.1 (CH2), 23.0 (CH2), 21.1 (CHz).

HRMS (+ESI) m/z calcd. for [M+H]* C10H16NO3S2: 262.0566; found: 262.0562.

N-(6-Bromohexanoyl)-1,3-thiazinane-2-thione (1g)

S O
?iL/,I\‘JJ\/\/\/Br
Following the General Procedure 2, 1,3-thiazinane-2-thione (803 mg, 5 mmol) was
dissolved in CH2Cl2 (10 mL). Afterwards, EtsN (1 mL, 7.8 mmol) and methyl 5-
chloro-5-oxopentanoate (1 mL, 7.2 mmol) were added and the solution was
stirred for 24 h. The crude residue was purified by flash chromatography (CH2Clz)
to give 902 mg (3.0 mmol, 42% yield) of pure 1g.

Yellow oil.

Rr 0.3 (80:20 Hexanes/EtOAc).

IR (ATR) v 2929, 2859, 1703, 1287, 1114, 1014, 925 cm-L.

1H NMR (400 MHz, CDCls) 6 3.96-3.87 (m, 2H, NCH2), 3.41 (t,/ = 6.7 Hz, 2H, CH2Br),
3.11-3.06 (m, 2H, OCCHz), 3.04 (t, / = 6.8 Hz, 2H, SCH2), 2.30-2.21 (m, 2H,
NCH2CHz2), 1.93-1.83 (m, 2H, CH2CH2Br), 1.75 (p,J = 7.5 Hz, 2H, OCCH2CH2), 1.53-
1.43 (m, 2H, OCCH2CH2CH3).

13C NMR (101 MHz, CDCl3) & 203.78 (C), 177.71 (C), 46.52 (CHz), 38.93 (CHz),
33.71 (CHz), 32.48 (CHz), 32.25 (CH2), 27.67 (CH2), 25.27 (CH2), 23.16 (CHz2).
HRMS (+ESI) m/z calcd. for [M+H]* C10H177°BrNOS2 309.9929; found: 309.9922.

N-Acetyl-1,3-thiazinane-2-thione (1h)

BN
§

Following the General Procedure 2, 1,3-thiazinane-2-thione (1.33 g, 10 mmol) was
dissolved in CH2Cl2 (10 mL). Subsequently, EtsN (1.6 mL, 11.3 mmol) and acetyl
chloride (0.86 mL, 12 mmol) were added dropwise and the solution was stirred
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for 2 h. The crude was purified by flash chromatography (from 80:20 to 50:50
Hexanes/EtOAc) to give 1.17 g (6.7 mmol, 67% yield) of pure 1h.

Yellow oil.

Rf0.4 (50:50 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) 6 4.04-3.95 (m, 2H, NCH>), 3.03 (t,/ = 6.9 Hz, 2H, SCHz),
2.68 (s, 3H, CHs), 2.36-2.18 (m, 2H, NCH2CH2).

N-Acetyl-1,3-oxazinane-2-thione (1i)

O)kN)k
L

Following the General Procedure 2, 1,3-oxazinane-2-thione (1.15 g, 10 mmol) was
dissolved in CH2Cl2 (10 mL). Subsequently, EtsN (1.6 mL, 11.3 mmol) and acetyl
chloride (0.86 mL, 12 mmol) were added dropwise and the solution was stirred
for 16 h. The crude was purified by flash chromatography (from 70:30 to 50:50
Hexanes/EtOAc) to give 746 mg (4.8 mmol, 48% yield) of pure 1i.

Pale yellow oil.

Rr0.5 (30:70 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 4.38-4.30 (m, 2H, NCHz), 3.77 (t,/ = 7.1 Hz, 2H, SCH2),
2.74 (s, 3H, CHz), 2.28-2.15 (m, 2H, NCH2CH2).

N-Acetyl-1,3-thiazolidine-2-thione (1j)

LA

-/
Following the General Procedure 2, 1,3-thiazinane-2-thione (1.19 g, 10 mmol) was
dissolved in CH2Cl2 (10 mL). Subsequently, EtsN (1.6 mL, 11.3 mmol) and acetyl
chloride (0.86 mL, 12 mmol) were added dropwise and the solution was stirred
for 16 h. The crude was purified by flash chromatography (from 80:20 to 60:40
Hexanes/EtOAc) to give 1.35 g (8.4 mmol, 84% yield) of pure 1j.

Yellow thick oil.

Rf 0.3 (70:30 Hexanes/EtOAc).

1H NMR 4.59 (t,/ = 7.5 Hz, 2H, NCH2), 3.30 (t, / = 7.5 Hz, 2H, SCHz), 2.79 (s, 3H,
CHs).
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N-Acetyl-1,3-0xazolidine-2-thione (1k)

oS

/
Following the General Procedure 2, 1,3-oxazolidine-2-thione (1.01 g, 10 mmol)
was dissolved in CH2Clz (10 mL). Subsequently, EtsN (1.6 mL, 11.3 mmol) and
acetyl chloride (0.86 mL, 12 mmol) were added dropwise and the solution was
stirred for 16 h. The crude was recrystallized (cycloHexanes/ CH2Cl2) to give 756
mg (5.3 mmol, 53% yield) of pure 1k.

White solid.

Rf0.2 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 4.55 (t,] = 8.6 Hz, 2H, OCHz), 4.23 (t,] = 8.6 Hz, 2H,
NCH3), 2.84 (s, 3H, CHa).

N-Propanoyl-1,3-thiazolidine-2-thione (11)
S 0
S)LNJJ\/
-/
Following the General Procedure 2, 1,3-thiazinane-2-thione (10.6 g, 80 mmol) was
dissolved in CH2Cl2 (80 mL). Subsequently, EtsN (14.5 mL, 104 mmol) and
propionyl chloride (8.4 mL, 96 mmol) were added dropwise and the solution was

stirred for 2 h. The crude was purified by flash chromatography (90:10
Hexanes/EtOAc) to give 9.8 g (55 mmol, 68% yield) of pure 11.

Yellow oil.

R¢ 0.7 (CH2ClL2).

IR (ATR) v 2979, 2938, 1702, 1365, 1281, 1222, 1157 cm-1.

1H NMR (400 MHz, CDCI3) & 4.59 (t, ] = 7.6 Hz, 2H, NCH:), 3.28 (t, /] = 7.6 Hz, 2H,
SCH2), 3.26 (q,/ = 7.3 Hz, 2H, CH2CH3s), 1.18 (t, ] = 7.3 Hz, 3H, CH2CH3).

13C NMR (101 MHz, CDCI3) & 201.5 (C), 175.5 (C), 56.0 (CHz), 32.2 (CHz), 28.2
(CHz), 8.7 (CH3).

N-Propanoyl-1,3-oxazolidine-2-thione (1m)

O)LNJ\/
_/

Following the General Procedure 2, 1,3-oxazolidine-2-thione (1.03 g, 10 mmol)
was dissolved in CHz2Clz (25 mL). Subsequently, EtsN (1.8 mL, 13 mmol) and
propionyl chloride (1.1 mL, 12 mmol) were added dropwise and the solution was
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stirred for 16 h. The crude was purified by flash chromatography (from 90:10 to
70:30 Hexanes/EtOAc) to give 1.27 g (7.8 mmol, 78% yield) of pure 1m.

White solid.

Mp 47-49 °C.

Rf0.35 (80:20 Hexanes/EtOAc).

IR (ATR) v 2987, 2912, 1697, 1458, 1381, 1156, 930, 648 cm™1.

1H NMR (CDCls, 400 MHz) 6 4.55 (2H, t, ] = 8.6 Hz, OCHz2), 4.24 (2H, t, ] = 8.6 Hz,
NCH:), 3.31 (2H, q,/ = 7.3 Hz, CH2CH3), 1.20 (3H, t, / = 7.3 Hz, CH2CH3).

13C NMR (CDCl3, 100.6 MHz) & 185.5 (C), 175.1 (C), 66.4 (CHz), 47.1 (CH2), 31.1
(CH2), 8.5 (CH3).

HRMS (+ESI): m/z calcd. for [M+H]* CéH10NO2S: 160.0427; found 160.0431.

N-Propanoyl-1,3-oxazinane-2-thione (1n)

S O

o
K)

Following the General Procedure 2, 1,3-oxazinane-2-thione (703 mg, 6 mmol) was
dissolved in CH2Clz (25 mL). Subsequently, EtsN (1.1 mL, 7.8 mmol) and propionyl
chloride (0.6 mL, 7.2 mmol) were added dropwise and the solution was stirred for
16 h. The crude was purified by flash chromatography (from 70:30 to 40:60
Hexanes/EtOAc) to give 482 mg (2.8 mmol, 46% yield) of pure 1n.

White solid.

Mp 59-61 °C.

Rr0.20 (70:30 Hexanes/EtOAc).

IR (ATR) v 2977, 2873,1712, 1471, 1300, 1250, 1038,901 cm-™

1H NMR (CDCls, 400 MHz) & 4.34 (2H, t, / = 5.5 Hz, OCHz), 3.75 (2H, t, / = 7.1 Hz,
NCH2), 3.15 (2H, q, / = 7.3 Hz, CH2CH3), 2.26-2.15 (2H, m, NCH2CHz), 1.23 (3H, t, J
= 7.3 Hz, CH2CH3).

13C NMR (CDClI3, 100.6 MHz) & 190.1 (C), 179.2 (C), 68.3 (CHz), 43.9 (CH2), 32.2
(CH2), 22.3 (CH2), 10.2 (CH3).

HRMS (+ESI): m/z calcd. for [M+H]* C7H12NO2S: 174.0581; found 174.0581.
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N-(2-Azidoacetyl)-1,3-thiazolidine-2-thione (10)
S 0
SXN)K/ Ns
/

Following the General Procedure 3, 1,3-thiazolidine-2-thione (1.19 g, 10 mmol),
EDC-HCI (2.3 g, 12 mmol) and DMAP (244 mg, 2 mmol) were dissolved in CH2Cl:
(18 mL). Subsequently, 2-azidoacetic acid (1192 mg, 10 mmol) was dissolved in
CH2Cl2 (9 mL) and the resulting solution was cooled in an ice/water bath. Then,
this solution was added dropwise via cannula to the former one and the solution
was stirred for 24 h. The crude was purified by flash column chromatography
(Hexanes/AcOEt from 80:20 to 60:40) to afford 1.05 g (5 mmol, 52% yield) of pure
1o.

Yellow oil.

R¢0.5 (60:40 Hexanes/EtOAc).

IR (ATR) v 2904, 2097, 1698, 1395, 1349, 1264, 1220, 1157, 1043 cm-1.

1H NMR (500 MHz, CDCl3) 6 4.84 (s, 2H, COCHz), 4.64 (t,/ = 7.6 Hz, 2H, NCH2), 3.40
(t,J=7.6 Hz, 2H, SCH2).

13C NMR (101 MHz, CDCl3) 6 201.5 (C), 169.4 (C), 55.6 (CHz2), 55.4 (CHz), 29.2
(CH2).

HRMS (+ESI) m/z calcd. For [M+H]* CsH7N40S2 203.0055, found: 203.0061.

3-(4-Methoxyphenoxy)propanenitrile

OMe
NC\/\O/©/

Following a literature procedure,? a microwave vial was charged with mequinol
(3.1 g, 25 mmol) and acrylonitrile (10 mL, 150 mmol) and dissolved in a 10%
solution of Me4sNOH in water (2.5 mL). The mixture was heated under microwave
irradiation to 60 °C for 30 min. Afterwards, the mixture was rinsed with water (25
mL) and extracted with Et20 (3 x 30 mL). The combined organic extracts were
washed subsequently with 2 M HCl (25 mL), sat. NaHCO3 (30 mL), and brine (30
mL), dried (MgS04) and concentrated under reduced pressure to give 2.1 g (12
mmol, 47% yield) of pure product.

White solid.
1H NMR (400 MHz, CDCI3) 6 6.89-6.82 (m, 4H, ArH), 4.15 (t,/ = 6.4 Hz, 2H, OCH2),
3.78 (s, 3H, OMe), 2.80 (t, ] = 6.4 Hz, 2H, CH2CN).
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3-(4-Methoxyphenoxy)propanoic acid

o /©/OM8
Hok/\o

Following a literature procedure,? 3-(4-methoxyphenoxy)propanenitrile (2.1 g,
12 mmol) was dissolved in HC1 37% (15 mL) and heated to reflux for 2h. Then, the
mixture was cooled to 0 °C to crystalize the acid, which was filtered and washed
with water and cold methanol to obtain 778 mg (4.3 mmol, 36% yield) of the pure
product.

White solid.

1H NMR (400 MHz, CDCl3) § 6.88-6.81 (m, 4H, ArH), 4.21 (t,] = 6.3 Hz, 2H, OCHz),
3.77 (s, 3H, OMe), 2.83 (t, ] = 6.3 Hz, 2H, CH.COOH).

N-3-(4-Methoxyphenoxy)propanoyl-1,3-thiazinane-2-thione (1p)
s 0 /©/OMG

Following the General Procedure 1, 3-(4-methoxyphenoxy)propanoic acid (2.0 g,
10 mmol) was dissolved CH2Clz (40 mL) and two drops of DMF were added. Then,
oxalyl chloride (1.0 mL, 12 mmol) was added dropwise. After 4 h, volatiles were
removed under reduced pressure to obtain 3-(4-methoxyphenoxy)propanoyl
chloride which was used without further purification.

Afterwards, 1,3-thiazinane-2-thione (1.73 g, 13 mmol) was dissolved in CH2Cl2 (10
mL), then EtsN (1.8 mL, 13 mmol) and the previously prepared 3-(4-
methoxyphenoxy)propanoyl chloride were added, and the solution was stirred for
2 h. The crude mixture was purified by flash chromatography (from 80:20 to 70:30
Hexanes/EtOAc) to afford 1.50 g (5.1 mmol, 51% yield) of pure 1p.

Yellow solid.

Mp 58-61 °C.

Rf 0.4 (70:30 Hexanes/EtOAc).

IR (ATR) v 3140, 2929, 2835, 1814, 1747, 1733, 1505, 1228, 1193, 1112, 1090,
1023,984, 824, 733 cm™1.

1H NMR (400 MHz, CDCI3) & 6.82 (s, 4H, ArH), 4.26 (t, ] = 6.1 Hz, 2H, OCH2), 3.98-
3.90 (m, 2H, NCH2), 3.77 (s, 3H, OMe), 3.53 (t, / = 6.1 Hz, 2H, 0=CCH2) 3.02 (t,] =
6.8 Hz, 2H, SCH2), 2.30-2.15 (m, 2H, NCH2CH2).
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13C NMR (126 MHz, CDCl3) § 203.5 (C), 175.7 (C), 154.1 (C), 152.5 (C), 115.6 (CH),
114.7 (CH), 65.5 (CHz2), 55.7 (CH3), 46.6 (CH2), 39.6 (CH2), 32.0 (CH2), 22.9 (CHz2).
HRMS (ESI+) m/z calcd for [M+H]* C14H18NO3S2: 312.0723, found: 312.0725.

N-(3-Phenylpropanoyl)-1,3-thiazinane-2-thione (1q)

SRas

Following the General Procedure 3, 1,3-thiazinane-2-thione (666 mg, 5.0 mmol),
EDC-HCI (1.25 g, 6.5 mmol), DMAP (125 mg, 1.0 mmol), and 3-phenylpropanoic
acid (915 g, 6.5 mmol) were used. The crude residue was purified by column
chromatography (80:20 EtOAc/Hexanes) to give 317 mg (1.2 mmol, 24% yield) of

1q.

Yellow oil.

Rr0.40 (80:20 CH2Cl2/Hexanes).

IR (ATR) v 3060, 3026, 2926, 2860, 1755, 1731, 1682, 1603, 1496, 749, 701
cmL

1H NMR (CDCls, 400 MHz) § 7.30-7.25 (m, 2H, ArH), 7.22-7.18 (m, 3H, ArH), 3.76-
3.73 (m, 2H, NCHz), 3.38 (t, ] = 7.4 Hz, 2H, OCCHz), 3.04 (t, ] = 7.4 Hz, 2H, PhCH>),
2.83 (t,] = 6.8 Hz, 2H, SCH»), 2.02-1.96 (m, 2H, NCH2CH>).

13C NMR (CDCls, 100.6 MHz) § 203.8 (C), 177.4 (C), 140.3 (C), 128.5 (CH), 126.3
(CH), 46.3 (CHz), 40.7 (CHz), 32.6 (CHz), 31.8 (CHz), 22.8 (CH2).

HRMS (+ESI) m/z calcd. for [M+H]* C13H16NOS2: 266.0668; found: 266.0669.

N-Phenylacetyl-1,3-thiazinane-2-thione (1r)
1110
)

Following the General Procedure 3, 1,3-thiazinane-2-thione (800 mg, 6.0 mmol),
EDC-HCI (1.50 g, 7.8 mmol), DMAP (146 mg, 1.2 mmol), and 2-phenylacetic acid
(0.95 mL, 7 mmol) were used. The crude residue was purified by column
chromatography (from 85:15 to 70:30 Hexanes/EtOAc) to give 265 mg (1.19
mmol, 17% yield) of 1r.

Thick yellow oil.
Rf0.30 (70:30 Hexanes/EtOAc)
IR (ATR) v 3026, 2922, 2872, 1754, 1123, 1060, 1014, 906, 705, 691 cm!
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1H NMR (400 MHz, CDCl3) 6 7.34-7.25 (m, 5H, ArH), 4.47 (s, 2H, ArCHz), 3.80-3.78
(m, 2H, NCHz2), 2.89-2.86 (m, 2H, SCH2), 2.12-2.06 (m, 2H, NCH2CHz)

13C NMR (101 MHz, CDCls) 6 203.6 (C), 176.3 (C), 129.5 (CH), 128.7 (CH), 127.4
(CH), 47.3 (CH2), 45.0 (CHz2), 31.7 (CHz), 22.7 (CHz2)

HRMS (+ESI) m/z calcd for C12H13NNaOS2 [M+Na]* 274.0331, found 274.0324.

N-(2-E-Butenoyl)-1,3-thiazolidine-2-thione (1s)
S o0

S)LNJJ\A

-/
Following General Procedure 3, 1,3-thiazolidine-2-thione (596 mg, 5 mmol),
EDC-HCI (1.25 g, 6.5 mmol) and DMAP (122 mg, 1 mmol) were dissolved in CHzCl:
(4 mL). Then, 3-butenoic acid (0.5 mL, 6 mmol) were added dropwise and the
resulting mixture was stirred for 3 h. The crude residue was purified by flash

column chromatography (from 80:20 to 70:30 Hexanes/EtOAc) to afford 441 mg
(2.4 mmol, 47% yield) of pure 1s.

Yellow oil.

Rr 0.3 (80:20 Hexanes/EtOAc).

1H NMR (500 MHz, CDCl3) 6 7.23 (dq,J = 15.0, 1.6 Hz, 1H, CH=CHCH3), 7.03 (dq, J
=15.0,7.0 Hz, 1H, CH=CHCH3s), 4.52 (t,/ = 7.4 Hz, 2H, NCH2), 3.33 (t,/ = 7.4 Hz, 2H,
SCH2), 1.95 (dd,J = 7.0, 1.6 Hz, 3H, CHCH3).
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2.3 Synthesis of chiral Nickel (IT) Catalysts.

A solution of chiral diphosphine ligand (1 equiv) and anhydrous NiClz (1 equiv) in
acetonitrile (0.05 M) was heated to reflux overnight. Afterwards, the mixture was
filtered through Celite® and eluted with acetonitrile. The volatiles were removed
under reduced pressure to afford the corresponding chiral Nickel compound
which was used without further purification.

| N | N
R+ R Ary
Z > par MeCN Zp Cl
2o+ NiCh reflux, 16 h NI
A~ PAr, , ~~_FR Cl
Ri— | Ri— || Ar
N
OMe
() D . ).
MeO PPh, MeO PAr, PAr, ©O PAr, PPh,
MeO PPh, MeO PAr, PAr, o PAr, PPh,
O O C‘ ¢} ‘ CO
OMe
(R)-BIPHEP (R)-DTBM-GARPHOS  (R)-Tol-BINAP (R)-DTBM-SEGPHOS (S)-BINAP
Ar=3,5-di-'Bu-4-MeOCgH, Ar=4-MeCgH, Ar=3,5-di-'Bu-4-MeOCgH,
(R)-GARPHOS (R)-BINAP  (R)-DM-SEGPHOS
Ar=Ph Ar=Ph Ar=3,5-di-MeCgH,
(R)-SEGPHOS
Ar=Ph
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CHAPTER I

The aldol reaction
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3 Aldol reactions with aromatic aldehydes

3.1 Synthesis of starting materials

3-Phenylpropiolaldehyde dicobalthexacarbonyl (e)
0
y . £o4CO%
\\Ph

Following a literature procedure,? 10% wet with Hexanes dicobalt octacarbonyl
(2.28 g, 6 mmol) was dissolved in CH2Cl (40 mL) and cooled to 0 °C. Then, a
solution 3-phenylpropiolaldehyde (0.6 mL, 5 mmol) in CH2Clz (15 mL) was added
dropwise via cannula and the resulting mixture was stirred for 4 h.

Afterwards, the volatiles were removed under reduced pressure (with caution,
since the completely dry product is pyrophoric and decomposes eliminating toxic
fumes of CO) and the crude product was purified by flash chromatography (from
90:10 to 80:20 Hexanes/EtOAc) to give 1.93 g (4.6 mmol, 93% yield) of e. If
needed, the aldehyde was further purified by flash chromatography (from 80:20
to 50:50 Hexanes/CH2Cl2).

Dark brown solid.

Rf 0.4 (80:20 Hexanes/EtOAc).

IR (ATR) v 3070, 3024, 2808, 2098, 2059, 2029, 1666, 1573, 1481, 1442 cm"!
1HNMR (400 MHz, CDCI3) 6 10.53 (s, 1H, CHO), 7.59 (s, 2H, ArH), 7.38 (s, 3H, ArH).
13C NMR (CDCI3, 100 MHz) 6 197.7 (C), 190.9 (CH), 136.2 (C), 129.7 (CH), 129.1
(CH), 128.9 (CH), 92.1 (C), 85.5 (C).
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3.2 Direct, catalytic, and asymmetric anti aldol
reactions of aromatic aldehydes

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S 0 0 [(R)-Tol-BINAPINICI S O OTIPS
R (2-10 mol%)

A AR HJ\@L Aoy ;

CHzclz, -20°C, t =
. OMe e OMe

1a-1g a 2aa-2ga
GENERAL PROCEDURE 4

A solution of an N-acyl 1,3-thiazinane-2-thione 1 (1.0 mmol, 1.0 equiv), 4-
methoxybenzaldehyde (1.1 mmol, 1.1 equiv) and [(R)-Tol-BINAP]NiCl> (2-10
mol%) in CH2Clz (2 mL) was cooled at -20 °C under N2. Then, neat TIPSOTf (405
pL, 1.5 mmol, 1.5 equiv) was added followed by 2,6-lutidine (175 pL, 1.5 mmol, 1.5
equiv) and the resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (2 mL) and partitioned in
CH2Cl2 (15 mL) and water (15 mL). The aqueous layer was extracted with CH2Cl:
(2 x 15 mL). The combined organic extracts were dried over Na:SOs and
concentrated under reduced pressure. The resultant residue was analysed by 'H
NMR (400 MHz) and purified by flash column chromatography to yield the named
compound.

N-[(2S,3R)-3-(4-Methoxyphenyl)-2-Methyl-3-
triisopropylsilyloxypropanoyl]-1,3-thiazinane-2-thione (2aa)
S O OTIPS

PN

S” N

OMe

The General Procedure 4 was followed with N-propanoyl-1,3-thiazinane-2-thione
1a (189 mg, 1.0 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiCl> (16.0 mg, 20 pumol, 2
mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv), TIPSOTf (405 pL,
1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5 equiv) at -20 °C for
1h.

The residue (dr 85:15) was purified by column chromatography (90:10
Hexanes/EtOAc) to give 395 mg (0.82 mmol, 82% yield) of anti aldol 2aa.
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Yellow oil.

Rf0.30 (90:10 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 9.3 min (Major 2S5,3R-enantiomer) Rt 10.7 min (minor 2R,3S-
enantiomer), 99% ee.

[a]p20 +281.9 (c 1.00, CHCI3).

IR (ATR) v 2939, 2866, 1701, 1613, 1514, 1461, 1353, 1302, 1255, 1122, 1036,
875,831,679 cm.

1H NMR (400 MHz, CDCl3) § 7.25-7.21 (m, 2H, ArH), 6.85-6.82 (m, 2H, ArH), 4.95
(d,J = 8.5 Hz,1H, CHOTIPS), 4.23-4.18 (m, 1H, NCHxHy), 4.09 (dq, J = 8.5, 6.8 Hz,
1H, COCHCH3), 3.80 (s, 3H, OMe), 3.63 (ddd,J=13.1, 7.1, 5.7 Hz, 1H, NCHxHy), 3.02-
2.92 (m, 2H, SCH2), 2.27-2.20 (m, 2H, NCH2CHz2), 0.99 (d, 3H, J = 6.8 Hz, COCHCH3),
0.99-0.97 (m, 9H, OTIPS), 0.91-0.84 (m, 12H, OTIPS).

13C NMR (100.6 MHz, CDCls) & 203.8 (C), 180.7 (C), 159.3 (C), 134.7 (C), 128.7
(CH), 113.4 (CH), 79.3 (CH), 55.2 (CHs3), 50.5 (CH), 46.4 (CHz), 31.9 (CHz), 23.2
(CH2), 18.2 (CH3), 17.9 (CH3), 16.1 (CH3), 12.9 (CH).

HRMS (+ESI): m/z calcd for [M-OTIPS]* C1sH18NO2S2: 308.0773, found: 308.0771;
m/z calcd for [M+H]* C24H40NO3S2Si: 482.2213, found: 482.2214.

N-[(2S,3R)-2-Ethyl-3-(4-methoxyphenyl)-3-triisopropylsilyloxypropanoyl]-
1,3-thiazinane-2-thione (2ba)
S O OTIPS

SAN

™~ OMe

The General Procedure 4 was followed with N-butanoyl-1,3-thiazinane-2-thione
1b (204 mg, 1.0 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiCl; (16.7 mg, 22 pmol, 2
mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv), TIPSOTf (405 pL,
1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5 equiv) at -20 °C for
2 h.

The residue (dr 81:19) was purified by column chromatography (60:40
Hexanes/CH2Cl2) to give 389 mg (0.78 mmol, 78% yield) of anti aldol 2ba.

Yellow oil.

Rr0.50 (60:40 Hexanes/CHzCl2).

Chiral HPLC (Phenomenex Lux® Amylose-3 column, 1% i-PrOH in Hexanes, flow
rate 0.5 mL/min): Rt 18.5 min (Major 2S,3R-enantiomer) Rt 27.7 min (minor
2R,3S-enantiomer), 99% ee.

[a]p2® +42.7 (c 1.00, CHCls).
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IR (ATR) v 2940, 2864, 1691, 1610, 1511, 1461, 1302, 1171, 1246, 1108, 1086,
1061, 1034, 1012,910, 882, 836, 731 cm™1.

1H NMR (400 MHz, CDCl3) § 7.29-7.21 (m, 2H, ArH), 6.86-6.80 (m, 2H, ArH), 5.05
(d,J=7.9 Hz, 1H, CHOTIPS), 4.40-4.32 (m, 1H, COCHEt), 4.08 (dt, ] = 13.4, 5.8 Hz,
1H, NCHxHy), 3.88-3.77 (m, 1H, NCHxHy), 3.80 (s, 3H, OMe), 3.02-2.86 (m, 2H,
SCH3), 2.28-2.14 (m, 2H, NCH2CH3), 1.54-1.43 (m, 2H, CHCH2CH3), 1.03-0.85 (m,
21H, OTIPS), 0.73 (t,J = 7.5 Hz, 3H, CHCH2CH3).

13C NMR (100.6 MHz, CDCl3) 6 205.0 (C), 178.0 (C), 159.2 (C), 135.0 (C), 128.6
(CH), 113.3 (CH), 77.2 (CH), 55.2 (CH, CH3), 46.2 (CH2), 31.9 (CH2), 23.3 (CH2), 23.2
(CH2), 18.1 (CH3), 17.9 (CH3), 12.7 (CH), 11.1 (CH3).

HRMS (+ESI): m/z calcd for [M-OTIPS]* C16H20NO2S2: 322.0930, found: 322.0931;
m/z calcd for [M+H]* C25sH42N03S2Si: 496.2370, found: 496.2375.

N-[(2S,3R)-2-Isobutyl-3-(4-methoxyphenyl)-3-
triisopropylsilyloxypropanoyl]-1,3-thiazinane-2-thione (2ca)

S O OTIPS

Sipr OMe

The General Procedure 4 was followed with N-(4-methylpentanoyl)-1,3-
thiazinane-2-thione 1c¢ (226 mg, 1.0 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiClz (41.6
mg, 50 pmol, 5 mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5
equiv) at-20 °C for 2 h.

The residue (dr 75:25) was purified by column chromatography (60:40
Hexanes/CH2Cl2) to give 318 mg (0.61 mmol, 60% yield) of anti aldol 2ca.

Yellow oil.

Rr0.50 (60:40 Hexanes/CHzCl2).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1% i-PrOH in Hexanes, flow
rate 0.5 mL/min): Rt29.8 min (Major 25,3R-enantiomer) Rt13.8 min (minor 2R,3S-
enantiomer), 99% ee.

[a]p?? -88.7 (c 1.00, CHCI3).

IR (ATR) v 2942, 2864, 1691, 1610, 1511, 1462, 1302, 1247, 1171, 1109, 1087,
1064, 1032, 881, 842,737,678 cm-1.

1H NMR (400 MHz, CDCl3) 6 7.28-7.22 (m, 2H, ArH), 6.88-6.80 (m, 2H, ArH), 5.05
(d,J=7.2 Hz, 1H, CHOTIPS), 4.67-4.59 (m, 1H, COCH), 4.39 (dt,J = 13.3, 5.3 Hz, 1H,
NCHxHy), 3.81 (s, 3H, OMe), 3.56-3.44 (m, 1H, NCHxHy), 3.02-2.85 (m, 2H, SCHz),
2.28-2.11 (m, 2H, NCH2CH>), 1.62-1.49 (m, 1H, COCHCHxHy), 1.41-1.29 (m, 1H,
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CH(CHs)2), 1.21-1.13 (m, 1H, COCHCHxHy), 1.00-0.87 (m, 21H, OTIPS), 0.79 (d,] =
6.5 Hz, 3H, CHCHs), 0.77 (d, ] = 6.5 Hz, 3H, CHCH3s).

13C NMR (100.6 MHz, CDCls) 6 205.1 (C), 177.9 (C), 159.0 (C), 134.9 (C), 128.6
(CH), 113.1 (CH), 77.2 (CH), 55.2 (CH3), 52.0 (CH), 46.2 (CHz2), 39.4 (CHz), 31.9
(CH2), 26.1 (CH), 23.6 (CHs), 23.1 (CH2), 22.1 (CHs), 18.0 (CHs), 17.9 (CHs), 12.6
(CH).

HRMS (+ESI): m/z calcd for [M-OTIPS]* C18H24N02S2: 350.1243, found: 350.1245;
m/z calcd for [M+H]* C27H46NO3S2Si: 524.2683, found: 524.2690.

N-[(2S,3R)-2-Allyl-3-(4-methoxyphenyl)-3-triisopropylsilyloxypropanoyl]-
1,3-thiazinane-2-thione (2da)

S O OTIPS

\” OMe

The General Procedure 4 was followed with N-(4-pentenoyl)-1,3-thiazinane-2-
thione 1d (220 mg, 1.0 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiClz (16.7 mg, 22 pmol,
2 mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv), TIPSOTf (405 pL,
1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5 equiv) at -20 °C for
3 h.

The residue (dr 81:19) was purified by column chromatography (from 90:10 to
80:20 Hexanes/EtOAc) to give 394 mg (0.78 mmol, 76% yield) of anti aldol 2da.

Yellow oil.

Rr0.40 (90:10 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 0.5% i-PrOH in Hexanes,
flow rate 0.8 mL/min): Rt40.6 min (Major 25,3R-enantiomer) Rt 14.6 min (minor
2R,3S-enantiomer), 99% ee.

[a]p2® +42.4 (c 1.00, CHCI3).

IR (ATR) v 2940, 2864, 1691, 1611, 1511, 1461, 1246, 1302, 1171, 1107, 1086,
1034, 1012, 933, 882, 836, 733,678 cm™1.

1H NMR (400 MHz, CDCI3) 6 7.30-7.21 (m, 2H, ArH), 6.88-6.80 (m, 2H, ArH), 5.73-
5.59 (m, 1H, CH=CH2), 5.11 (d, / = 7.8 Hz, 1H, CHOTIPS), 4.96-4.86 (m, 2H,
CH=CH2), 4.57 (ddd, J = 8.9, 7.8, 4.7 Hz, 1H, COCHCHz2), 4.22-4.12 (m, 1H, NCHxHy),
3.80 (s, 3H, OMe), 3.70-3.59 (m, 1H, NCHxHy), 3.05-2.85 (m, 2H, SCH2), 2.31 2.04
(m, 4H, NCH2CHz2, COCHCH:2), 1.01-0.84 (m, 21H, OTIPS).

13C NMR (100.6 MHz, CDCl3) 8 205.4 (C), 177.3 (C), 159.2 (C), 135.2 (C), 134.6
(CH), 128.7 (CH), 116.8 (CH2), 113.3 (CH), 77.2 (CH), 55.2 (CH3), 53.8 (CH), 46.1
(CHz), 34.8 (CHz2), 31.8 (CHz2), 23.1 (CH2), 18.0 (CH3), 17.9 (CH3), 12.6 (CH).
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HRMS (+ESI): m/z calcd for [M-OTIPS]* C17H20NO2S2: 334.0930, found: 334.0927;
m/z calcd for [M+H]* C26H42NO3S2Si: 508.2370, found: 508.2368.

N-[(2S,3R)-2-(3-Butynyl)-3-(4-methoxyphenyl)-3-
triisopropylsilyloxypropanoyl]-1,3-thiazinane 2-thione (2ea)

S O OTIPS

S N

s ove
]

The General Procedure 4 was followed with N-(5-hexynoyl)-1,3-thiazinane-2-
thione 1e (273 mg, 1.0 mmo], 1.0 equiv), [(R)-Tol-BINAP]NiCl: (41.2 mg, 55 umol,
5mol%), 4-methoxybenzaldehyde (135 uL, 1.1 mmol, 1.1 equiv), TIPSOTf (405 pL,
1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5 equiv) at -20 °C for
5h.

The residue (dr 81:19) was purified by column chromatography (from 95:5 to
80:20 Hexanes/EtOAc) to give 425 mg (0.75 mmol, 75% yield) of anti aldol 2ea.

Yellow oil.

R 0.50 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1.5% i-PrOH in Hexanes,
flow rate 0.9 mL/min): Rt23.3 min (Major 25,3R-enantiomer) Rt11.6 min (minor
2R,3S-enantiomer), 98% ee.

[a]p2® +25.5 (c 1.00, CHCI3).

IR (ATR) v 3303, 2942, 2865, 1691, 1611, 1511, 1463, 1246, 1204, 1171, 1123,
1087,1062,1031,922, 882, 834, 734, 703, 678, 638 cm1.

1H NMR (400 MHz, CDCl3) 6 7.28-7.20 (m, 2H, ArH), 6.88-6.80 (m, 2H, ArH), 5.10
(d,J=7.4 Hz, 1H, CHOTIPS), 4.53-4.47 (m, 1H, COCHCH:), 4.08 (dt,/ = 13.4, 5.8 Hz,
1H, NCHxHy), 3.85-3.76 (m, 1H, NCHxHy), 3.81 (s, 3H, OMe), 3.07-2.88 (m, 2H,
SCH2), 2.29-2.18 (m, 2H, NCH2CH2), 2.17-2.04 (m, 1H, CHxHyCCH), 2.02-1.87 (m,
2H, CHxHyCCH), 1.83-1.71 (m, 2H, CH2CH2CCH), 1.03-0.79 (m, 21H, OTIPS).

13C NMR (100.6 MHz, CDCl3) 6 205.0 (C), 177.4 (C), 159.3 (C), 134.3 (C), 128.5
(CH), 113.4 (CH), 83.5 (C), 77.2 (CH), 69.1 (CH), 55.2 (CH3), 53.1 (CH), 46.3 (CH2),
31.8 (CHz), 28.8 (CHz), 23.2 (CHz), 18.1 (CH3), 17.9 (CH3), 16.0 (CHz), 12.7 (CH).
HRMS (+ESI): m/z calcd for [M-OTIPS]* C18H20NO2S2: 346.0930, found: 346.0925;
m/z calcd for [M +H]* C27H42NO3S2Si: 520.2370, found: 520.2362.
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N-[(2S,3R)-2-(3-Methoxy-3-oxopropyl)-3-(4-methoxyphenyl)-3-
triisopropylsilyloxy-propanoyl] 1,3-thiazinane-2-thione (2fa)

S O OTIPS

PN

l OMe

MeO (@)

The General Procedure 4 was followed with N-(5-methoxy-5-oxopentanoyl)-1,3-
thiazinane-2-thione 1f (250 mg, 0.96 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiCl: (16.3
mg, 20 pmol, 2 mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6 lutidine (175 pL, 1.5 mmol, 1.5
equiv) at-20 °C for 3 h.

The residue (dr 82:18) was purified by column chromatography (from 90:10 to
70:30 Hexanes/EtOAc) to give 330 mg (0.60 mmol, 62% yield) of anti aldol 2fa
slightly contaminated by a minor syn diastereomer.

Yellow oil.

Rr0.30 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-1 column 1% i-PrOH in Hexanes, flow
rate 0.8 mL/min): Rt23.3 min (Major 25,3R-enantiomer) Rt26.5 min (minor 2R,3S5-
enantiomer), 94% ee.

IR (ATR) v 2941, 2864, 1733, 1689, 1610, 1511, 1462, 1302, 1247, 1200, 1171,
1123,1086,1062,1031, 921, 882,837, 736,679 cmL.

1H NMR (400 MHz, CDCl3) 6 7.26-7.20 (m, 2H, ArH), 6.88-6.81 (m, 2H, ArH), 5.05
(d, J = 7.5 Hz, 1H, CHOTIPS), 4.54-4.47 (m, 1H, COCHCHz), 3.99-3.88 (m, 2H,
NCH:), 3.80 (s, 3H, ArOMe), 3.59 (s, 3H, CO2CH3), 3.03-2.88 (m, 2H, SCH>), 2.26-
2.19 (m, 3H, NCH2CHz,CHxHyCO2Me), 2.15-2.03 (m, 1H, CHxHyCO2Me), 1.89-1.79
(m, 2H, COCHCH), 1.01-0.86 (m, 21H, OTIPS).

13C NMR (100.6 MHz, CDCI3) 6 205.0 (C), 177.5 (C), 173.4 (C), 159.4 (C), 134.2 (C),
128.5 (CH), 113.5 (CH), 77.4 (CH), 55.2 (CH3s), 53.1 (CH), 51.5 (CHs), 46.4 (CHz2),
31.9 (CH2), 31.2 (CHz), 25.0 (CH2), 23.1 (CH2), 18.1 (CH3), 17.9 (CH3), 12.7 (CH).
HRMS (+ESI): m/z calcd for [M-OTIPS]* C18H22N04S2: 380.0985, found: 380.0981;
m/z calcd for [M+H]* C27H44NOsS2Si: 554.2425, found: 554.2418.
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N-[(2S,3R)-2-(4-Bromobutyl)-3-(4-methoxyphenyl)-3-
triisopropylsilyloxypropanoyl]-1,3 thiazinane-2-thione (2ga)

S O OTIPS

PN

S N

vﬁ@

Br

The General Procedure 4 was followed with N-(6-bromohexanoyl)-1,3-
thiazinane-2-thione 1g (310 mg, 1.0 mmol, 1.0 equiv), [(R)-Tol-BINAP]NiClz (16.2
mg, 21 pmol, 2 mol%), 4-methoxybenzaldehyde (135 pL, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (175 pL, 1.5 mmol, 1.5
equiv) at-20 °C for 15 h.

The residue (dr 79:21) was purified by column chromatography (from 95:5 to
70:30 Hexanes/EtOAc) to give 419 mg (0.70 mmol, 70% yield) of anti aldol 2ga.

Yellow oil.

Rr0.40 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt32.9 min (Major 25,3R-enantiomer) Rt 13.5 min (minor 2R,35-
enantiomer), 99% ee.

[a]p?® +38.7 (c 1.00, CHCl3).

IR (ATR) v 2940, 2864, 1691, 1610, 1511, 1462, 1247, 1171, 1118, 1061, 1032,
920, 882,837, 736,703, 680 cm™1.

1H NMR (400 MHz, CDCl3) 6 7.28-7.21 (m, 2H, ArH), 6.89-6.80 (m, 2H, ArH), 5.04
(d,J = 7.7 Hz, 1H, CHOTIPS), 4.44 (td, J = 7.7, 5.0 Hz, 1H, COCHCH>), 4.08 (dt, ] =
13.5, 5.9 Hz, 1H, NCHxHy), 3.88-3.76 (m, 1H, NCHxHy), 3.81 (s, 3H, OMe), 3.27 (t,]
= 6.7 Hz, 2H, CH2Br), 3.05-2.88 (m, 2H, SCH2), 2.27-2.18 (m, 2H, NCH2CHz), 1.76-
1.58 (m, 2H, CH2CH:Br), 1.55-1.39 (m, 2H, COCHCH:), 1.38-1.28 (m, 1H,
CHxHyCH2CH2Br), 1.23-1.11 (m, 1H, CHxHyCH2CH2Br), 1.01-0.87 (m, 21H, OTIPS).
13C NMR (100.6 MHz, CDCls) § 205.2 (C), 177.9 (C), 159.2 (C), 134.7 (C), 128.5
(CH), 113.4 (CH), 77.2 (CH), 55.2 (CH3), 53.9 (CH), 46.3 (CH2), 33.7 (CHz2), 32.7
(CH2), 31.9 (CH2), 29.3 (CH2), 25.3 (CH2), 23.1 (CH2), 18.1 (CHs), 17.9 (CHs), 12.7
(CH).

HRMS (+ESI): m/z calcd for [M-OTIPS]* CisH2379BrNO2S2: 428.0348, found:
428.0341; m/z calcd for [M+H]* C27H4s7°BrNO3S2Si: 602.1788, found: 602.1771.
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4 Acetate aldol reaction

GENERAL PROCEDURE 5

A solution of N-propanoyl-thioimide (1 equiv) and catalyst (2-10 mol%) in CH2Cl2
(0.5 M) was cooled to -20 °C. Then, 4-methoxybenzaldehyde (1.1 equiv), TIPSOTf
(1.5 equiv) and 2,6-lutidine (1.5 equiv) were added consecutively, and the mixture
was stirred at this temperature for 16 h.

Afterwards, the solution was quenched by addition of sat. NH4Cl (1 mL), rinsed
with water (25 mL) and extracted with CH2Clz (3 x 10 mL). The combined organic
extracts were dried (MgS04) and concentrated under reduced pressure. The crude
mixture was purified by column chromatography to obtain pure products.

TIPSOTF (1.5 equiv)
s 0 o 2,6-Lutidine (1.5equiv) S O  OTIPS
S)LN)K ! L*NiCl, (10 mol %) S)kN
.
CH,Cl,, 20 °C, 16 h
‘\(\j) OMe ‘\M) OMe
n n
1 a 2
Entry 1 n L* Conv (%) Yield (%)? ee(%)
1 1h 1 (5)-BINAP 72 - 30
2 1h 1 (5)-Tol-BINAP 54 20 38
3 1h 1 (R)-SEGPHOS 56 - 28
44 1h 1 (R)-DTBM-SEGPHOS 67 36 0
5 1h 1 (R)-BIPHEP 98 - 42
6 1h 1 (R)-GARPHOS 88 - 30
7 1h 1 (5.5)-Ph-BPE 0 - -
8 1i 0 (5)-BINAP 54 - 42
9 1i 0 (S)-Tol-BINAP 50 32 40
10 1i 0 (R)-SEGPHOS 69 - 38
11 1i 0 (R)-DTBM-SEGPHOS 80 - 0
12 1i 0 (R)-BIPHEP 99 - 44
13 1i 0 (R)-GARPHOS 89 - 42

a) Established by 'H NMR analysis. b) Isolated yield. c) Established by chiral HPLC analysis. d) 0 °C

Table 44. Aldol reactions of thioimides 1h and 1i.
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TIPSOTf (1.5 equiv)
s 0 o 2,6-Lutidine (1.5equiv) S O  OTIPS
J L*NiCl, (10 mol %) S
0 N + H 0 N
CH,Cl,, 20 °C, 16 h
‘\(\j) OMe ‘\M) OMe
n n
1 a 2
Entry 1 n L* Conv (%) Yield (%)? ee(%)c
1 1j 0 (S)-Tol-BINAP 95 93 28
2 1j 0 (R)-BIPHEP 9% - 20
3 1 0 (R)-GARPHOS 82 69 7
4 1k 1 (5)-BINAP 76 36 28
5 1k 1 (S)-Tol-BINAP 62 20 40
6 1k 1 (R)-BIPHEP 93 - 47
7 1k 1 (R)-GARPHOS 70 54 40

a) Established by 'H NMR analysis. b) Isolated yield. c) Established by chiral HPLC analysis.

Table 45. Aldol reactions of thioimides 1j and 1k.

N-[3-(4-Methoxyphenyl)-(3-triisopropylsilyloxy)propanoyl]-1,3-
thiazinane-2-thione (2ha)

S O OTIPS

PN

S N

OMe

The General Procedure 5 was followed with 1h (175 mg, 1 mmol), [(R)-DTBM-
SEGPHOS]NiClz (65.6 mg, 100 pmol, 10 mol%), 4-methoxybenzaldehyde (134 pL,
1.1 mmol, 1.1 equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (87
pL, 1.5 mmol, 1.5 equiv) at 0 °C for 16 h.

The residue was purified by column chromatography (from 90:10 to 70:30
Hexanes/EtOAc) to give 168 mg (0.36 mmol, 36% yield) of aldol adduct 2ha.

Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt9.8 min (major isomer) Rt32.4 min (minor isomer), 0% ee.

IR (ATR) v 2940, 2865, 1693, 1511, 1108, 1086, 1063, 1030, 881, 867, 729, 678
cm-L

1H NMR (500 MHz, CDCl3) 6 7.29-7.22 (m, 2H, ArH), 6.86-6.80 (m, 2H, ArH), 5.21
(dd,J=7.9, 6.1 Hz, 1H, CHOTIPS), 3.79 (s, 3H, OMe), 3.64 (ddd, /= 13.3, 6.4, 5.1 Hz,
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1H, NCHxHy), 3.55 (dd, J = 14.7, 7.9 Hz, 1H, OCCHxHy), 3.49 (ddd, J = 13.2, 8.4, 4.8
Hz, 1H, NCHxHy), 3.43 (dd, ] = 14.7, 6.2 Hz, 1H, OCCHxHy), 2.79 (dt, ] = 12.4, 6.8 Hz,
1H, SCH:Hy), 2.57 (ddd, J = 12.4, 7.2, 6.3 Hz, 1H, SCH:Hy), 2.03-1.91 (m, 1H,
NCH2CHxHy), 1.68-1.58 (m, 1H, NCH2CHxHy), 1.07-0.91 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 204.11, 175.38, 159.30, 136.40, 127.94, 113.62,
73.38,55.46,51.04, 46.20, 31.48, 22.91, 18.16, 18.04, 12.41.

HRMS (ESI+) m/z calcd for [M+Na]* Cz3H37NNaOs3S:Si: 490.1876, found:
490.1877.

N-[-3-(4-methoxyphenyl)-(3-triisopropylsilyloxy)propanoyl]-1,3-
oxazinane-2-thione (2ia)

S O OTIPS

OMe

The General Procedure 5 was followed with 1i (81 mg, 0.5 mmol), [(R)-MeO-
BIPHEP]NIClz (33.7 mg, 26 umol, 5 mol%), 4-methoxybenzaldehyde (134 pL, 0.55
mmol, 1.2 equiv), TIPSOTf (203 uL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (87 uL,
0.75 mmol, 1.5 equiv) for 16 h.

The residue was purified by column chromatography (from 90:10 to 70:30
Hexanes/EtOAc) to give 113 mg (0.05 mmol, 50% yield) of aldol adduct 2ia.

Colorless oil.

Rr 0.2 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 15.9 min (major isomer) R:19.1 min (minor isomer), 40% ee.
IR (ATR) v 2941, 2864, 1701, 1610, 1317, 1180, 1087, 1045, 881, 732, 678 cm™.
1H NMR (500 MHz, CDCl3) 6 7.29-7.23 (m, 2H, ArH), 6.86-6.80 (m, 2H, ArH), 5.20
(t,J=6.9 Hz, 1H, CHOTIPS), 4.20-4.12 (m, 1H, OCHxHy), 3.83-3.75 (m, 1H, OCHxHy),
3.79 (s, 3H, OMe), 3.62 (dd, J = 14.6, 7.4 Hz, 1H, OCCHxHy), 3.58-3.50 (m, 2H,
OCCHxHy, NCHxHy), 3.20 (dt, J = 12.6, 7.7 Hz, 1H, NCHxHy), 2.08-1.96 (m, 1H,
OCH2CHxHy), 1.98-1.87 (m, 1H, OCH2CHxHy), 1.11-0.90 (m, 21H, OTIPS).
13CNMR (126 MHz, CDCl3) 6 190.2 (C), 175.6 (C), 159.1 (C), 136.2 (C), 127.7 (CH),
113.5 (CH), 73.3 (CH), 67.9 (CHz), 55.3 (CHz), 50.4 (CHz2), 43.4 (CHz), 22.1 (CHz),
18.00 (CH/CH3z), 17.9 (CH/CH3), 12.3 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+Na]* C23H37NNaOsS2Si: 474.2105, found:
474.2104.
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N-[3-(4-methoxyphenyl)-(3-triisopropylsilyloxy)propanoyl]-1,3-
thiaziolidine-2-thione (2ja)

OMe

The General Procedure 5 was followed with 1j (161.5 mg, 1 mmol), [(R)-
GARPHOS]NiCI2 (28.3 mg, 100 pmol, 10 mol%), 4-methoxybenzaldehyde (134 pL,
1.1 mmol), TIPSOTf (405 pL, 1.5 mmol), and 2,6-lutidine (175 pL, 1.5 mmol) for
16 h.

The residue was purified by column chromatography (from 90:10 to 70:30
Hexanes/EtOAc) to give 460 mg (0.93 mmol, 93% yield) of aldol adduct 2ja.

Yellow oil.

Rr 0.3 (85:15 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 14.3 min (major isomer) Rt15.6 min (minor isomer), 42% ee.
IR (ATR) v 2940, 2865,1693,1511,1278,1243,1221,1151, 1086, 1052, 735, 678
cm1,

1H NMR (500 MHz, CDCl3) 6 7.34-7.26 (m, 2H, ArH), 6.84 (d, / = 8.7 Hz, 2H, ArH),
5.36-5.28 (m, 1H, CHOTIPS), 4.48-4.34 (m, 2H, NCHz), 3.80 (s, 3H, OMe), 3.83-
3.75 (m, 1H, OCCHxHy), 3.65 (dd, j = 16.0, 6.1 Hz, 1H, OCCHxHy), 3.23-3.09 (m, 2H,
SCH2), 1.06-0.89 (m, 21H, OTIPS).

13CNMR (126 MHz, CDCl3) § 201.5 (C), 172.2 (C), 159.0 (C), 136.5 (C), 127.6 (CH),
113.4 (CH), 71.9 (CH), 56.0 (CHz), 55.2 (CHs), 49.5 (CH2), 28.4 (CHz), 18.0
(CH/CHs), 17.9 (CH/CH3), 12.3 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C22H36NO3S2Si: 468.2057, found: 468.2061.

N-[3-(4-methoxyphenyl)-(3-triisopropylsilyloxy)propanoyl]-1,3-
oxaziolidine-2-thione (2ka)

OMe

The General Procedure 5 was followed with 1k (143 mg, 1 mmol), [(S)-Tol-
BINAP]NiClz (80 mg, 100 pmol, 10 mol%), 4-methoxybenzaldehyde (134 pL, 1.1
mmol), TIPSOTf (405 pL, 1.5 mmol), and 2,6-lutidine (175 pL, 1.5 mmol) for 16 h.

The residue was purified by column chromatography (from 90:10 to 75:25
Hexanes/EtOAc) to give 392 mg (0.90 mmol, 90% yield) of aldol adduct 2ka.
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White solid.

Rr 0.3 (80:20 Hexanes/EtOAc).

Chiral HPLC (Phenomenex Lux® Cellulose-4 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt21.6 min (minor isomer) R:30.3 min (major isomer), 9% ee.
IR (ATR) v 2944, 2865, 1699, 1608, 1234, 1154, 1061, 1007, 829 cm™.

1H NMR (500 MHz, CDCls) 6 7.38-7.31 (m, 2H, ArH), 6.88-6.81 (m, 2H, ArH), 5.37
(dd, J = 7.0, 6.0 Hz, 1H, CHOTIPS), 4.52-4.38 (m, 2H, OCHz2), 4.19-4.05 (m, 2H,
NCH2),3.90 (dd,/=16.1, 7.0 Hz, 1H, OCCHxHy), 3.80 (s, 3H, OMe), 3.72 (dd, ] = 16.1,
6.0 Hz, 1H, OCCHxHy), 1.06-0.89 (m, 21H, OTIPS).

13CNMR (126 MHz, CDCls) 6 185.4 (C), 171.7 (C), 159.0 (C), 136.5 (C), 127.7 (CH),
113.5 (CH), 71.6 (CH), 66.3 (CHz2), 55.2 (CHs), 48.0 (CHz), 47.1 (CHz2), 18.00
(CH/CHs), 17.9 (CH/CHs), 12.3 (CH/CH3).

HRMS (ESI+) m/z caled for [M+Na]* C22H3sNNaO3S2Si: 460.1948, found:
460.1945.
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5 Co and Fe catalysed aldol
5.1 Cobalt catalysed aldol reactions

5.1.1 Assessment of cobalt salts as catalysts

i O OTES
TESOTf(1.5equiv) S N° %
i o o 2,6-Lutidine (1.5 equiv) ‘—/ = o
Co Cat (10 mol%) €
s N)K/ T H < 3la
\J/ CH,Cl,, 0 °C, t )k O  OTES
1 a OMe STONTYY
_/ z
3a OMe

A solution of N-propanoyl-1,3-thiazinane-2-thione (35 mg, 0.2 mmol, 1.0 equiv),
4-methoxybenzaldehyde (27 uL, 0.22 mmol, 1.1 equiv) and a cobalt salt (10 mol%)
in CH2Cl2 (0.4 mL) was cooled at 0 °C under Nz. Then, neat TESOTf (69 pL, 0.3
mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol, 1.5 equiv)

and the resultant mixture was stirred at 0 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity

of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The

mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer

was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated under reduced pressure. The resultant residue was

analysed by 'H NMR and the results are summarized in Table 46.
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2h 5h 16h dr Aldol adduct
Entry Catalyst Yield (%)¢
(%) (%) (%)* (anti:syn)? Detected?

1 NiCl, - 27 38 X Complex mixture
2 CoCl; 34 55 72 59:41 v 60

3 CoFs 0 0 0 X -

4 Ni(OAo): - 25 69 X 0

5 Co(0Ac): 59 71 80 70:30 v 22

6 Co(acac): 0 11 23 v Complex mixture
7  Co(NOa3): - 58 69 X Complex mixture
8  CoSO4 - - 76 X Complex mixture
9  Co(SALEN) - - 92 70:30 v 90

10  (PhsP)3CoCl - - 70 77:23 v 69

11 (PhsP):CoCl, - - 76 71:29 v 66

12 CoCl; + 2 PPhs - - - 20:80 v Complex mixture

a) Conversion based on starting material recovered established by 'H NMR analysis using methyl 4-
nitrobenzoate as internal reference. b) Established by 'H NMR analysis. c) NMR yield using methyl 4-
nitrobenzoate as internal reference.

Table 46. Cobalt catalysed aldol reaction.

N-[((¥)anti)-3-(4-Methoxyphenyl)-2-methyl-3-triethylsilyloxypropanoyl]-
1,3-thiazinane-2 thione (31a)

OMe
A solution of N-propanoyl-1,3-thiazinane-2-thione (88 mg, 0.5 mmol, 1.0 equiv),
4-methoxybenzaldehyde (67 pL, 0.55 mmol, 1.1 equiv) and Co(SALEN) (16.4 mg,
0.05 mmol, 10 mol%) in CH2Clz (0.1 mL) was cooled at -20 °C under Nz. Then, neat
TESOTf (69 pL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL,
1.5 mmo], 1.5 equiv) and the resultant mixture was stirred at -20 °C for 5 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and methyl 4-
nitrobenzoate was added as internal standard (17 mg). The mixture was
partitioned in CH2Cl2 (15 mL) and water (15 mL). The aqueous layer was extracted
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with CH2Clz2 (2 x 10 mL). The combined organic extracts were dried (MgS04) and
concentrated under reduced pressure. The resultant residue (dr 70:30) was
purified by flash chromatography (Hexanes/EtOAc from 95:5 to 85:15) to give
130 mg (0.3 mmol, 64% yield) of 3la and 40 mg (0.1 mmol, 20% yield) of 3’la.

Yellow oil.

Rf0.75 (CH2Cl2).

IR (ATR) v 2958, 2930, 2869, 1701, 1610, 1518, 1460, 1365, 1307, 1255, 1160,
1069, 1038, 956, 940, 833 cm1.

1H NMR (400 MHz, CDCl3) § 7.30-7.26 (2H, m, ArH), 6.81-6.79 (2H, m, ArH), 4.99
(1H,dq,/ = 7.7, 6.7 Hz, COCHCH3), 4.85 (1H, d,/ = 7.7 Hz, CHOTES), 4.42-4.35 (1H,
m, OCHxHy), 4.07-3.98 (2H, m, OCHxHy, NCHxHy), 3.79 (3H, s, OMe), 3.73-3.69 (1H,
m, NCHxHy), 1.31 (3H, d, ] = 6.7 Hz, COCHCHs), 0.85 (9H, t, ] = 7.9 Hz, SiCH2CH3),
0.50-0.45 (6H, m, O SiCH2CH3).

13C NMR (100.6 MHz, CDCls) 6 185.1 (C), 176.4 (C), 159.0 (C), 135.1 (C), 127.9
(CH), 113.1 (CH), 76.4 (CH), 66.1 (CH2), 55.2 (CH3), 47.3 (CHz2), 47.2 (CH), 13.4
(CHs), 6.7 (CH2), 4.7 (CH3).

HRMS (+ESI): m/z calcd for [M-OTES]* C14H16NO3S: 294.0617, found: 294.0615;
calcd for C20H3:NNaO4SSi [M+Na]+*: 432.1635, found 432.1644.

N-[((¥)syn)-3-(4-methoxyphenyl)-2-methyl-3-triethylsilyloxypropanoyl]-
1,3-thiazinane-2 thione (3’la)

OMe
Minor diastereomer:

Yellow oil.

Rr0.60 (CH2Cl2).

IR (ATR) v 2958, 2930, 2869, 1701, 1610, 1518, 1460, 1365, 1307, 1255, 1160,
1069, 1038, 956, 940, 833 cm™L.

1H NMR (400 MHz, CDCl3) 6 7.30-7.26 (2H, m, ArH), 6.88-6.84 (2H, m, ArH), 5.12
(1H, dq,/ = 9.5, 6.8 Hz, COCHCH3), 4.76 (1H, d, / = 9.5 Hz, CHOTES), 4.57 (1H, td, J
= 8.6, 6.6 Hz, OCHxHy), 4.49-4.42 (1H, m, OCHxHy), 4.26-4.20 (2H, m, NCHz), 3.81
(3H, s, OMe), 0.89 (3H, d, J = 6.8 Hz, COCHCH3), 0.78 (9H, t, ] = 7.9 Hz, SiCH2CH3),
0.42-0.34 (6H, m, SiCH2CH3).

13C NMR (100.6 MHz, CDCl3) § 185.6 (C), 177.7 (C), 159.2 (C), 134.4 (C), 128.6
(CH), 113.5 (CH), 78.6 (CH), 66.1 (CH2), 55.2 (CH3), 47.4 (CH2), 46.1 (CH), 14.0
(CH3), 6.6 (CH2), 4.7 (CH3).
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HRMS (+ESI): m/z calcd for [M-OTES]* C14H16NO3S: 294.0617, found: 294.0615;
calcd for C20H3:NNaO4SSi [M+Na]+*: 432.1635, found 432.1644.

5.1.2 Temperature and catalyst assessment

TESOTTf (1.5 equiv)

2,6-Lutidine (1.5 equiv) $ O  OTES

o :
)k )K/ Co Cat (X mol%) )k
s” N + H S N ;
CH,CI,, T, 16 h / H
[ OMe 7z

OMe
3la

A solution of N-propanoyl-1,3-thiazolidine-2-thione (35 mg, 0.2 mmol, 1.0 equiv),
4-methoxybenzaldehyde (27 pL, 0.22 mmol, 1.1 equiv) and cobalt catalyst (10-20
mol%) in CH2Cl: (0.4 mL) was cooled at 0 °C or -20 °C under N2. Then, neat TESOTf
(69 pL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol,
1.5 equiv) and the resultant mixture was stirred at 0 °C or -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The resultant residue was
analysed by 'H NMR. The results are summarised in Table 47.

Entry Catalyst mol% T (°C) Conv (%) dr (anti:syn)?  Yield(%)"
1 (PhsP)3CoCl 10 0 70 77:23
2 (PhsP)3CoCl 20 -20 23 75:25
3 (PhsP)2CoCl2 10 0 81 76:24
4 (PhsP)2CoCl2 20 -20 40 80:20
5 (SALEN)CoCl: 10 0 >95 75:25 90
6 (SALEN)CoCl: 20 -20 <10 76:24

a) Established by 'H NMR analysis. b) NMR yield using methyl 4-nitrobenzoate as internal reference.

Table 47. Temperature and catalyst assessment.

5.1.3

Thioimide assessment

)L)K/

n

1a, 1-1n

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
Co Cat (10 mol%)

CH,Cl,, 0°C, 16 h

*@

Y O OTES
J

X N

W

3aa, 3la-3na

OMe

A solution of an N-propanoyl-thioimide

(0.2 mmol, 1.0

equiv), 4-

methoxybenzaldehyde (27 pL, 0.22 mmol, 1.1 equiv) and metal catalyst (10

241



Experimental section

mol%) in CH2Clz (0.4 mL) was cooled at 0 °C under N2. Then, neat TESOTf (69 pL,
0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol, 1.5
equiv) and the resultant mixture was stirred at 0 °C for 16 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The resultant residue was
analysed by 'H NMR. The results are summarised in Table 48.

Entry 1 X Y n Catalyst Conv. (%)* dr (anti:syn)® Yield (%)?
1 1 s S 0  (PhsP)sCoCl 70 77:23 69
2 11 S S 0 (Ph3P)2CoClz 80 76:24 80
3 11 S S 0  (SALEN)CoCl: 81 73:26 80
4 la S S 1 (PhsP)3CoCl 74 96:4 36
5 la S S 1 (PhsP)2CoCl: 81 91:9 32
6 la S S 1 (SALEN)CoCl; 83 87:13 14
7 im O S 0  (PhsP)sCoCl 100 - 0
8 1m (0] S 0 (PhsP)2CoCl: 86 63:36 22
9 1m 0 S 0  (SALEN)CoCl: 100 62:38 46
10 1n 0 S 1 (PhsP)3CoCl 100 - 0
11 1n O S 1  (PhsP):CoCl; 88 - 0
12 1n 0 S 1 (SALEN)CoCl; 93 - 0

a) Established by 'H NMR analysis. b) NMR yield using methyl 4-nitrobenzoate as internal reference.

Table 48. Thioimide assessment in cobalt catalysed aldol reaction.

5.1.4 Reaction conditions assessment
TESOTf (1.5 equiv)
S 0 0 2,6-Lutidine (1.5 equiv) i O OTES
SAN)K/J' H Co(SALEN) (X mol%) s N ;
/ CH,Cly, T, t / :
OMe OMe
11 a 3la

A solution of N-propanoyl-1,3-thiazinane-2-thione (35 mg, 0.2 mmol, 1.0 equiv),
4-methoxybenzaldehyde (27 pL, 0.22 mmol, 1.1 equiv) and Co(SALEN) (6.5mg, 20
pumol, 10 mol%) in CH2Cl2 was cooled at 0 °C or -20 °C under N2. Then, neat TESOTf
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(69 pL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol,
1.5 equiv) and the resultant mixture was stirred at 0 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CHz2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The resultant residue was
analysed by 'H NMR. The results are summarised in Table 49.

Entry Catalyst (mol%) Conc(M) t(h) T (°C) Conv.(%) dr (Anti:Syn) Yield (%)

1 10 0.25 16 0 72 70:30 32
2 10 0.5 16 0 83 75:25 46
3 10 1 16 0 >95 73:27 >95
4 10 5 2 0 >95 76:24 >95
5 10 5 16 -20 100 70:30 84
6 20 Solvent free 16 0 87 61:39

a) Established by 'H NMR analysis. b) NMR yield using methyl 4-nitrobenzoate as internal reference.

Table 49. Reaction conditions assessment in cobalt catalysed aldol reaction.

5.2 Iron catalysed aldol reactions

5.2.1 Assessment of iron salts as catalysts
TESOTf (1.5 equiv)
s o 0 2,6-Lut (1.5 equiv) i O OTES
SXN)K/ H Fe Cat (20 mol%) N ;
/ CH,Cl,, 0 °C, t /0
OMe OMe
11 a 3la

A solution of N-propanoyl-1,3-thiazinane-2-thione (35 mg, 0.2 mmol, 1.0 equiv),
4-methoxybenzaldehyde (27 pL, 0.22 mmol, 1.1 equiv) and iron salt (10 mol%) in
CHzCl2 (0.4 mL) was cooled at 0 °C under Nz. Then, neat TESOTf (69 pL, 0.3 mmol,
1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol, 1.5 equiv) and the
resultant mixture was stirred at 0 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The resultant residue was
analysed by 'H NMR.
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Entry Catalyst Additive Conv (%)¢ dr (anti:syn)b Yield (%)¢
1 FeCls 78 78:22 27
2 Fe(0Ac)2 49 78:22 14
3 (Phen)FeCls 61 0
4 FeCl3 Phen 64 0
5 FeCl3 2,2’-bipyridine 43 0
6 FeCls 2,2’-biquinoline 52 traces
7 FeClz PPhs 57 58:42 17
8 Fe(0Ac)2 PPhs 67 55:45 40

a) Starting material recovered established by 'H NMR analysis using methyl 4-nitrobenzoate as
internal reference b) Established by 'H NMR analysis c) NMR yield using methyl 4-nitrobenzoate as
internal reference

Table 50. Iron salts as catalyst in aldol reaction.

5.3 Aldol reactions with a,8 unsaturated aldehydes

5.3.1 Scaffold and Lewis acid assessment
S O OSR,
=
R;SIOTf (1.5equiv) X N
2,6-Lutidine (1.5 equiv) ‘\@) =
)L )K/ (MeP) N|CI2 (5 mol %) h 2-4
CH,Cly, —20 °C, t s o osk
" X)kN : ~NF
h 24

A solution of N-propanoyl thioimide 1 (1 mmol, 1.0 equiv), cinnamaldehyde b
(138 pL, 1.1 mmol, 1.1 equiv), and (Me3P)2NiClz (14.1 mg, 50 umol, 5 mol%) in
CH2Cl2 (0.4 mL) was cooled at -20 °C under Nz. Then, neat R3SiOTf (1.5 mmol, 1.5
equiv) was added followed by 2,6-lutidine (174 pL, 1.5 mmol, 1.5 equiv) and the
resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2Cl
(2 x 10 mL). The combined organic extracts were dried (MgSOa4), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz). The
results are summarized in Table 51.
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Entry 1 X n RsSiOTf t(h) Conv(%)“ IT %b dr (1,2)ec dr (1,4)“
1 1la S 1 TIPSOTf 5 93 15:85 81:19
2 la S 1 TESOTf 5 88 44:56 84:16 78:22
3 la S 1 TBSOTf 2 >99 67:33 76:24 78:22
4 la S 1 TMSOTf 2 >95 74:26 80:20 80:20
5 In 0 1 TIPSOTf 5 94 2773 80:20
6 In 0 1 TESOTf 5 94 62:38 95:5 65:35
7 in 0 1 TBSOTf 16 76 75:25 94:6 52:48
84 in 0 1 TMSOTf 16 90 82:18 92:8 55:45
9 11 S 0 TIPSOTf 5 90 13:87 81:19
10 11 S 0 TESOTf 5 80 48:52 89:11 77:23
11 11 S 0 TMSOTf 2 >99 65:35 86:14 65:35
12 Im O O TIPSOTf 5 97 28:72 70:30
13 Im O O TESOTf 5 80 50:50 96:4 58:42
14 Im O O TBSOTf 5 85 52:48 90:10 50:50
15 Im O O TMSOTf 2 99 73:27 62:38 43:57

a) Established by 'H NMR analysis. b) 1,2:1,4 ratio. c) Diastereomeric ratios from 1,2 adducts. d) 43%

5.3.2

isolated yield of TMS unprotected anti aldol adduct.

Table 51. Thioimide and lewis acid assessment in the aldol reaction.

Catalyst and solvent screening

1n

b

s 0 o
o)LN)K/‘f H)v\Ph
N

TMSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) S

L*NiCl, (2 mol%)

o]
CH,Cly, =20 °C, 2 h K/‘

N

A solution of 1,3-thiazinane-2-thione 1n (35 mg, 0.2 mmol, 1.0 equiv),

cinnamaldehyde b (28 uL, 0.22 mmol, 1.1 equiv), and the catalyst (20 umol, 2
mol%) in CH2Clz (0.4 mL) was cooled at -20 °C under Nz. Then, neat TMSOTf (54
uL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 1.5 mmol, 1.5

equiv) and the resultant mixture was stirred at -20 °C for 2 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2zCl
(2 x 10 mL). The combined organic extracts were dried (MgSO4), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz). The
results are summarized in Table 52.
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Entry L* Conv (%) rr(1,2:1,4)* dr (syn/anti)*®
1 (S)-BINAP 85 49:51 30:70
2 (S)-Tol-BINAP 40 50:50 28:72
3 (R)-BIPHEP 0 -

4 (R)-TM-BIPHEP <5 -
5 (R)-SEGPHOS 67 43:57 33:67
6 (R)-DM-SEGPHOS 0 .
7 (R)-DTBM-SEGPHOS <5 -
8 (R)-GARPHOS 64 46:54 31:69
9 (R)-DMM-GARPHOS 52 58:42 22:78
10 (R)-DTBM-GARPHOS 34 51:49 11:89

a) Established by 'H NMR analysis. b) Diastereomeric ratio of aldol adduct

Table 52. Catalyst assessment in the aldol reaction with a,-unsaturated aldehydes.

5.3.3 Aldol reaction with a-methyl-cinnamaldehyde

s 0
O)LN)K/*
N

1n

O

H)H/\Ph

[+

TMSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
L*NiCl, (2 mol%)

CH,Cly, =20 °C, 2 h

O

S
M

N

(e}

OTMS
; Zph

4nc

A solution of 1,3-oxazinane-2-thione 1n (35 mg, 0.2 mmol, 1.0 equiv), a-methyl-

cinnamaldehyde ¢ (31 pL, 0.22 mmol, 1.1 equiv), and the catalyst (20 pmol, 2
mol%) in CH2Clz (0.4 mL) was cooled at -20 °C under Nz. Then, neat TMSOTf (54
uL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 uL, 0.3 mmol, 1.5
equiv) and the resultant mixture was stirred at -20 °C for 2 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CHzCl:
(2 x 10 mL). The combined organic extracts were dried (MgSOa4), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz). The
results are summarised in Table 53.
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Entry L* Conv (%) rr(1,2:1,4)° drab
1 (R)-BINAP 0
2 (R)-DTBM-SEGPHOS >95 65:35 >95

a) Established by 'H NMR analysis. b) Diastereomeric ratio of aldol adduct.

Table 53. Aldol reactions with a-methyl-cinnamaldehyde.
N-[2,4-Dimethyl-5-phenyl-3-trimethylsilyloxy-4-pentenoyl]-1,3-oxazinane-
2-thione

S O OTMS

PN

O N Z “Ph

L

A solution of 1,3-oxazinane-2-thione 1n (35 mg, 0.2 mmol, 1.0 equiv), ¢ (31 pL,
0.22 mmol, 1.1 equiv), and [(R)-DTBM-SEGPHOS]NICl: (5.2 mg, 20 pmol, 2 mol%)
in CH2CI2 (0.4 mL) was cooled at -20 °C under N2. Then, neat TMSOTf (54 uL, 0.3
mmol, 1.5 equiv) was added followed by 2,6-lutidine (35 pL, 0.3 mmol, 1.5 equiv)
and the resultant mixture was stirred at -20 °C for 2 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2zClz
(2 x 10 mL). The combined organic extracts were dried (MgSOa4), and
concentrated. The resultant residue purified by flash chromatography (from 95:5
to 80:20 Hexanes/EtOAc) to give 39 mg (0.1 mmol, 50% yield) of aldol adduct 4nc
with impurities of Michael adduct 5nc.

Yellow oil.

R¢ 0.5 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) § 7.38-7.32 (m, 2H, ArH), 7.30-7.23 (m, 3H, ArH), 6.47
(s, 1H, PhCH), 4.50-4.44 (m, 1H, OCHxHy), 4.26 (d, ] = 9.6 Hz, 1H, CHOTMS), 4.21
(td,J=10.4, 3.9 Hz, 1H, OCHxHy), 4.01 (dq, / = 9.6, 6.7 Hz, 1H, CHCH3), 3.91-3.82
(m, 1H, NCHxHy), 3.58 (ddd, J = 12.6, 9.8, 8.1 Hz, 1H, NCHxHy), 2.27-2.12 (m, 2H,
NCH2CHz2), 1.79 (d,J = 1.4 Hz, 3H, CCHs), 1.21 (d, / = 6.7 Hz, 3H, CHCH3), 0.06 (s, 9H,
OTMS).
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5.4 Aldol reactions with propargyl aldehydes

5.4.1 Initial trials

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) S O OTIPS

)K/ L*NiCl, (5-10 mol %) L
CH,Cl,, -20°C, 16 h U L\
2v12, — z

1a 2ad

Ph

A solution of N-propanoyl 1,3-thazinane-2-thione 1a (0.2 mmol, 1.0 equiv),
phenylpropargyl aldehyde d (29 pL, 0.24 mmol, 1.2 equiv), and a nickel catalyst
(5-10 mol%) in CH2Clz (0.5 M) was cooled at -20 °C under Nz. Then, neat TIPSOTf
(81 pL, 0.3 mmol, 1.5 equiv) was added followed by 2,6-lutidine (30 pL, 0.3 mmol,
1.5 equiv) and the resultant mixture was stirred at -20 °C for 16 h and followed
by TLC.

After apparent completion, the reaction mixture was quenched with sat. NH4Cl (1
mL) and partitioned in CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was
extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgSO04), and concentrated. The resultant residue was analysed by 'H NMR. The
results are summarised in Table 54.

Entry L* mol % Conv(%) S-alkylation (%)
1 (MesP): 10 45 9
2 (S)-BINAP 5 82 26
3 (R)-DTBM-SEGPHOS 5 55 10

a) Established by 'H NMR analysis.
Table 54. Initial trials with phenylpropargyl aldehyde.
S-(3-0xo-1-phenylpropenyl)-1,3-thiazinane-2-thione (8)

Ph O

S
o
L

A solution of 1a (38 mg, 0.2 mmol, 1 equiv), [(§)-BINAP]NiClz (7.5 mg, 10 pmol, 5
mol%) and d (29 mg, 0.24 mmol, 1.2 equiv) in CH2Clz (0.4 mL) was cooled at -20
°C under N2. Then, neat TIPSOTf (81 puL, 0.3 mmol, 1.5 equiv) was added followed
by 2,6-lutidine (30 pL, 0.3 mmol, 1.5 equiv) and the resulting mixture was stirred
at-20°C for 16 h.
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The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2zClz
(2 x 10 mL). The combined organic extracts were dried (MgS04), and
concentrated. The residue was purified by column chromatography (from 70:30
to 30:70 Hexanes/EtOAc) to give 10 mg of 8 (0.03 mmol, 18% yield).

Colorless oil.

Rf 0.2 (50:50 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 9.34 (d, /] = 7.9 Hz, 1H, CHO), 7.53-7.39 (m, 5H, ArH)
6.58 (d,/ = 7.9 Hz, 1H, CHCHO), 3.81-3.75 (m, 2H, NCH>), 3.07-3.00 (m, 2H, SCHz),
1.86-1.75 (m, 2H, NCH2CH2).

5.5 Cobalt-protected propargyl aldehydes

5.5.1 Initial trials in the aldol reaction with Co-
protected propargyl aldehydes

TESOTf (1.5 equiv)
T Q 2,6-Lutidine (1.5 equiv) S o OTES
PN )\\ C02(CO)e L*NiCl, (5-10 mol %) U _C02(CO)s
S N H \/\ s N \/\
\_J/ pp CH,Cly, T, t \_J/ ph
11 e 3le

A solution of 11 (35 mg, 0.2 mmol, 1.0 equiv), e (92 mg, 0.22 mmol, 1.1 equiv), and
catalyst (0-10 mol%) in CH2Clz (0.5 M) was cooled at the desired temperature
under N2. Then, neat TESOTf (69 pL, 0.3 mmol, 1.5 equiv) was added followed by
2,6-lutidine (35 pL, 0.3 mmol, 1.5 equiv) and the resultant mixture was stirred and
followed by TLC.

Upon apparent completion, the reaction mixture was quenched with sat. NH4Cl (1
mL) and a known amount of methyl 4-nitrobenzoate (15-40 mg) was added. Then,
the mixture was partitioned in CH2Clz (10 mL) and water (25 mL). The aqueous
layer was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were
dried (MgSO04), and concentrated. The resultant residue was analysed by 'H NMR.
The results are summarised in Table 55.
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Entry L* (%) (mcoaif, W ¢t TCO C(f,’/(‘)‘)" drb ‘((;Z')d o0
1 (R)-DTBM-SEGPHOS 5 Batch1 16 0 66 8515 (48) 0
2 (R)-DTBM-SEGPHOS 5 Batch1 16 0 60 8317 - -
3 (R)-DTBM-SEGPHOS 10 Batch1 16 0 100 86:14 (38) -
4 (R)-DTBM-SEGPHOS 10 Batch1l 16 0 100 87:13 (35)34 -
5 (MesP)2 10 Batch1l 16 0 65 87:13 - 0
6 (S)-BINAP 10 Batch1 16 0 100  78:22 Cr‘;l‘f)’(p -
7  (R)-DTBM-SEGPHOS 10 Batch2 5 0 100 >97:3 (54) -
8e - - Batch 2 5 0 100 >97:3 - -
9  (R)-DTBM-SEGPHOS 7.5 Batch2 5 0 100 >97:3 (60)44 0
10 (R)-DTBM-SEGPHOS 10 Batch3 16 0 100 >97:3 32 -
11 (R)-DTBM-SEGPHOS 10 Batch3 16  -20 3 >97.3 - -

12¢ - - Batch 2 5 0 >90 >97:3 - 0
13 (R)-DTBM-SEGPHOS 7.5 Batch3 5 0 100 >97:3 (60) 0
14 - - Batch 44 3 0 42 >97:3 - -
15 (R)-DTBM-SEGPHOS 10 Batch4¢ 5 0 50 >97:3 - 7
16¢ - - Batch2¢ 16 0 46 >97:3 - 0
17 (R)-DTBM-SEGPHOS 10 Batch2¢ 72 -20 23 >97:3 - -
18 (R)-DTBM-SEGPHOS 10 Batch2¢ 5 0 0 - - -

a) Based on the recovery of 11 established by 'H NMR analysis using methyl 4-nitrobenzoate as internal
reference. b) Established by 'H NMR analysis. c) Isolated yield, (NMR yield established by 'H NMR
analysis using methyl 4-nitrobenzoate as internal reference) d) Further purified by column
chromatography. e) Reactions carried out without any catalyst.

Table 55. Initial trials in the aldol reaction with protected phenylpropargyl aldehyde.
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Metal catalysed asymmetric C-C bond forming reactions

5.5.2 Scaffold assessment
s o 5 TESOTY (1.5 eq) s o oms
kajk/ S /\C02(CO)6 [(R)-f:)‘?].?I,_I\let-lcsjEce;|(=1H'Soes?r)\uc|2 XXN - /5302(00)6
g CH,Cl,, 0°C, 16 h (L NNp
X: 0,13 © ?

A solution of thioimide 1 (0.2 mmol, 1.0 equiv), e (92 mg, 0.22 mmol, 1.1 equiv),
and [(R)-DTBM-SEGPHOS]NiClz (0-10 mol%) in CH2ClIz (0.5 M) was cooled at 0 °C
under N2. Then, neat TESOTf (69 pL, 0.3 mmol, 1.5 equiv) was added followed by
2,6-lutidine (35 pL, 0.3 mmol, 1.5 equiv) and the resultant mixture was stirred at
0°Cfor 16 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known amount
of methyl 4-nitrobenzoate (15-40 mg) was added. Then, the mixture was
partitioned in CH2Clz (10 mL) and water (25 mL). The aqueous layer was extracted
with CHzClz (2 x 10 mL). The combined organic extracts were dried (MgS04), and
concentrated. The resultant residue was analysed by 'H NMR. In any case, the
mixture turned out to be a complex mixture without the presence of the formation
of the desired product.

TESOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S 0 o [(R)-DTBM-SEGPHOS|Nicl, $ © OTES
o)kN)K/ N H \/\COZ(CO)e (x mol%) O)(N \/i:Oz(CO)G
_/ SNp CH,Cly, 0 °C, t \_/ NNpp,
1m e 3me

A solution of 1m (32 mg, 0.2 mmol, 1.0 equiv), e (92 mg, 0.22 mmol, 1.1 equiv),
and [(R)-DTBM-SEGPHOS]NiClz (0-10 mol%) in CH2Clz (0.5 M) was cooled at 0 °C
under N2. Then, neat TESOTf (69 pL, 0.3 mmol, 1.5 equiv) was added followed by
2,6-lutidine (35 pL, 0.3 mmol, 1.5 equiv) and the resultant mixture was stirred at
0°Cfor 5-16 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known amount
of methyl 4-nitrobenzoate (15-40 mg) was added. Then, the mixture was
partitioned in CH2Clz (10 mL) and water (25 mL). The aqueous layer was extracted
with CH2Clz (2 x 10 mL). The combined organic extracts were dried (MgS04), and
concentrated. The resultant residue was analysed by 'H NMR. The results are
summarised in Table 56.
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Entry Cat (mol%) e t(h) Conv. (%) drb Yield (%)¢ ee (%)
1 10 Batch 1 16 100 66:33 (53) -
2 10 Batch 2 5 100 74:26 (84) 68 -
3 10 Batch 24 5 100 80:20 (70) 3
4 0 Batch 24 5 83 77:23 (34) -
5 10 Batch 5 5 100 87:13 (70) -

a) Based on the recovery of 1m established by 'H NMR analysis using methyl 4-nitrobenzoate as
internal reference. b) Established by 'H NMR analysis. c) Isolated yield, (NMR yield established by 'H
NMR analysis using methyl 4-nitrobenzoate as internal reference) d) further purified by column
chromatography.

Table 56. Aldol reaction of thioimide 1m with different e batches.

5.5.3 Lewis acid assessment

R3SIOTf (1.5 equiv)
s o o 2,6-Lutidine (1.5 equiv) s o oskr
N - i I3
oY )K Coy(co), [(RFDTBM-SEGPHOSINICI, )il 0,(CO),
s N + H i/‘ (x mol%) o N \\/\
\_/ Sph CH,Cly, 0 °C, t \_J/ Sph
11 e 2-4

A solution of 11 (35 mg, 0.2 mmol, 1.0 equiv), e (92 mg, 0.22 mmol, 1.1 equiv), and
[(R)-DTBM-SEGPHOS]NIClz (0-10 mol%) in CHzClz (0.5 M) was cooled at the
desired temperature under N2. Then, neat TESOTf (69 pL, 0.3 mmol, 1.5 equiv)
was added followed by 2,6-lutidine (35 pL, 0.3 mmol, 1.5 equiv) and the resultant
mixture was stirred and followed by TLC.

Upon apparent completion, the reaction mixture was quenched with sat. NH4Cl (1
mL) and a known amount of methyl 4-nitrobenzoate (15-40 mg) was added. Then,
the mixture was partitioned in CH2Clz (10 mL) and water (25 mL). The aqueous
layer was extracted with CHzClz (2 x 10 mL). The combined organic extracts were
dried (MgSO04), and concentrated. The resultant residue was analysed by 1H NMR.
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Entry L* (%) Lewisacid e T(C) T (h) Conv.(%)* dr? Yield (%) ee (%)

1 10 TIPSOTf  Batch 2* 0 5 100 - <5% -
2 - TIPSOTf  Batch 2* 0 5 100 - <5% -
3 10 TBSOTf  Batch 2* 0 5 90% 80:20 41 60
4 - TBSOTf  Batch 2* 0 5 8% - - -
5 10 TBSOTf Batch 5 0 16 <5% - -
6 10 TMSOTf  Batch 2* 0 5 100 88:12 (58)45 77
7 - TMSOTf  Batch 2* 0 5 80% 90:10 (46)38 -
8 10 TMSOTf  Batch 5 0 5 80% 86:14 - 47
9d 10 TMSOTf  Batch5 -20 16 60% 87:13 - 50

a) Based on the recovery of 11 established by 'H NMR analysis using methyl 4-nitrobenzoate as internal
reference. b) Established by 'H NMR analysis. c) Isolated yield, (NMR yield established by 'H NMR
analysis using methyl 4-nitrobenzoate as internal reference) d) Temperature -20 °C.

Table 57. Assessment of different lewis acids.
GENERAL PROCEDURE 6
A solution of thioimide 1 (1.0 equiv), e (1.1 equiv), and [(R)-DTBM-SEGPHOS]NiCl2
(5-10 mol%) in CH2Clz (0.5 M) was cooled at 0 °C under Nz. Then, neat R3SiOTf

(1.5 equiv) was added followed by 2,6-lutidine (1.5 equiv) and the resultant
mixture was stirred at 0 °C and followed by TLC.

After apparent completion, the reaction mixture was quenched with sat. NH4Cl (1
mL) and partitioned in CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was
extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgSO04), and concentrated. The resultant residue was analysed by 'H NMR.
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N-[Hexacarbonyl{p-[n*(3-triethylsililoxy-2-methyl-5-phenyl-4-
pentynoyl)]dicobalt (Co-Co)}-1,3-thiazolidine-2-thione (3le)

i O OTES
Co,(CO

s N f 2(CO)s

/ N

Ph

The General Procedure 6 was followed with 11 (35 mg, 0.2 mmol, 1.0 equiv), [(R)-
DTBM-SEGPHOS]NIClz (19.8 mg, 15 umol, 10 mol%), e (94 mg, 0.55 mmol, 1.2
equiv), TESOTf (162 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (87 pL, 0.75 mmol,
1.5 equiv) at 0 °C for 16 h.

The residue (dr >95:5) was purified by column chromatography (from 95:5 to
80:20 Hexanes/EtOAc) to give 62 mg (0.09 mmol, 44% yield) of 3le.

Dark brown oil.

Rf0.25 (90:10 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) § 7.43-7.38 (m, 2H, ArH), 7.36-7.27 (m, 3H, ArH), 5.69
(d,J=6.1Hz, 1H, CHOTES), 4.63 (dq, / = 7.4, 6.1 Hz, 1H, CHCH3), 4.33 (dt, / = 12.3,
7.8 Hz, 1H, NCHxHy), 4.18 (ddd, J = 12.3, 7.8, 6.6 Hz, 1H, NCHxHy), 3.12 (ddd, ] =
11.1,7.8, 6.6 Hz, 1H, SCHxHy), 3.03 (dt, /= 11.1, 7.8 Hz, 1H, SCHxHy), 1.36 (d,/ = 7.0
Hz, 3H, CHCHz), 0.96 (t, / = 7.4 Hz, 9H, OSiCH2CH3), 0.66 (q, J = 7.7 Hz, 6H,
0SiCH2CHs).

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 10.2 min, Rt 11.0 min, 0% ee.

N-[Hexacarbonyl{p-[n*(3-triethylsililoxy-2-methyl-5-phenyl-4-
pentynoyl)]dicobalt (Co-Co)}-1,3-oxazolidine-2-thione (3me)

S O OTES
N Co2(COs
o N A
\—/ Sy
The General Procedure was followed with 1m (80 mg, 0.5 mmol, 1.0 equiv), e (230
mg, 0.55 mmol, 1.2 equiv), [(R)-DTBM-SEGPHOS]NiCl; (65.5 mg, 50 pmol, 10
mol%), TESOTf (162 puL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (87 uL, 0.75 mmol,

1.5 equiv) at 0 °C for 16 h.

The residue (dr 26:74) was purified by column chromatography (from 95:5 to
70:30 Hexanes/EtOAc) to give 183 mg (0.27 mmol, 53% yield) of 3me and 51 mg
(0.07 mmol, 15% yield) of 3’'me.
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Dark brown oil.

Rf 0.5 (70:30 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) & 7.41-7.27 (m, 5H, ArH), 5.68 (d, J = 7.1 Hz, 1H,
CHOTES), 4.73 (p, /] = 7.1 Hz, 1H, CHCH3), 4.43-4.35 (m, 1H, OCHxHy), 4.29-4.17
(m, 1H, OCHxHy), 3.97 (ddd, J = 11.3, 9.6, 8.1 Hz, 1H, NCHxHy), 3.70 (ddd, / = 11.3,
9.6, 6.9 Hz, 1H, NCHxHy), 1.38 (d, J = 7.1 Hz, 3H, CHCH3), 0.96 (t, /] = 7.9 Hz, 9H,
0SiCH2CH3), 0.71-0.60 (m, 6H, OSiCH2CH3).

N-[hexacarbonyl{p-[n*(3-triethylsililoxy-2-methyl-5-phenyl-4-
pentynoyl)]dicobalt (Co-Co)}-1,3-o0xazolidine-2-thione (4le)

S O OTMS

Co,(CO
OXN o 2(CO)s

R e
The General Procedure 6 was followed with 11 (32 mg, 0.2 mmol, 1.0 equiv), [(R)-
DTBM-SEGPHOS]NIClz (26.5 mg, 20 umol, 10 mol%), e (88 mg, 0.22 mmol, 1.2
equiv), TMSOTf (162 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (87 pL, 0.75 mmol,
1.5 equiv) at 0 °C for 16 h.

The residue (dr 95:5) was purified by column chromatography (from 95:5 to
70:30 Hexanes/EtOAc) to give 183 mg (0.27 mmol, 53% yield) of 4le and 51 mg
(0.07 mmol, 15% yield) of 4’le.

Dark brown oil.

R 0.5 (70:30 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 7.45-7.38 (m, 2H, ArH), 7.37-7.27 (m, 3H, ArH), 5.62
(d,J = 6.9 Hz, 1H, CHOTMS), 4.61 (p,] = 6.9 Hz, 1H, CHCH3), 4.29 (dt,J = 12.1, 8.0
Hz, 1H, NCHxHy), 4.09 (ddd, / = 12.1, 7.8, 6.2 Hz, 1H, NCHxHy), 3.08 (ddd, J = 11.1,
7.8, 6.2 Hz, 1H, SCHxHy), 2.98 (dt, J = 11.1, 8.0 Hz, 1H, SCHxHy), 1.35 (d, / = 6.9 Hz,
3H, CHCH3), 0.15 (s, 9H, OTMS).

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.8 min (minor isomer) R:7.4 min (major isomer), 77% ee.
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5.5.4 Analysis of the enantioselectivity of the
reaction
S O OTES CAN (3 equiv) S O OTES
X)LN \/COZ(CO)G Acetone

N %

—_—> X
A _7g0
W \Ph 78°Ctort,2h W Ph
n 2-4 n

deprotected aldol product

Ph” > NH,
(2.2 equiv)
CH,yCly, 1t, 2 h
H O OTES B O OTES
Ph7N L T PTNTYTN
Ph : Ph

chiral amine derivatives

Enantioselectivity was determined either by chiral HPLC of the deprotected
alkyne derived from 2-4 or 'H NMR of the derivative chiral amine derivative.

A solution of the corresponding adduct 2-4 in acetone (0.04 M) was added
dropwise to a solution of CAN (3 equiv) in acetone (0.4 M) at -78 °C. Then, the
mixture is warmed up to rt and controlled by TLC. The resulting purple solution is
diluted with water (20 mL) and extracted with CH2Clz (3 x 10 mL). The combined
organic extracts were dried (MgS0O4) and concentrated under reduced pressure to
give the corresponding deprotected aldol product.

(S)-1-Phenylethylamine (2.2 equiv) was added dropwise to a solution of the
deprotected aldol adduct (1 equiv) in CH2Clz (0.3 M) at rt. The mixture was stirred
and the reaction was controlled by TLC until apparent completion. Afterwards, the
mixture was diluted in water (15 mL) and extracted with CH2Clz (3 x 10 mL). The
combined organic extracts were dried (MgS04) and concentrated under reduced
pressure. The resultant residue was analysed by 'H NMR to determine the dr,
which corresponds to the initial ee.
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CHAPTER II

The Michael reaction
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6 Starting materials

6.1 Synthesis of a,f-unsaturated aldehydes

(6] O O OMe (0]

\ 7/
S 1)'BuOK / THF
T TV Ay 1BuO PN N
| —+R L\ 2) EtOAc / HCI (6 M) | R
Z -N ¥z

N-N
Ph

(0] (@] (@] (@]

f OMe g h Cl i CF
(0] (@] (@] OMe (@]

i NO, k | m
(@] (@] (o] (o]

H% HJV/\@ HJV/\@ -
| |
n o P q

3

0 0 o 1 o o
H O HMI HM H)v\SiMezPh HW
Br
r s t u X

GENERAL PROCEDURE 7

A mixture of t-BuOK (3 equiv) in THF (2.25 M) was slowly added to a solution of
2,2-dimethoxyethyl-1-phenyl-1H-tetrazol-5-yl sulfone (2 equiv) and the aldehyde
(1 equiv) in THF (0.4 M) at 0 °C, and the final mixture was stirred at rt for 1 h.

Next, EtOAc was added to obtain a 1:1 THF/EtOAc mixture, which was cooled to 0
°C. Then, 5 M HCI (30 mL) was added dropwise, and the resultant mixture was
stirred for 40 min at rt.

The layers were separated. The aqueous layer was extracted with EtOAc (3 x 40
mL). The combined extracts were washed with 2 M NaOH (40 mL), sat. NH4Cl (20
mL), and brine (40 mL), dried (MgS04) and concentrated under reduced pressure.
The crude mixture was purified by column chromatography (Hexanes/EtOAc) to
give the desired o,3-unsaturated aldehyde.
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6.1.1 Synthesis of PT sulphone
5-(2,2-Dimethoxyethylthio)-1-phenyl-1H-tetrazole
OMe
N'NY SVKOMe
N-N,
Ph

Following a literature procedure,* 2-bromoacetaldehyde dimethyl acetal (6.2 mL,
52.5 mmol) was added dropwise to a solution of 2-phenyl-2H-tetrazole-5-thiol
(8.9 g, 50 mmol) and tBuOK (6.17g, 55 mmol) in DMF (50 mL) at rt.

Then, the mixture was stirred at 80 °C for 6 h. Afterwards, the mixture was rinsed
with water (60 mL) and extracted with EtOAc (2 x 50 mL). The combined organic
extracts were washed with water (5 x 50 mL) and brine (50 mL), dried (MgSO4)
and concentrated under reduced pressure to give 12.97 g (49 mmol, 97% yield),
which needed no further purification.

White solid.
1H NMR (400 MHz, CDCI3) 6 7.62-7.51 (m, 5H, ArH), 4.72 (t,/ = 5.3 Hz, 1H, CHOMe),
3.60 (d, /= 5.3 Hz, 2H, SCHz2), 3.43 (s, 6H, OMe).

5-(2,2-Dimethoxyethyl 1-phenyl-1H-tetrazolyl) Sulfone (PT sulphone)

0 0 OMe
N’NYS\/kOMe
NN

Ph
Following a literature procedure,* 30% H202 (47 mL, 460 mmol) was added
dropwise to a solution of 5-(2,2-dimethoxyethylthio)-1-phenyl-1H-tetrazole
(12.97 g, 49 mmol) and (NH4)sM07024-4H20 (6.49 g, 5.25 mmol, 10 mol%) in EtOH

(20 mL) at 0 °C and the resulting mixture was stirred at rt for 3 h.

The solution was cooled to 0 °C and sat. Na2S03 was added slowly to quench the
reaction until pH % 4. Then, it was neutralized with NaHCO3 (60 mL) and extracted
with EtOAc (2 x 60 mL). The combined organic extracts were washed with brine
(60 mL), dried (MgS04) and concentrated under reduced pressure to give 13.6 g
(46 mmol, 94% yield) of PT sulphone.
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White to pale orange solid.
1H NMR (400 MHz, CDCls) 8 7.68-7.57 (m, 5H, ArH), 4.93 (t,/ = 5.5 Hz, 1H, CHOMe),
3.82 (d,] = 5.5 Hz, 2H, SCHz), 3.29 (s, 6H, OMe).
6.1.2 a,B-Unsaturated aldehydes
(E)-3-(4-Methoxyphenyl)propenal (f)
o}

H)K/\Q\
OM

Following the General Procedure 7, 4-methoxybenzaldehyde (1.8 mL, 15 mmol)

e

was used. The crude mixture was purified by flash chromatography (from 90:10
to 85:15 Hexanes/EtOAc) to give 1.90 g (11.9 mmol, 79% yield) of pure f.

White solid.

Rf 0.6 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3): § 9.67 (d,] = 7.7 Hz, 1H, CHO), 7.57-7.51 (m, 2H, ArH),
7.45 (d, J = 15.6 Hz, 1H, CHCHCHO), 6.97-6.91 (m, 2H, ArH), 6.62 (dd, J = 15.6 Hz,
7.7 Hz, 1H, CHCHO), 3.86 (s, 3H, OMe).

(E)-3-(4-Methylphenyl)propenal (g)

(e}
HJI\/\Q\

Following the General Procedure 7, 4-methylbenzaldehyde (0.6 mL, 5 mmol) was
used. The crude mixture was purified by flash chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 619 mg (4.2 mmol, 85% yield) of pure g.

Pale yellow solid.

Mp 42-43 °C.

R¢ 0.5 (80:20 Hexanes/EtOAc).

IR (ATR) v 2918, 2821, 2742, 1678, 1625, 1601, 1122, 1108, 979, 804 cm™1.

1H NMR (400 MHz, CDCl3) & 9.68 (d, /] = 7.7 Hz, 1H, CHO), 7.49-7.41 (m, 3H,
CHCHCHO, ArH), 7.27-7.21 (m, 2H, ArH), 6.68 (dd, J = 15.9, 7.7 Hz, 1H, CHCHO),
2.40 (s, 3H, ArMe).

13C NMR (101 MHz, CDCl3) 6 193.8 (CH), 152.9 (CH), 141.9 (C), 131.3 (C), 129.8
(CH), 128.5 (CH), 127.7 (CH), 21.5 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C10H110: 147.0804, found: 147.0808.

261



Experimental section

(E)-3-(4-Chlorophenyl)propenal (h)

H)V\Q\
cl
Following the General Procedure 7, 4-chlorobenzaldehyde (2.11 g, 15 mmol) was

used. The crude mixture was purified by flash chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 2.0 g (12.0 mmol, 80% yield) of pure h.

White solid.

Mp 61-62 °C.

R 0.3 (90:10 Hexanes/EtOAc).

IR (ATR) v 3056, 2994, 2851, 2761, 1694, 1626, 1588, 1489, 1123, 1086, 806
cm-lL,

1H NMR (400 MHz, CDCl3) § 9.71 (d,J = 7.6 Hz, 1H, CHO), 7.54-7.48 (m, 2H, ArH),
7.43-7.39 (m, 3H, CHCHCHO, ArH), 6.69 (dd, ] = 16.0, 7.6 Hz, 1H, CHCHO).

13C NMR (101 MHz, CDCls) 6 193.3 (CH), 151.0 (CH), 137.2 (C), 132.5 (C), 129.6
(CH), 129.4 (CH), 128.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* CoHg35ClO: 167.0258, found: 167.0261; m/z
calcd for [M+H]* CoHs37ClO: 169.0236, found: 169.0235.

(E)-3-(4-Trifluoromethylphenyl)propenal (i)
o]
H)K/\@
CF
Following the General Procedure 7, 4-(trifluoromethyl)benzaldehyde (2.1 mL, 15

mmol) was used. The crude mixture was purified by flash chromatography (from
95:5 to 85:15 Hexanes/EtOAc) to give 2.34 g (11.7 mmol, 78% yield) of pure i.

3

White solid.

Mp 60-62 °C.

Rf 0.6 (80:20 Hexanes/EtOAc).

IR (ATR) v 2821, 2740, 1678,1317,1119, 1107, 1063, 981, 819 cm™1.

1H NMR (400 MHz, CDCl3) 6 9.76 (d, ] = 7.5 Hz, 1H, CHO), 7.73-7.65 (m, 4H, ArH),
7.51 (d,J = 16.0 Hz, 1H, CHCHCHO), 6.78 (dd, J = 16.0, 7.5 Hz, 1H, CHCHO).

13C NMR (101 MHz, CDCl3) 6 193.1 (CH), 150.2 (CH), 137.3 (C), 132.6 (q, Yc-F =
32.8 Hz, CF3), 130.5 (C), 128.6 (CH), 126.1 (CH), 126.0 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C10HsF30: 201.0522, found: 201.0526.
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(E)-3-(4-Nitrophenyl)propenal (j)

(6]
H)K/\@
NO

Following the General Procedure 7, 4-nitrobenzaldehyde (2.26 g, 15 mmol) was

2

used. The crude mixture was purified by flash chromatography (from 95:5 to
70:30 Hexanes/EtOAc) to give 1.23 g (6.9 mmol, 46% yield) of pure j.

Yellow solid.

Mp 134-136 °C.

Rr 0.3 (70:30 Hexanes/EtOAc).

IR (ATR) v 3062, 2921, 2825, 1531, 1344, 1313, 1123, 1109, 866, 826, 740 cm-1.
1H NMR (500 MHz, CDCI3) § 9.79 (d, ] = 7.4 Hz, 1H, CHO), 8.34-8.27 (m, 2H, ArH),
7.78-7.71 (m, 2H, ArH), 7.54 (d, /] = 16.1 Hz, 1H, CHCHCHO), 6.82 (dd, J = 16.1, 7.4
Hz, 1H, CHCHO).

13C NMR (126 MHz, CDCl3) § 192.8 (C), 149.0 (C), 148.8 (CH), 139.9 (C), 131.7
(CH), 129.0 (CH), 124.3 (CH).

HRMS (ESI-) m/z calcd for [M-H]- CoHe¢NO3: 176.0353, found: 176.0357.

3-Methoxybenzaldehyde

0]

M
H)‘\©/O e

Methyl iodide (2.3 mL, 60 mmol) was added to a solution of 3-
hydroxibenzaldehyde (3.66 g, 30 mmol) in acetone (18 mL) at 0 °C. Next, solid
K2CO3 (8.3 g, 60 mmol) was added and the resultant mixture was stirred for 16 at
rt. The mixture was filtrated and the volatiles were removed under reduced
pressure. Then, the crude mixture was purified by flash chromatography (85:15
Hexanes/EtOAc) to give 3.89 g (28.5 mmol, 95% yield) of pure 3-
methoxybenzaldehyde.

Pale yellow liquid.
Rr 0.4 (85:15 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) § 9.99 (s, 1H, CHO), 7.48-7.44 (m, 2H, ArH), 7.42-7.38
(m, 1H, ArH), 7.21-7.15 (m, 1H, ArH), 3.87 (s, 3H, OMe).
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(E)-3-(3-Methoxyphenyl)propenal (k)

o

oM
HJ\/\©/ e

Following the General Procedure 7, 3-methoxybenzaldehyde (4.08 g, 30 mmol)
was used. The crude mixture was purified by flash chromatography (from 95:5 to
80:20 Hexanes/EtOAc) to give 3.85 g (23.7 mmol, 79% yield) of pure k.

Pale yellow liquid.

Rf 0.4 (85:15 Hexanes/EtOAc).

IR (ATR) v 2941, 2835, 2737, 1669, 1625, 1271, 1118, 1036, 970, 775, 682 cm-1.
1H NMR (400 MHz, CDCl3) § 9.71 (d, ] = 7.7 Hz, 1H, CHO), 7.45 (d, / = 16.0 Hz, 1H,
CHCHCHO), 7.39-7.31 (m, 1H, ArH), 7.20-7.14 (m, 1H, ArH), 7.11-7.06 (m, 1H,
ArH), 7.03-6.95 (m, 1H, ArH), 6.71 (dd, J = 16.0, 7.7 Hz, 1H, CHCHO), 3.85 (s, 3H,
OMe).

13C NMR (101 MHz, CDCls) § 193.6 (CH), 160.0 (CH), 152.6 (C), 135.3 (C), 130.1
(CH), 128.8 (CH), 121.2 (CH), 117.1 (CH), 113.3 (CH), 55.3 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C10H1102: 163.0754, found: 163.0752.

2-Methoxybenzaldehyde

O OMe

Methyl iodide (2.3 mL, 60 mmol) was added to a solution of 2-
hydroxibenzaldehyde (3.66 g, 30 mmol) in acetone (18 mL) at 0 °C. Next, solid
K2COs3 (8.3 g, 60 mmol) and the mixture was stirred overnight at rt.

The mixture was filtrated and the volatiles removed under reduced pressure.
Then, the crude mixture was purified by flash chromatography (85:15
Hexanes/EtOAc) to give 3.54 g (26.0 mmol, 87% yield) of pure 2-
methoxybenzaldehyde.

Pale yellow liquid.
Rf 0.4 (85:15 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) & 10.48 (s, 1H, CHO), 7.85-7.82 (m, 1H, ArH), 7.59-7.53
(m, 1H, ArH), 7.06-6.98 (m, 2H, ArH), 3.94 (s, 3H, OMe).
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(E)-3-(2-Methoxyphenyl)propenal (1)

Following the General Procedure 7, 2-methoxybenzaldehyde (2.04 g, 15 mmol)
was used. The crude mixture was purified by flash chromatography (from 90:10
to 85:15 Hexanes/EtOAc) to give 2.00 g (12.3 mmol, 82% yield) of pure 1.

Colorless oil.

R 0.5 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) § 9.70 (d, ] = 7.9 Hz, 1H, CHO), 7.85 (d, / = 16.1 Hz, 1H,
CHCHCHO), 7.56 (dd, J = 7.5, 1.6 Hz, 1H, ArH), 7.42 (ddd, J = 8.2, 7.5, 1.7 Hz, 1H,
ArH), 7.01 (t, /] = 7.5 Hz, 1H, ArH), 6.96 (d, ] = 8.2 Hz, 1H, ArH), 6.80 (dd, J = 16.1,
7.9 Hz, 1H, CHCHO), 3.92 (s, 3H, OMe).

(E)-3-(3-Methylphenyl)propenal (m)

0]

Following the General Procedure 7, 3-methylbenzaldehyde (1.6 mL, 15 mmol) was
used. The crude mixture was purified by flash chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 0.95 g (6.5 mmol, 43% yield) of pure m.

Pale yellow liquid.

Rr 0.6 (Hexanes/EtOAc 80:20).

IR (ATR) v 2920, 2812, 2732, 1669, 1624, 1604, 1119, 969, 775, 686 cm-.

1H NMR (400 MHz, CDCI3) 6 9.69 (d, J = 7.7 Hz, 1H, CHO), 7.45 (d, / = 16.0 Hz, 1H,
CHCHCHO), 7.40-7.22 (m, 4H, ArH), 6.71 (dd, /= 16.0, 7.7 Hz, 1H, CHCHO), 2.39 (s,
3H, ArMe).

13C NMR (101 MHz, CDCI3) 6 193.7 (CH), 153.0 (CH), 138.8 (C), 133.9 (C), 132.1
(CH), 129.1 (CH), 128.9 (CH), 128.4 (CH), 125.7 (CH), 21.3 (CH3).
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(E)-3-(2-Methylphenyl)propenal (n)

0]
HJ\A@

Following the General Procedure 7, 2-methylbenzaldehyde (1.8 mL, 15 mmol) was
used. The crude mixture was purified by flash chromatography (from 90:10 to
80:20 Hexanes/EtOAc) to give 1.49 g (10.2 mmol, 68% yield) of pure n.

Pale yellow liquid.

Rf 0.6 (80:20 Hexanes/EtOAc).

IR (ATR) v 2816, 2737, 1671, 1619, 1600, 1126, 1097, 748, 729, 711, 613 cm-L.
1H NMR (400 MHz, CDCI3) 6 9.73 (d, /= 7.7 Hz, 1H, CHO), 7.78 (d, / = 15.8 Hz, 1H,
CHCHCHO), 7.62-7.55 (m, 1H, ArH), 7.38-7.20 (m, 3H, ArH), 6.67 (dd, ] = 15.8, 7.7
Hz, 1H, CHCHO), 2.48 (s, 3H, ArCHz3).

13C NMR (101 MHz, CDCls) 6 193.9 (CH), 150.3 (CH), 137.9 (C), 132.8 (C), 131.0
(CH), 131.0 (CH), 129.6 (CH), 126.8 (CH), 126.6 (CH), 19.7 (CH3).

(E)-3-(2-Thiophenyl)propenal (o)

Following the General Procedure 7, thiophene-2-carbaldehyde (1.4 mL, 15 mmol)
was used. The crude mixture was purified by flash chromatography (from 95:5 to
80:20 Hexanes/EtOAc) to give 1.60 g (11.5 mmol, 77% yield) of pure o.

Brown liquid.

Rr 0.4 (90:10 Hexanes/EtOAc).

IR (ATR) v 3085, 2814, 2721, 1662, 1606, 1419, 1225, 1112, 1043, 957, 856,
815,703,561 cmL.

1H NMR (400 MHz, CDCl3) 6 9.63 (d, ] = 7.7 Hz, 1H, CHO), 7.59 (dt, ] = 15.6, 0.7 Hz,
1H, CHCHCHO), 7.53-7.48 (m, 1H, ArH), 7.39-7.33 (m, 1H, ArH), 7.14-7.09 (m, 1H,
ArH), 6.51 (dd, J = 15.6, 7.7 Hz, 1H, CHCHO).

13C NMR (101 MHz, CDCl3) 6 192.9 (CH), 144.4 (CH), 139.2 (C), 132.0 (CH), 130.4
(CH), 128.5 (CH), 127.3 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C7H70S: 139.0212, found: 139.0212.
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(E)-3-(2-Furanyl)propenal (p)

Following the General Procedure 7, furane-2-carbaldehyde (1.44 g, 15 mmol) was
used. The crude mixture was purified by flash chromatography (from 95:5 to
85:25 Hexanes/EtOAc) to give 666 mg (5.4 mmol, 36% yield) of pure p.

Dark brown liquid.

Rf 0.4 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 9.63 (d,/ = 7.9 Hz, 1H, CHO), 7.58-7.56 (m, 1H, ArH),
7.22 (d, ] = 15.8 Hz, 1H, ArCH), 6.80-6.75 (m, 1H, ArH), 6.59 (dd, J = 15.8, 7.9 Hz,
1H, CHCHO), 6.55-6.52 (m, 1H, ArH).

(2E,4E)-5-Phenyl-2,4-pentadienal (q)

Ay

Following the General Procedure 7, cinnamaldehyde (2.4 mL, 19 mmol) was used.
The crude mixture was purified by flash chromatography (from 98:2 to 94:6
Hexanes/EtOAc) to give 2.29 g (14.4 mmol, 76% yield) of pure q.

Colorless oil.

R 0.5 (90:10 Hexanes/EtOAc).

1H NMR (400 MHz, CDCI3) § 9.63 (d, J = 8.0 Hz, 1H, CHO), 7.53-7.48 (m, 2H, ArH),
7.42-7.34 (m, 3H, ArH), 7.31-7.24 (m, 2H, CHCHPh, CHCHCHO), 7.01 (d,J = 7.3 Hz,
1H, CHPh), 6.28 (dd, J = 15.2, 8.0 Hz, 1H, CHCHO).

(Z)-2-Bromo-3-phenylacrylaldehyde (r)
0]
HY N

Br

Following a literature procedure,> bromine (17 mL, 333 mmol, 1 equiv) was added
to a solution of (E)-cinnamaldehyde (42 mL, 333 mmol, 1 equiv) in aceticacid (170
mL) at 0 °C. Next, solid K2COs3 (23 g, 170 mmol, 0.5 equiv) was added and the
mixture was stirred until gas evolution stopped.

Then, the mixture was heated to reflux for 30 min and it was cooled to rt. The
mixture was poured in 450 mL of water and the reddish precipitate was filtered
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and purified by recrystallization (EtOH) to give 55 g (263 mmol, 79% yield) of
purer.

Pale yellow solid.
1H NMR (400 MHz, CDCls) & 9.36 (s, 1H, CHO), 8.04-7.98 (m, 2H, ArH), 7.91 (s, 1H,
CHPh), 7.53-7.46 (m, 3H, ArH).

(E)-3-lodoacrolein (s)

HJ\/\l

Following a literature report,® 3,3-diethoxy-1-propyne (0.72 mL, 5 mmol) was
added to a stirring biphasic mixture of 4 M solution of H2S04 (5 mL) and Et20 (1.2
mL) at 0 °C. Then, powdered Nal (1.12 g, 7.5 mmol) was added and the mixture
was closed with a glass stopper [Caution: The impurities in rubber stoppers can
catalyse the decomposition of the reaction] and it was stirred for 2 h.

The mixture was rinsed with a sat. NaHCOs3 (15 mL), and extracted with Et20 (3 x
10 mL). The combined organic mixture was washed with sat. Na2S203 (15 mL) and
brine (30 mL), dried (MgS04) and concentrated under reduced pressure to give
the compound as a bright pale yellow-green solid, which easily degrades under air
to become a useless black oil.

Ethyl (Z)-3-iodoacrylate

O |

EtOM

Following a literature procedure,’ ethyl propiolate (205 pL, 2 mmol) was added
dropwise to a stirring solution of Nal (300 mg, 2 mmol) in glacial acetic acid (1
mL) at rt. Then, the mixture was heated to 70 °C and it was stirred for 16 h.

The mixture was rinsed with H20 (20 mL) and extracted with Et20 (3 x 10 mL).
The combined organic extracts were washed with NaOH (20 mL), dried (MgS04)
and concentrated under reduced pressure. The crude mixture was purified by
column chromatography (from 95:5 to 85:15 Hexanes/EtOAc) to give 268 mg (1.2
mmol, 60% yield) of pure compound ethyl (Z)-3-iodoacrylate.

Colorless liquid.
1H NMR (400 MHz, CDCl3) & 7.44 (d, J = 8.9 Hz, 1H, CHI), 6.89 (d,J = 8.9 Hz, 1H,
CHCHI), 4.26 (q,/ = 7.1 Hz, 2H, CH2CH3), 1.32 (t,/ = 7.1 Hz, 3H, CH2CHs).
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(Z2)-3-lodoacrylaldehyde (t)

O |

W N

Following a literature procedure,” ethyl (Z)-3-iodoacrylate (268 mg, 1.2 mmol)
was dissolved in CH2Clz (5 mL) and cooled to -78 °C. Then, a 1 M solution of DIBAL-
Hin toluene (1.6 mL, 1.6 mmol) was added dropwise over 10 min and the reaction
mixture was stirred at this temperature for 5 min.

Then, the reaction was quenched with MeOH (1 mL), and a sat. solution of sodium
potassium tartrate was added (15 mL) and it was stirred for 2 h at rt. The mixture
was rinsed with water (10 mL) and extracted with Et20 (3 x 10 mL). The combined
organic extracts were washed with brine (15 mL) and dried (K2COs). The crude
mixture was purified by flash chromatography (80:20 Hexanes/EtOAc) to give
102 mg (0.56 mmol, 47% yield) of product t.

Pale yellow liquid.

Rr 0.4 (80:20 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) § 9.69 (1H, d, J = 6.5 Hz, CHO), 7.79 (1H, d, ] = 8.2 Hz,
ICHCH), 6.75 (1H, dd, J = 8.2, 6.5 Hz, ICHCH).

(E)-4,4-Dimethyl-2-pentenal (x)
0]
H W

Following the General Procedure 7, pivaldehyde (0.6 mL, 5 mmol) was used. The
crude mixture was purified by flash chromatography (from 98:2 to 96:4
Hexanes/EtOAc) to give 75 mg (0.67 mmol, 13% yield) of pure x.

Pale yellow oil.

Rr 0.6 (90:10 Hexanes/EtOAc).

1H NMR (400 MHz, CDCl3) 6 9.52 (d, ] = 7.7 Hz, 1H, CHO), 6.81 (d, / = 15.9 Hz, 1H,
tBuCH), 6.05 (dd, J = 15.8, 7.8 Hz, 1H, CHCHO), 1.14 (s, 9H, tBuCH).
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7 Michael addition to a,B-unsaturated
aldehydes

7.1 Heterocycle and Lewis acid assessment

- oo 3§ ®
O o : )W
XXN)K/ " M (Me3P),NiCl, (5 mol %) X~ °N ; 7 OSiR;
H Ph cH,Cl,, —20°C, t :

e 7

1 b

A solution of an N-propanoyl thioimide 1 (1.0 mmo], 1.0 equiv), cinnamaldehyde
b (140 pL, 1.1 mmol, 1.1 equiv), and (Me3sP)2zNiClz (14.1 mg, 50 pmol, 5 mol%) in
CH2Cl2 (2 mL) was cooled at -20 °C under N2. Then, neat R3SiOTf (1.5 mmol, 1.5
equiv) was added followed by 2,6-lutidine (175 pL, 1.5 mmol, 1.5 equiv), and the
resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CHzClz
(2 x10 mL). The combined organic extracts were dried (MgS04) and concentrated.
The resultant residue was analysed by 'H NMR (400 MHz) and purified by flash
column chromatography to give the named compound. These results are
summarised in Table 58.
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Conv. rr dr dr syn anti

. t
Entry RsSiOTf 1 X n (h) (%) (L,2:1,4) (L,2)* (L4)e (%) (%)"

1 TIPSOTf 1a S 1 5 93 15:85 - 81:19 54 15
2 TESOTf 1a S 1 5 88 44:56 84:16  78:22 - -
3 TBSOTf 1a S 1 2 >99 67:33 76:24  78:22 - -
4 TMSOTf 1a S 1 2 >95 74:26 80:20 80:20 - -
5 TIPSOTf 1m O 1 5 94 27:73 - 80:20 - -
6 TESOTf 1n O 1 5 94 62:38 95:5  65:35 - -
7 TBSOTf 1n O 1 16 76 75:25 94:6  52:48 - -
8 TMSOTf 1n O 1 16 90 82:18 92:8  55:45 - -
9 TIPSOTf 11 S 0 5 90 13:87 - 81:19 62 16
10 TESOTf 11 S 0 5 80 48:52 89:11 77:23 - -

11  TMSOTf 11 S 0 2 >99 65:35 86:14  65:35 - -

12 TIPSOTf 1m O 0 5 97 28:72 - 70:30 - -
13 TESOTf 1m O 0 5 80 50:50 96:4  58:42 - -
14 TBSOTf 1m O 0 5 85 52:48 90:10 50:50 - -
15 TMSOTf 1m O 0 2 99 73:27 62:38  43:57 - -

a) Determined by 'H NMR analysis of the crude mixture. b) Isolated yield of 1,4 adducts.

Table 58. Heterocycle and Lewis acid assessment in the Michael reaction.

7.2 Catalyst and solvent assessment

S O Ph
TIPSOTf (1.5 equiv) S~ N7 OTIPS
2,6-Lutidine (1.5 equiv) :

)k L*NiCl; (2 mol %)
= S O Ph

s N)K/ + H)K/\Ph Solvent, —20 °C, t JL X
K) 1a b STUONT Y OTIPS
N 9'ab

A solution of thioimide 1a (189 mg, 1.0 mmol, 1.0 equiv), cinnamaldehyde b (140
puL, 1.1 mmol, 1.1 equiv), and the nickel catalyst (20 pmol, 2 mol%) in the
corresponding solvent (2 mL) was cooled at -20 °C under Nz. Then, neat TIPSOTf
(1.5 mmol, 1.5 equiv) was added followed by 2,6-lutidine (175 pL, 1.5 mmol, 1.5
equiv) and the resultant mixture was stirred at -20 °C.

" 9ab

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2Cl>
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(2 x 10 mL). The combined organic extracts were dried (MgS04), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz) and
purified by flash column chromatography to give 9ab and 9’ab. The results are

summarised in Table 59.

Ent L* Solvent t Conv. T dr ee syn anti
Ty (h) (%) (1,4:1,2)c (syn/anti)® (%)* (%)< (%)<
1 (R)-DTBM- CH:Cl 1 >97 98:2 79:21 99 70 19
SEGPHOS o ' :
2 (R)-DTBM- PhMe/CH:Cl4:1 1 >97  >99:1 84:16 99 72 16
SEGPHOS S : :
R)-DTBM-
3 (R PhMe/CH:Cl4:1 5 >97  >99:1 88:12 99 80 11
SEGPHOS
R)-DTBM-
4 (R PhMe 16 94  >99:1 84:16 99 - -
SEGPHOS
(R)-DTBM-
5 PhMe/DCE4:1 5 92 99:1 87:13 99 - -
SEGPHOS e/ g
(R)-DTBM- Pentane/CH2Cl2
6 5 95 99:1 76:24 99 - -
SEGPHOS 41 g
7 (R)-BINAP CH.Cl, 5 97  97:3 51:49 - - -
8 (R)-BINAP  PhMe/CH:Cl;4:1 5 >97  >99:1 15:85 99 15 78
9  (R)-Tol-BINAP CH:Cl, 5 97 982 60:40 - - -
10  (R)-Tol-BINAP PhMe/CH:Cl:4:1 5 >97  >99:1 15:85 99 15 75
11 (R)-SEGPHOS CH:Cl, 1 >97 982 55:45 - 46 41
12 (R)-SEGPHOS PhMe/CH:Cl:4:1 5 >97  >99:1 19:81 99 19 74
(R)-DM- ] . .
13 SEGPHOS PhMe/CH:Cl;4:1 5 >97  >99:1 31:69 99 26 52
14 (R)-TM-BIPHEP PhMe/CH:CL4:1 5 16  >99:1 30:70 - - -
15  (R)-BIPHEP  PhMe/CH:CL4:1 5 >97  >99:1 23:77 99 23 75
16  (R)-GARPHOS PhMe/CH:CL4:1 5 >97  >99:1 20:80 - 19 79
-DMM-
17 ) PhMe/CH.CL4:1 5 47  >99:1 13:87 - - -
GARPHOS
(R)-DTBM-
18 PhMe/CH:CL4:1 5 90  >99:1 87:13 99 68 11
GARPHOS

a) Determined by 'H NMR analysis of the crude mixture. b) Determined by chiral HPLC analysis. c) Isolated yield.
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7.3 Michael additions of thioimides to «,B-
unsaturated aldehydes

TIPSOTf (1.5 equiv)
S (0] (0] 2,6-Lutidine (1.2 equiv) S o Ar
R L*NiCl, (2 mol % PPN
S)LNJK/ + HMAr 2 ) S)LN > 0TIPs
(L 41 PhMelCH,Cl, 20°Ct )
1 b,c, f-r 9

GENERAL PROCEDURE 8

A solution of a thioimide (1.0 mmol, 1.0 equiv), an a,3-unsaturated aldehyde (1.1
mmol, 1.1 equiv), and a chiral nickel (II) complex (2-10 mol%) in 4:1
Toluene/CH:Cl2 (2 mL) was cooled at -20 °C under N2. Then, neat TIPSOTf (1.5
mmol, 1.5 equiv) was added followed by 2,6-lutidine (140 pL, 1.2 mmol, 1.2 equiv)
and the resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CHzClz
(2 x 10 mL). The combined organic extracts were dried (NazS04), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz) and
purified by flash column chromatography to give the named compound.

N-[(2S,3R,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9ab)

S o Ph
S)LNWOTIPS
N

The General Procedure 8 was followed with 1a (185 mg, 1 mmol, 1.0 equiv), [(R)-
DTBM-SEGPHOS]NiClz (27.5 mg, 21 umol, 2 mol%), b (140 pL, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 88:12) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 373 mg (0.80 mmol, 80% yield) of syn Michael 9ab
and 52 mg (0.11 mmol, 11% yield) of the anti Michael 9’ab.

Yellow oil.

Rf 0.4 (90:10 Hexanes/EtOAc).

[a]p2® +203.9 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): Re 13.8 min (2R,3S minor isomer) Rt 29.8 min (2S5,3R major
isomer), 99% ee.
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IR (ATR) v 2940, 2891, 2865, 1700, 1656, 1156, 1125, 919, 881, 806, 783, 760,
702, 684, 656 cm™1,

1H NMR (400 MHz, CDCI3) 6 7.32-7.25 (m, 2H, ArH), 7.22-7.16 (m, 1H, ArH), 7.16-
7.12 (m, 2H, ArH), 6.32 (d, / = 11.6 Hz, 1H, CHOTIPS), 5.18 (dd, J = 11.6, 10.4 Hz,
1H, CHCHOTIPS), 4.19 (dt,J = 13.1, 5.2 Hz, 1H, NCHxHy), 4.11 (dq, / = 10.4, 6.6 Hz,
1H,0=CCH), 3.37 (ddd, J = 13.1, 7.6, 6.6 Hz, 1H, NCHxHy), 3.23 (t,/ = 10.4 Hz, 1H,
PhCH), 3.08-2.88 (m, 2H, SCH2), 2.22-2.12 (m, 2H, SCH2CH2), 1.11 (d, /] = 6.6 Hz,
3H, CH3), 1.09-0.96 (m, 21H,0TIPS).

13CNMR (101 MHz, CDCI3) 6 204.1 (C), 183.0 (C), 142.8 (C), 141.7(CH), 128.6 (CH),
127.5 (CH), 126.5 (CH), 112.2 (CH), 51.0 (CH), 48.4 (CH), 46.7 (CH2), 31.6 (CH2),
229 (CH2), 17.7 (CH/CHs), 17.6 (CH/CH3) 16.8 (CH/CH3), 12.3 (CH/CH3)
11.8(CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C2sH40NO2S2Si: 478.2264, found: 478.2262.

N-[(2S,3R,4E)-3-(4-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9af)

OMe

s 0 Y
ﬁ%WOTIPS

The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.7 mg, 21 pmol, 2 mol%), f (178 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 80:20) was purified by column chromatography (from 97:3 to
90:10 Hexanes/EtOAc) to give 296 mg (0.58 mmol, 58% yield) of syn Michael 9af
and 97 mg (0.19 mmol, 19% yield) of the anti Michael 9’af.

Yellow thick oil.

R¢ 0.6 (80:20 Hexanes/EtOAc).

[a]p2® +203.3 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.3 min (2R,3S minor isomer) Rt31.7 min (25,3R major isomer),
99% ee.

IR (ATR) v 2942, 2865, 1711, 1655, 1609, 1510, 1249, 1163, 1120, 1033, 986,
925, 881, 824, 795, 736, 681, 663 cm™L,

1H NMR (400 MHz, CDCl3) 6 7.07-7.03 (m, 2H, ArH), 6.85-6.80 (m, 2H, ArH), 6.30
(d,J=11.6 Hz, 1H, CHOTIPS), 5.14 (dd, / = 11.6, 10.4 Hz, 1H, CHCHOTIPS), 4.20 (dt,
J=13.2,5.2 Hz, 1H, NCHxHy), 4.04 (dq, J = 10.4, 6.5 Hz, 1H, 0=CCH), 3.78 (s, 3H,
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OMe), 3.37 (ddd, J = 13.1, 7.4, 6.6 Hz, 1H, NCHxHy), 3.18 (t,/ = 10.4 Hz, 1H, ArCH),
3.08-2.89 (m, 2H, SCH2), 2.25-2.13 (m, 2H, NCH2CHz), 1.10 (d, J = 6.5 Hz, 3H,
CHCHs), 1.08-0.97 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCls) 6 204.0 (C), 183.1 (C), 158.1 (C), 141.4 (CH), 134.9 (C),
128.4 (CH), 113.9 (CH), 112.5 (CH), 55.2 (CH3s), 50.2 (CH), 48.7 (CH), 46.7 (CHz2),
31.6 (CH2), 22.9 (CH2), 17.7 (CH/CH3), 17.7 (CH/CH3), 17.6 (CH/CHs3), 16.8 (CH3),
11.8 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42NO3S2Si: 508.2370, found: 508.2370.

N-[(2S,3R,4E)-2-Methyl-3-(4-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9ag)

©

S B
SANWOTIPS
v :

The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.3 mg, 20 umol, 2 mol%), g (160 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) a-20 °C for 5 h.

The residue (dr 88:12) was purified by column chromatography (from 100:1 to
100:2 (80:20 Hexanes/toluene)/EtOAc) to give 355 mg (0.72 mmol, 72% yield) of
syn Michael 9ag and 51 mg (0.10 mmol, 10% yield) of the anti Michael 9’ag.

Yellow oil.

Rf 0.6 [90:10 (80:20 Hexanes/toluene)/EtOAc].

[a]p2® +246.6 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.0 min (2R,3S minor isomer) Rt19.8 min (25,3R major isomer),
99% ee.

IR (ATR) v 2942, 2865, 1712, 1655, 1297, 1163, 1120, 986, 926, 881, 811, 794,
682,663 cmL

TH NMR (400 MHz, CDCl3) 6 7.11-7.06 (m, 2H, ArH), 7.05-6.99 (m, 2H, ArH), 6.31
(d,J=11.6 Hz, 1H, CHOTIPS), 5.15 (dd, /= 11.6, 10.4 Hz, 1H, CHCHOTIPS), 4.19 (dt,
J=13.1, 5.2 Hz, 1H, NCHxHy), 4.06 (dq, / = 10.4, 6.5 Hz, 1H, 0=CCH), 3.37 (dt, J =
13.1, 7.0 Hz, 1H, NCHxHy), 3.19 (t,J = 10.4 Hz, 1H, ArCH), 3.07-2.90 (m, 2H, SCHz),
2.31 (s, 3H, ArCHs), 2.22-2.13 (m, 2H, NCH2CHz2), 1.10 (d, / = 6.5 Hz, 2H, CHCH3),
1.09-0.97 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCls) 6 204.0 (C), 183.1 (C), 141.5 (CH), 139.7 (C), 135.9 (C),
129.2 (CH), 127.4 (CH), 112.3 (CH), 50.6 (CH), 48.6 (CH), 46.7 (CH2), 31.6 (CH2),
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Experimental section

229 (CHz), 21.0 (CHs), 17.7 (CH/CHs), 17.6 (CH/CHs), 16.8(CH/CHs), 11.8
(CH/CHs).
HRMS (ESI+) m/z calcd for [M+H]* C26H42NO2S2Si: 492.2421, found: 492.2420.

N-[(2S,3R,4E)-3-(4-Chlorophenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9ah)
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The General Procedure 8 was followed with 1a (188 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (66.3 mg, 51 pumol, 5 mol%), h (182 mg, 1.1 mmo], 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 85:15) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 340 mg (0.67 mmol, 67% yield) of syn Michael 9ah
and 64 mg (0.12 mmol, 12% yield) of the anti Michael 9’ah.

Yellow thick oil.

Rr 0.5 (85:15 Hexanes/EtOAc).

[a]p2® +212.0 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.2 min (2R,3S minor isomer) R:17.6 min (3S,2R major isomer),
99% ee.

IR (ATR) v 2941, 2891, 2865, 1707, 1655, 1165, 1121, 1013, 987, 926, 881, 818,
783, 683, 652 cm1L.

1H NMR (400 MHz, CDCl3) 6 7.29-7.22 (m, 2H, ArH), 7.10-7.04 (m, 2H, ArH), 6.31
(d,J=11.6 Hz, 1H, CHOTIPS), 5.11 (dd, /= 11.6, 10.5 Hz, 1H, CHCHOTIPS), 4.21 (dt,
J=13.2,5.2 Hz, 1H, NCHxHy), 4.06 (dq, / = 10.5, 6.5 Hz, 1H, 0=CCH), 3.39 (ddd, J =
13.2, 7.5, 6.5 Hz, 1H, NCHxHy), 3.22 (t, / = 10.5 Hz, 1H, ArCH), 3.09-2.91 (m, 2H,
SCH2), 2.25-2.14 (m, 2H, NCH2CHz2), 1.09 (d, / = 6.5 Hz, 3H, CHCH3), 1.12-0.97 (m,
21H, OTIPS).

13CNMR (101 MHz, CDCl3) 6 204.3 (C), 182.6 (C), 142.0 (CH), 141.3 (C), 132.2 (C),
128.8 (CH), 128.7(CH), 111.8 (CH), 50.4 (CH), 48.3 (CH), 46.7 (CH2), 31.7 (CHz),
22.9 (CH2), 17.6 (CH/CHz), 17.6 (CH/CHs), 16.7 (CHs), 12.3 (CH/CH3), 11.8
(CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C25sH39CINO2S2Si: 512.1875, found: 512.1877.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-Methyl-3-(4-trifluoromethylphenyl)-5-
triisopropylsilyloxy-4-pentenoyl]-1,3-thiazinane-2-thione (9ai)

CF,
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The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NiClz (131.0 mg, 100 umol, 10 mol%), i (193 mg, 1.1 mmol,
1.1 equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 uL, 1.2
mmol, 1.2 equiv) at -20 °C for 48 h.

The residue (dr 67:33) was purified by column chromatography (from 90:10 to
60:40 Hexanes/CH2Cl2) to give 284 mg (0.53 mmol, 53% yield) of syn Michael 9ai
and 141 mg (0.26 mmol, 26% yield) of the anti Michael 9’ai as a mixture of
diastereomers.

Yellow oil.

Rr0.75 (50:50 Hexanes/CHzCl2).

IR (ATR) v 2942, 2867, 1966, 1699, 1655, 1324, 1163, 1115, 1066, 1015, 926,
831, 735, 685 cm™L

1H NMR (400 MHz, CDCl3) 6§ 7.57-7.52 (m, 2H, ArH), 7.28-7.23 (m, 2H, ArH), 6.34
(d,J=11.5Hz, 1H, CHOTIPS), 5.14 (dd,J = 11.5, 10.5 Hz, 1H, CHCHOTIPS), 4.23 (dt,
J=13.2,5.3 Hz, 1H, NCHxHy), 4.13 (dg, / = 10.5, 6.6 Hz, 1H, 0=CCH), 3.40 (ddd, ] =
13.2, 8.5, 5.3 Hz, 1H, NCHxHy), 3.31 (t, / = 10.5 Hz, 1H, ArCH), 3.09-2.91 (m, 2H,
SCH2), 2.26-2.11 (m, 2H, SCH2CH2), 1.12-1.08 (m, 3H, CHCH3), 1.06-0.97 (m, 21H,
OTIPS).

13C NMR (101 MHz, CDCls) 6 204.4 (C), 183.0 (C), 147.0 (C), 142.4 (CH), 128.8 (q,
YJe-r=32.5 Hz, CF3),128.1 (C), 127.8 (CH), 125.6 (CH), 111.3 (CH), 50.8 (CH), 48.1
(CH), 46.7 (CHz), 31.7 (CH2), 23.0 (CH2), 17.6 (CH/CH3), 16.8 (CH3), 11.8 (CH/CH3).
HRMS (ESI+) m/z calcd for [M+H]* C26H38F3NO2S2Si: 546.2138, found: 546.2252.
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Experimental section

N-[(2S,3R,4E)-2-Methyl-3-(4-nitrophenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9aj)

NO,
S O i
S)LNWOTIPS

The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NiClz (131.6 mg, 100 umol, 10 mol%), J (192 mg, 1.1 mmol,
1.1 equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 uL, 1.2
mmol, 1.2 equiv) at =20 °C for 48 h.

The residue (86% conversion, dr 60:40) was purified by column chromatography
(from 95:5 to 85:15 Hexanes/EtOAc) to give 179 mg (0.35 mmol, 35% yield) of
syn Michael 9aj and 113 mg (0.22 mmol, 22% yield) of the anti Michael 9’aj.

Yellow solid.

Mp 91-93 °C.

Rr 0.6 (80:20 Hexanes/EtOAc).

[a]p2® +49.7 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 10% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 14.4 min (2R,3S minor isomer) Rt 38.8 min (25,3R major
isomer), 99% ee.

IR (ATR) v 2939, 2864, 1726, 1655,1608, 1345, 1168, 1135, 1125, 994, 928, 843,
710, 683 cm1.

1H NMR (400 MHz, CDCl3) 6 8.21-8.13 (m, 2H, ArH), 7.35-7.27 (m, 2H, ArH), 6.37
(d,J=11.6 Hz, 1H, CHOTIPS), 5.11 (dd, / = 11.6, 10.5 Hz, 1H, CHCHOTIPS), 4.26 (dt,
J=13.2,5.2 Hz, 1H, NCHxHy), 4.16 (dq, /= 10.6, 6.6 Hz, 1H, 0=CCH), 3.48-3.33 (m,
2H, NCHxHy, ArCH), 3.14-2.94 (m, 2H, SCH2), 2.28-2.17 (m, 2H, NCH2CHz2), 1.13-
0.95 (m, 24H, CHCHs, OTIPS).

13CNMR (101 MHz, CDCls) § 204.5 (C), 181.9 (C), 150.5 (C), 146.7 (C), 142.8 (CH),
128.32 (CH), 124.1 (CH), 111.0 (CH), 50.9 (CH), 47.8 (CH), 46.7 (CHz2), 31.7 (CHz),
23.0 (CHz), 17.6 (CH/CH3), 17.5 (CH/CH3), 16.7(CH/CH3), 11.8 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C25H39N204S2Si: 523.2115, found: 523.2117.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-3-(3-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9ak)
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The General Procedure 8 was followed with 1a (188 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.2 mg, 20 pumol, 2 mol%), k (178 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 85:15) was purified by column chromatography (from 96:4 to
90:10 Hexanes/EtOAc) to give 308 mg (0.61 mmol, 61% yield) of syn Michael 9ak
and 30 mg (0.06 mmol, 6% yield) of the anti Michael 9’ak.

Yellow oil.

Rr 0.6 (80:20 Hexanes/EtOAc).

[a]p20 +213.3 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.7 min (2R,3S minor isomer) Rt32.3 min (25,3R major isomer),
99% ee.

IR (ATR) v 2941, 2863, 1720, 1644, 1606, 1580, 1461, 1434, 1389, 1348, 1302,
1284,1219, 1204, 1120, 1064, 1150, 988, 942, 881, 777, 706, 684, 669 cm-1.

1H NMR (500 MHz, CDCl3) 6 7.23-7.17 (m, 1H, ArH), 6.77-6.66 (m, 3H, ArH), 6.32
(d,J=11.6 Hz, 1H, CHOTIPS), 5.16 (dd, /= 11.6, 10.4 Hz, 1H, CHCHOTIPS), 4.18 (dt,
J =13.2,5.2 Hz, 1H, NCHxHy), 4.09 (dq, J = 10.4, 6.5 Hz, 1H, 0=CCH), 3.79 (s, 3H,
OMe), 3.38 (ddd, J = 13.1, 7.7, 6.3 Hz, 1H, NCHxHy), 3.20 (t, / = 10.4 Hz, 1H, ArCH),
3.06-2.98 (m, 1H, SCHxHy), 2.98-2.90 (m, 1H, SCHxHy), 2.21-2.13 (m, 2H,
NCH2CH2), 1.12 (d, J = 6.5 Hz, 3H, CHCH3), 1.12-0.96 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCls) 6 204.0 (C), 182.9 (C), 159.7 (C), 144.5 (C), 141.8 (CH),
129.6 (CH), 119.8 (CH), 113.3 (CH), 112.0 (CH), 111.7 (CH), 55.2 (CH3), 51.0 (CH),
48.3 (CH), 46.7 (CH2),31.6 (CH2),22.9 (CH2), 17.7 (CH/CH3z) (CH3),17.6 (CHz), 16.8
(CHs), 11.8 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N03S2Si: 508.2370, found 508.2365.
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N-[(2S,3R,4E)-3-(2-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9al)
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The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.7 mg, 50 pmol, 5 mol%), 1 (178 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 93:7) was purified by column chromatography (from 96:4 to
90:10 Hexanes/EtOAc) to give 272 mg (0.54 mmol, 54% yield) of syn Michael 9al
and 22 mg (40 pmol, 4% yield) of the anti Michael 9’al.

Yellow oil.

R¢ 0.6 (80:20 Hexanes/EtOAc).

[a]p2® +129.2(c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.0 min (2R,3S minor isomer) Rt47.8 min (25,3R major isomer),
99% ee.

IR (ATR) v 2943, 2865, 1704, 1653, 1490, 1452, 1350, 1281, 1264, 1213, 1050,
984, 863,779, 703, 591, 558 cm1.

1H NMR (500 MHz, CDCI3) 6 7.20-7.14 (m, 1H, ArH), 7.09-7.06 (m, 1H, ArH), 6.90-
6.86 (m, 1H, ArH), 6.85-6.81 (m, 1H, ArH), 6.35 (d,/ = 11.6 Hz, 1H, CHOTIPS), 5.25
(dd,J=11.7,10.4 Hz, 1H, CHCHOTIPS), 4.36 (dq, /= 10.4, 6.6 Hz, 1H, 0=CCH), 4.13
(dt,J=13.2, 5.3 Hz, 1H, NCHxHy), 3.81 (s, 3H, OMe), 3.63 (t,/ = 10.4 Hz, 1H, ArCH),
3.35 (ddd, J = 13.2, 8.3, 5.6 Hz, 1H, NCHxHy), 2.98-2.86 (m, 2H, SCHz), 2.15-2.07
(m, 2H, NCH2CHz), 1.12 (d, ] = 6.6 Hz, 3H, CHCH3), 1.10-0.98 (m, 21H, OTIPS).
13CNMR (126 MHz, CDCl3) 6 204.1 (C), 183.4 (C), 157.1 (C), 142.0 (CH), 131.0 (C),
128.1 (CH), 127.4 (CH),120.6 (CH), 111.1 (CH), 110.7 (CH), 55.3 (CH3), 46.6 (CHz2),
46.1 (CH), 31.6 (CHz), 23.0 (CHz2), 18.1 (CH3), 17.8 (CH3), 17.7 (CH3) 16.7 (CH3),
13.4 (CH), 12.3 (CH), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N03S2Si: 508.2370, found 508.2366.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-Methyl-3-(3-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9am)

The General Procedure 8 was followed with 1a (192 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.7 mg, 50 umol, 5 mol%), m (160 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 80:20) was purified by column chromatography (from 98:2 to
94:6 Hexanes/EtOAc) to give 366 mg (0.74 mmol, 74% yield) of syn Michael 9am
and 38 mg (0.07 mmol, 7% yield) of the anti Michael 9’am.

Yellow oil.

Rr 0.7 (80:20 Hexanes/EtOAc).

[a]p2® +189.5 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 3% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.7 min (2R,3S minor isomer) Rt 18.7 min (25,3R major isomer),
99% ee.

IR (ATR) v 2941, 2891, 2864, 1655, 1627, 1462, 1382, 1366, 1345, 1253, 1217,
1049, 1012, 835,592,561 cm1.

1H NMR (400 MHz, CDCI3) 6 7.19-7.13 (m, 1H, ArH), 7.03-6.98 (m, 1H, ArH), 6.95-
6.90 (m, 2H, ArH), 6.31 (d, J = 11.6 Hz, 1H, CHOTIPS), 5.16 (dd, / = 11.6, 10.3 Hz,
1H, CHCHOTIPS), 4.18 (dt, ] = 13.2, 5.2 Hz, 1H, NCHxHy), 4.08 (dq, J = 10.3, 6.5 Hz,
1H, 0=CCH), 3.37 (ddd, J = 13.2, 7.2, 6.2 Hz, 1H, NCHxHy), 3.19 (t, / = 10.3 Hz, 1H,
ArCH), 2.99-2.90 (m, 2H, SCH2), 2.32 (s, 3H, ArCH3), 2.20-2.10 (m, 2H,NCH2CHz),
1.11 (d,J = 6.6 Hz, 3H, CHCH3s), 1.11-0.98 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCls) 6 204.0 (C), 183.1 (C), 142.7 (C), 141.6 (CH), 138.1 (C),
128.4 (CH), 128.1 (CH), 127.2 (CH), 124.6 (CH), 112.2 (CH), 50.9 (CH), 48.5 (CH),
46.7 (CHz), 31.6 (CH2), 22.9 (CH2), 21.5 (CH3), 17.7 (CH3), 17.6 (CH3), 16.9 (CH3),
11.8 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N02S2Si: 492.2421, found 492.2410.
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N-[(2S,3R,4E)-2-Methyl-3-(2-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9an)
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The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65 mg, 50 umol, 5 mol%), n (160 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmo],
1.2 equiv) at -20 °C for 16 h.

The residue (dr 90:10) was purified by column chromatography (from 98:2 to
96:4 Hexanes/EtOAc) to give 291 mg (0.60 mmol, 60% yield) of syn Michael 9an
and 41 mg (80 pmol, 8% yield) of the anti Michael 9’an.

Yellow oil.

R¢ 0.7 (80:20 Hexanes/EtOAc).

[a]p2® +170,5 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 3% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.3 min (2R,3S minor isomer) Rt 13.7 min (25,3R major isomer),
99% ee.

IR (ATR) v 2943, 2865, 1705, 1653, 1490, 1462, 1350, 1282, 1264, 1213, 1050,
1253,984, 863, 796, 591, 558 cm™1.

1H NMR (400 MHz, CDCl3) 6 7.21-7.04 (m, 4H, ArH), 6.31 (d, J = 11.6 Hz, 1H,
CHOTIPS), 5.05 (dd, J = 11.6, 10.4 Hz, 1H, CHCHOTIPS), 4.28 (dt, J = 13.2, 5.2 Hz,
1H, NCHxHy), 4.21 (dq,J = 10.4, 6.5 Hz, 1H, 0=CCH), 3.54 (t,/ = 10.4 Hz, 1H, ArCH),
3.38 (ddd,J = 13.1, 8.6, 5.6 Hz, 1H, NCHxHy), 3.06 (dt,J = 12.6, 6.5 Hz, 1H, SCHxHy),
2.96 (dt, J = 12.6, 7.1 Hz, 1H, SCHxHy), 2.31 (s, 3H, ArCH3), 2.25-2.16 (m, 2H,
NCH2CHz2), 1.10 (d, J = 6.5 Hz, 3H, CHCH3), 1.16-0.96 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCl3) 6 204.4 (C), 183.2 (C), 141.5 (CH), 140.5 (C), 135.8 (C),
130.5 (CH), 126.5 (CH), 126.1 (CH), 126.0 (CH), 112.3 (CH), 48.2 (CH), 46.7 (CHz2),
46.0 (CH), 31.7 (CHz), 23.1 (CHz2), 19.8 (CH3), 17.7 (CH3s), 17.6 (CH3), 16.4 (CH3),
11.8 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42NO2S2Si: 492.2421, found 492.2412.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-Methyl-3-(2-thiophenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9ao0)

The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.1 mg, 20 umol, 2 mol%), o (152 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 2 h.

The residue (dr 94:6) was purified by column chromatography (from 97:3 to
80:20 Hexanes/EtOAc) to give 418 mg (0.86 mmol, 86% yield) of syn Michael 9ao
and 25 mg (50 pmol, 5% yield) of the anti Michael 9’ao.

Yellow oil.

Rr 0.7 (80:20 Hexanes/EtOAc).

[a]p2® +168.7 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 11.8 min (2R,3S minor isomer) Rt 45.5 min (2S,3R major
isomer), 99% ee.

IR (ATR) v 2942, 2865, 2360, 2342, 1717, 1684, 1659, 1166, 1145, 1122, 1010,
881,801, 684 cm.

1HNMR (400 MHz, CDCI3) 6 7.19-7.10 (m, 1H, ArH), 6.96-6.88 (m, 1H, ArH), 6.83-
6.80 (m, 1H, ArH), 6.36 (dd, J = 11.6, 0.5 Hz, 1H, CHOTIPS), 5.14 (dd, ] = 11.6, 10.2
Hz, 1H, CHCHOTIPS), 4.15-4.03 (m, 2H, NCHxHy, 0=CCH), 3.56 (t,/ = 10.2 Hz, 1H,
ArCH), 3.36 (ddd, /= 13.2,9.2, 4.8 Hz, 1H, NCHxHy), 3.04-2.87 (m, 2H, SCH2), 2.20-
2.01 (m, 2H, NCH2CH?2), 1.24 (d,/ = 6.6 Hz, 3H, CHCHzs), 1.20-0.98 (m, 21H, OTIPS).
13C NMR (101 MHz, CDCI3) 6 203.8 (C), 182.2 (C), 146.8 (C), 142.5 (CH), 126.7
(CH), 123.8 (CH), 123.6 (CH), 111.6 (CH), 49.3 (CH), 46.7 (CH2), 45.8 (CH), 31.6
(CH2), 22.8 (CH2), 17.7 (CH3/CH), 17.6 (CH3/CH), 17.0 (CH3), 12.3 (CH3/CH), 11.8
(CH3/CH).

HRMS (ESI+) m/z calcd for [M+H]* C23H38N02S3Si: 484.1828, found: 484.1834.
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Experimental section

N-[(2S,3R,4E) 3-(2-Furanyl)-2-methyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9ap)

The General Procedure 8 was followed with 1a (188 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.5 mg, 50 umol, 5 mol%), p (135 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 16 h.

The residue (dr 91:9) was purified by column chromatography (from 97:3 to
90:10 Hexanes/EtOAc) to give 384 mg (0.83 mmol, 83% yield) of syn Michael 9ap
and 37 mg (80 pmol, 8% yield) of the anti Michael 9’ap.

Yellow oil.

R 0.5 (75:20:5 Hexanes/toluene/EtOAc).

[a]p2® +238.0 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 3% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt7.2 min (2R,3S minor isomer) Rt20.7 min (25,3R major isomer),
99% ee.

IR (ATR) v 2941, 2891, 2864, 1713, 1658, 1165, 1128, 1009, 881, 801, 730, 676
cm1L.

1H NMR (500 MHz, CDCls) 6 7.33-7.28 (m, 1H, ArH), 6.35 (d, J = 11.7 Hz, 1H,
CHOTIPS), 6.29-6.23 (m, 1H, ArH), 6.04-5.99 (m, 1H, ArH), 5.11 (dd,J = 11.8, 10.4
Hz, 1H, CHCHOTIPS), 4.18-4.07 (m, 2H, NCHxHy, 0=CCH), 3.43-3.32 (m, 2H,
NCHxHy, ArCH), 3.04 (dt,/ = 12.6, 6.5 Hz, 1H, SCHxHy), 2.94 (dt, ] = 12.6, 7.0 Hz, 1H,
SCHxHy), 2.21-2.13 (m, 2H, NCH2CHz), 1.19 (d, J = 6.6 Hz, 3H, CHCHs), 1.16-1.00
(m, 21H, OTIPS).

13C NMR (126 MHz, CDCls) § 203.8 (C), 182.3 (C), 155.6 (C), 142.9 (CH), 141.3
(CH), 110.1 (CH), 109.0 (CH), 105.8 (CH), 46.9 (CH), 46.7 (CHz), 44.0 (CH), 31.6
(CH2), 22.9 (CH2), 17.7 (CH3), 17.6 (CH3), 16.6 (CHs), 12.3 (CH), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C23H3sNO3S2Si: 468.2057, found: 468.2063.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-Methyl-3-[(E)-2-phenylethenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9aq)

Ph

S O‘\

SANWOTIPS
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The General Procedure 8 was followed with 1a (184 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.4 mg, 20 umol, 2 mol%), q (173 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 16 h.

The residue (dr 92:8) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 353 mg (0.72 mmol, 72% yield) of syn Michael 9aq
and 42 mg (70 pmol, 7% yield) of the anti Michael 9’aq.

Yellow oil.

R 0.5 (90:10 Hexanes/EtOAc).

[a]p20 +275.1 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-4 column, 0.5% i-PrOH in Hexanes,
flow rate 1 mL/min): Rt 19.9 min (2R,3S minor isomer) Rt42.3 min (2S,3R major
isomer), 99% ee.

IR (ATR) v 2942, 285, 1713, 1655, 1165, 1124, 983, 965, 926, 881, 790, 736, 690,
663 cm1.

1H NMR (500 MHz, CDCl3) § 7.36-7.28 (m, 4H, ArH), 7.24-7.19 (m, 1H, ArH), 6.38
(dd,/=15.8,1.0 Hz, 1H, PhCH), 6.32 (d,/ = 11.7 Hz, 1H, CHOTIPS) 6.05 (dd, J = 15.8,
7.9 Hz, 1H, PhCHCH), 4.95 (dd,J = 11.7, 9.8 Hz, 1H, CHCHOTIPS), 4.19 (dt, J = 13.1,
5.2 Hz, 1H, NCHxHy), 3.78 (dq, J = 9.8, 6.6 Hz, 1H, 0=CCH), 3.38 (ddd, J = 13.1, 9.2,
4.7 Hz, 1H, NCHxHy), 3.04 (dt, J = 12.7, 6.4 Hz, 1H, SCHxHy), 2.98-2.84 (m, 2H,
SCHxHy, 0=CCHCH), 2.28-2.12 (m, 2H, NCH2CHz), 1.31 (d, J = 6.6 Hz, 3H, CHCH3),
1.19-1.00 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCls) 6 203.7 (C), 182.9 (C), 142.1 (CH), 137.2 (C), 131.0
(CH), 130.9 (CH), 128.5 (CH), 127.3 (CH), 126.1 (CH), 110.7 (CH), 48.3 (CH), 47.7
(CH), 46.8 (CH2), 31.6 (CH2), 22.9 (CH2), 17.7 (CH3), 16.5 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C27H41NNaO2S2Si: 526.2240, found: 526.2231.
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Experimental section

N-[(2S,3R,4Z)-4-Bromo-2-methyl-3-phenyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9ar)

Ph
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The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NICIlz (65.8 mg, 50 pmol, 5 mol%), r (233 mg, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (95% conversion, dr >97:3) was purified by column chromatography
(from 98:2 to 96:4 Hexanes/EtOAc) to give 473 mg (0.86 mmol, 86% yield) of syn
Michael 9ar.

Yellow solid.

Mp 97-100 °C.

Rf 0.5 (80:20 Hexanes/EtOAc).

[a]p2® +295.9 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt7.2 min (2R,3S minor isomer) R:19.6 min (2S,3R major isomer),
99% ee.

IR (ATR) v 2923, 2863, 1690, 1643, 1118, 988, 879, 795, 758, 699, 684, 669, 605
cm-1,

1H NMR (500 MHz, CDCl3) 6 7.33-7.28 (m, 2H, ArH), 7.26-7.20 (m, 3H, ArH), 6.76
(s, 1H, CHOTIPS), 4.65 (dq, J = 11.1, 6.5 Hz, 1H, 0=CCH), 4.28 (dt, ] = 13.2, 5.4 Hz,
1H, NCHxHy), 3.64 (d, / = 11.1 Hz, 1H, PhCH), 3.43 (ddd, J = 13.2, 9.4, 4.5 Hz, 1H,
NCHxHy), 3.26 (ddd, J = 12.4, 7.0, 6.1 Hz, 1H, SCHxHy), 2.93 (dt,/ = 12.4, 7.0 Hz, 1H,
SCHxHy), 2.43-2.32 (m, 1H, NCH2CHxHy), 2.22-2.12 (m, 1H, NCH2CHxHy), 1.19 (d, J
= 6.5 Hz, 3H, CHCH3), 1.18-1.01 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCls) 6 205.0 (C), 182.3 (C), 138.9 (C), 137.9 (CH), 128.5
(CH), 128.3 (CH), 127.1 (CH), 110.6 (C), 55.2 (CH), 46.7 (CH2), 44.1 (CH), 31.8
(CH2), 22.6 (CH2), 17.6 (CH3), 17.5 (CH3), 16.6 (CH3), 11.8 (CH).

HRMS (ESI+) m/z calcd for [M+Na]* CzsH3sBrNNaO2S2Si: 578.1189, found:
578.1184.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2,4-Dimethyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9ac)

S 0o Ph
@Wonps

The General Procedure 8 was followed with 1a (192 mg, 1.0 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (26.9 mg, 21 umol, 2 mol%), ¢ (185 pL, 1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr > 97:3) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 434 mg (0.88 mmol, 88% yield) of syn Michael 9ac.

Yellow solid.

Mp 78-79 °C.

R 0.5 (90:10 Hexanes/EtOAc).

[a]p2® +228.1 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt7.1 min (2R,3S minor isomer) R:27.5 min (25,3R major isomer),
99% ee.

IR (ATR) v 2942, 2865, 1705, 1656, 1462, 1164, 1124, 986, 880, 755, 663 cm-1.
1H NMR (500 MHz, CDCI3) 6 7.31-7.24 (m, 2H, ArH), 7.22-7.16 (m, 1H, ArH), 7.13-
7.07 (m, 2H, ArH), 6.33 (q, J = 1.4 Hz, 1H, CHOTIPS), 4.58 (dq, / = 11.5, 6.5 Hz, 1H,
0=CCH), 4.19 (dt,J = 13.3, 5.3 Hz, 1H, NCHxHy), 3.45 (ddd, J = 13.3, 9.1, 4.4 Hz, 1H,
NCHxHy), 3.33 (d, J = 11.5 Hz, 1H, PhCH), 3.09-2.93 (m, 2H, SCH2), 2.29-2.14 (m,
2H, NCH2CHz2), 1.46 (d, J = 1.4 Hz, 3H, CCHzs), 1.17 (d, J = 6.5 Hz, 3H, CHCH3), 1.15-
1.00 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 203.3 (C), 183.5 (C), 140.6 (C), 136.1 (CH), 128.2
(CH), 128.2 (CH), 126.3 (CH), 117.4 (C), 56.0 (CH), 47.0 (CH2), 43.6 (CH), 31.9
(CH2), 22.5 (CH2), 17.7 (CH3), 17.6 (CH3), 16.4 (CH3), 11.8 (CH), 9.2 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N02S2Si: 492.2421, found: 492.2412.
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Experimental section

N-[(2S,3S,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9’ab)

S O Ph
SJ\NWOTIPS
NP

The General Procedure 8 was followed with 1a (185 mg, 1 mmol, 1.0 equiv), [(R)-
BINAP]NiClz (16.8 mg, 21 pmol, 2 mol%), b (140 uL, 1.1 mmo]l, 1.1 equiv), TIPSOTf
(405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2 equiv) at -
20°Cfor 5 h.

The residue (dr 15:85) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 74 mg (0.15 mmol, 15% yield) of syn Michael 9ab
and 370 mg (0.78 mmol, 78% yield) of the anti Michael 9’ab.

Yellow thick oil.

Rr 0.3 (90:10 Hexanes/EtOAc).

[a]p2® +223.1 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 10.8 min (2R,3R minor isomer) Rt 15.1 min (25,3S major
isomer), 99% ee.

IR (ATR) v 2940, 2891, 2865, 1700, 1656, 1156, 1125, 919, 881, 806, 783, 760,
702, 684, 656 cm™1.

1H NMR (500 MHz, CDCl3) § 7.29-7.24 (m, 2H, ArH), 7.20-7.15 (m, 3H, ArH), 6.39
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.06 (dd, / = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.01
(dq,J =10.5, 6.5 Hz, 1H, 0=CCH), 3.44-3.37 (m, 1H, NCHxHy), 3.25 (t,/ = 10.5 Hz,
1H, PhCH), 3.10-3.02 (m, 1H, NCHxHy), 2.64-2.55 (m, 1H, SCHxHy), 2.34-2.25 (m,
1H, SCHxHy), 1.79-1.67 (m, 1H, NCH2CHxHy), 1.40 (d,J = 6.5 Hz, 3H, CHCH3), 1.17-
1.02 (m, 22H, NCH2CHxHy, OTIPS).

13C NMR (126 MHz, CDCls3) 6 204.1 (C), 182.4 (C), 144.1 (C), 142.7 (CH), 128.7
(CH), 127.8 (CH), 126.5 (CH), 112.3 (CH), 51.6 (CH), 47.8 (CH), 46.2 (CH2), 31.3
(CH2), 22.2 (CH2), 17.7 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C2sH40NO2S2Si: 478.2264, found: 478.2262.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S5,3S,4E)-3-(4-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’af)

OMe
S 0
sijl ; 7 OTIPS

The General Procedure 8 was followed with 1a (169 mg, 0.9 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (16.8 mg, 21 pmol, 2 mol%), f (178 mg, 0.99 mmol, 1.1 equiv),
TIPSOTf (363 pL, 1.35 mmol, 1.5 equiv), and 2,6-lutidine (125 pL, 1.1 mmol, 1.2
equiv) at -20 °C for 5 h.

The residue (dr 25:75) was purified by column chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 89 mg (0.17 mmol, 20% yield) of syn Michael 9af
and 250 mg (0.49 mmol, 50% yield) of the anti Michael 9’af.

Yellow solid.

Mp 70-72 °C.

R¢ 0.5 (80:20 Hexanes/EtOAc).

[a]p2® +219.5 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt9.1 min (2R,3R minor isomer) Rt11.3 min (25,35 major isomer),
99% ee.

IR (ATR) v 2942, 2865, 1711, 1655, 1609, 1510, 1249, 1163, 1120, 1033, 986,
925, 881, 825, 795, 736, 682, 663 cm1.

1H NMR (400 MHz, CDCl3) 6 7.11-7.05 (m, 2H, ArH), 6.84-6.78 (m, 2H, ArH), 6.37
(dd, J = 11.6, 0.6 Hz, 1H, CHOTIPS), 5.03 (dd, J = 11.6, 10.5 Hz, 1H, CHCHOTIPS),
3.97 (dq,J = 10.5, 6.5 Hz, 1H, 0=CCH), 3.76 (s, 3H, OMe), 3.44 (dt, J = 13.3, 5.5 Hz,
1H, NCHxHy), 3.21 (t, / = 10.5 Hz, 1H, ArCH), 3.09 (ddd, J = 13.3, 9.1, 4.5 Hz, 1H,
NCHxHy), 2.64 (dt,J = 12.4, 6.7 Hz, 1H, SCHxHy), 2.40-2.32 (m, 1H, SCHxHy), 1.84-
1.71 (m, 1H, NCH2CHxHy), 1.38 (d, ] = 6.5 Hz, 3H, CHCHs), 1.27-1.14 (m, 1H,
NCH2CHxHy), 1.14-0.98 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCl3) 6 203.9 (C), 182.6 (C), 158.3 (C), 142.4 (CH), 136.2 (C),
128.7 (CH), 114.0 (CH), 112.4 (CH), 55.4 (CH3), 50.7 (CH), 48.0 (CH), 46.2 (CH2),
31.3 (CHz), 22.2 (CH2), 17.7 (CH3), 11.9 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42NO3S2Si: 508.2370, found 508.2370.
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Experimental section

N-[(2S,3S,4E)-2-Methyl-3-(4-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’ag)

S N T OTIPS

The General Procedure 8 was followed with 1a (190 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (15.4 mg, 20 pmol, 2 mol%), g (161 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 17:83) was purified by column chromatography (from 80:20:1 to
80:20:3 Hexanes/Toluene/EtOAc) to give 71 mg (0.14 mmol, 14% yield) of syn
Michael 9ag and 364 mg (0.74 mmol, 74% yield) of the anti Michael 9’ag.

Yellow oil.

R 0.5 (72:18:10 Hexanes/toluene/EtOAc).

[a]p20 +147.9 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt7.5 min (2R, 3R minor isomer) Rt9.1 min (25,35 major isomer),
99% ee.

IR (ATR) v 2942, 2865, 1712, 1655, 1297, 1163, 1120, 986, 926, 881, 811, 794,
682,663 cmL.

1H NMR (400 MHz, CDCl3) 6 7.10-7.03 (m, 4H, ArH), 6.38 (dd, /= 11.7, 0.6 Hz, 1H,
CHOTIPS), 5.04 (dd, J = 11.7, 10.6 Hz, 1H, CHCHOTIPS), 3.98 (dq, J = 10.6, 6.5 Hz,
1H, 0=CCH), 3.41 (dt,J = 13.3, 5.5 Hz, 1H, NCHxHy), 3.20 (t,/ = 10.6 Hz, 1H, ArCH),
3.07 (ddd,/=13.3,9.1, 4.6 Hz, 1H, NCHxHy), 2.61 (dt,J = 12.3, 6.8 Hz, 1H, SCHxHy),
2.29 (s, 3H, ArCHs), 1.82-1.68 (m, 1H, SCHxHy), 1.38 (d, /] = 6.5 Hz, 3H, CHCH3),
1.22-0.99 (m, 21H, OTIPS).

13CNMR (101 MHz, CDCls) 6 204.0 (C), 182.6 (C), 142.5 (CH), 141.1 (C), 136.1 (C),
129.1 (CH), 127.6 (CH), 112.3 (CH), 51.2 (CH), 48.0 (CH), 46.2 (CHz2), 31.2 (CHz),
22.1 (CHz), 21.0 (CHs), 17.7 (CH/CHs3), 12.3 (CH/CH3), 11.9 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N02S2Si: 492.2421, found: 492.2420.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)- 3-(4-Chlorophenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’ah)
cl
S O
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The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (37.6 mg, 51 pmol, 5 mol%), h (181 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at -20 °C for 5 h.

The residue (dr 17:83) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 63 mg (0.12 mmol, 12% yield) of syn Michael 9ah
and 288 mg (0.57 mmol, 57% yield) of the anti Michael 9’ah.

Yellow oil.

Rr 0.4 (85:15 Hexanes/EtOAc).

[a]p2® +148.9 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 0.5% i-PrOH in Hexanes,
flow rate 1 mL/min): Rt22.8 min (2R,3S minor isomer) R:32.4 min (2S,3R isomer),
99% ee.

IR (ATR) v 2941, 2891, 2865, 1707, 1655, 1165, 1121, 1013, 987, 926, 881, 818,
783, 683, 652 cm1L.

1H NMR (400 MHz, CDCl3) 6 7.28-7.23 (m, 2H, ArH), 7.14-7.09 (m, 2H, ArH), 6.40
(d,J=11.6, 1H, CHOTIPS), 5.01 (dd, = 11.6, 10.5 Hz, 1H, CHCHOTIPS), 4.00 (dq, J
=10.5, 6.6 Hz, 1H, 0=CCH), 3.54 (dt,J = 13.3, 5.5 Hz, 1H, NCHxHy), 3.25 (t,/ = 10.5
Hz, 1H, ArCH), 3.11 (ddd, / = 13.4, 9.1, 4.5 Hz, 1H, NCHxHy), 2.69 (dt, / = 12.5, 6.8
Hz, 1H, SCHxHy), 2.34 (ddd, J = 12.5, 7.4, 5.9 Hz, 1H, SCHxHy), 1.90-1.77 (m, 1H,
NCH:2CHxHy), 1.38 (d, / = 6.6 Hz, 3H, CHCH3), 1.24-1.17 (m, 1H, NCH2CHxHy), 1.16-
0.99 (m, 21H, OTIPS).

13C NMR (101 MHz, CDCl3) § 204.4 (C), 181.8 (C), 143.0 (CH), 142.7 (C), 132.3 (C),
129.1 (CH), 128.7 (CH), 111.5 (CH), 50.8 (CH), 47.7 (CH), 46.1 (CHz2), 31.4 (CHz),
22.2 (CHz), 17.6 (CH/CHs3), 11.9 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C25sH39CINO2S2Si: 512.1875, found: 512.1877.
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Experimental section

N-[(2S,3S,4E)-2-Methyl-3-(4-trifluoromethylphenyl)-5-triisopropylsilyloxy-
4-pentenoyl]-1,3-thiazinane-2-thione (9’ai)

S O
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The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (131 mg, 100 umol, 10 mol%), i (193 pL, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 16 h.

The residue (dr 18:82) was purified by column chromatography (from 79:20:1 to
78:19:3 Hexanes/toluene/EtOAc) to give 96 mg (0.17 mmol, 17% yield) of syn
Michael 9ai and 362 mg (0.66 mmol, 66% yield) of the anti Michael 9’ai as a
mixture of diastereomers.

Yellow oil.

Rr0.75 (50:50 Hexanes/CHzCl2).

IR (ATR) v 2942, 2867, 1966, 1699, 1655, 1324, 1163, 1115, 1066, 1015, 926,
831, 735, 685 cmL.

1H NMR (400 MHz, CDCl3) § 7.58-7.52 (m, 2H, ArH), 7.34-7.28 (m, 2H, ArH), 6.43
(dd, J = 11.6, 0.5 Hz, 1H, CHOTIPS), 5.04 (dd, J = 11.6, 10.6 Hz, 1H, CHCHOTIPS),
4.06 (dq, /= 10.6, 6.6 Hz, 1H, 0=CCH), 3.55 (dt, J = 13.2, 5.5 Hz, 1H, NCHxHy), 3.35
(t,J=10.6 Hz, 1H, ArCH), 3.12-3.02 (m, 1H, NCHxHy), 2.64 (ddd, /= 12.5, 7.1, 6.7
Hz, 1H, SCHxHy), 2.28-2.14 (m, 1H, SCHxHy), 1.86-1.72 (m, 1H, NCH2CHxHy), 1.40
(d,J = 6.6 Hz, 3H, CHCH3), 1.19-0.96 (m, 22H, NCH2CHxHy, OTIPS).

13C NMR (101 MHz, CDCl3) § 204.6 (C), 181.4 (C), 148.4 (C), 143.4 (CH), 129.0 (q,
Je-r = 32.4 Hz, CF3), 128.1 (CH), 127.8 (CH), 125.6 (CH), 125.5 (CH), 111.1 (CH),
51.2 (CH), 47.6 (CH), 46.0 (CH2), 31.3 (CH2), 22.1 (CH2), 17.6 (CH3), 11.9 (CH).
HRMS (ESI+) m/z calcd for [M+H]* C26H38F3NO2S2Si: 546.2138, found: 546.2252.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S5,3S,4E)-2-Methyl-3-(4-nitrophenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’aj)

NO,
S O
ﬁﬂ Y 7 OTIPS

The General Procedure 8 was followed with 1a (191 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (75.2 mg, 100 pumol, 10 mol%), J (195 mg, 1.1 mmo], 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 24 h.

The residue (dr 26:74) was purified by column chromatography (from 95:5 to
90:10 Hexanes/EtOAc) to give 96 mg (0.18 mmol, 18% yield) of syn Michael 9aj
and 268 mg (0.51 mmol, 51% yield) of the anti Michael 9’aj.

Yellow thick oil.

Rr 0.5 (80:20 Hexanes/EtOAc).

[a]p2® +94.3 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 10% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 10.7 min (2R, 3R isomer) Rt 12.8 min (25,35 isomer), 99% ee.
IR (ATR) v 2939, 2864, 1726, 1655,1608, 1345, 1168, 1135, 1125, 994, 928, 843,
710, 683 cm1.

1H NMR (400 MHz, CDCl3) 6 8.17-8.11 (m, 2H, ArH), 7.40-7.30 (m, 2H, ArH), 6.44
(d, J = 11.6 Hz, 1H, CHOTIPS), 5.00 (dd, J = 11.6, 10.5 Hz, 1H, CHCHOTIPS), 4.14
(dg,J=10.5, 6.6 Hz, 1H, 0=CCH), 3.60 (ddd, J = 13.4, 6.0, 5.2 Hz, 1H, NCHxHy), 3.46
(t,/J=10.5Hz, 1H, ArCH), 3.17 (ddd, J = 13.4, 9.0, 4.5 Hz, 1H, NCHxHy), 2.71 (dt, ] =
12.6, 6.9 Hz, 1H, SCH.Hy), 2.36-2.26 (m, 1H, SCHiHy), 1.92-1.78 (m, 1H,
NCH2CHxHy), 1.40 (d, /] = 6.6 Hz, 3H, CHCH3), 1.31-0.96 (m, 22H, OTIPS,
NCH2CHxHy).

13C NMR (101 MHz, CDCl3) § 204.6 (C), 180.7 (C), 151.9 (C), 146.6 (C), 143.8 (CH),
128.6 (CH), 123.8 (CH), 110.5 (CH), 50.8 (CH), 47.0 (CH), 46.0 (CHz2), 31.6 (CHz2),
22.4 (CH2), 17.6 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+Na]* C2sH3sN2NaO4S2Si: 545.1934, found:
545.1931. m/z calcd for [M+H]* C2sH39N204S2Si: 523.2115, found: 523.2117.
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Experimental section

N-[(2S,3S,4E)-3-(3-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’ak)

OMe

S O

N P

S” N : OTIPS

The General Procedure 8 was followed with 1a (188 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (15.1 mg, 20 pmol, 2 mol%), k (180 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 13:87) was purified by column chromatography (from 96:4 to
90:10 Hexanes/EtOAc) to give 64 mg (0.10 mmol, 10% yield) of syn Michael 9ak
and 278 mg (0.55 mmol, 55% yield) of the anti Michael 9’ak.

Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p2® +242.7 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.7 min (2R,3R minor isomer) Rt 11.1 min (25,35 major isomer),
99% ee.

IR (ATR) v 2941, 2863, 1720, 1644, 1606, 1580, 1461, 1434, 1389, 1348, 1302,
1284,1219, 1204, 1120, 1064, 1150, 988, 942, 881, 777, 706, 684, 669 cm-1.

1H NMR (500 MHz, CDCl3) 6 7.19-7.15 (m, 1H, ArH), 6.77-6.68 (m, 3H, ArH), 6.40
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.04 (dd, / = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.05
(dg,J =10.5, 6.5 Hz, 1H, 0=CCH), 3.79 (s, 3H, OMe), 3.43 (dt,J = 13.2, 5.6 Hz, 1H,
NCHxHy), 3.22 (t,/=10.5 Hz, 1H, ArCH), 3.11 (ddd, /= 13.2, 8.9, 4.6 Hz, 1H, NCHxHy),
2.63 (dt,J = 12.4, 6.7 Hz, 1H, SCHxHy), 2.36 (ddd, J = 12.4, 7.5, 5.8 Hz, 1H, SCHxHy),
1.83-1.73 (m, 1H, NCH2CHxHy), 1.39 (d, ] = 6.5 Hz, 3H, CHCH3), 1.27-1.16 (m, 1H,
NCH2CHxHy), 1.16-0.98 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) § 204.1 (C), 182.3 (C), 159.8 (C), 145.7 (C), 142.7 (CH),
129.7 (CH), 120.1 (CH), 112.7 (CH), 112.5 (CH), 112.1 (CH), 55.3 (CH3), 51.7 (CH),
47.5 (CH), 46.3 (CH2), 31.3 (CH2), 22.3 (CH2), 17.7 (CHs), 17.6 (CHs), 11.9 (CH).
HRMS (ESI+) m/z calcd for [M+H]* C26H42N03S2Si: 508.2370, found 508.2365.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)-3-(2-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’al)

S O OMe

PN -

S N : OTIPS

The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (37.8 mg, 50 pmol, 5 mol%), 1 (179 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 26:74) was purified by column chromatography (from 96:4 to
90:10 Hexanes/EtOAc) to give 97 mg (0.19 mmol, 19% yield) of syn Michael 9’al
and 217 mg (0.43 mmol, 43% yield) of the anti Michael 9’al.

Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p2® +189.7 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt10.8 min (25,35 isomer) Rt28.4 min (2R,3R isomer), 99% ee.
IR (ATR) v 2943, 2865, 1704, 1653, 1490, 1452, 1350, 1281, 1264, 1213, 1050,
984, 863,779, 703, 591, 558 cm~1.

1H NMR (500 MHz, CDCI3) 6 7.18-7.13 (m, 1H, ArH), 7.07-7.02 (m, 1H, ArH), 6.86-
6.80 (m, 2H, ArH), 6.42 (d, /] = 11.9 Hz, 1H, CHOTIPS), 5.24 (dd, / = 11.9, 10.5 Hz,
1H, CHCHOTIPS), 4.48-4.40 (m, 1H, 0=CCH), 3.84 (s, 3H, OMe), 3.43 (t,/ = 10.5 Hz,
1H, ArCH), 3.28-3.21 (m, 1H, NCHxHy), 3.18-3.11 (m, 1H, NCHxHy), 2.68-2.60 (m,
1H, SCHxHy), 2.46-2.38 (m, 1H, SCHxHy), 1.80-1.70 (m, 1H, NCH2CHxHy), 1.34 (d, J
= 6.6 Hz, 3H, CHCH3), 1.12-1.00 (m, 22H, NCH2CHxHy, OTIPS).

13C NMR (126 MHz, CDCl3) § 203.1 (C), 183.2 (C), 157.4 (C), 142.7 (CH), 131.6 (C),
129.7 (CH), 127.7 (CH), 120.7 (CH), 111.2 (CH), 110.8 (CH), 55.1 (CH3), 46.6 (CH),
46.3 (CH), 44.7 (CHz2), 31.4 (CHz), 22.1 (CH2), 17.7 (CH/CH3), 11.9 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N03S2Si: 508.2370, found 508.2366.

295



Experimental section

N-[(2S,3R,4E)-2-Methyl-3-(3-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’am)

N P

S N : OTIPS

) ¢

The General Procedure 8 was followed with 1a 191 mg, 1.0 mmol, 1.0 equiv), [(R)-
BINAP]NiClz (37.7 mg, 50 umol, 5 mol%), m (161 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 11:89) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 26 mg (50 pmol, 5% yield) of syn Michael 9am and
246 mg (0.50 mmol, 50% yield) of the anti Michael 9’am.

Yellow oil.

R¢ 0.6 (80:20 Hexanes/EtOAc).

[a]p2® +242.2 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1.5% i-PrOH in Hexanes,
flow rate 1 mL/min): Rt 17.3 min (2R,3R minor isomer) Rt48.0 min (25,35 major
isomer), 99% ee.

IR (ATR) v 2941, 2891, 2864, 1655, 1627, 1462, 1382, 1366, 1345, 1253, 1217,
1049, 1012, 835,592,561 cmL.

1H NMR (400 MHz, CDCl3) 6 7.17-7.11 (m, 1H, ArH), 7.01-6.92 (m, 3H, ArH), 6.39
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.04 (dd, J = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.01
(dg,/=10.5, 6.5 Hz, 1H, 0=CCH), 3.40 (dt, J = 13.2, 5.6 Hz, 1H, NCHxHy), 3.20 (t,] =
10.5 Hz, 1H, ArCH), 3.08 (ddd, J = 13.3, 8.9, 4.6 Hz, 1H, NCHxHy), 2.60 (dt, J = 12.3,
6.6 Hz, 1H, SCHxHy), 2.31 (s, 3H, ArCHs), 2.30-2.23 (m, 1H, SCHxHy), 1.79-1.67 (m,
1H, NCH2CHxHy), 1.38 (d, J = 6.5 Hz, 3H, CHCH3), 1.17-0.99 (m, 22H, NCH2CHxHy,
OTIPS).

13CNMR (101 MHz, CDCls) 6 204.1 (C), 182.5 (C), 144.0 (C), 142.5 (CH), 138.2 (C),
128.6 (CH), 128.4 (CH), 127.3 (CH), 124.9 (CH), 112.4 (CH), 51.6 (CH), 47.7 (CH),
46.2 (CHz2), 31.3 (CH2), 22.2 (CH2), 21.4 (CH3), 17.7 (CH3/CH), 17.6 (CH3/CH), 11.9
(CHs/CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42N02S25i: 492.2421, found 492.2410.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)-2-Methyl-3-(2-methylphenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’an)

N P

S N : OTIPS

v :

The General Procedure 8 was followed with 1a (193 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (37.8 mg, 50 pmol, 5 mol%), n (163mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 16 h.

The residue (dr 17:83) was purified by column chromatography (from 98:2 to
94:6 Hexanes/EtOAc) to give 53 mg (0.11 mmol, 11% yield) of syn Michael 9an
and 281 mg (0.57 mmol, 56% yield) of the anti Michael 9’an.

Yellow oil.

Rr 0.6 (80:20 Hexanes/EtOAc).

[a]p2® +135.7 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, from 1 to 5% i-PrOH in
Hexanes, flow rate 1 mL/min): Rc17.3 min (25,35 major isomer) Rt49.1 min (2R,3R
minor isomer), 99% ee.

IR (ATR) v 2943, 2865, 1705, 1653, 1490, 1462, 1350, 1282, 1264, 1213, 1050,
1253, 984, 863, 796, 591 cm™1.

1H NMR (400 MHz, CDCl3) 6 7.27-7.23 (m, 1H, ArH) 7.20-7.14 (m, 1H, ArH), 7.09-
7.04 (m, 2H, ArH), 6.39 (d, J = 11.6 Hz, 1H, CHOTIPS), 4.94 (dd, J = 11.6, 10.1 Hz,
1H, CHCHOTIPS), 4.12 (dq, J = 10.6, 6.5 Hz, 1H, 0=CCH), 3.57 (t, / = 10.6 Hz, 1H,
ArCH), 3.22-3.07 (m, 2H, NCHz), 2.67-2.58 (m, 1H, SCHxHy), 2.45-2.37 (m, 1H,
SCHxHy), 2.27 (s, 3H, ArCHz), 1.78-1.68 (m, 1H, NCH2CHxHy), 1.41 (d,J = 6.5 Hz, 3H,
CHCH3), 1.15-1.00 (m, 22H, OTIPS, NCH2CHxHy).

13C NMR (101 MHz, CDCl3) 6§ 203.3 (C), 182.9 (C), 142.4 (CH), 142.0 (C), 135.6 (C),
130.6 (CH), 126.9 (CH), 126.4 (CH), 126.2 (CH), 112.4 (CH), 46.7 (CH), 46.3 (CHz2),
46.2 (CH), 31.5 (CH2), 22.0 (CH2), 19.6 (CH3), 17.7 (CH3/CH), 12.3 (CH3/CH), 11.9
(CH3/CH).

HRMS (ESI+) m/z calcd for [M+H]* C26H42NO2S2Si: 492.2421, found 492.2412.
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Experimental section

N-[(2S,3S,4E)-2-Methyl-3-(2-thiophenyl)-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’ao)

The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (38.4 mg, 51 pmol, 5 mol%), o (155 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at -40 °C for 5 h.

The residue (dr 26:74) was purified by column chromatography (from 97:3 to
90:10 Hexanes/EtOAc) to give 104 mg (0.22 mmol, 22% yield) of syn Michael 9ao
and 302 mg (0.63 mmol, 63% yield) of the anti Michael 9’ao.

Yellow solid.

Mp 75-78 °C.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p20 +288.4 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 13.2 min (2R,3R minor isomer) Rt 19.3 min (25,3S major
isomer), 99% ee.

IR (ATR) v 2942, 2865, 2360, 2342, 1717, 1684, 1659, 1166, 1145, 1122, 1010,
881,801, 684 cm1.

1H NMR(500 MHz, CDCl3) § 7.17-7.12 (m, 1H, ArH), 6.91-6.85 (m, 1H, ArH), 6.79-
6.74 (m, 1H, ArH), 6.42 (d, J = 11.7 Hz, 1H, CHOTIPS), 5.01 (dd, /= 11.7, 10.3 Hz,
1H, CHCHOTIPS), 3.94 (dq,/ = 10.3, 6.6 Hz, 1H, 0=CH), 3.73 (dt,/ = 13.3, 5.5 Hz, 1H,
NCHxHy), 3.64 (t,/=10.3 Hz, 1H, ArCH), 3.16 (ddd, /= 13.3,9.2, 4.7 Hz, 1H, NCHxHy),
2.70 (dt,J =12.4, 6.8 Hz, 1H, SCHxHy), 2.51 (ddd, J = 12.4, 7.5, 6.0 Hz, 1H, SCHxHy),
1.94-1.83 (m, 1H, NCH2CHxHy), 1.50-1.38 (m, 1H, NCH2CHxHy), 1.38 (d, ] = 6.6 Hz,
3H, CHCH3), 1.18-0.98 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 204.5 (C), 181.9 (C), 148.0 (C), 143.0 (CH), 126.6
(CH), 123.9 (CH), 123.7 (CH), 112.2 (CH), 49.2 (CH), 46.3 (CH), 46.2 (CH2), 31.4
(CH2), 22.5 (CH2), 17.8 (CH3), 17.7 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C23H38N02S3Si: 484.1828, found: 484.1834.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)-3-(2-Furanyl)-2-methyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9’ap)

The General Procedure 8 was followed with 1a (189, 1.0 mmol, 1.0 equiv), [(R)-
BINAP]NiClz (37.8 mg, 50 umol, 5 mol%), p (132 mg, 1.1 mmol, 1.1 equiv), TIPSOTf
(405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2 equiv) at -
20 °Cfor 16 h.

The residue (dr 47:53) was purified by column chromatography (from 79:20:1 to
78:20:2 Hexanes/toluene/EtOAc) to give 184 mg (0.39 mmol, 39% yield) of syn
Michael 9ap and 188 mg (0.40 mmol, 40% yield) of the anti Michael 9’ap.

Yellow oil.

Rf 0.3 (75:20:5 Hexanes/toluene/EtOAc).

[a]p2® +124.7 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 3% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt9.9 min (2R,3R minor isomer) Rt17.2 min (25,35 major isomer),
99% ee.

IR (ATR) v 2941, 2891, 2864, 1713, 1658, 1165, 1128, 1009, 881, 801, 730, 676
cm-L

1H NMR (500 MHz, CDCls) § 7.33-7.29 (m, 1H, ArH), 6.41 (d, J = 11.8 Hz, 1H,
CHOTIPS), 6.28-6.24 (m, 1H, ArH), 6.03-5.92 (m, 1H, ArH), 5.02 (dd, /= 11.8,10.3
Hz, 1H, CHCHOTIPS), 4.01 (dq, J = 10.3, 6.6 Hz, 1H, 0=CCH), 3.89-3.78 (m, 1H,
NCHxHy), 3.46 (t,/=10.3 Hz, 1H, ArCH), 3.27 (ddd, /= 13.5,9.0, 4.7 Hz, 1H, NCHxHy),
2.80 (dt,J = 12.3, 6.7 Hz, 1H, SCHxHy), 2.71 (ddd, J = 12.3, 7.5, 5.9 Hz, 1H, SCHxHy),
2.06-1.95 (m, 1H, NCH2CHxHy), 1.82-1.72 (m, 1H, NCH2CHxHy), 1.35 (d, / = 6.6 Hz,
3H, CHCH3), 1.20-0.99 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 204.2 (C), 182.2 (C), 156.7 (C), 143.4 (CH), 141.2
(CH), 110.3 (CH), 109.2 (CH), 105.3 (CH), 46.4 (CH2), 46.1 (CH), 44.2 (CH), 31.4
(CH2), 22.6 (CH2), 17.7 (CH3s), 17.6 (CH3), 17.3 (CH3), 12.3 (CH), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C23H38NO3S2Si: 468.2057, found: 468.2063.
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Experimental section

N-[(2S,3S,4E)-2-Methyl-3-[(E)-2-phenylethenyl]-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’aq)

Ph

S)OK‘\)\/\
sijN N o1iPs

The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (15.5 mg, 21 pmol, 2 mol%), q (172 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 16 h.

The residue (rr 1,4/1,2 70:30, dr 1,4 17:83) was purified by column
chromatography (from 98:2 to 90:10 Hexanes/EtOAc) to give 30 mg (0.07 mmol,
7% yield) of syn Michael 9’aq, 242 mg (0.49 mmol, 49% yield) of the anti Michael
9’aq and 101 mg (0.20 mmol, 20% yield) of 1,6-adducts 12.

Yellow solid.

Mp 45-48 °C.

Rr0.4 (90:10 Hexanes/EtOAc).

[a]p?? +68.5 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.4 min (2R,3R minor isomer) Rt20.4 min (25,35 major isomer),
99% ee.

IR (ATR) v 2942, 285, 1713, 1655, 1165, 1124, 983, 965, 926, 881, 790, 736, 690,
663 cm1.

1H NMR 'H NMR (500 MHz, CDCl3) § 7.35-7.25 (m, 4H, ArH), 7.23-7.16 (m, 1H,
ArH), 6.40 (d,] = 11.8 Hz, 1H, CHOTIPS), 6.30 (d, / = 15.8 Hz, 1H, PhCH), 6.05 (dd,
J=15.8,9.1 Hz, 1H, PhCHCH), 4.86 (dd, J = 11.8, 9.4 Hz, 1H, CHCHOTIPS), 4.02 (dt,
J=13.3, 5.3 Hz, 1H, NCHxHy), 3.73 (dq, J = 9.9, 6.6 Hz, 1H, 0=CCH), 3.27 (ddd, ] =
13.3, 9.4, 4.5 Hz, 1H, NCHxHy), 2.94 (q, J = 9.5 Hz, 1H, PhnCHCHCH), 2.75-2.59 (m,
2H, SCH2), 1.84-1.74 (m, 1H, NCH2CHxHy), 1.70-1.59 (m, 1H, NCH2CHxHy), 1.31 (d,
J=6.6 Hz, 3H, CHCH3), 1.20-1.03 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 203.8 (C), 182.9 (C), 142.9 (CH), 137.0 (C), 131.3
(CH), 130.0 (CH), 128.6 (CH), 127.5 (CH), 126.0 (CH), 110.6 (CH), 49.0 (CH), 47.7
(CH), 46.6 (CH2), 31.6 (CH2), 22.5 (CH2), 17.7 (CH3), 16.7 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C27H41NNaO2S2Si: 526.2240, found: 526.2231.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S5,3S,4Z)-4-Bromo-2-methyl-3-phenyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (9’ar)

S O Ph

A

S NWOTIPS
= Br

The General Procedure 8 was followed with 1a (188 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (38 mg, 51 pmol, 5 mol%), r (231 mg, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 17:83) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 98 mg (0.16 mmol, 16% yield) of syn Michael 9ar
and 414 mg (0.75 mmol, 75% yield) of the anti Michael 9’ar.

Yellow solid.

Mp 100-104 °C.

Rr 0.3 (80:20 Hexanes/EtOAc).

[a]p20 +157.4 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-4 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 10.3 min (25,3S major isomer) Rt 12.4 min (2R,3R major
isomer), 99% ee.

IR (ATR) v 2923, 2863, 1690, 1643, 1118, 988, 879, 795, 758, 699, 684, 669, 605
cm-1,

1HNMR (500 MHz, CDCI3) 6 7.41-7.35 (m, 2H, ArH), 7.31-7.25 (m, 2H, ArH), 7.25-
7.20 (m, 1H, ArH), 6.86 (s, 1H, CHOTIPS), 4.54 (dq, / = 11.0, 6.5 Hz, 1H, 0=CCH),
3.61 (d,J = 11.0 Hz, 1H, PhCH), 3.42 (ddd, J = 13.2, 6.0, 5.0 Hz, 1H, NCHxHy), 3.12
(ddd,J=13.2,9.1, 4.3 Hz, 1H, NCHxHy), 2.67 (dt,J = 12.5, 6.9 Hz, 1H, SCHxHy), 2.45
(ddd,J=12.5,7.1, 6.0 Hz, 1H, NCHxHy), 1.81-1.71 (m, 1H, NCH2CHxHy), 1.36 (d, ] =
6.5 Hz, 3H, CHCH3s), 1.21-1.03 (m, 22H, NCH2CHxHy, OTIPS).

13C NMR (126 MHz, CDCl3) & 204.0 (C), 181.6 (C), 140.7 (C), 138.5 (CH), 128.4
(CH), 127.2 (CH), 109.4 (C), 55.4 (CH), 46.3 (CHz), 44.2 (CH), 31.5 (CH2), 21.9
(CH2), 17.6 (CH3), 17.4 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+Na]* C2sH3sBrNNaO:S2Si: 578.1189, found:
578.1184.
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Experimental section

N-[(2S,3S,4E)-2,4-Dimethyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9’ac)

S O Ph
SJJ\N : ~ ~OTIPS

)

The General Procedure 8 was followed with 1a (187 mg, 1.0 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (15.8 mg, 21 pmol, 2 mol%), ¢ (185 pL, 1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at -20 °C for 16 h.

The residue (dr 8:92) was purified by column chromatography (from 99:1 to
90:10 Hexanes/EtOAc) to give 35 mg (70 umol, 7% yield) of syn Michael 9’ac and
401 mg (0.83 mmol, 83% yield) of the anti Michael 9’ac.

Yellow solid.

Mp 46-47 °C.

R 0.3 (90:10 Hexanes/EtOAc).

[a]p2® +275.4 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 0.8% i-PrOH in Hexanes,
flow rate 1 mL/min): Rt 15.8 min (2R,3R minor isomer) Rt19.0 min (25,3S major
isomer), 99% ee.

IR (ATR) v 2942, 2865, 1705, 1656, 1462, 1164, 1124, 986, 880, 755, 663 cm-1.
1H NMR (500 MHz, CDCI3) § 7.30-7.14 (m, 2H, ArH), 6.44 (q, ] = 1.4 Hz, 1H,
CHOTIPS), 4.46 (dq, J = 11.4, 6.5 Hz, 1H, 0=CCH), 3.29 (d, / = 11.4 Hz, 1H, PhCH),
3.30-3.22 (m, 1H, NCHxHy), 3.16 (ddd, J = 13.2, 8.9, 4.2 Hz, 1H, NCHxHy), 2.69 (ddd,
J=12.4,7.5, 6.4 Hz, 1H, SCHxHy), 2.52 (ddd,J=12.4, 7.1, 5.7 Hz, 1H, SCHxHy) 1.81-
1.70 (m, 1H, NCH2CHxHy), 1.49 (d, J = 1.4 Hz, 3H, CCHs), 1.30 (d, / = 6.5 Hz, 3H,
CHCH3), 1.17-1.01 (m, 22H, NCH2CHxHy, OTIPS).

13CNMR (126 MHz, CDCl3) § 203.3 (C), 183.1 (C), 142.3 (C), 137.0 (CH), 128.3 (C),
128.2 (CH), 126.5 (CH), 116.3 (C), 56.6 (CH), 46.5 (CH2), 43.1 (CH), 31.7 (CH2), 21.9
(CH2),17.7 (CH/CH3), 17.3 (CH3), 11.9 (CH/CH3), 9.3 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H42NO2S2Si: 492.2421, found: 492.2412.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-Ethyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9bb)

s o pn
sijNWonPs

N

The General Procedure 8 was followed with 1b (102 mg, 0.5 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.46 mg, 50 umol, 10 mol%), b (70 pL, 0.55 mmol,
1.1 equiv), TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6
mmol, 1.2 equiv) at -20 °C for 16 h.

The residue (dr 76:24) was purified by column chromatography (from 98:2 to
96:4 Hexanes/EtOAc) to give 101 mg (0.2 mmol, 38% yield) of syn Michael 9bb
and 23 mg (50 pmol, 9% yield) of the anti Michael 9’bb.

Yellow oil.

R 0.5 (90:10 Hexanes/EtOAc).

[a]p20 +190.1 (c 1.0 CHCl3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 8.7 min (2R,3S minor isomer), Rt 18.9 min (2S,3R major
isomer), > 99% ee.

IR (ATR) v 2940, 2864, 1684, 1654, 1459, 1288, 1237, 1209, 1163, 1123, 1065,
1043,1013 cm.

1H NMR (500 MHz, CDCl3) 6 7.30-7.26 (m, 2H, ArH), 7.20-7.16 (m, 3H, ArH), 6.33
(d,J=11.8 Hz, 1H, CHOTIPS), 5.30 (dd, / = 11.8, 10.5 Hz, 1H, CHCHOTIPS), 4.44-
4.39 (m, 1H, 0=CCH), 4.03 (dt, J = 13.2, 5.7 Hz, 1H, NCHxHy), 3.49-3.43 (m, 1H,
NCHxHy), 3.37 (dd, J = 10.5, 9.0 Hz, 1H, PhCH), 2.87-2.77 (m, 2H, CH2CH3), 2.11-
2.02 (m, 1H, SCHxHy), 2.01-1.90 (m, 1H, SCHxHy), 1.78-1.67 (m, 1H, NCH2CHxHy),
1.63-1.54 (m, 1H, NCH2CHxHy), 1.14-0.99 (m, 21H, OTIPS), 0.85 (t, ] = 7.4 Hz, 3H,
CH2CHs).

13CNMR (126 MHz, CDCI3) 6 205.4 (C), 180.1 (C), 143.5 (C) 141.7 (CH), 128.4 (CH),
127.4 (CH), 111.7 (CH), 51.8 (CH), 46.3 (CH2), 48.2 (CH), 31.4 (CHz), 24.4 (CH>),
22.6 (CHz), 11.0 (CH3).

HRMS (ESI+) m/z calcd. for [M+H]* C26H41NO2S2Si: 492.2431, found 492.2421.
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Experimental section

N-[(2S,3R,4E)-2-(3-Butynyl)-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9eb)

s o Ph
sijlwonps

)

The General Procedure 8 was followed with 1e (114 mg, 0.5 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.5 mg, 50 pmol, 10 mol%), b (70 uL, 0.55 mmol, 1.1
equiv), TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol,
1.2 equiv) at -20 °C for 16 h.

The residue (dr 71:29) was purified by column chromatography (from 98:2 to
96:4 Hexanes/EtOAc) to give 120 mg (0.2 mmol, 53% yield) of syn Michael 9eb
and 51 mg (90 pmol, 23% yield) of the anti Michael 9’eb.

Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p2® +196.0 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 18.4 min (2R,3S enatiomer), Rt37.1 min (2S,3R isomer), >99%
ee.

IR (ATR) v 2941, 2864, 1695, 1654, 1462, 1287, 1161, 1124, 1050, 1013 cm1.
1H NMR (500 MHz, CDCl3) 6 7.31-7.26 (m, 2H, ArH), 7.22-7.17 (m, 3H, ArH), 6.32
(d,J =11.7 Hz, CHOTIPS), 5.29 (dd, J = 11.7, 10.6 Hz, CHCHOTIPS), 4.60-4.55 (m,
1H, 0=CCH), 4.01 (dt, J = 13.2, 5.7 Hz, 1H, NCHxHy), 3.47-3.41 (m, 1H, NCHxHy),
3.36 (dd, J =10.6, 8.8 Hz, PhCH), 2.83-2.78 (m, 2H, SCH2), 2.22-2.17 (m, 2H,
CHCH2CHz2), 2.10-1.92 (m, 3H, CHCHxHy, NCH2CHz), 1.91 (t, J = 2.6 Hz, 1H, CCH),
1.82-1.71 (m, 1H, CHCHxHy), 1.15-0.98 (m, 21H, OTIPS).

13CNMR (126 MHz, CDCls) § 205.8 (C), 54 179.5 (C), 143.0 (C), 126.6 (C), 83.7 (C),
142.1 (CH), 128.7 (CH), 127.7 (CH), 111.0 (CH), 68.8. (CH), 50.3 (CH), 48.5 (CH),
46.4 (CHz2), 31.3 (CH2), 30.1 (CH2), 22.75 (CHz2), 16.04 (CH2).

HRMS (ESI+) m/z calcd. for [M+H]* C26H42N02S25i 516.2421, found 516.2423.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3R,4E)-2-(3-Methoxy-3-oxopropyl)-3-phenyl-5-triisopropylsilyloxy-
4-pentenoyl]-1,3-thiazinane-2-thione (9fb)

S O Ph

s NWOTIPS

VS

MeO™ O

The General Procedure 8 was followed with 1f (132 mg, 0.5 mmol, 1.0 equiv), [(R)-
DTBM-SEGPHOS]NICI2 (33.2 mg, 25 pmol, 5 mol%), b (70 uL, 0.55 mmol, 1.1
equiv), TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol,
1.2 equiv) at =20 °C for 16 h.

The residue (80% conversion, dr 85:15) was purified by column chromatography
(from 95:5 to 80:20 Hexanes/EtOAc) to give 149 mg (0.27 mmol, 54% yield) of
syn Michael 9fb and 30 mg (50 umol, 11% yield) of the anti Michael 9’fb.

Yellow oil.

Rr 0.6 (80:20 Hexanes/EtOAc).

[a]p20 +193.3 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-4 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 15.5 min (25,3R major isomer) Rt 20.2 min (2R,3S minor
isomer), 99% ee.

IR (ATR) v 2943, 2865, 1735, 1654, 1162, 1124, 1045, 881, 761, 685 cm™1.

1H NMR (400 MHz, CDCl3) 6 7.33-7.24 (m, 2H, ArH), 7.23-7.13 (m, 3H, ArH), 6.32
(d,J=11.7 Hz, 1H, CHOTIPS), 5.21 (dd, J = 11.7, 10.6 Hz, 1H, CHCHOTIPS), 4.62-
4.53 (m, 1H, 0=CCH), 4.13 (dt,/ = 13.2, 5.7 Hz, 1H, NCHxHy), 3.60 (s, 3H, COOMe),
3.41 (ddd, J = 13.2, 8.7, 5.2 Hz, 1H, NCHxHy), 3.32 (dd, J = 10.6, 9.4 Hz, 1H, PhCH),
2.95-2.79 (m, 2H, SCH2), 2.42-2.26 (m, 2H, O=CCHCHz), 2.15-1.95 (m, 3H,
CH2COO0CHs, NCH2CHxHy), 1.90-1.79 (m, 1H, NCH2CHxHy), 1.15-0.93 (m, 21H,
OTIPS).

13CNMR (101 MHz, CDCl3) § 205.9 (C), 179.7 (C), 173.5 (C), 142.7 (C), 141.8 (CH),
128.7 (CH), 127.4 (CH), 126.6 (CH), 111.5 (CH), 51.5 (CH3z), 50.0 (CH), 49.3 (CH),
46.4 (CHz2), 31.3 (CH2), 26.3 (CH2), 22.8 (CH2), 17.6 (CH3), 11.8 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C28H44N04S2Si: 550.2476, found: 550.2471.
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Experimental section

N-[(2S,3S,4E)-2-Azido-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazolidine-2-thione (90b)

O Ph

s
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The General Procedure 8 was followed with 10 (100 mg, 0.5 mmol, 1.0 equiv),
[(R)-DTBM-SEGPHOS]NIClz (65.4 mg, 50 pmol, 10 mol%), b (70 pL, 0.55 mmol, 1.1
equiv), TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol,
1.2 equiv) at -20 °C for 16 h.

The residue (dr 90:10) was purified by column chromatography (from 90:10 to
80:20 Hexanes/EtOAc) to give 162 mg (0.3 mmol, 66% yield) of syn Michael 90b
and 18 mg (30 pmol, 7% yield) of the anti Michael 9’ob.

Yellow solid.

Mp 141-145 °C (decomposition).

Rf 0.4 (80:20 Hexanes/EtOAc).

[a]p2® +123.2 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 6% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt6.5 min (2R,3S minor isomer), Rt7.0 min (25,3R major isomer),
99% ee.

IR (ATR) v 2921, 2863, 2095, 1688, 1653, 1456, 1360, 1269, 1234, 1222, 1184,
1153,1046,1014 cm™1.

1H NMR (500 MHz, CDCI3) § 7.36-7.32 (m, 2H, ArH), 7.29-7.24 (m, 3H, ArH) 6.45
(d,J =11.7 Hz, 1H, CHOTIPS), 6.39 (d, J = 10.0 Hz, 1H, 0=CCH), 5.27 (dd, / = 11.7,
10.0 Hz, 1H, CHCHOTIPS), 4.55-4.43 (m, 2H, NCHz), 3.79 (t, / = 10.0 Hz, PhCH),
3.34-3.23 (m, 2H, SCH>2), 1.16-0.99 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCls) 6 143.9 (CH), 140.5 (C), 128.9 (CH), 127.7 (CH), 127.3
(), 108.6 (CH), 63.9 (CH), 56.0 (CHz2), 47.9 (CH), 28.7 (CHz).

HRMS (ESI+) m/z calcd for [M+H]* C23H34N402S2Si: 490.1789, found 490.1785.

306



Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)-2-Ethyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9’bb)

S 0 ph
de\)NJJ\;/‘\/\OTIPS

N

The General Procedure 8 was followed with 1b (102 mg, 0.5 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (18.82 mg, 25 pmol, 5 mol%), b (70 pL, 0.55 mmol, 1.1 equiv),
TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2
equiv) at-20 °C for 5 h.

The residue (dr 20:80) was purified by column chromatography (from 98:2 to
96:4 Hexanes/EtOAc) to give 31 mg (60 umol, 12% yield) of syn Michael 9bb and
150 mg (0.3 mmol, 57% yield) of the anti Michael 9’bb.

Yellow oil.

R 0.5 (90:10 Hexanes/EtOAc).

[a]p2® +244.8 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): R¢ 15.1 min (2R,3R minor isomer), Rt 17.7 min (25,35 major
isomer), >99% ee.

IR (ATR) v 2940, 2864, 1684, 1654, 1459, 1288, 1237, 1209, 1163, 1123, 1065,
1043,1013 cm.

1H NMR (500 MHz, CDCl3) § 7.28-7.24 (m, 2H, ArH), 7.19-7.15 (m, 3H, ArH), 6.38
(d,J=11.7 Hz, 1H, CHOTIPS), 5.07 (dd, /= 11.7, 10.5 Hz,1H, CHCHOTIPS) 4.29 (ddd,
J=10.5,6.5,4.7 Hz, 1H, 0=CCH), 3.73 (dt, J = 13.3, 5.4 Hz, 1H, NCHxHy), 3.35 (t,/ =
10.5 Hz, 1H, PhCH), 3.08 (ddd, J = 13.3, 9.3, 4.5 Hz, 1H, NCHxHy), 2.56 (dt, ] = 12.4,
6.9 Hz, 1H, SCHxHy), 2.19 (ddd, J = 12.4, 7.2, 6.3 Hz, SCHxHy), 1.99-1.89 (m, 1H,
NCH2CHxHy), 1.90-1.80 (m, 2H, CH2CHs), 1.80-1.70 (m, 1H, NCH2CHxHy), 1.15-
0.97 (m, 25H, OTIPS, CH2CH3, NCH2CHxHy).

13C NMR (126 MHz, CDCl3) § 205.1 (C), 179.8 (C), 144.1 (C), 141.9 (CH), 128.7
(CH), 127.7 (CH), 112.3 (CH), 51.3 (CH2), 50.3 (CH), 46.0 (CHz), 31.4 (CH2), 24.9
(CH2), 22.2 (CH), 11.1 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C26H41NO2S2Si: 492.2431, found 492.2421.
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Experimental section

N-[(2S,3R,4E)-2-(3-Butynyl)-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-
1,3-thiazinane-2-thione (9’eb)

S 0O Ph
sijlwows

)

The General Procedure 8 was followed with 1e (114 mg, 0.5 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (18.8 mg, 25 pmol, 5 mol%), b (70 pL, 0.55 mmol, 1.1 equiv),
TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2
equiv) at-20 °C for 16 h.

The residue (dr 18:82) was purified by column chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 34 mg (70 pmol, 13% yield) of syn Michael 9eb and
139 mg (0.2 mmol, 53% yield) of the anti Michael 9’eb.

Yellow oil.

Rr 0.5 (80:20 Hexanes/EtOAc).

[a]p20 +204.94 (c 1.0 CHCls).

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 2% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt7.9 min (2R,3S minor isomer), Rt8.6 min (25,3R major isomer),
>99% ee.

IR (ATR) v 2941, 2864, 1695, 1654, 1462, 1287, 1161, 1124, 1050, 1013 cm.
1H NMR (500 MHz, CDCl3) § 7.39-7.25 (m, 2H, ArH), 7.24-7.15 (m, 3H, ArH), 6.41
(d,J=11.7 Hz, 1H, CHOTIPS), 5.06 (dd, J = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.39
(ddd,J=10.5, 6.9, 4.7 Hz, 0=CCH), 3.70 (dt, / = 13.2, 5.4 Hz, 1H, NCHxHy), 3.31 (t,J
=10.5 Hz, 1H, PhCH), 3.09 (ddd, J = 13.4, 9.2, 4.5 Hz, 1H, NCHxHy), 2.62-2.48 (m,
2H, CHCH2), 2.39-2.30 (m, 1H, SCHxHy), 2.23-2.02 (m, 3H, CHCH2CH2, SCHxHy),
1.92 (t, 1H, J = 2.6 Hz, CCH), 1.84-1.66 (m, 1H, NCH2CHxHy), 1.17-0.99 (m, 22H,
NCH2CHxHy, OTIPS).

13C NMR (126 MHz, CDCls) 8 205.3 (C), 179.2 (C), 143.7 (C), 126.6 (C), 84.2 (C),
142.5 (CH), 128.9 (CH), 127.7 (CH), 111.8 (CH), 68.1 (CH), 50.7 (CH), 49.9 (CH),
46.4 (CHz2), 31.3 (CH2), 29.5 (CH2), 22.8 (CH2), 16.0 (CH2).

HRMS (ESI+) m/z calcd for [M+H]* C28H42N02S25i 516.2421, found 516.2423.
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Metal catalysed asymmetric C-C bond forming reactions

N-[(2S,3S,4E)-2-(3-Methoxy-3-oxopropyl)-3-phenyl-5-triisopropylsilyloxy-
4-pentenoyl]-1,3-thiazinane-2-thione (9'fb)

S O Ph

A

STUNT Y OTIPS
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The General Procedure 8 was followed with 1f (129 mg, 0.5 mmol, 1.0 equiv), [(R)-

BINAP]NiClz (19.3 mg, 26 umol, 5 mol%), b (70 pL, 0.55 mmol, 1.1 equiv), TIPSOTf

(200 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 1.2 mmol, 1.2 equiv) at -20

°C for 16 h.

The residue (dr 20:80) was purified by column chromatography (from 95:5 to
80:20 Hexanes/EtOAc) to give 49 mg (90 pmol, 18% yield) of syn Michael 9fb and
193 mg (0.35 mmol, 70% yield) of the anti Michael 9’fb.

Yellow solid.

Mp 53-55 °C.

R¢ 0.5 (80:20 Hexanes/EtOAc).

[a]p2® +220.4 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 10% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 13.5 min (25,35 major isomer) Rt 35.4 min (2R,3R minor
isomer), 99% ee.

1H NMR (400 MHz, CDCl3) 6 7.31-7.23 (m, 2H, ArH), 7.23-7.13 (m, 3H, ArH), 6.40
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.07 (dd, J = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.45
(ddd, J=10.5, 7.6, 4.3 Hz, 1H, 0=CCH), 3.72 (dt, J = 13.3, 5.4 Hz, 1H, NCHxHy), 3.65
(s, 3H, COOMe), 3.29 (t,/ = 10.5 Hz, 1H, PhCH), 3.07 (ddd, J = 13.4, 9.3, 4.5 Hz, 1H,
NCHxHy), 2.71 (ddd, J = 16.6, 11.1, 5.7 Hz, 1H, CHxHyCOOMe), 2.61-2.42 (m, 2H,
SCHxHy, CHxHyCOOMe), 2.35-2.20 (m, 1H, 0=CCHCHxHy), 2.20-2.05 (m, 2H,
0=CCHCHxHy, SCHxHy), 1.82-1.68 (m, 1H, NCH:CHxHy), 1.17-0.94 (m, 22H,
NCH2CHxHy, OTIPS).

13C NMR (101 MHz, CDCl3) § 205.5 (C), 179.4 (C), 173.6 (C), 143.7 (C), 142.4 (CH),
128.8 (CH), 128.7 (CH), 127.6 (CH), 126.6 (CH), 112.0 (CH), 51.4 (CH3), 50.7 (CH),
49.4 (CH), 46.1 (CH2), 31.4 (CH2), 31.2 (CH2), 26.8 (CH2), 22.1 (CHz), 17.6 (CH3),
11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C28H44N04S2Si: 550.2476, found: 550.2471.
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N-[(2S,3R,4E)-2-Azido-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazolidine-2-thione (9’0b)

i o Ph
s NWOTIPS
\_/ N
3

The General Procedure 8 was followed with 10 (96 mg, 0.5 mmol, 1.0 equiv), [(R)-
BINAP]NiClz (17.0 mg, 50 umol, 5 mol%), b (70 pL, 0.55 mmol, 1.1 equiv), TIPSOTf
(200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2 equiv) at -
20 °C for 16 h.

The residue (dr 50:50) was purified by column chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 105 mg (0.21 mmol, 45% yield) of syn Michael 90b
and 105 mg (0.21 mmol, 45% yield) of the anti Michael 9’ob.

Yellow thick oil.

Rr 0.3 (80:20 Hexanes/EtOAc).

[a]p20 +76.2 (c 1.0 CHCl3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 6% iPrOH in Hexanes, flow
rate 1 mL/min): Rt 12.6 min (2S,3R major isomer), Rt 15.9 min (2R,3S minor
isomer), 99% ee.

IR (ATR) v 2921, 2863, 2095, 1688, 1653, 1456, 1360, 1269, 1234, 1222, 1184,
1153,1046,1014 cm™1.

1H NMR (500 MHz, CDCl3) § 7.35-7.28 (m, 2H, ArH), 7.30-7.21 (m, 3H, ArH), 6.57
(dd, J = 11.7, 0.7 Hz, 1H, CHOTIPS), 6.08 (d, / = 9.7 Hz, 1H, 0=CCH), 5.30 (dd, J =
11.7,9.7 Hz, 1H, CHCHOTIPS), 4.08 (ddd, J = 12.4, 11.7, 7.4 Hz, 1H, NCHxHy), 3.88
(ddd,J=11.7,7.4,2.0 Hz, 1H, NCHxHy), 3.69 (t,/ = 9.7 Hz, 1H, PhCH), 2.89 (ddd, J =
10.8, 7.4, 2.0 Hz, 1H, SCHxHy), 2.59 (ddd, J = 12.4, 10.8, 7.4 Hz, 1H, SCHxHy), 1.21-
1.01 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) 6 201.9 (C), 173.0 (C), 144.2 (CH), 139.8 (C), 128.8
(CH), 127.8 (CH), 127.4 (CH), 108.9 (CH), 64.5 (CH), 55.9 (CH2), 49.2 (CH), 28.8
(CH2), 17.6 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd. for [M+H]* C23H34N402S2Si: 490.1789, found 490.1785.
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N-[(2R,3S,4E)-2-(4-Methoxyphenoxymethyl)-3-phenyl-5-
triisopropylsilyloxy-4-pentenoyl]-1,3-thiazinane-2-thione (9’pb)
S O Ph
S NWOTIPS
NN

OMe

The General Procedure 8 was followed with 1p (311 mg, 0.5 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (37.6 mg, 50 pmol, 10 mol%), b (70 pL, 0.55 mmol, 1.1 equiv),
TIPSOTf (200 uL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2
equiv) at -20 °C for 5 h.

The residue (dr 10:90) was purified by column chromatography (from 95:5 to
85:15 Hexanes/EtOAc) to give 30 mg (50 umol, 10% yield) of syn Michael 9pb and
183 mg (0.3 mmol, 61% yield) of the anti Michael 9’pb.

Yellow oil.

Rr 0.5 (80:20 Hexanes/EtOAc).

[a]p?® +144.56 (¢ 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 17.9 min (2R,3S major isomer), Rt 27.2 min (2S5,3R minor
isomer), > 99% ee.

IR (ATR) v 2922, 1703, 1657, 1507, 1458, 1347, 1307, 1233, 1208, 1187, 1152,
1121, 1066,1039,1028,1013 cm

1H NMR (500 MHz, CDCl3) 6 7.29-7.26 (m, 5H, ArH), 6.87-6.71 (m, 4H, ArH), 6.42
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.15 (dd, / = 11.7, 10.4 Hz, 1H, CHCHOTIPS), 4.69
(ddd, J=10.4, 5.3, 3.7 Hz, 1H, 0=CCH), 4.37-4.28 (m, 2H, CH20Ar), 3.82 (t,/ = 10.4
Hz, 1H, PhCH), 3.76 (s, 3H, OMe), 3.62 (ddd,/ = 13.3, 6.5, 5.0 Hz, 1H, NCHxHy), 3.34
(ddd, J =13.3, 8.4, 4.6 Hz, 1H, NCHxHy), 2.67 (dt, = 12.4, 6.8 Hz,1H, SCHxHy), 2.39
(ddd, J = 12.4, 7.3, 6.3 Hz, 1H, SCHxHy), 1.88-1.78 (m, 1H, NCH2CHxHy), 1.43-1.31
(m, 1H, NCH2CHxHy), 1.10-0.88 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) 6 204.5 (C), 177.2 (C), 153.7 (C), 152.6 (C), 143.5 (C),
142.5 (CH), 128.6 (CH), 127.8 (CH), 126.4 (CH), 115.6 (CH), 114.3 (CH), 111.0
(CH), 68.6 (CH2), 55.8 (CH3), 51.0 (CH), 46.5 (CHz), 46.1 (CH), 31.6 (CH2), 22.4
(CH2), 17.5 (CH/CH3), 11.9 (CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C32H46N04S2Si: 600.2632, found 600.2633.
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N-[(2S,3S,4E)-2-Benzyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9°qb)

S O Ph
SiL)NWOTIPS

“Ph

The General Procedure 8 was followed with 1q (130 mg, 0.5 mmol, 1.0 equiv),
[(R)-BINAP]NiClz (8.0 mg, 11 pmol, 2 mol%), b (70 pL, 0.55 mmol, 1.1 equiv),
TIPSOTf (405 uL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2
equiv) at-20 °C for 16 h.

The residue (dr 15:85) was purified by column chromatography (from 98:2 to
94:6 Hexanes/EtOAc) to give 25 mg (50 umol, 10% yield) of syn Michael 9qb and
123 mg (0.24 mmol, 47% yield) of the anti Michael 9’qb.

Yellow solid.

Mp 69-72 °C.

Rf 0.5 (80:20 Hexanes/EtOAc).

[a]p2® +62.1 (c 1.0 CHCI3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 1% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt8.4 min (2R,3R minor isomer) Rt19.9 min (25,35 major isomer),
99% ee.

IR (ATR) v 2920, 2862, 1687, 1658, 1172, 1159, 920, 882, 822, 696 cm1.

1H NMR (400 MHz, CDCl3) § 7.29-7.12 (m, 10H, ArH), 6.38 (d, / = 11.7 Hz, 1H,
CHOTIPS), 5.22 (dd,J=11.7,10.3 Hz, 1H, CHCHOTIPS), 4.83-4.76 (m, 1H, 0=CCH),
3.65 (dd, J = 10.3, 8.6 Hz, 1H, PhCH), 3.45 (ddd,J = 13.3, 7.1, 5.1 Hz, 1H, NCHxHy),
3.34 (ddd,J = 13.3, 7.7, 4.8 Hz, 1H, NCHxHy), 3.15-3.00 (m, 2H, PhCH2), 2.41-2.22
(m, 2H, SCHz), 1.61-1.50 (m, 1H, NCH2CHxHy), 1.43-1.29 (m, 1H, NCH2CHxHy),
1.17-0.96 (m, 21H, OTIPS).

13C NMR (101 MHz, CDCIs) 6 205.1 (C), 178.8 (C), 143.6 (C), 142.7 (CH), 139.3 (C),
129.6 (CH), 128.5 (CH), 128.1 (CH), 127.9 (CH), 126.4 (CH), 126.1 (CH), 111.5
(CH), 52.5 (CH), 49.2 (CH), 46.1 (CH2), 37.6 (CHz2), 31.4 (CHz), 22.2 (CH2), 17.7
(CHs), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C31H44NO2S2Si: 554.2577, found: 554.2573.
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N-[(2R,3S5,4E)-2,3-Diphenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9'rb)

O Ph

S
SJ\NJ\;/'\/\OTIPS
L

Ph

The General Procedure 8 was followed with 1r (130 mg, 0.5 mmol, 1.0 equiv), [(R)-
BINAP]NiClz (8 mg, 11 pmol, 2 mol%), b (70 pL, 0.55 mmol, 1.1 equiv), TIPSOTf
(200 pL, 0.75 mmol, 1.5 equiv), and 2,6-lutidine (70 pL, 0.6 mmol, 1.2 equiv) at -
20 °C for 16 h.

The residue (dr 15:85) was purified by column chromatography (from 98:2 to
94:6 Hexanes/EtOAc) to give 25 mg (0.05 mmol, 10% yield) of syn Michael 9rb
and 123 mg (0.24 mmol, 47% yield) of the anti Michael 9’rb.

Yellow solid.

Mp 66-69 °C.

Rr0.4 (90:10 Hexanes/EtOAc)

[a]p2® +37.5 (c 1.0 CHCl3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 17.2 min (2R,3S major isomer) Rt 38.4 min (25,3R minor
isomer), 99% ee.

IR (ATR) v 2942, 2865, 1676, 1655, 1160, 1127, 757, 728, 696, 666 cm™1.

1H NMR 'H NMR (500 MHz, CDCl3) § 7.56-7.50 (m, 2H, ArH), 7.36-7.28 (m, 6H,
ArH), 7.24-7.19 (m, 2H, ArH), 5.89 (d, / = 11.7 Hz, 1H, CHOTIPS), 5.36 (d,/ = 11.1
Hz, 1H, 0=CCH), 4.89 (dd, J = 11.7, 9.5 Hz, 1H, CHCHOTIPS), 3.84 (dd, /= 11.1,9.5
Hz, 1H, CHCHCHOTIPS ), 3.50 (ddd, / = 13.1, 6.7, 5.3 Hz, 1H, NCHxHy), 3.26 (ddd, J
=13.1,7.9,4.9 Hz, 1H, NCHxHy), 2.45 (dt,J = 12.5, 6.8 Hz, 1H, SCHxHy), 2.32 (dt, J =
12.5, 6.8 Hz, 1H, SCHxHy), 1.71-1.61 (m, 1H, NCH2CHxHy), 1.35-1.27 (m, 1H,
NCH2CHxHy), 0.91-0.80 (m, 21H, OTIPS).

13CNMR (126 MHz, CDCl3) 6 205.4 (C), 177.3 (C), 143.5 (C), 142.6 (CH), 138.1 (C),
129.4 (CH), 128.6 (CH), 128.2 (CH), 128.1 (CH), 127.1 (CH), 126.6 (CH), 111.9
(CH), 57.7 (CH), 51.9 (CH), 46.4 (CHz), 31.1 (CH2), 22.2 (CH2), 17.6 (CH/CH3), 11.6
(CH/CH3).

HRMS (ESI+) m/z calcd for [M+H]* C30H41NO2S2Si: 540.2428, found: 540.2421.
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8 Other o,f-unsaturated compounds

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.2 equiv)

i 0 [L*NiCl, (x mol%) i g Fh
iCl, (x mol%
EW
s N)K/ . Ph/\/EWG X U)H/‘\/ G
9

N 4:1 PhMe:CH,Cly, T, 16 h

The General Procedure 8 was followed with 1a (189 mg, 1 mmol, 1.0 equiv), the
nickel catalyst (5-10 mol%), and the corresponding electrophile (1.1 mmol, 1.1
equiv), TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol,
1.2 equiv) for 16 h. The results are summarised in Table 60.

Entry EWG L* Mol% T (°C) Conv. (%)
1 COPh (MesP); 5 -20 59
2 COPh (R)-Tol-BINAP 5 0 86
3 COPh (R)-DTBM-SEGPHOS 5 0 20
4 COPh (R)-Tol-BINAP 5 0 100
5  COOMe (MesP); 10 rt 0
6 NO; (MesP); 5 -20 0

a) Established by 'H NMR analysis.

Table 60. Michael addition to different a,3-unsaturated compounds.

Non-aromatic «,-unsaturated aldehydes

TIPSOTf (1.5 equiv)
S O 2,6-Lutidine (1.2 equiv)

o) S O
- [L*]NiCl, (x mol%)
A R/QLH 20 ANy P otips

/N
1a s-z 4:1 PhMe:CH,Cl,, —20 °C, 16 h v 9

The General Procedure 8 was followed with 1a (189 mg, 1.0 mmol, 1.0 equiv), the
nickel catalyst (5-10 mol%), the corresponding aldehyde (1.1 mmol, 1.1 equiv),
TIPSOTf (405 pL, 1.5 mmol, 1.5 equiv), and 2,6-lutidine (140 pL, 1.2 mmol, 1.2
equiv) at -20 °C for 16 h. The results are summarised in Table 61.
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Entry aldehyde L* mol%  Conv. (%)
1 s (MesP)2 10 Complex mix
2 t (MesP)2 10 Complex mix
3 u (MesP) 10 0
4 v (MesP)2 5 0
5 w (MesP)2 5 0
6 X (MesP) 5 0
7 y (MesP) 5 0
8 z (MesP)2 10 Complex mix
9 z (R)-BINAP 5 Complex mix

a) Established by H NMR analysis.

Table 61. Michael addition to non-aromatic o,f-unsaturated aldehydes.

9 Michael additions catalysed by cobalt
salts

OTIPS

=
2,6-Lutidine (1.2 equiv) S Ph

S 0 o
AL g, —Cot0A% (xmol) N
N CH,Cly, 0°C, 16 h
v 1a b K)
TIPSOTf (1.5 equiv)
s O o} 2,6-Lutidine (1.2 equiv)
0,
S)LN)K/ . HM Co(OAC), (xMol%) _ e (AN
. CH,Cly, 0°C, 16 h "
a v

TIPSOTf (1.5 equiv)

10

GENERAL PROCEDURE 9

A solution of 1a (95 mg, 0.5 mmol, 1.0 equiv), an aldehyde (0.55 mmol, 1.1 equiv),
and Co(0OAc)z (17.7 mg, 10 umol, 20 mol%) in CHz2Clz (1 mL) was cooled at 0 °C
under Nz. Then, neat TIPSOTf (200 pL, 0.75 mmol, 1.5 equiv) was added followed
by 2,6-lutidine (70 pL, 1.2 mmol, 1.2 equiv) and the resultant mixture was stirred
at 0 °C for 16 h.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and partitioned in
CH2Cl2 (10 mL) and water (25 mL). The aqueous layer was extracted with CH2Cl>
(2 x 10 mL). The combined organic extracts were dried (MgSO4), and
concentrated. The resultant residue was analysed by 'H NMR (400 MHz) and
purified by flash column chromatography to give the named compound.
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S-[(E)-1-Phenyl-3-triisopropylsilyloxy-2-propenylthio]-1,3-thiazinane

Ph

7 OTIPS

S
S/gN
.

10

The General Procedure 9 was followed with aldehyde b (69 uL, 0.55 mmol, 1.1
equiv). The residue was purified by flash chromatography (from 98:2 to 80:20
Hexanes/EtOAc) to give 43 mg (0.12 mmol, 24% yield) of 10.

Colorless oil.

1H NMR (400 MHz, CDCl3) § 7.86 (dd, ] = 3.9, 1.7 Hz, 1H, PhCH), 7.48-7.28 (m, 5H,
ArH), 6.94 (d,] = 16.0 Hz, 1H, CHOTIPS), 6.22 (dd, ] = 16.0, 3.9 Hz, 1H, CHCHOTIPS),
3.64 (ddd, ] = 14.0, 7.6, 3.3 Hz, 1H, NCHxHy), 3.37 (ddd, J = 14.0, 7.5, 3.3 Hz, 1H,
NCH:xHy), 2.92 (t,] = 6.1 Hz, 2H, SCH2), 2.25-2.13 (m, 2H, NCH2CHz), 1.14-1.04 (m,
21H, OTIPS).

(1E,3E)-Triisopropylsilyloxy-1,3-butadiene (11)

TIPSO "X
1

The General Procedure 9 was followed with aldehyde v (45 pL, 0.55 mmol, 1.1
equiv). The residue purified by flash chromatography (Hexanes/EtOAc from 95:5
to 85:15) to give 28 mg (0.12 mmol, 22% yield) of 11.

Colorless oil.

1H NMR (400 MHz, CDCl3) 6 6.65 (dd, J = 11.8, 0.8 Hz, 1H, CHOTIPS), 6.23 (dddd,
=16.9,11.0,10.2, 0.7 Hz, 1H, CHCHCHOTIPS), 5.75 (ddd, = 11.8, 11.0, 0.8 Hz, 1H,
CHCHOTIPS), 4.98 (ddd, / = 16.9, 1.8, 0.9 Hz, 1H, CHCHxHy), 4.80 (dd, /= 10.4, 1.6
Hz, 1H, CHCHxHy), 1.24-1.03 (m, 21H, OTIPS).
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10 1,6-Michael additions to «o,B-y,8-
unsaturated aldehydes

TIPSOTF (1.5 equiv)
2,6-Lutidine (1.5 equiv)
i 0 0 [(S)-BINAPINICI, i o ph
2 mol%
AR g, (2 mol%) X7 N AN oTiPs
4:1 PhMe/CH,Cl,
L(\ﬁ) 1 q —20°C, t KM) 12
n n

A solution of a thioimide 1 (0.2 mmol, 1.0 equiv), aldehyde q (35 mg, 0.22 mmol,
1.1 equiv), and [(S)-BINAP]NiClz (3.0 mg, 4 umol, 2 mol%) in CHzCl2 (0.4 mL) was
cooled at -20 °C under N2. Then, neat TIPSOTf (81 pL, 0.3 mmol, 1.5 equiv) was
added, followed by 2,6-lutidine (35 pL, 0.24 mmol, 1.2 equiv) and the resultant
mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4CI (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgSO04) and concentrated under reduced pressure. The results are summarised
in Table 62.

Entry Scaffold X n R t(h) Conv(%)* rr(1,2:;1,4:1,6)¢ dr(1,6)

1 1a S 1 Me 1 >99 0:70:30 55:45
2 11 S 0 Me 05 >99 0:58:42 45:55
3 1m 0O 0 Me 05 >99 4:53:43 42:58
4 1n 0O 1 Me 05 >99 1:53:46 50:50
5 1o 0O 0 Nz 05 >99 1:53:46 44:56
6 1t 0O 0 Nz 05 >99 1:63:37 35:65

a) Established by 'H NMR analysis of the crude mixture.

Table 62. Scaffold assessment for the 1,6-Michael addition.
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R3SiOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv)
S O (0] [(S)-BINAP]NICI, S O Ph
0,
SXN)K/ + H)th (2 mol%) SANWO&RS
\/ 4:1 PhMe/CH,Cl,, \ H 121q
-20°C, t

1l q

A solution of N-propanoyl-1,3-thiazolidine-2-thione 11 (0.2 mmol, 1.0 equiv),
aldehyde q (35 mg, 0.22 mmol, 1.1 equiv), and [(S)-BINAP]NiClz (3.0 mg, 4 umol,
2 mol%) in CH2Clz (0.4 mL) was cooled at -20 °C under N2. Then, neat R3SiOTf (0.3
mmol, 1.5 equiv) was added, followed by 2,6-lutidine (35 puL, 0.24 mmol, 1.2 equiv)
and the resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Clz (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated under reduced pressure. The results are summarised
in Table 63.

Entry Lewisacid t(h) Conv(%)* rr(1,2:;1,4:1,6)¢ dr (1,6)°

1 TIPSOTf 1 >99 1:53:46 55:45
2 TESOTf 2 >99 10:63:27 34:66
3 TMSOTf 2 >99 39:35:26 37:63

a) Established by 'H NMR analysis of the crude mixture.

Table 63. Lewis acid assessment for 1,6-Michael addition.

TIPSOTf (1.5 equiv)
2,6-Lutidine (1.5 equiv) S 0 Ph

S 0 o)

)W [L*]NiCl, (2 mol%)
B PGP, B G
/1 q 12iq

Solvent, —20 °C \

A solution of N-propanoyl-1,3-thiazolidine-2-thione 11 (0.2 mmol, 1.0 equiv),
aldehyde q (35 mg, 0.22 mmol, 1.1 equiv), and a chiral nickel (II) complex (4 pmol,
2 mol%) in solvent (0.4 mL) was cooled at =20 °C under N2. Then, neat TIPSOTf
(81 pL, 0.3 mmol, 1.5 equiv) was added, followed by 2,6-lutidine (35 pL, 0.24
mmol, 1.2 equiv) and the resultant mixture was stirred at -20 °C.

The reaction mixture was quenched with sat. NH4Cl (1 mL) and a known quantity
of methyl 4-nitrobenzoate was added as internal standard (10-20 mg). The
mixture was partitioned in CH2Cl2 (15 mL) and water (15 mL). The aqueous layer
was extracted with CH2Clz (2 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The results are summarised
in Table 64.
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Entry L* Solvent t(h) Conv(%)® rr(1,2:1,4:1,6) dr (1,6)°
1 [(S)-BINAP] CH:Cla 0.5 >99 1:53:46 45:55
2 [(S)-BINAP] PhMe: CHCl2 4:1 3 >99 7:32:61 39:61
3 [(R)-DTBM-SEGPHOS] CH:Cl2 0.5 >99 0:84:16 39:61
4 [(R)-DTBM-SEGPHOS] PhMe: CH:Cl24:1 3 >99 0:82:18 32:68

a) Established by 'H NMR analysis of the crude mixture.

Table 64. Solvent and catalyst assessment for 1,6-Michael addition.
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CHAPTER III

Transformations of the Michael adducts.
Total synthesis of Tapentadol
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Metal catalysed asymmetric C-C bond forming reactions

11 Derivatization of Michael adducts

11.1 Scale up of syn Michael adduct 9ab
N-[(2S,3R,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoyl]-1,3-
thiazinane-2-thione (9ab)

S o Ph
S)LN/ij/A\fé\OﬂPS
N

The General Procedure was followed with 1 (1.89 g, 10 mmol, 1.0 equiv), [(R)-
DTBM-SEGPHOS]NiClz (262 mg, 0.2 mmol, 2 mol%), a (1.4 mL, 11 mmol, 1.1
equiv), TIPSOTf (4.0 mL, 15 mmol, 1.5 equiv), and 2,6-lutidine (1.4 mL, 12 mmol,
1.2 equiv) at -20 °C for 5 h.

The residue (dr 84:16) was purified by column chromatography (from 98:2 to
90:10 Hexanes/EtOAc) to give 3.45 g (7.3 mmol, 73% yield) of syn Michael 2a and
580 mg (1.2 mmol, 12% yield) of the anti Michael 3a.

11.2 Synthesis of Michael adduct derivatives
Methyl (2S,3R,4E)-2-methyl-3-phenyl-5-triisopropylsilyloxy-4-pentenoate
(13)
o Ph
MeOWOTIPS
A solution of 9ab (237 mg, 0.5 mmol, 1 equiv) and DMAP (12.3 mg, 0.1 mmol, 0.2
equiv) in MeOH (2 mL) was stirred at rt under N2 for 16 h.

The volatiles were removed under reduced pressure and the residue was purified
by column chromatography (from 98:2 to 90:10 Hexanes/EtOAc) to give 156 mg
(0.5 mmol, 99% yield) of methyl ester 13 and 59 mg (0.44 mmol, 90% yield) of
recovered 1,3-thiazinane-2-thione.

Colorless oil.

Rf 0.3 (95:5 Hexanes/EtOAc).

[a]p2® +40.9 (c 1.0 CHCl3).

IR (ATR) v 2944, 2866, 1736, 1655, 1170, 1072, 996, 882, 870, 762, 683, 663
cm-L

1H NMR (500 MHz, CDCl3) 6 7.32-7.24 (m, 2H, ArH), 7.21-7.13 (m, 3H, ArH), 6.35
(dd, J =11.7, 0.7 Hz, 1H, CHOTIPS), 5.20 (dd, J = 11.7, 10.0 Hz, 1H, CHCHOTIPS),
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3.66 (s, 1H, OMe) 3.30 (t, J = 10.0 Hz, 1H, CHPh), 2.76 (dq, J = 10.0, 6.9 Hz, 1H,
0=CCH), 1.14-1.00 (m, 21H, OTIPS), 0.94 (d, ] = 6.9 Hz, 3H, CHCH3).

13C NMR (126 MHz, CDCI3) 6 176.2 (C), 142.8 (C), 141.9 (CH), 128.5 (CH), 127.8
(CH), 126.4 (CH), 112.2 (CH), 51.4 (CHs), 48.1 (CH), 46.2 (CH), 17.7 (CHs), 16.1
(CHs), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C22H3703Si: 377.2506, found: 377.2507.

Methyl N-[(2S,3R,4E)-2-methyl-3-phenyl-5-triisopropylsilyloxy-4-
pentenoyl]-B-alaninate (14)

O (0] Ph

MeO)K/\NWOTIPS

H

A solution of 9ab (238 mg, 0.5 mmol, 1 equiv), DMAP (12.6 mg, 0.1 mmol, 0.2
equiv) and B-alanine (175 mg, 1.25 mmol, 2.5 equiv) in CH2Cl: (3.5 mL) was cooled
at 0 °C. Then, neat EtsN (210 pL, 1.5 mmol, 3 equiv) was added dropwise and the
resultant mixture was stirred for 16 h at rt.

The mixture was diluted with Et20 (50 mL) and washed with 2 M HCI (2 x 25 mL),
NaOH (3 x 25 mL), and brine (25 mL). The organic layer was dried (MgS04) and
concentrated under reduced pressure to give pure ester 14 (190 mg, 80% yield).

White solid.

Mp 75-77 °C.

Rr 0.3 (70:30 Hexanes/EtOAc).

[a]p2® +40.9 (c 1.0 CHCI3).

IR (ATR) v 3340, 2940, 2863, 2356,1732,1647,1152, 881, 762, 704, 680 cm-1.
1H NMR (400 MHz, CDCl3) 6 7.33-7.23 (m, 2H, ArH), 7.22-7.10 (m, 3H, ArH), 6.32
(dd,J =11.7, 0.7 Hz, 1H, CHOTIPS), 5.99 (t, ] = 6.1 Hz, 1H, NH), 5.18 (dd, j = 11.7,
9.6 Hz, 1H, CHCHOTIPS), 3.69 (s, 3H, OMe), 3.56-3.40 (m, 2H, CH2N), 3.33 (t, ] =
9.6 Hz, 1H, PhCH), 2.58-2.46 (m, 2H, Me02CCHz), 2.39 (dq, / = 9.6, 6.8 Hz, 1H,
CHCH3), 1.14-0.99 (m, 21H, OTIPS), 0.92 (d, J = 6.8 Hz, 3H, CHCH3).

13C NMR (101 MHz, CDCl3) 6 175.0 (C), 173.3 (C), 143.2 (C), 142.2 (CH), 128.5
(CH), 127.8 (CH), 126.3 (CH), 111.8 (CH), 51.7 (CH3), 48.1 (CH), 47.9 (CH), 34.5
(CH2), 33.9 (CH2), 17.7 (CH3), 16.4 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C2sH42NO4Si: 448.2878, found: 448.2880.
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N-[(2S,3R,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-
pentenoyl]morpholine (15)

O Ph
K\NJ\:/\/\OTIPS

0 =

Neat morpholine (105 pL, 1.2 mmol, 2.4 equiv) was added to a solution of 9ab
(239 mg, 0.5 mmol, 1 equiv) and DMAP (12.3 mg, 0.1 mmo], 0.2 equiv) in CH2Cl2
(2 mL) at 0 °C, and the resultant mixture was stirred for 16 h at rt.

The reaction mixture was diluted with Et20 (25 mL) and washed with NaOH (3 x
10 mL). The organic layer was dried (MgS04) and concentrated under reduced
pressure to give pure amide 15 (175 mg, 95% yield).

Colorless oil.

R¢ 0.6 (60:40 Hexanes/EtOAc).

[a]p2® +51.3 (¢ 1.0 CHCI3).

IR (ATR) v 2942, 2864, 1655, 1638, 1165, 731, 699, 681, 667, 645 cm-1.

1H NMR (500 MHz, CDCl3) 6 7.32-7.27 (m, 2H, ArH), 7.22-7.15 (m, 3H, ArH), 6.32
(dd, J = 11.6, 0.7 Hz, 1H, CHOTIPS), 5.15 (dd, J/ = 11.7, 9.8 Hz, 1H, CHCHOTIPS),
3.68-3.62 (m, 6H, 2 x OCHz2, OCH2CH>), 3.57-3.52 (m, 2H, OCH2CH2), 3.44 (t,/=9.8
Hz, 1H, CHPh), 3.01 (dq, / = 9.8, 6.8 Hz, 1H, 0=CCH), 1.13-0.98 (m, 21H, OTIPS),
0.89 (d, ] = 6.8 Hz, 3H, CHCH3).

13C NMR (126 MHz, CDCls) 6 174.2 (C), 143.2 (C), 142.4 (CH), 128.5 (CH), 128.0
(CH), 126.4 (CH), 112.1 (CH), 67.0 (CHz2), 66.8 (CHz), 48.2 (CH), 46.3 (CH2), 42.2
(CH2), 40.9 (CH), 17.7 (CHs), 16.7 (CHs), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C2sH42NOsSi: 432.2928, found: 432.2927.

(25,35,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-penten-1-ol (16)

Ph
HOWOTIPS
A solution of 9ab (1.414 g, 3 mmol, 1 equiv) in THF (12 mL) was cooled to 0 °C.
Then, a 2 M solution of LiBH4 in THF (3 mL, 6 mmol, 2 equiv) was added dropwise
and the resulting solution was stirred at rt under Nz for 2 h.

The crude was quenched with MeOH (3 mL) and diluted with Et20 (70 mL). The
organic layer was washed with 2 M NaOH (50 mL), sat. NH4CI (50 mL) and brine
(50 mL). The resulting organic layer was dried (MgS0O4) and concentrated under
reduced pressure to give 956 mg (93% yield) of pure alcohol 16.
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Colorless oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p2® +45.5 (¢ 1.0 CHCI3).

IR (ATR) v 3410, 3025, 2943, 2865, 1655, 1164, 881, 682, 662 cm™1.

1H NMR (500 MHz, CDCl3) 6§ 7.30-7.26 (m, 2H, ArH), 7.19-7.13 (m, 3H, ArH), 6.39
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.26 (dd, / = 11.7, 10.2 Hz, 1H, CHCHOTIPS), 3.68
(dd, J =10.8, 4.9 Hz, 1H, HOCHxHy), 3.55 (dd, J = 10.8, 5.9 Hz, 1H, HOCHxHy), 3.03
(dd, J=10.2, 8.9 Hz, 1H, CHPh), 2.01-1.92 (m, 1H, HOCH:CH), 1.16-0.98 (m, 21H,
OTIPS), 0.80 (d, J = 6.8 Hz, 3H, CHCH3).

13C NMR (126 MHz, CDCl3) 6 144.4 (C), 141.3 (CH), 128.4 (CH), 127.8 (CH), 126.0
(CH), 113.2 (CH), 66.6 (CH2), 47.7 (CH), 40.9 (CH), 17.7 (CH3), 15.4 (CH3), 12.0
(CH).

HRMS (ESI+) m/z calcd for [M+H]* C21H3702Si: 349.2557, found: 349.2542.

(2S,3R,4E)-2-Methyl-3-phenyl-5-triisopropylsilyloxy-4-pentenal (17)

o Ph

HWOTIPS

A solution of 9ab (239 mg, 0.5 mmol, 1 equiv) in CH2Clz (5 mL) was cooled to -78
°C.Then, a 1 M solution of DIBALH in toluene (0.85 mL, 0.85 mmol, 1.7 equiv) was
added dropwise and the resulting solution was stirred at -78 °C under Nz for 5 h.

The reaction mixture was quenched with MeOH (1 mL). Then, a sat. solution of
sodium potassium tartrate (10 mL) was added and the resultant mixture was
stirred for 30 min. The mixture was extracted with CH2Clz (3 x 10 mL) and the
combined organic extracts were dried (MgS0O4) and concentrated. The residue was
purified by column chromatography (from 98:2 to 94:6 Hexanes/EtOAc) to give
128 mg (0.37 mmol, 75% yield) of aldehyde 17.

Colorless oil.

R 0.5 (90:10 Hexanes/EtOAc).

[a]p20 +41.2 (¢ 1.0 CHCI3).

IR (ATR) v 2943, 2892, 2866, 1724, 1655, 1459, 1168, 882, 759, 683, 662 cm-1.
1H NMR (500 MHz, CDCI3) § 9.69 (d, ] = 3.0 Hz, 1H, CHO), 7.33-7.28 (m, 2H, ArH),
7.23-7.19 (m, 1H, ArH), 7.19-7.15 (m, 2H, ArH), 6.40 (dd, J = 11.8, 0.7 Hz, 1H,
CHOTIPS), 5.24 (dd,/=11.8,9.5 Hz, 1H, CHCHOTIPS), 3.39 (t,/ = 9.5 Hz, 1H, PhCH),
2.76-2.67 (m, 1H, 0=CCH), 1.14-1.02 (m, 21H, OTIPS), 0.91 (d, ] = 6.9 Hz, 3H,
CHCHs).

13C NMR (126 MHz, CDCl3) 6 204.9 (C), 142.5 (C+CH), 128.6 (CH), 127.8 (CH),
126.5 (CH), 111.7 (CH), 51.4 (CH), 46.1 (CH), 17.7 (CHs), 12.8 (CHs), 11.9 (CH).
HRMS (ESI+) m/z calcd for [M+H]* C21H3502Si: 347.2401, found: 347.2401.
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Methyl (25,3R,4E)-2-methyl-3-phenyl-5-triisopropylsilyloxypentanoate
(19)
O Ph
MeO)WOTIPS

A solution of 13 (140 mg, 0.45 mmol, 1 equiv) and 20% Pd/C (96mg, 0.045 mmo],
10 mol%) in EtOH (3 mL) under N2 atm was bubbled with Hz and after 10 min a
Hz balloon was attached to the flask and it was stirred overnight. Afterwards, N2
was bubbled throught the solution for 15 min and then it was filtered throught
Celite® to give 142 mg (0.45 mmol, 99% yield) of pure 19.

Colorless oil.

Rt. 0.3 (95:5 Hexanes/EtOAc)

[a]p20: + 21.4

IR (ATR) v 3028, 2941, 2864, 2361, 1933, 1736, 1603, 1161, 1101, 1067, 881,
764,701, 678 cm.

1H NMR (400 MHz, CDCls) 6 7.31-7.25 (m, 2H, ArH), 7.23-7.17 (m, 1H, ArH), 7.16-
7.11 (m, 2H, ArH), 3.71 (s, 3H, OMe), 3.48-3.32 (m, 2H, CH20TIPS), 2.97 (td, J =
10.5, 4.0 Hz, 1H, PhCH), 2.68 (dq, / = 10.1, 6.9 Hz, 1H, CHCH3), 1.94-1.75 (m, 2H,
CH2CH20TIPS), 1.01-0.96 (m, 21H, OTIPS), 0.91 (d,] = 6.9 Hz, 3H, CHCH3).
13CNMR 13C NMR (101 MHz, CDCl3) 6 176.6 (C), 141.7 (C), 128.4 (CH), 128.3 (CH),
126.6 (CH), 61.1 (CHz2), 51.5 (CHs), 45.9 (CH), 45.4 (CH), 37.7 (CHz2),17.9 (CH/CH3),
15.9 (CH/CHs), 11.9 (CH/CHs).

HRMS (ESI+) m/z calcd for [M+H]* C22H3903Si: 379.2663, found: 379.2655.

(4R,5S5)-5-Methyl-4-phenyl-2-tetrahydro-2H-pyranol (20)
OH
(0]

Ph"

A 1 M solution of TBAF in THF (0.75 mL, 0.75 mmol, 1.5 equiv) was added
dropwise to a solution of aldehyde 17 (172 mg, 0.5 mmol, 1 equiv) in THF (5 mL)
at 0 °C, and the resultant mixture was stirred at rt for 1 h.

The mixture was rinsed with Et20 (30 mL) and washed with water (4 x 25 mL).
The organic layer was dried (MgS04) and concentrated under reduced pressure.
The residue was purified by flash column chromatography (from 80:20 to 60:40
Hexanes/EtOAc) to give 81 mg (0.41 mmol, 85% yield) of tetrahydropyrane 20 as
a 54:46 mixture of diastereomers.

327



Experimental section

Pale yellow oil.

Rr 0.6 (60:40 Hexanes/EtOAc).

IR (ATR) v 3372 (br), 3027, 2950, 2924,2870,1737,1602,1118,1048,1008, 754,
698 cm-1.

1H NMR (400 MHz, CDCI3) 6 7.38-7.26 (m, 4H, ArH diast A, B), 7.26-7.13 (m, 6H,
ArH, diast A, B), 5.41 (q, J = 2.4 Hz, 1H,CHOH, diast A), 4.84 (ddd, /] = 9.4, 6.1, 2.1
Hz, 1H, CHOH diast B), 4.02 (dd, J = 11.7, 4.4 Hz, 1H, OCHxHy diast B), 3.79 (t, ] =
11.2 Hz, 1H, OCHxHy diast A), 3.63 (dd, J = 11.2, 4.6 Hz, 1H, OCHxHy diast A), 3.44
(d,J=6.3 Hz, 1H, OH diast B), 3.27 (dd, /= 11.7, 10.9 Hz, 1H, OCHxHy diast B), 2.86
(t,J=2.3Hz, 1H, OH diast A), 2.77 (td, /= 11.1, 5.5 Hz, 1H, PhCH diast A), 2.36 (ddd,
J =12.6, 10.9, 3.8 Hz, 1H, PhCH diast B), 2.06 (ddd, J = 13.0, 3.8, 2.1 Hz, 1H,
CHxHyCHOH diast B), 2.01-1.81 (m, 4H, CH2CHOH diast A, CHCHs diast A, CHCH3
diast B), 1.73-1.60 (m, 1H, CHxHyCHOH), 0.63 (d, J = 6.6 Hz, 3H, CH3 diast A), 0.61
(d,J = 6.6 Hz, 3H, CH3 diast B).

13C NMR (101 MHz, CDCls) § 144.0 (C), 143.3 (C), 128.6 (CH), 128.5 (CH), 127.6
(CH), 127.5 (CH), 126.6 (CH), 126.4 (CH), 96.5 (CH), 91.8 (CH), 72.1 (CH2), 65.6
(CH2),48.5 (CH),42.6 (CH),41.0 (CHz2), 38.2 (CH2), 36.0 (CH), 35.7 (CH), 14.8 (CH3),
14.1 (CHs).

HRMS (ESI+) m/z calcd for [M+Na]* C12H16NaOz2: 215.1043, found: 215.1038.

12 Cyclization reactions
12.1 Assessment of the aldehyde

S 0 fh e) BF5-Et,0 (1.5 equiv) S /Oii/
ﬁ\lWOTIPS + H)kR CHoClp, 1t, 3 h Q/ks “Ph

9ab 21

A solution of Michael adduct 9ab (48 mg, 0.1 mmol, 1 equiv) in CH2Cl2 (0.75 mL)
was added dropwise to a stirring solution of an aldehyde (0.2 mmol, 2 equiv) and
BF3-Et20 (19 pL, 0.2 mmol, 1.5 equiv) in CH2Clz (0.75 mL) at 0 °C. The resulting
mixture was stirred until apparent completion by TLC.

The mixture was rinsed with water (25 mL), extracted with CH2Clz (4 x 5 mL) and
concentrated under reduced pressure. The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure and the crude mixture was
analysed by 'H NMR.
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Entry R Conv (%) Purity (%)%b
1c - 96 56
2 4-MeO-CeHa 83 Complex mixture
3 4-Me-CeH4 92 40
4 Ph 100 90
5 4-Cl-CeH4 100 80
6de Et 70 44

a) Established by 'H NMR analysis. b) Established by 'H
NMR comparing the ratio of product 21 vs all other
subproducts. d) Reaction temperature 0 °C. e) Reaction
time 4 h

Table 65. Aldehyde screening.

12.2 Assessment of reaction conditions

9ab

o)
p o)
L )W BF5-Et,0 (1.5 equiv) (\s o
SN OTIPS + H
‘\/‘ : CH,Cly, T, t N/)\S "
21

A solution of Michael adduct 9ab (48 mg, 0.1 mmol, 1 equiv) in CH2Cl2 was added
dropwise to a stirring solution of benzaldehyde (101 pL, 0.2 mmol, 2 equiv) and
BF3-Et20 (19 pL, 0.2 mmol, 1.5 equiv) in CHzClz at 0 °C. The resulting mixture was
stirred until apparent completion by TLC. After, the mixture was rinsed with water
(25 mL), extracted with CHz2Cl2 (4 x 5 mL) and concentrated under reduced

pressure.

The combined organic extracts were dried (MgSO4) and concentrated under

reduced pressure and the crude mixture was analysed by 'H NMR.

Entry Scale (mmol) Conc(M) t(h) T(°C) Conv(%)® Yield (%)? Purity(%)¢
1 0.1 0.07 35 -78to0 100 63 100
2 0.5 0.07 3 Otort 92 33
3 0.9 0.07 3 rt 95 58
4 0.2 0.04 3 0 100 98 91
5 0.1 0.01 1.5 0 100 91
6 0.5 0.01 1 0 95 83 100

a) Established by H NMR analysis. b) isolated yield.

Table 66. Assessment of reaction conditions.
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(35,4R,6R)-6-((5,6-Dihydro-4H-1,3-thiazin-2-yl)thio)-3-methyl-4-
phenyltetrahydro-2H-pyran-2-one (21)

0
(3 ,@/
N//kS “'Ph

A solution of Michael adduct 9ab (239 mg, 0.5 mmol, 1 equiv) in CH2Clz (25 mL)
was added dropwise to a stirring solution of benzaldehyde (101 pL, 0.2 mmol, 2
equiv) and BF3-Et20 (93 pL, 0.75 mmol, 1.5 equiv) in CH2Cl2 (25 mL) at 0 °C. The
resulting mixture was stirred for 1 h. After, the mixture was rinsed with water (50
mL) and extracted with CH2Clz (3 x 25 mL), dried (MgS0O4) and concentrated under
reduced pressure.

The residue was purified by column chromatography (from 80:20 to 60:40
Hexanes/EtOAc) to give 139 mg (0.41 mmol, 83% yield) of pure product 21.

Colorless oil.

Rf 0.2 (70:30 Hexanes/EtOAc).

[a]p20 = +117.4 (c 1.0 CHCI3).

IR (ATR) 2925, 2850, 1740, 1599, 1094, 952, 930, 907, 842, 727, 700 cm™1;

1H NMR (500 MHz, CDCI3) 6 7.39-7.33 (m, 2H, ArH), 7.32-7.25 (m, 1H, ArH), 7.24-
7.16 (m, 2H, ArH), 6.67 (t,] = 4.9 Hz, 1H, OCH), 3.81-3.71 (m, 2H, NCH2), 3.09 (t,J
= 6.0 Hz, 2H, SCH2) 2.95 (td, J = 11.0, 5.0 Hz, 1H, PhCH), 2.75 (dq, J = 11.0, 6.8 Hz,
1H, CHCH3), 2.50 (ddd, J = 14.4, 11.0, 4.9 Hz, 1H, PhCHCHxHy), 2.35 (dt, / = 14.4, 4.9
Hz, 1H, PhCHCHxHy), 2.00-1.87 (m, 2H, NCH2CH2), 1.16 (d, J = 6.9 Hz, 3H, CHCH3).
13C NMR (126 MHz, CDCl3) § 172.9 (C), 152.0 (C), 142.0 (C), 129.0 (CH), 127.4
(CH), 127.1 (CH), 80.0 (CH), 48.6 (CH2), 43.7 (CH), 41.9 (CH), 36.4 (CH2), 27.8
(CH2), 20.3 (CH2), 14.7 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C16H20NO2S2: 322.0930, found: 322.0929.

12.3 Cyclization of the anti Michael adduct

i w 0 _ BFyELO
TNy e oH0, TeC fx

9'ab 21"

A solution of Michael adduct 9’ab (48 mg, 0.1 mmol, 1 equiv) in CH2Clz (0.75 mL)
was added dropwise to a stirring solution of benzaldehyde (101 pL, 0.2 mmol, 2
equiv) and BF3-Et20 (19 pL, 0.2 mmol, 1.5 equiv) in CH2Clz at 0 °C. The resulting
mixture was stirred until apparent completion by TLC. The mixture was rinsed
with water (25 mL), extracted with CH2Clz (4 x 5 mL) and concentrated under
reduced pressure.
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The combined organic extracts were dried (MgSO4) and concentrated under
reduced pressure and the crude mixture was analysed by 'H NMR. The results are
summarised in Table 67.

Entry Conc(M) t(h) T(°C) Conv(%)® Purity(%)=b

1 0.06 3.5 rt 100% 30

2 0.01 16 0 83% 30

a) Established by 'H NMR analysis. b) Established by 'H NMR comparing the ratio of product 21’ vs
all other subproducts

Table 67. Anti Michael adduct cyclization.

12.4 Attempts for a Mukaiyama aldol addition

Ph 0} Ph O O
Lewis acid (1.5 equiv)
XVv\/\onPs + H)LR choL T XMH o
z 2%l 1, H
15 or 23 22 24 Ph

GENERAL PROCEDURE 10

A solution of Michael adduct derivative 13, 15 or 23 (1 equiv) in CH2Clz (0.13M)
was added dropwise to a stirring solution of benzaldehyde (2 equiv) and Lewis
acid (1.5 equiv) in the same amount of CHzClz. The resulting mixture was stirred
until apparent completion by TLC. After, the mixture was rinsed with water (25
mL), extracted with CH2Cl2 (4 x 5 mL) and concentrated under reduced pressure.

The combined organic extracts were dried (MgSO4) and concentrated under
reduced pressure and the crude mixture was analysed by 'H NMR.

GENERAL PROCEDURE 11

TiCl4 (0.15 mmol, 1.5 equiv)was added dropwise to a solution of Michael adduct
derivative 13 (38 mg, 0.1 mmol, 1 equiv) and benzaldehyde (101 pL, 0.2 mmol, 2
equiv) in CHzClz (1.5 mL) at -78 °C. The resulting mixture was stirred at 0 °C until
apparent completion by TLC. After, the mixture was rinsed with water (25 mL),
extracted with CH2Clz (4 x 5 mL) and concentrated under reduced pressure.

The combined organic extracts were dried (MgSO4) and concentrated under
reduced pressure and the crude mixture was analysed by 'H NMR. The results are
summarised in Table 68.
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Scale Lewis Conv Yield

Entry SM GP¢ (mmol) acid R t(h) T(OQ) (%) (%)¢ Major product
1 23 9 0.1 BF::Et20 Ph 3 -78t00 100 62 22b
2 23 9 0.5 BF::Etz.0 Ph 3 -78t00 100 43 22b
3 23 9 0.5 BF::Etz0 Et 3 -78t00 100 - 22b
4 23 9 0.1 TiCls Et 3 -78to0 100 Complex mix
5 15 9 0.1 TiCls Et 5 -78to0 100 - 22c
6 13 9 0.1 BF::Etz20 Ph 4 -78t00 100 - 22d
7 13 9 0.5 TiCls Et 4 -78t00 100 - 24
8 13 10 0.1 TiCls Et 5 -78to0 100 - Complex mix
9 13 9 0.5 Sc(OTf)s Et 48 rt 100 - 24

a) General Procedure. b) Established by 'H NMR analysis. c) Isolated yield of product 24.
Table 68. Assessment of conditions for the obtention of 24.
(3R,4S)-5-((tert-butyldiphenylsilyl)oxy)-4-methyl-3-phenylpentanal (22b)
Ph O

TBDPSO T H

A solution of 23 (37 mg, 0.1 mmol, 1 equiv) in CH2Clz (0.75 mL) was added
dropwise to a stirring solution of propanal (14 pL, 0.2 mmol, 2 equiv) and BF3-Etz0
(19 pL, 0.15 mmol, 1.5 equiv) in CH2Clz (25 mL) at -78 °C. The resulting mixture
was stirred for 1 h. After, the mixture was rinsed with water (50 mL) and extracted
with CH2Cl2 (3 x 25 mL) and concentrated under reduced pressure to give a
mixture of aldehyde 22b and TIPSOH.

Colorless oil.

1H NMR (400 MHz, CDCl3) 6 9.57 (t,/ = 2.3 Hz, 1H, CHO), 7.74-7.60 (m, 5H, ArH),
7.47-7.32 (m, 6H, ArH), 7.23-7.12 (m, 4H, ArH), 3.57-3.42 (m, 3H, OCHz, PhCH),
2.75 (dd, J = 7.7, 2.3 Hz, 2H, CH2CHO), 1.94-1.84 (m, 1H, CHCH3s), 1.10 (s, 9H,
0SitBuPhz), 0.71 (d, J = 6.9 Hz, 3H, CHCH3).
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N-[(2S,3R)-2-Methyl-5-0x0-3-phenylpentanoyl]morpholine (22c)
O Ph O

[0

A solution of 15 (59 mg, 0.1 mmol, 1 equiv) in CH2Clz (0.75 mL) was added
dropwise to a stirring solution of propanal (14 pL, 0.2 mmol, 2 equiv) and TiCls
(17 pL, 0.15 mmol, 1.5 equiv) in CH2Clz (25 mL) at -78 °C. The resulting mixture
was stirred for 1 h. The mixture was rinsed with water (50 mL) and extracted with

H

CH2Cl2 (3 x 25 mL) and concentrated under reduced pressure to give a mixture of
aldehyde 22¢ and TIPSOH.

Colorless oil.

1H NMR (400 MHz, CDCl3) 6 9.57 (dd, J = 2.6, 1.9 Hz, 1H, CHO), 7.35-7.29 (m, 2H,
ArH), 7.26-7.18 (m, 3H, ArH), 3.72-3.53 (m, 7H, NCHxHyCH20, PhCH), 3.50-3.44
(m, 2H, NCHxHy), 2.97 (dq, / = 9.4, 6.9 Hz, 1H, CHCH3), 2.84-2.66 (m, 2H, CH2CHO),
0.94 (d,] = 6.9 Hz, 3H, CHCH3).

(25,35,4E)-1-tert-Butyldiphenylsilyloxy-2-Methyl-3-phenyl-5-
triisopropylsilyloxy-4-pentene (23)
Ph
TBDPSOWOTIPS
A solution of 9ab (956 mg, 2.7 mmol, 1 equiv) and imidazole (451 mg, 6.6 mmol)
in THF (20 mL) was cooled to 0 °C. Then, TBDPSCI (0.93 mL, 3.6 mmol) was added
dropwise and the resulting solution was stirred at rt for 16 h.

The mixture was diluted with CH2Clz (20 mL) and washed with sat. NH4CI (30 mL)
and brine (30 mL). The resulting organic layer was dried (MgSO4) and
concentrated under reduced pressure to give 1.41 g (2.4 mmol, 88% yield) of pure
protected alcohol 23.

Colorless oil.

Rf 0.4 (90:10 Hexanes/EtOAc).

[a]p?® +17.4 (c 1.0 CHCls).

IR (ATR) v 3028, 2942, 2864, 1740, 1655, 1166, 1110, 1068, 738, 698, 612 cm-1.
1H NMR (400 MHz, CDCI3) 6 7.69-7.62 (m, 4H, ArH), 7.45-7.32 (m, 6H, ArH), 7.29-
7.21 (m, 2H, ArH), 7.20-7.08 (m, 3H, ArH), 6.27 (d, J = 11.8, 1H, CHOTIPS), 5.17
(dd,J=11.8,9.9 Hz, 1H, CHCHOTIPS), 3.70 (dd, J = 9.9, 4.7 Hz, 1H, TBDPSOCHxHy),
3.54-3.46 (m, 1H, TBDPSOCHxHy), 3.13 (dd, J = 9.9, 8.5 Hz, 1H, PhCH), 2.00-1.88
(m, 1H,CHCH3), 1.09-0.94 (m, 30H, OSitBuPhz, OTIPS), 0.78 (d,J = 6.7 Hz, 3H, CHz3).
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13C NMR (101 MHz, CDCls) 6 144.4 (C), 141.2 (CH), 135.6 (CH), 134.1 (C), 134.0
(C), 129.5 (CH), 129.5 (CH), 128.1 (CH), 128.0 (CH), 127.6 (CH), 125.7 (CH), 113.5
(CH), 66.9 (CH2), 46.7 (CH), 41.0 (CH), 26.9 (CH3), 19.3 (C) 17.7 (CH), 15.4 (CH3),
11.9 (CHa).

HRMS (ESI+) m/z calcd for [M+H]* C37Hs502Si2: 587.3735, found: 587.3739.

(35,4R,6R)-6-((5,6-Dihydro-4H-1,3-thiazin-2-yl)thio)-3-methyl-4-
phenyltetrahydro-2H-pyran-2-one (24)

"é/
“'Ph

Propanal (72 pL, 1 mmol, 10 equiv) was added dropwise to a solution of 13 (31
mg, 0.1 mmol, 1 equiv) and Sc(0Tf)s (14.8 mg, 0.03 mmol, 30 mol%) in CH2Clz (1.5
mL) at rt and the resulting mixture was stirred for 48 h.

The mixture was rinsed with water (20 mL) and extracted with CH2Clz (3 x 25
mL), dried (MgS04) and concentrated under reduced pressure to give a mixture of
24 and TIPSOH.

Colorless oil.

Rr 0.2 (70:30 Hexanes/EtOAc).

IR (ATR): 2928, 2863, 1724, 1110, 1083, 882, 831, 755, 731, 700, 674 cm™1.

1H NMR (400 MHz, CDCI3) 6 4.52 (ddd,J=11.4,5.2,4.3 Hz, 1H, OCHxHy), 4.40 (ddd,
J=11.4,8.6,4.6 Hz, 1H, OCHxHy), 2.85-2.68 (m, 2H, CHPh, CHCH3), 2.22-2.06 (m,
2H, OCH2CHz), 1.14 (d, ] = 6.6 Hz, 3H, CHCH3).

13C NMR (101 MHz, CDCls) 6 174.4 (C), 143.0 (C), 129.0 (CH), 127.1 (CH), 127.2
(CH), 68.0 (CH2), 45.34 (CH), 41.88 (CH), 31.5 (CHz2), 14.89 (CH3).

MS (ESI*): m/z calcd for [M+H]* C12H1502: 191.1, found: 191.1.
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13 Tapentadol total synthesis

N-[(2S,3S,4E)-3-(3-Methoxyphenyl)-2-methyl-5-triisopropylsilyloxy-4-
pentenoyl]-1,3-thiazinane-2-thione (ent-9’ak)

©/OMS
S 0 Y
ﬁ\IWOTIPS

The general procedure was followed with 1a (1.90 g, 10 mmol, 1.0 equiv), [(S)-
BINAP]NiClz (150 mg, 0.2 mmol, 2 mol%), k (1.79 g, 11 mmo], 1.1 equiv), TIPSOTf
(4 mL, 15 mmol, 1.5 equiv), and 2,6-lutidine (1.4 mL, 12 mmol, 1.2 equiv) at -20
°Cfor5h.

The residue (dr 19:81) was purified by column chromatography (from 96:4 to
90:10 Hexanes/EtOAc) to give 284 mg (0.56 mmol, 6% yield) of syn Michael ent-
9ak and 3.49 g (6.9 mmol, 69% yield) of the anti Michael ent-9’ak.

Yellow oil.

Rr 0.4 (80:20 Hexanes/EtOAc).

[a]p20 -243.1 (c 1.0 CHCl3).

Chiral HPLC (Phenomenex Lux® Cellulose-5 column, 4% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt9.5 min (2R,3R major isomer) Rt 11.9 min (25,35 minor isomer),
99% ee.

IR (ATR) v 2941, 2863, 1720, 1644, 1606, 1580, 1461, 1434, 1389, 1348, 1302,
1284,1219, 1204, 1120, 1064, 1150, 988, 942, 881, 777, 706, 684, 669 cm™1.

1H NMR (500 MHz, CDCl3) 6§ 7.19-7.15 (m, 1H, ArH), 6.77-6.68 (m, 3H, ArH), 6.40
(d, J = 11.7 Hz, 1H, CHOTIPS), 5.04 (dd, / = 11.7, 10.5 Hz, 1H, CHCHOTIPS), 4.05
(dg,J =10.5, 6.5 Hz, 1H, 0=CCH), 3.79 (s, 3H, OMe), 3.43 (dt,J = 13.2, 5.6 Hz, 1H,
NCHxHy), 3.22 (t,/=10.5 Hz, 1H, ArCH), 3.11 (ddd, /= 13.2, 8.9, 4.6 Hz, 1H, NCHxHy),
2.63 (dt,J = 12.4, 6.7 Hz, 1H, SCHxHy), 2.36 (ddd, ] = 12.4, 7.5, 5.8 Hz, 1H, SCHxHy),
1.83-1.73 (m, 1H, NCH2CHxHy), 1.39 (d, / = 6.5 Hz, 3H, CHCH3), 1.27-1.16 (m, 1H,
NCH2CHxHy), 1.16-0.98 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) § 204.1 (C), 182.3 (C), 159.8 (C), 145.7 (C), 142.7 (CH),
129.7 (CH), 120.1 (CH), 112.7 (CH), 112.5 (CH), 112.1 (CH), 55.3 (CH), 51.7 (CH),
47.5 (CH), 46.3 (CHz2), 31.3 (CHz), 22.3 (CH2), 17.7 (CH3), 17.6 (CH3), 11.9 (CH).
HRMS (ESI+) m/z calcd for [M+H]* C26H42N03S2Si: 508.2370, found 508.2370.
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(2R,3R,4E)-3-(3-Methoxyphenyl)-N,N,2-trimethyl-5-triisopropylsilyloxy-4-

pentenamide (25)
©/OMG
0]

\NWOTIPS

A solution of ent-9’ak (1.442 g, 2.85 mmol, 1 equiv), DMAP (70 mg, 0.57 mmo], 0.2
equiv) and Me:NH-HCI (583 mg, 7.1 mmo], 2.5 equiv) in CH2Clz (20 mL) was cooled
at 0 °C. Then, neat EtsN (1.2 mL, 1.5 mmol, 3 equiv) was added dropwise and the
mixture was stirred for 2 h at rt.

Afterwards, the crude mixture was diluted with Et20 (70 mL) and washed with 2
M HCI (2 x50 mL), 2 M NaOH (2 x 50 mL), and brine (50 mL). The resulting organic
layer was dried (MgS04) and concentrated under reduced pressure to give pure
amide 25 (1.192 g, 99% yield) which was used in the next step without further
purification.

Colorless oil.

Rf 0.3 (70:30 Hexanes/EtOAc).

[a]p2® +5.7 (c 1.0 CHCl3).

IR (ATR) v 2942, 2865, 1640, 1599, 1463, 1260, 1164, 1045, 923, 881, 803, 781,
685, 662 cm1.

1H NMR (500 MHz, CDCI3) § 7.14 (t,] = 7.9 Hz, 1H, ArH), 6.79-6.66 (m, 3H, ArH),
6.44 (d, J = 11.6 Hz, 1H, CHOTIPS), 5.15 (dd, J = 11.6, 10.6 Hz, 1H, CHCHOTIPS),
3.77 (s, 3H, OMe), 3.38 (t, /] = 10.5 Hz, 1H, ArCH), 2.96 (dq, / = 10.4, 6.7 Hz, 1H,
CHCH3), 2.71 (s, 3H, NCH3), 2.69 (s, 3H, NCH3), 1.16 (d, / = 6.7 Hz, 3H, CHCH3), 1.14-
1.02 (m, 21H, OTIPS).

13C NMR (126 MHz, CDCl3) & 175.7 (C), 159.4 (C), 146.2 (C), 142.4 (CH), 129.1
(CH), 119.7 (CH), 113.0 (CH), 111.6 (CH), 55.1 (CH3z), 48.2 (CH), 41.4 (CH), 37.1
(CHs), 35.4 (CH3), 17.7 (CH3), 16.9 (CH3), 11.9 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C24H42NOsSi: 420.2928, found: 420.2917.
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(2R,3S,4E)-3-(3-Methoxyphenyl)-N,N,2-trimethyl-5-
triisopropylsilyloxypentylamine (26)8

©/OM9

\TWOTIPS

A mixture of LiAlH4 (89 mg, 2.2 mmol, 2.2 equiv) in THF (5 mL) was cooled to 0 °C.
Then, a solution of 25 (419 mg, 1 mmol, 1 equiv) in THF (5 mL) was added
dropwise and the resulting mixture was stirred at 0 °C for 3 h.

The reaction was quenched with 2 M NaOH (5 mL), further rinsed with 2 M NaOH
(20 mL) and extracted with CH2Clz (3 x 10 mL). The combined organic extracts
were dried (MgS0O4) and concentrated under reduced pressure. The resultant
residue was purified by column chromatography (from 98:2 to 90:10
CH2Clz/MeOH) to give 318 mg (0.78 mmol, 78% yield) of pure amine 26.

Colorless oil.

Rr 0.5 (CH2Cl2/MeOH 90:10).

[a]p?® +11.2 (c 1.0 CHCI3).

IR (ATR) v 2942, 2866, 2816, 2762, 1655, 1461, 1259, 1047, 881, 847, 776, 755,
684, 663 cm™1.

1H NMR (500 MHz, CDCl3) 6 7.19 (t,/ = 7.9 Hz, 1H, ArH), 6.82-6.68 (m, 3H, ArH),
6.36 (d, / = 11.7 Hz, 1H, CHOTIPS), 5.23 (dd, j = 11.7, 10.4 Hz, 1H, CHCHOTIPS),
3.79 (s, 3H, OMe), 3.22 (dd, J = 10.4, 4.9 Hz, 1H, ArCH), 2.20 (s, 6H, N(CHz)2), 2.18-
2.12 (m, 1H, NCHxHy), 2.03-1.91 (m, 2H, NCHxHy, CHCH3), 1.20-1.05 (m, 21H,
OTIPS), 0.84 (d, ] = 6.4 Hz, 3H, CHCH3).

13C NMR (126 MHz, CDCI3) § 159.5 (C), 147.3 (C), 142.2 (CH), 129.1 (CH), 120.2
(CH), 113.8 (CH), 110.7 (CH), 109.7 (CH), 65.0 (CHz), 55.1 (CH3), 46.5 (CH), 45.8
(CHs), 36.7 (CH), 17.8 (CHs), 14.5 (CH3s), 12.0 (CH).

HRMS (ESI+) m/z calcd for [M+H]* C24H44NO2Si: 406.3136, found: 406.3130.

(3R,4R)-5-Dimethylamino-3-(3-methoxyphenyl)-4-methylpentanal (27)°

©/OM6
(e}

Amine 26 (405 mg, 1 mmol, 1 equiv) was dissolved in a HCI (1 M, 3 mL) and the
mixture was stirred at rt for 8 h.
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The crude mixture was diluted with Et20 (50 mL) and washed with 2 M HCI (3 x
15 mL). The aqueous layer was basified with 2 M NaOH (70 mL) and extracted
with CH2Cl: (3 x 20 mL). The combined organic extracts were dried (K2C03) and
concentrated under reduced pressure. The crude mixture of aldehyde 27 was
used without further purification.

(2R,3R)-3-(3-Methoxyphenyl)-N,N,2-trimethylpentylamine (28)

©/0Me

- .
N
T
A solution of the crude mixture of aldehyde 27 and N2H4-H20 (1.6 mL, 32 mmol,
32 equiv) in ethylene glycol (8 mL) was heated at 160 °C for 4 h. Afterwards, the

flask was opened for 5 min and NaOH (1.58 g, 40 mmol, 40 equiv) was added. The
resulting mixture was heated at 200 °C for 16 h.

The crude mixture was cooled to rt, diluted with 2 M NaOH (50 mL) and extracted
with CHzClz (3 x 20 mL). The combined organic extracts were dried (MgS04) and
concentrated under reduced pressure to give 206 mg (0.88 mmol, 88% yield) of
amine 28.

Colorless oil.

Rf0.2 (90:10 CH2Cl2/MeOH).

[a]p?® -30.4 (c 1.0 CHCI3).

IR (ATR) v 2960, 2934, 2872, 2815, 2762, 1582, 1453, 1436, 1258, 1153, 1043,
774,700 cm-1.

1HNMR (500 MHz, CDCI3) 6 7.23-7.17 (m, 1H, ArH), 6.75-6.71 (m, 2H, ArH), 6.70-
6.67 (m, 1H, ArH), 3.80 (s, 3H, OMe), 2.33 (ddd, /= 10.8, 6.7, 3.8 Hz, 1H, ArCH), 2.14
(s, 6H, N(CHs)2), 2.06-1.93 (m, 2H, NCH2), 1.89-1.80 (m, 1H, CHCH3s), 1.80-1.72
(m, 1H, CHxHyCH3), 1.64-1.51 (m, 1H, CHxHyCH3), 0.97 (d, / = 6.6 Hz, 3H, CHCH3),
0.73 (t,/ = 7.4 Hz, 3H, CH2CH3).

13C NMR (126 MHz, CDCls) 6 159.4 (C), 146.2 (C), 128.9 (CH), 121.0 (CH), 114.6
(CH), 110.6 (CH), 64.8 (CH2), 55.1 (CHs), 51.5 (CH), 45.8 (CHs), 36.6 (CH), 24.0
(CH2), 15.9 (CH3), 12.3 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C1sH26NO: 236.2009, found: 236.2007.
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(2R,3R)-Tapentadol 1°

A solution of amine 28 (168 mg, 0.7 mmol, 1 equiv) in HBr 48% (3.5 mL) was
heated to reflux for 5 h.

After cooling, the mixture was rinsed with NaHCO3 (50 mL) and washed with
CH2Cl2 (5 x 20 mL). The combined organic extracts were dried (K2CO3) and
concentrated under reduced pressure to give pure Tapentadol (153 mg, 0.67
mmol, 96% yield).

Brown oil.

Rf0.2 (90:10 CH2Cl2/MeOH).

[a]p20 -23.2 (¢ 1.0 CHCl3); [a]p2? -30.3 (¢ 1.0 MeOH); lit.34 [a]p2° -28.8 (¢ 1.0
MeOH).

IR (ATR) v 2961, 2872, 2816, 1731, 1699, 1458, 1156, 1013, 778, 736, 702 cm-1.
1H NMR (400 MHz, CDCl3) 6 7.13 (t,/ = 7.8 Hz, 1H, ArH), 6.69-6.62 (m, 2H, ArH),
6.59 (s, 1H, ArH), 2.32 (ddd, J = 10.7, 6.5, 3.8 Hz, 1H, ArCH), 2.18 (s, 6H, N(CHs)2),
2.16-2.10 (m, 1H, NCHxHy), 2.04 (ddd, J=12.0, 9.1, 2.0 Hz, 1H, NCHxHy), 1.94-1.80
(m, 1H, CHCH3), 1.80-1.67 (m, 1H, CHxHyCH3), 1.62-1.48 (m, 1H, CHxHyCH3), 0.97
(d,J = 6.6 Hz, 3H, CHCH3), 0.70 (t,/ = 7.3 Hz, 3H, CH2CH3).

13C NMR (101 MHz, CDCI3) 6§ 156.1 (C), 146.1 (C), 129.1 (CH), 120.5 (CH), 115.5
(CH), 113.1 (CH), 64.7 (CH2), 51.2 (CH), 45.7 (CHs), 36.5 (CH), 23.7 (CH2), 16.0
(CH3), 12.3 (CH3).

HRMS (ESI+) m/z calcd for [M+H]* C14H24NO: 222.1852, found: 222.1862.
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CHAPTER IV

The Mannich reaction
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14 Synthesis of N-electrophiles

14.1 Synthesis of imines

NayS04/K,CO3
or R
o 4AMS N

+ RNHy ——MM8M8@m™— [
H)LR CHyCly, rt, 16 h /‘\

jl Q HCO,H:H,0 "NH
H R + RNH; + NaO™“ ™ol ~ t16h ~ Ts~ R

R. R
NH NaHCO,

_ >

Ts” R H,0,it,2h H™ R

GENERAL PROCEDURE 1211

Amine (1 equiv) was added dropwise to a solution of the corresponding aldehyde
(1 equiv) in CH2Clz (1 M) in the presence of a dehydrating agent, which could be
anhydrous Na2S04 (2 equiv) and anhydrous K2COs (2 equiv) or 4A MS. The
resulting mixture was stirred at rt for 16 h. Then, the solids were removed by
filtration, and the volatiles removed under reduced pressure to obtain the
corresponding crude product, which was purified by either recrystallization or
distillation of the remaining aldehyde.

GENERAL PROCEDURE 1312

Aldehyde (1 equiv) was added dropwise to a solution of p-Toluenesulphonamide
(1 equiv) and sodium p-toluenesulphinate (1 equiv) in H20/HCOOH 1:1 (0.33 M)
atrt and the resulting mixture was stirred for 16 h. Afterwards, the resulting white
solid was filtered and washed with water (100 mL/10 mmol) and Hexanes (100
mL/10 mmol) to give pure tosyl-imine adduct.

GENERAL PROCEDURE 1412

A mixture of tosyl-imine adduct and sat. NaHCO3 or K2CO3 (100 mL/10 mmol) was
dissolved in CH2Cl2 (100 mL/10 mmol), and the biphasic mixture was vigorously
stirred at rt for 2-16 h.

The organic layer was separated, dried with K2COs and concentrated under
reduced pressure. The resultant crude solid was recrystallised to obtain pure
imine.
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(E)-N-Tosyl benzimine (a’)

Following General Procedure 13, benzaldehyde (1.0 mL, 10 mmol), p-
toluenesulphonamide (1.71 g, 10 mmol) and sodium p-toluenesulphinate (1.79 g,
10 mmol) were used. The resulting solid was directly used without futher
purification and treated as described in General Procedure 14 using CH2Clz and
sat. NaHCOs (100 mL). The resulting imine was recrystallised from
EtOAc/Hexanes to give 1.18 g (4.5 mmol, 45 % yield) of pure a’.

White solid.
1H NMR (400 MHz, CDCl3) § 9.03 (s, 1H, NCH), 7.96-7.86 (m, 4H, ArH), 7.65-7.59
(m, 1H, ArH), 7.52-7.46 (m, 2H, ArH), 7.38-7.32 (m, 2H, ArH), 2.44 (s, 3H, ArCHz).

0-Benzyl N-(phenyl(tosyl)methyl)carbamate

0O

J

HN™ "OBn

o

Following General Procedure 13, benzaldehyde (1.0 mL, 10 mmol) was added
dropwise to a solution of benzyl carbamate (1.51 g, 10 mmol) and sodium p-
toluenesulphinate (1.78 g, 10 mmol) were used to give 3.90 g (10 mmol, 99%
yield) of pure O-benzyl N-(phenyl(tosyl)methyl)carbamate.

White solid.

1H NMR (400 MHz, CDCl) § 7.70 (d, ] = 8.3 Hz, 2H, ArH), 7.46-7.30 (m, 10H, ArH),
7.26 (s, 2H, ArH), 5.99-5.85 (m, 2H, NHCH), 5.03-4.89 (m, 2H, CHzPh), 2.43 (s, 3H,
ArCHs).
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Benzyl (E)-benzylidenecarbamate (b")

Following General Procedure 14, a mixture of b” (890 mg, 2.25 mmol) in CH2Cl2
(35 mL) and sat. solution of K2CO3 in water (35 mL) was vigorously stirred for 16
h. The remaining crude mixture was recrystallized with CH2Clz/Hexanes to obtain
63 mg (0.24 mmol, 11% yield)of pure b’.

White solid.
1H NMR (400 MHz, CDCI3) 6 8.95 (s, 1H, NCH), 7.97-7.88 (m, 2H, ArH), 7.62-7.55
(m, 1H, ArH), 7.52-7.27 (m, 7H, ArH), 5.32 (s, 2H, CH2Ph).

N-(Phenyl(tosyl)methyl)benzamide

O

J

HN Ph

o

Following General Procedure 13, benzaldehyde (1.0 mL, 10 mmol), benzamide
(1.21 g, 10 mmol) and sodium p-toluenesulphinate (1.78 g, 10 mmol) were used
to give 959 mg (2.6 mmol, 26% yield) of pure N-(phenyl(tosyl)methyl)benzamide.

White solid.

1H NMR (400 MHz, CDCI3) 6 7.76 (d, ] = 8.3 Hz, 1H, ArH), 7.68 (d, ] = 6.9 Hz, 2H,
ArH), 7.58-7.50 (m, 3H, ArH), 7.46-7.39 (m, 5H, ArH), 7.31-7.23 (m, 2H, ArH), 7.14
(d,J=10.3 Hz, 1H, NH), 6.45 (d, ] = 10.3 Hz, 1H NHCH) 2.41 (s, 3H, ArCHz).

(E)-N-Benzylidenebenzamide (c’)

_Bz
N

o
Following General Procedure 14, a mixture of ¢” (365 mg, 1 mmol) in CH2Clz (16
mL) and sat. solution of K2COs3 in water (16 mL) was vigorously stirred for 16 h.

Afterwards, the organic layer was separated, dried (K2CO3) and concentrated
under reduced pressure (high vacuum) at 40 °C to eliminate remaining
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benzaldehyde and give ¢’, which was directly used in the next reaction without
further purification

(E)-N-Benzyl benzimine (d’)

_Bn
N

\
jon
MeO

Following General Procedure 12, 48 MS were used alongside with 4-
methoxybenzaldehyde (1.2 mL, 10 mmol) and benzylamine (1.1 mL, 10 mmol).
The crude productd’ (1.99 g, 8.8 mmol, 88% yield) was sufficiently pure to use in
further steps.

White solid.

1H NMR (400 MHz, CDCl3) & 8.33 (s, 1H, NCH), 7.76-7.70 (m, 2H, ArH), 7.37-7.30
(m, 4H, ArH), 7.29-7.22 (m, 1H, ArH), 6.97-6.90 (m, 2H, ArH), 4.79 (d, / = 1.3 Hz,
3H, CH2Ph), 3.84 (s, 3H, OMe).

(E)-N-Phenyl 4-methoxybenzimine (e’)

_Ph
N

\
/@)\H
MeO

Following General Procedure 12, 4A MS were used alongside with 4-
methoxybenzaldehyde (1.2 mL, 10 mmol) and aniline (0.9 mL, 10 mmol). The
crude product e’ (1.89 g, 8.9 mmol, 89% yield) was sufficiently pure to use in
further steps.

Pale brown solid.
1H NMR (400 MHz, CDCI3) § 8.38 (s, 1H, NCH), 7.90-7.81 (m, 2H, ArH), 7.43-7.34
(m, 2H, ArH), 7.25-7.16 (m, 3H, ArH), 7.02-6.95 (m, 2H, ArH), 3.87 (s, 3H, OMe).
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P,P-Diphenylphosphiniamide

(0]

||
H2N/E;Ph
Anhydrous NHs, which was generated by adding dropwise a sat. solution of NaOH
to solid NH4Cl and dried by passing the gas through an anhydrous CaCl: tube, was
bubbled through a solution of diphenylphosphinic chloride (1.9 mL, 10 mmol) in
THF (60 mL) and the resulting solution was stirred for 16 h at rt.

Afterwards, water (60 mL) was added to the mixture and it was concentrated
under reduced pressure. Then, the mixture was extracted with CH2Clz (3 x 20 mL)
and the combined organic layers were dried (MgS04) and concentrated under
reduced pressure to give pure diphenylphosphinamide as a white solid (1.66 g,
7.6 mmol, 76% yield).

White solid.
1HNMR (500 MHz, CDCI3) 6§ 7.97-7.90 (m, 4H, ArH), 7.55-7.48 (m, 2H, ArH), 7.48-
7.41 (m, 4H, ArH), 3.07 (s, 2H, NH2).

(E)-N-Benzylidene-P,P-diphenylphosphinic amide (f)3

Neat EtsN (1.25 mL, 9 mmol) and benzaldehyde (0.61 mL, 6 mmol) were added
dropwise sequentially to a solution of diphenylphosphinamide (652 mg, 3 mmol)
in CH2Cl2 (15 mL) and the mixture was cooled to 0 °C. Subsequently, TiCls (180 pL,
1.65 mmol) was added dropwise and the resulting mixture was stirred at rt for 2
h.

Afterwards, the mixture was diluted with toluene (100 mL) and filtered through
Celite®. The crude mixture was recrystallized from CH2Cl2/Hexanes to give 652
mg (2.1 mmol, 71% yield) of product f.

White solid.
1H NMR (400 MHz, CDCl3) § 9.33 (d,J = 32.0 Hz, 1H, NCH), 8.05-7.86 (m, 5H, ArH),
7.55-7.41 (m, 10H, ArH).
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14.2 Synthesis of an O-methyl oxime

0 N-OH i) NaH n-OMe
NH,OH-HCI, NaOH \ i) Mel \
H H H

H,0, 80°C, 2.5 h DMF, 0°C, 16 h

28% 99%

g
(E)-N-benzaldehyde oxime!4
.OH
N

Benzaldehyde (1.0 mL, 10 mmol) was added to a solution of hydroxylamine
hydrochloride (1.04 g, 15 mmol) in 2 M NaOH (30 mL, 15 mmol) and the mixture
was stirred at 80 °C for 2.5 h.

Afterwards, the mixture was cooled to rt and extracted with EtOAc (60 mL). The
organic extract was dried (K2COs3), and the volatiles were removed under reduced
pressure to obtain 340 mg (2.8 mmol, 28% yield) of pure oxime.

White solid.
1H NMR (500 MHz, CDCI3) § 8.15 (s, 1H, NCH), 8.01-7.72 (m, 1H, NOH), 7.62-7.54
(m, 2H, ArH), 7.42-7.36 (m, 3H, ArH).

(E)-N-Benzaldehyde O-methyloxime (g")4

.OM
N e

Cr
Neat methyl iodide (227 pL, 3.6 mmol) was added dropwise to a solution of N-
benzaldehyde oxime (340 mg, 2.8 mmol) and NaH 60% in mineral oil (170 mg, 4.4
mmol) in DMF (30 mL) at 0 °C and the mixture was stirred for 16 h at rt. Then, the

mixture was diluted in EtOAc (60 mL) and washed with NaHCO3 (4 x 50 mL), dried
(K2C03) and concentrated under reduced pressure to give pure O-methyl oxime g’.

White solid.

1H NMR (500 MHz, CDCl3) & 8.06 (s, 1H, NCH), 7.65-7.55 (m, 2H, ArH), 7.45-7.34
(m, 3H, ArH), 3.98 (d, ] = 1.7 Hz, 3H, OMe).
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14.3 Synthesis of N,O and N,N aminals

GENERAL PROCEDURE 1515

To a solution of K2COs3 (2 equiv) and NazS04 (2 equiv) in MeOH (2 M) was added
the corresponding amine (1 equiv for N,0 or 2 equiv for N,N) and aldehyde (1
equiv) at rt and the mixture was stirred at rt for 16 h. Afterwards, the mixture was
filtered and the volatiles were removed under reduced pressure to give a crude
product, which was purified by recrystallization or used without further

purification.
i) NaH
o HZN\/\OH (\O i) BnCI (\O
H Dean-Stark N DMF, rt, 16h N
Tol, 120 °C, 16 h Bn
OMe OMe OMe
I 23%
(two steps)

4-methoxybenzaldehyde N-benzyl-ethanolamine N,0-aminal (j’)

Bn_

o

A round bottomed flask was charged with benzaldehyde (1.0 mL, 10 mmol) and
ethanolamine (0.66 mL, 11 mmol), equipped with a Dean Stark apparatus. Toluene
(60 mL) was added and the resultant mixture was heated to reflux for 16 h.
Afterwards, the volatiles were removed, and the crude mixture was directly used
in the next step without further purification.

A solution of the previously prepared hemiaminal in DMF (5 mL) was added
dropwise to a suspension of NaH 60% in mineral oil (520 mg, 13 mmol) in DMF
(15 mL) at 0 °C. Then, benzyl chloride (1.7 mL, 15 mmol) was added dropwise and
the mixture stirred at rt for 16 h.

Afterwards, the mixture was cooled to 0 °C and it was carefully quenched with
water, diluted with EtOAc (40 mL) and washed with water (4 x 40 mL) and brine
(40 mL). The crude mixture was further purified by flash chromatography (from
90:10 to 70:30 Hexanes/EtOAc with 5% Et3N). Then, the purified fraction was
further purified by distillation under vacuum to obtain 547 mg (2.3 mmol, 23%
yield) of pure productj’.

349



Experimental section

Colorless oil.

1H NMR (400 MHz, CDCl3) 6 8.33 (s, 1H, NCHO), 7.79-7.70 (m, 2H, ArH), 7.46-7.38
(m, 3H, ArH), 7.34-7.23 (m, 4H, ArH), 4.57 (s, 2H, CH2Ph), 3.88-3.76 (m, 4H,
OCH2CH2).

i) NaH

_ BONH _ NaBH, i) Mel

"TACOH, " MeOH, rt, 11 N=BN —ThE

120°C,1h t, 4 h
OMe

99% 3% K 73%

O

N-Benzylphtalimide

Following a literature procedure,'® a solution of phtalic anhydride (2.96 g, 20
mmol) and benzylamine (3.3 mL, 30 mmol) in glacial acetic acid (15 mL) was
heated to reflux for 1 h. Afterwards, the mixture was poured into ice/water and
the resultant white solid was filtered and recrystallized (EtOH) to obtain 4.70 g
(20 mmol, 99% yield) of pure N-benzylphtalimide.

White solid.

1H NMR (500 MHz, CDCI3) § 7.85 (dd, J = 5.5, 3.0 Hz, 2H, ArH), 7.73-7.68 (m, 2H,
ArH), 7.45-7.41 (m, 2H, ArH), 7.34-7.29 (m, 2H, ArH), 7.28-7.24 (m, 1H, ArH), 4.85
(s, 2H, CHzPh).

2-Benzylisoindolin-1-one

o

A mixture of tin powder (1.19 g, 10 mmol) and N-benzylphtalimide (1.19 g, 5
mmol) in a 5:1 glacial AcOH/37% HCI (10 mL) was stirred at rt for 16 h.
Afterwards, the volatiles were removed under reduced pressure with a NaHCO3
trap, and the resulting aqueous layer was extracted with EtOAc (3 x 20 mL). The
combined organic extracts were dried (MgS04) and the volatiles were removed
under reduced pressure to give 629 mg (2.81 mmol, 56% yield) of pure product.
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White solid.
Rf 0.3 (70:30 Hexanes/EtOAc).

1H NMR (400 MHz, CDCls) & 7.90 (d, ] = 7.3 Hz, 1H, ArH), 7.56-7.44 (m, 2H, ArH),
7.42-7.28 (m, 6H, ArH), 4.81 (s, 2H, CHzPh), 4.27 (s, 2H, NCHAr).

N-Benzyl-3-hydroxyisoindolin-1-one

(0]

OH

Solid NaBHs (57 mg, 1.5 mmol) was added slowly to a solution of N-benzyl
phtalimide (474 mg, 1 mmol) in MeOH (10 mL) in an open flask and the resultant
mixture was stirred at rt for 1.5 h. Then, the mixture was diluted with water (20
mL) and MeOH was removed under reduced pressure. The resulting aqueous layer
was extracted with CH2Clz (3 x 20 mL), the combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography (from 80:20 to 60:40 Hexanes/EtOAc) to give
102 mg (0.43 mmol, 43% yield) of N-Benzyl-3-hydroxyisoindolin-1-one.

White solid.

Rr 0.5 (70:30 Hexanes/EtOAc).

1H NMR (500 MHz, CDCI3) 6 7.86-7.79 (m, 1H, ArH), 7.62-7.49 (m, 3H, ArH), 7.41-
7.29 (m, 5H, ArH), 5.65 (d, /= 11.6 Hz, 1H, NCH), 5.10 (d, / = 14.8 Hz, 1H, CHxHyPh),
4.40 (d,J = 14.8 Hz, 1H, CHxHyPh), 2.30 (d,J = 11.6 Hz, 1H, OH).

N-Benzyl-3-methoxyisoindolin-1-one (k")

o

OMe

Methyl iodide (40 pL, 0.65 mmol) was added dropwise to a solution of N-benzyl-
3-methoxyisoindolin-1-one (102 mg, 0.43 mmol) and NaH 60% in mineral oil (22
mg, 0.56 mmol) in THF (1 mL) at 0 °C and the mixture was stirred for 4 h at rt.

Afterwards, the reaction was quenched carefully with water (10 mL) at 0 °C and
extracted with CH2Clz (3 x 10 mL). The combined organic extracts were dried
(MgS04) and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography (from 90:10 to 70:30 Hexanes/EtOAc) to give
80 mg (0.31 mmol, 73% yield) of pure K.
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White solid.

Rr 0.6 (80:20 Hexanes/EtOAc).

1H NMR (500 MHz, CDCls) 7.90-7.85 (m, 1H), 7.60-7.46 (m, 3H, ArH), 7.39-7.27
(m, 5H, ArH), 5.71 (s, 1H, CHOMe), 5.19 (d, ] = 14.7 Hz, 1H, CHxHyPh), 4.21 (d, ] =
14.7 Hz, 1H, CHxHyPh), 2.89 (s, 3H, OMe).

N-(1-methoxy(phenyl)methyl)piperidine (1')

()

N

©/kOMe

Following the General Procedure 15, benzaldehyde (0.5 mL, 5 mmol), K2CO3 (1.4
g, 10 mmol), Na2S04 (1.4 g, 10 mmol), piperidine (0.5 mL, 5 mmol) and MeOH (2.5
mL) were used to give 745 mg (3.6 mmol, 73% yield) of pureI'.

White solid.

1H NMR (400 MHz, CDCl3) § 7.37-7.27 (m, 5H, ArH), 4.73 (s, 1H, NCH), 3.38 (s, 3H,
OMe), 2.54 (t,] = 5.4 Hz, 4H, NCH2), 1.57-1.47 (m, 4H, NCH2CH2), 1.44-1.36 (m, 2H,
NCH2CH2CH2).

Benzaldehyde dipiperidine N,N-aminal (m’)

®
0
Following a reported procedure,!” piperidine (3.80 mL, 20 mmol) and
benzaldehyde (1.0 mL, 10 mmol) were added sequentially to a suspension of
chromatographic Al203 (3.2 g) in THF (6 mL) and the mixture was heated to reflux
for 16 h. Afterwards, the mixture was filtered through Al203 and the volatiles were
removed under reduced pressure. The crude solid was recrystallized from

anhydrous acetonitrile and washed with Hexanes to give 1.93 g (7.5 mmol, 75%
yield) of m'".
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White solid

1H NMR (400 MHz, CDCl3) § 7.35-7.28 (m, 2H, ArH), 7.27-7.23 (m, 1H, ArH),
7.22-7.17 (m, 2H), 3.56 (s, 1H, NCH), 2.50-2.19 (m, 8H, NCH>), 1.57-1.46 (m, 8H,
NCH2CHz), 1.41-1.31 (m, 4H, NCH2CH2CHa).

Formaldehyde N,N-dibenzyl-O-methyl N,0-aminal (n’)

Bn
|

N.__OMe
Bn/ ~

Following the General Procedure 15, N,N-dibenzylamine (1.92 mL, 10 mmol),
paraformaldehyde (333 mg, 10 mmol), K2COs (2.8 g, 20 mmol), NazS04 (2.8 g, 20
mmol) and MeOH (5 mL) were used. The crude product was distilled under
reduced pressure at 114 °C to obtain 1.05 g (4.4 mmol, 43% yield) of n’.

Colorless liquid.
1H NMR (400 MHz, CDCls) § 7.40-7.21 (m, 10H, ArH), 4.03 (s, 2H, NCHz), 3.83 (s,
4H, CHzPh), 3.24 (s, 3H, OMe).

Formaldehyde N,N-dibenzyl N,N-aminal (0’)

||3n ?n
N N.
Bn” > "Bn

Following the General Procedure 15, N,N-dibenzylamine (3.80 mL, 20 mmol),
paraformaldehyde (333 mg, 10 mmol), K2COs (2.8 g, 20 mmol), NazS04 (2.8 g, 20
mmol) and CHzClz (20 mL) were used. The mixture was diluted with NaHCOs (30
mL) and extracted with CH2Clz (3 x 20 mL). The resulting solid was recrystallized
from CH2Cl2/Hexanes to give 1.02 g (2.5 mmol, 25% yield) of o’.

White solid.
1H NMR (400 MHz, CDCI3) 6 7.36-7.19 (m, 20H, ArH), 3.61 (s, 8H, CH2Ph), 3.10 (s,
2H, NCH:2N).
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Benzaldehyde dibenzylamine 1-benzotriazole N,N-aminal (p)

S

N=N

Following a literature procedure,'® dibenzylamine (1.92 mL, 10 mmol) and
benzaldehyde (1.0 mL, 10 mmol) were added sequentially to a solution of
benzotriazole (1.2 g, 10 mmol) in 1:1 Et20/MeOH at rt. The mixture was stirred
for 10 min to dissolve all products and it was stirred at 0 °C for 16 h resulting in
the precipitation of a white solid.

Afterwards, the mixture was filtered and the solid was washed with Et20 to give
2.55 g (6.3 mmol, 63 % yield) p’ as a 3:1 mixture of isomers (1-benzotriazole/2-
benzotriazole).

White solid.

1H NMR major isomer (500 MHz, CDCI3) 6 8.22-8.12 (m, 1H, ArH), 7.45-7.23 (m,
17H, ArH), 6.94-6.90 (m, 1H, ArH) 6.84 (s, 1H, CHPh), 4.25 (d, J = 14.1 Hz, 2H,
CHxHyPh), 3.50 (d, J = 14.1 Hz, 2H, CHxHyPh).

1H NMR minor isomer (500 MHz, CDCl3) 6 7.45-7.22 (m, 17H, ArH), 7.17-7.13
(m, 2H, ArH), 6.96 (s, 1H, CHPh), 4.24 (d, ] = 14.2 Hz, 2H, CHxH,Ph), 3.55 (d, ] = 14.2
Hz, 2H, CHxHy,Ph).

14.4 Synthesis of a nitrone

N-Benzyl-a-phenylnitrone (q’)

N N+
&
Following a literature procedure,!® a solution of 30% H202 (1.2 mL, 12 mmol) was

added to a solution of dibenzylhydroxylamine (640 mg, 3 mmol) in acetonitrile (9
mL) and the mixture was stirred at 50 °C for 16 h.

Then, the volatiles were removed under reduced pressure. The crude mixture was
purified by flash chromatography (from 80:20 to 60:40 Hexanes/EtOAc) to give
568 mg (2.7 mmol, 90% yield) of q.
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White solid.
Rf 0.3 (70:30 Hexanes/EtOAc).

1H NMR (500 MHz, CDCl3) § 8.25-8.17 (m, 2H, ArH), 7.53-7.46 (m, 2H, ArH), 7.46-
7.34 (m, 7H, ArH, NCH), 5.06 (s, 2H, CHzPh).
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15 Mannich addition of thioimides to
imines

15.1 Assessment of the scaffold

TESOTf (1.5 eq)
i o Ts \/"\t (Miﬁ;u,\t;%?e(%i?l/) i o HN/TS i c)/TES
3P)2 2 o
+ NN
X N)K/ H Ph CHZC|2, 0°C. 16 h X N)’H/‘\@ X N/‘\’\p"“
1 a' 29 30

Neat TESOTf (35 pL, 0.15 mmol, 1.5 equiv) and 2,6-lutidine (17 pL, 0.15 mmol, 1.5
equiv) were added sequentially to a solution of a N-propanoyl-thioimide 1 (0.1
mmol), a’ (29 mg, 0.11 mmol, 1.1 equiv), and (Me3P)2NiClz (2.8 mg, 10 umol, 10
mol%) in CH2Clz (0.2 mL) at 0 °C. The resultant mixture was stirred at this
temperature for 16 h.

The reaction was quenched with water (15 mL), and extracted with CH2Clz (3 x 10
mL). The combined organic extracts were dried (NazS04) and concentrated under
reduced pressure. Mesitylene (14 pL, 0.1 mmol) was added to the crude mixture
and it was analysed by H NMR. The results are summarised in Table 69.

Entry 1 X n t ;I‘ 1 Mannich drbe 34 Ratio 34
) (O (%) (%) (%) (Z:E)®
1 la s 1 16 0 53 <3 - 47 68:32
2 In O 1 16 0 51 22 57:42 16 50:50
3 1 s 0 16 0 42 4 80:20 54 72:28
4 Im O 0 16 0 42 37 55:44 20

a) Established by 'H NMR analysis using mesitylene as internal standard b) Established by 'H NMR
analysis. ¢) dr of the Mannich adduct 29.

Table 69. Assessment of the scaffold.
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15.2 Assessment of the Lewis acid

R3SIOTf (1.5 eq)
Ts s R
i 0 ° JN\ 2,6-Lutidine (1.5 eq) S 0 HN'® i oS
Me3P),NiCl, (10 mol %
s N)K/+ H Ph( 3P)oNiICl; ( o) SXN )\,ﬁ“
-/ CH,Cl,, 0°C, 16 h \ \ /
11 a' 29la’ 30

Neat R3SiOTf (0.15 mmol, 1.5 equiv) and 2,6-lutidine (17 pL, 0.15 mmol, 1.5 equiv)
were added sequentially to a solution of 11 (0.1 mmol, 1 equiv), a’ (29 mg, 0.11
mmol, 1.1 equiv), and (Me3sP)2NiClz (2.8 mg, 10 umol, 10 mol%) in CH2Cl: (0.2 mL)
at 0 °C and the resultant mixture was stirred at this temperature for 16 h.

The reaction was quenched with water (15 mL) and extracted with CH2Clz (3 x 10
mL). The combined organic extracts were dried (NazS04) and concentrated under
reduced pressure. Mesitylene (14 pL, 0.1 mmol) was added to the crude mixture
and it was analysed by 'H NMR. The results are summarized in Table 70.

Ent Lewis acid 1 Mannich drb 301-321 Ratio 301-321
v (%) (%) (%) (z:E)
1 TIPSOTE 75 6 - 6
2 TESOTf 16 5 90:10 75 76:24
3 TMSOTf 16 21 88:12 68 57:43
BF3-Et20
4 TIPSOTf (20 93
mol%)

a) Established by 'H NMR analysis using mesitylene as internal standard b) Established by 'H NMR
analysis.

Table 70. Assessment of the Lewis acid.

15.3 Assessment of the imine activating group

TESOTf (1.5 eq)
2,6-Lutidine (1.5 eq)

R
S O N
SXN)K/ L u,, _(MesPLNICH, (10 ol %) )k )H/k
\/

CH,Cl,, 0°C, 16 h

/TES

11 a'-g'

Neat TESOTf (35 pL, 0.15 mmol, 1.5 equiv) and 2,6-lutidine (17 pL, 0.15 mmol, 1.5
equiv) were added sequentially to a solution of 11 (0.1 mmol), the corresponding
imine (1.1 equiv), and (Me3P):NiClz (2.8 mg, 10 pmol, 10 mol%) in CH2Clz (0.2 mL)
at 0 °C and the resultant mixture was stirred for 16 h at this temperature.
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The reaction was quenched with water (15 mL) and extracted with CH2Cl2 (3 x 10
mL). The combined organic extracts were dried (NazS04) and concentrated under
reduced pressure. Mesitylene (14 pL, 0.1 mmol) was added to the crude mixture
and it was analysed by 'H NMR. The results are summarized Table 71.

Entry imine SM (%) Mannich (%) dr 34(%)

1 a’ 16 5 90:10 75
2 b’ 68

3 I 90 - - 3
4 a 46 <10 - 0
5 e 25 17 13
6 f 60

7 g 10 - - 83

a) Established by 'H NMR analysis using mesitylene as internal
standard b) Established by 'H NMR analysis.

Table 71. Assessment of the imine activating group for the Mannich reaction.
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16 The Mannich reaction with N,0 and
N,N-Aminals as imine equivalents

R R TESOTF (1.5 eq) R
i 0 /I\[ 2,6-Lutidine (1.5 eq) i O HN~
R. Me;P),NiCl, (10 mol %
AN L Reghg  (MeP)NC, )N <
\_/ CHyCly, T, t J/
1 h'-q’ 29

Neat TMSOT( (27 puL, 0.15 mmol, 1.5 equiv) and 2,6-lutidine (17 pL, 0.15 mmol, 1.5
equiv) were added sequentially to a solution of 11 (18 mg, 0.1 mmol, 1 equiv), the
corresponding aminal (0.11 mmol, 1.1 equiv), and (MesP)2NiClz (2.8 mg, 10 umol,
10 mol%) in CH2Cl2 (0.2 mL) and the mixture was stirred for 2-16 h.

The reaction was quenched with water (15 mL) and extracted with CH2Clz (3 x 10
mL). The combined organic extracts were dried (Na2S04) and concentrated under
reduced pressure. Mesitylene (14 pL, 0.1 mmol) was added to the crude mixture
and it was analysed by 'H NMR. The results are summarized in Table 72.

Entry imine t(h) T(°C) SM(%)® Mannich (%)* Yield (%) drb erc

1 h’ 16 0 100

2 i 16 0 100

3 i 16 0 >90 traces

4 K 16 0 24

5 I 16 0 33 29 - 89:11

6 m’ 16 -20 0

7 n’ 16 0 0 85

8 o’ 16 0 0 100 68 - 57:43
9 o’ 2 -20 0 100 - - 78:22
10 o’ 5 -40 0 100 - - 78:22
11 P 16 0 25

a) Established by 'H NMR analysis using mesitylene as internal standard b) Established by 'H NMR
analysis. ¢) Established by 'H NMR after derivatization with (S)-a-methylbenzylamine.

Table 72. Aminals in the Mannich reaction.
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N-[3-(N,N-dibenzylamino)-2-methylpropanoyl]-1,3-thiazolidine-2-thione
(2910)

Neat TMSOT( (81 pL, 0.45 mmol, 1.5 equiv) and 2,6-lutidine (52 pL, 0.45 mmol, 1.5
equiv) were added sequentially to a solution of 11 (53 mg, 0.3 mmol),
Formaldehyde o’ (134 mg, 0.33 mmol) and [(S)-BINAP]NiClz (11.3 mg, 15 pmol, 5
mol%) in CHzClz (0.6 mL) at 0 °C and the resultant mixture was stirred at this

temperature for 2 h.

The reaction was quenched with water (15 mL) and extracted with CH2Clz (3 x 10
mL). The combined organic extracts were dried (NazS04) and concentrated under
reduced pressure. The crude mixture was purified by flash chromatography (from
90:10 to 70:30 Hexanes/EtOAc with 10% EtsN) to give 67 mg (0.17 mmol, 54%
yield) of pure 29l0’.

Yellow oil

Rr 0.3 (80:20 Hexanes/EtOAc)

1H NMR (400 MHz, CDCls) 6 7.40-7.20 (m, 10H, ArH), 4.75 (dp,J = 8.6, 6.7 Hz, 1H,
CHCH3), 4.54 (ddd, J =12.0, 7.7, 4.3 Hz, 1H, SCH2CHxHy), 4.39 (ddd, J = 12.0, 10.2,
7.7 Hz, 1H, SCH2NCHxHy), 3.60 (d, / = 13.8 Hz, 2H, PhCHxHy), 3.54 (d, J = 13.8 Hz,
2H, PhCHxHy), 3.26 (ddd, J = 11.0, 10.2, 7.7 Hz, 1H, SCHxHy), 3.17 (ddd, J=11.0, 7.7,
4.3 Hz, 1H, SCHxHy), 2.94 (dd, J = 12.5, 8.6 Hz, 1H, CHCHxHy), 2.48 (dd, = 12.5, 6.7
Hz, 1H, CHCHxHy), 1.15 (d, J = 6.7 Hz, 3H, CHCH3).

13C NMR (101 MHz, CDCls) & 201.5 (C), 178.9 (C), 139.2 (C), 129.6 (CH), 128.8
(CH), 128.2 (CH), 127.0 (CH), 58.6 (CH2), 56.5 (CHz), 38.0 (CH), 28.47 (CHz), 15.5
(CHs).

Chiral HPLC (Phenomenex Lux® Cellulose-2 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 13.5 min (minor isomer) Rt17.9 min (major isomer), 14% ee.
MS (ESI+) m/z calcd for [M+H]* C21H25N20S2: 385.1; found: 385.1.

3-(1-Trimethylsilyloxy-1-propenyl)thiazolidine-2-thione (301)

S OTES

s7ONTY

-/
Neat TESOTf (35 pL, 0.15 mmol, 1.5 equiv) and 2,6-lutidine (17 pL, 0.15 mmol, 1.5
equiv) were added sequentially to a solution of 11 (18 mg, 0.1 mmol, 1 equiv), (E)-
N-benzaldehyde O-methyloxime (15 mg, 0.11 mmol, 1.1 equiv) and (MesP)2NiClz
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(2.8 mg, 0.01 mmol, 10 mol%) in CH2Clz (0.2 mL) at 0 °C and the resultant mixture
was stirred at this temperature for 16 h.

The reaction was quenched with sat. NH4Cl (0.5 mL), diluted with water (15 mL)
and extracted with CH2Clz (3 x 10 mL). The combined organic extracts were dried
(Naz2S04) and concentrated under reduced pressure. Mesitylene (14 uL, 0.1 mmol)
was added to the crude mixture and it was analysed by 'H NMR.

Yellow oil.
Major isomer:

1H NMR (400 MHz, CDCl3 6 4.90 (q, ] = 6.9 Hz, 1H, CHCHs), 4.21 (dd, ] = 8.1, 7.4 Hz,
2H, NCH2), 3.29 (dd, ] = 8.1, 7.4 Hz, 2H, SCH>), 1.67 (d, ] = 6.9 Hz, 3H, CHCH3), 0.93
(t,] = 7.9 Hz, 9H, OTES), 0.55-0.48 (m, 6H, OTES).

Minor isomer:

1H NMR (400 MHz, CDCl3) § 4.79 (q,] = 7.0 Hz, 1H, CHCHs), 4.21 (dd, ] = 8.1, 7.4
Hz, 2H, NCH>), 3.29 (dd, ] = 8.1, 7.4 Hz, 2H, SCH>), 1.53 (d, ] = 7.0 Hz, 3H, CHCH3),
1.06-0.98 (m, 9H, OTES), 0.81-0.72 (m, 6H, OTES).
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17 Nickel catalysed 1,3 dipolar
cycloaddition reactions

N-[(ex0)-N-benzyl-5-methyl-3-phenylisoxazolidin-4-yl]carbonyl-1,3-

thiazolidine-2-thione (31sq’)
S O  ph
A .
\ / /N n
e

Neat TMSOT( (4 pL, 20 umol, 20 mol%) was added to a solution of 1s (19 mg, 0.1
mmol, 1.0 equiv), q’ (32 mg, 0.15 mmol, 1.5 equiv) and [(S)-BINAP]NiCl: (7.5 mg,
10 umol, 10 mol%) in CH2Clz (0.6 mL) at 0 °C and the mixture was stirred at this
temperature for three days.

The reaction was quenched with NH4Cl (0.5 mL), diluted with water (15 mL) and
extracted with CH2Clz (3 x 10 mL). The combined organic extracts were dried
(MgSO04) and concentrated under reduced pressure. Mesitylene (14 pL, 0.1 mmol)
was added to the crude mixture and it was analysed by 'H NMR (dr exo/endo
79:21), Then, it was purified through a silica plug eluted with CH2Clz to give 19 mg,
(47 pmol, 47% yield) of a 80:20 exo/endo mixture of the resultant oxazolidinones.
The NMR data of the main diastereomer 31sq’ matches the exo compound
reported in the literature. 20

Yellow oil.

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 11.8 min (major isomer) Rt 16.4 min (minor isomer), 99% ee.
1H NMR (400 MHz, CDCl3) 6 7.46-7.38 (m, 2H, ArH), 7.33-7.17 (m, 8H, ArH), 5.46
(dd,J =11.0, 8.5 Hz, 1H, OCCH), 4.87 (dq, J = 8.5, 6.1 Hz, 1H, CHCH3), 4.29 (d, ] =
11.0 Hz, 1H, NCH), 4.01 (td, / = 12.0, 7.6 Hz, 1H, SCH2CHxHy), 3.90 (d, J = 14.4 Hz,
1H, PhCHxHy), 3.81 (d, J = 14.4 Hz, 1H, PhCHxHy), 3.76 (ddd, J = 12.0, 7.6, 2.4 Hz,
1H, SCH2CHxHy), 2.72 (ddd, J = 10.8, 7.6, 2.4 Hz, 1H, SCHxHy), 2.35-2.23 (m, 2H,
SCHxHy), 1.36 (d, J = 6.1 Hz, 3H, CHCH3).

13CNMR (101 MHz, CDCl3) 6§ 201.5 (C), 171.5 (C), 137.6 (C), 137.4 (C), 128.7 (CH),
128.6 (CH), 128.2 (CH), 128.1 (CH), 128.1 (CH), 127.1 (CH), 75.4 (CH), 72.8 (CH),
60.5 (CH), 59.8 (CH2), 56.4 (CH2), 27.7 (CH2), 17.8 (CH3).

MS (ESI+) m/z calcd for [M+H]* C21H23N202S2: 399.1, found 399.1.
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N-[(endo)-N-benzyl-5-methyl-3-phenylisoxazolidin-4-yl]carbonyl-1,3-

thiazolidine-2-thione (31'sq’)
S O  ph
S)k N : _B
\ / IN n
~ 0

Neat TMSOT( (4 pL, 20 umol, 20 mol%) was added to a solution of 1s (19 mg, 0.1
mmol, 1.0 equiv), q’ (32 mg, 0.15 mmol, 1.5 equiv) and [(R)-DTBM-SEGPHOS]NiClz
(7.5mg, 10 umol, 10 mol%) in CH2Clz (0.6 mL) at 0 °C, and the mixture was stirred
for three days at this temperature.

The reaction was quenched with NH4Cl (0.5 mL), diluted with water (15 mL) and
extracted with CH2Clz (3 x 10 mL). The combined organic extracts were dried
(MgSO04) and concentrated under reduced pressure. Mesitylene (14 pL, 0.1 mmol)
was added to the crude mixture and it was analysed by 'H NMR (dr endo/exo 97:3)
and purified through a silica plug eluted with CHzCl: to give 24 mg (66 umol, 66%
yield) of the slightly unstable endo diastereomer 31’sq’.

Yellow oil.

Chiral HPLC (Phenomenex Lux® Cellulose-1 column, 5% i-PrOH in Hexanes, flow
rate 1 mL/min): Rt 25.3 min (major isomer) Rt33.4 min (minor isomer), 90% ee.
1H NMR 'H NMR (500 MHz, CDCl3) § 7.50-7.25 (m, 10H, ArH), 5.54 (dd, / = 8.0, 6.0
Hz, 1H, OCCH), 4.54 (p, J = 6.0 Hz, 1H, CHCH3s), 4.49-4.37 (m, 2H, SCH2CH2), 4.25
(d,J=8.0 Hz, 1H, NCH), 4.04 (d,] = 14.3 Hz, 1H, PhCHxHy), 3.90 (d,] = 14.3 Hz, 1H,
PhCHxHy), 3.15 (ddd, J = 11.1, 7.2, 5.9 Hz, 1H, SCHxHy), 3.06 (ddd, J = 11.1, 8.6, 7.6
Hz, 1H, SCHxHy), 1.54 (d, ] = 6.2 Hz, 3H, CHCH3).

MS (ESI+) m/z calcd for [M+H]* C21H23N202S2: 399.1, found 399.1.
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Acronyms
(DHQ)2PHAL - Hydroquinine 1,4-phthalazinediyl diether
(DHQD)2PHAL -Hydroquinidine 1,4-phthalazinediyl diether
4A MS - 4 Angstrom molecular sieves
9-BBN - 9-Borabicyclo[3.3.1]nonane
acac - Acetylacetonate
ACDC - Asymmetric counteranion directed catalysis
ACN - Acetonitrile
ALB - AlLi bis(Binaphthoxide)
ATP - Adenosine triphosphate
BINAP - 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl
BINOL - 1,1’-Bi(2-naphthol)
BIPHEP - 2,2'-Bis(diphenylphosphino)-1,1'-biphenyl
Bn - Benzyl
Boc - tert-Butyloxycarbonyl
BOX - Bisoxazoline
BPE - 1,2-Bis(2,5-diphenylphospholano)ethane
BTM - Benzotetramisole
BVMO - Baeyer-Villiger monooxygenase
Bz - Benzoyl
CBD - Cannabidiol
Cbz - Benzyloxycarbonyl
COD - Cyclooctadiene
CSA - Camphorsulphonic acid
DCC - N,N*-Dicyclohexylcarbodiimide
DCE - 1,2-dichloroethane

DCM - Dichloromethane



DIBAL-H - Diisobutylaluminium hydride

DIPAMP - Diphenyanisylmethylphosphine

DM - 3,5-Dimethylphenyl

DMAP - 4-Dimethylaminopyridine

DMF - Dimethylformamide

DMP - Dess-Martin periodinane

DMSO - Dimethylsulphoxide

DNBA 2,4-Dinitrobenzoic acid

DPMS - Diphenylmethylsilyl

Dpp - Diphenylphosphinic

dr - Diastereomeric ratio

DTBM - 3,5-Di-tert-butyl-4-methoxyphenyl

E - Electrophile

EDC - 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

ee - enantioselective excess

EMA - European medicines agency

EWG - Electron withdrawing group

FDA - Food and drugs administration (United States)

GARPHOS - 2,2'-Bis(diphenylphosphino)-4,4',6,6'-tetramethoxy)-1,1'-
biphenyl

HIV - Human immunodeficiency virus

HOBt - Hydroxybenzotriazole

HOMO - Highest occupied molecular orbital

HWE - Horner-Wadsworth-Emmons

IDPi - Imidodiphosphorimidate

IPA - Isopropyl alcohol or Isopropanol

LDA - Lithium diisopropylamide

LLB - LaListris(Binaphthoxide)



LUMO - Lowest unoccupied molecular orbital

mCPBA - meta-Chloroperoxybenzoic Acid

MW - Microwave irradiation

NADP -Nicotinamide adenine dinucleotide phosphate

NFSI - N-Fluorobenzenesulfonimide

NIS - N-lodosuccinimide

NMM - N-Methylmorpholine

NMO - 4-Methylmorpholine-4-oxide

PCC - Pyridinium chlorochromate

PG - Protecting group

pin - Pinacol

PMB - para-Methoxybenzyl

PMP - para-Methoxyphenyl

PPTS - Pyridinium para-Toluenesulfonate

ProPhenol - 2,6-Bis[2-(hydroxydiphenylmethyl)-1-pyrrolidinyl-
methyl]-4-methylphenol

PT - 5-phenyl-1H-tetrazole

PTSA - para-Toluenesulphonic Acid

pyBOX - 2,6-bis(4,5-dihydrooxazol-2-yl)pyridine

IT - regioselective ratio

rt - Room temperature

SALEN - N,N"-Bis(salicylidene)ethylenediamino

SEGPHOS - 5,5'-Bis(diphenylphosphino)-4,4'-bi-1,3-benzodioxol

SET - Single electron transfer

SOMO - Single occupied molecular orbital

TBAF - tetrabutylammonium fluoride

TBDPS -tert-butyldiphenylsilyl

TBS - tert-Butyldimethylsilyl



TES -Triethylsilyl

Tf - Trifluoromethanesulphonate
TFA - Trifluoroacetic acid

THC - Tetrahydrocannabinol
TIPS - Triisopropylsilyl

TMS - Trimethylsilyl

Tol - Tolyl

Ts - para-toluenesulphonyl
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Abstract: A direct and asymmetric aldol reaction of N-acyl
thiazinanethiones with aromatic aldehydes catalyzed by chiral
nickel(Il) complexes is reported. The reaction gives the
corresponding O-TIPS-protected anti-aldol adducts in high
yields and with remarkable stereocontrol and atom economy.
Furthermore, the straightforward removal of the achiral
scaffold provides enantiomerically pure intermediates of
synthetic interest, which involve precursors for anti-a-amino-
B-hydroxy and a,(-dihydroxy carboxylic derivatives. Theoret-
ical calculations explain the observed high stereocontrol.

The enantioselective construction of the carbon backbone of
chiral molecules has been at the forefront of organic synthesis
in the last decades. It is therefore hardly surprising that
classical transformations such as aldol and Michael reactions
or Diels—Alder cycloadditions still hold a prominent position
among the most important synthetic methods."! In this
context, the continuing demand for increasingly more effi-
cient procedures in accordance with the premises dictated by
selectivity and economy in synthesis™? has given rise to the
development of a plethora of catalytic methods for the
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enantioselective construction of carbon-carbon bonds.[!
Unfortunately, the scope of most of them is rather narrow,
which hampers further development and prevents a compre-
hensive exploitation of their possibilities. Thus, considering
the benefits arising from a general approach, we envisaged
that metal enolates from a single platform might participate in
a number of direct, enantioselective, and catalytic trans-
formations provided that the appropriate electrophiles are
generated in the reaction mixture and evolve through similar
open transition states (Scheme 1).

Me.
e @
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E® HJ\OMe HJ\R
T

HC(OMe),

M R3Si
e ® 3Si 0@

®
HJ\R \)J\R RR

b 1

RCHO H,C=CHCOR R,CHOMe
Aldol Michael Alkylation

RCH(OMe),

E®

(@] O
R E
Base, Chiral Catalyst

R

Scheme 1. Direct and enantioselective carbon—carbon bond-forming
reactions from carbonylic compounds.

In this context, the activated aldehydes shown in
Scheme 1 might react with carbonylic species in the presence
of a base and a chiral catalyst to undergo direct and
stereocontrolled aldol reactions.”) With this aim, we have
identified N-acyl thiazinanethiones as worthy substrates for
our purposes and we now describe our findings on the direct
and highly enantioselective aldol reactions of aromatic
aldehydes catalyzed by chiral nickel(IT) complexes in which
the resultant protected aldol compounds are obtained selec-
tively with remarkable atom economy. Importantly, this
reaction gives access in a single step to protected anti-aldol
adducts and supplements the syn-methods previously de-
scribed by the groups of Evans,® and Kumagai and Shibasaki
(Scheme 2).¥ Furthermore, the reaction shows a wide scope
for the nucleophilic partner, which also permits the obtention
of enantiomerically pure protected a-azido-p-hydroxy and
a,B-dihydroxy derivatives in high yields under mild conditions
(Scheme 2).
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Scheme 2. Direct and enantioselective aldol reactions catalyzed by
chiral metal complexes.

Exploratory experiments using N-propanoyl derivatives
of several achiral heterocycles, triethylsilyltrifluoromethane
sulfonate (TESOTY), and (Me;P),NiCl, proved the feasibility
of our approach for a direct and stereocontrolled aldol
reaction as well as the advantage of thiazolidinethione and
thiazinanethione over other heterocyclic scaffolds. In this
respect, and despite both scaffolds producing similar results,
the slower kinetics observed with the thiazolidinethione made
the thiazinanethione counterpart the best choice for further
developments (see Table S1 in the Supporting Information).”)

We then examined the stereocontrol provided by different
chiral nickel(II) complexes. It is important to highlight that
these complexes are robust, easy to handle and prepare from
the corresponding chiral ligands and NiCl,, and are activated
in the reaction mixture at the same time as the aldehyde by
simple treatment with a silyl triflate."”! Therefore, the role of
the silyl triflate is twofold, since it activates the aldehyde as
well as converting the nickel(II) chloride complex into the
true catalytic species.'"!! The results summarized in Table 1

Table 1: Influence of the chiral nickel(ll) complex on the stereochemical
outcome of the aldol reaction.
o}

S (0] Hjb\ S
JI owe I

5 mol% L*NiCl,
K) 1.3 equiv TESOTf v = OMe

1.5 equiv 2,6-lutidine

1 CH,Clp, —20 °C, 15 h 2a

Entry L* antijsyn®™  ee 2a (%" Yield 2a [%]
1 (Me;P),NiCl, 88:12 - 79

2 (+)-DIOPNiCI, 88:12 <5 <10

3 (R)-SEGPHOS 80:20 98 67

4 (R)-DTBM-SEGPHOS  50:50 99 43

5 (R)-BINAP 80:20 97 75

6 (R)-Tol-BINAP 80:20 98 76

7 (R)-Xyl-BINAP 83:17 83 71

[a] Established by "H NMR (400 MHz) spectroscopic analysis. [b] Es-
tablished by chiral HPLC analysis. [c] Yield of isolated product.
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show that N-propanoyl thiazinanethione 1 reacts with 4-
methoxybenzaldehyde (a) in the presence of minute amounts
of a large array of nickel(IT) complexes, with the exception of
DIOPNICI, (Table 1, entry 2). Indeed, achiral (MesP),NiCl,
provided a mixture of silyl aldol adducts with a remarkable
diastereomeric ratio (dr 88:12) from which the racemic anti-
adduct 2a was isolated in 79% yield (Table 1, entry 1),
whereas other chiral complexes also catalyzed the desired
aldol reaction with full conversion. Interestingly, the steric
hindrance of the chiral ligands plays a key role in the
stereochemical outcome of the reaction. Indeed, the DTBM-
SEGPHOS diphosphine gave an equimolar mixture of anti
and syn diastereomers, whereas the less bulky SEGPHOS
ligand performed much better and afforded an 80:20 anti/syn
mixture (Table 1, entries 3 and 4); in addition, the absolute
stereocontrol was outstanding and enantiomerically pure (>
98 % ee) aldol adduct 2a was isolated in both cases. Further-
more, the BINAP family gave much more consistent results,
although the stereochemical outcome of the reaction slightly
depended on the bulk of the ligand, with the Tol-BINAP
ligand being the most appropriate in terms of stereocontrol
and yield (Table 1, entries 5-7).

The impact of the bulk of ligands on the reaction led us to
explore the influence of the activating Lewis acid. We thus
assessed commercially available TMS, TBS, TES, and TIPS
triflates. In the reaction with (Me;P),NiCl,, all these silyl
triflates—except TMSOTT, which produced similar diaste-
reomeric ratios but larger amounts of deprotection—can be
used interchangeably (see Table S2). In contrast, we observed
a significant change in the selectivity when [(R)-Tol-BINAP]-
NiCl, was used instead. Indeed, the stereoselectivity depends
upon the silyl triflate: less bulky TMSOTYf and TBSOTT gave
lower diastereoselectivities than TESOTf, whereas the bulk-
iest TIPSOT( increased the diastereomeric ratio up to 85:15
(Table 2, entries 1-4). Furthermore, the enantiocontrol was
excellent for all these reagents.

We also evaluated other variables. The temperature had
a modest positive effect on the diastereomeric ratio on
cooling to —40°C but duly decreased the rate of reaction, so
—20°C was used as the reaction temperature. Finally,

Table 2: Influence of the Lewis acid in the stereochemical outcome of
the aldol reaction.

S N

5 mol% [(R)-Tol-BINAPINiCl,
1.3 equiv RgSiOTf v oM
1.5 equiv 2,6-lutidine €

1 CH,Cl,, 20 °C, 15 h 2a-5a

Entry R,SIOTf? anti Adduct dr¥! e anti [%]*  Yield anti [%]*

1 TESOTf  2a 80:20 98 76
2 TMSOTf  3a 73:27 nd9 ndd
3 TBSOTf  4a 75:25 99 67
4 TIPSOTf  5a 85:15 99 80

[a] anti/syn ratio established by "H NMR (400 MHz) spectroscopic
analysis. [b] Established by chiral HPLC analysis. [c] Yield of isolated
product. [d] Not determined. [e] TES =triethylsilyl, TMS =trimethylsilyl,
TBS =tert-butyldimethylsilyl, TIPS =triisopropylsilyl.
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Table 3: TIPSOTf-mediated aldol reaction of 1 with aromatic aldehydes.
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S O S O OmPS
2-10 mol% [(R)-Tol-BINAP]NiCI
S)J\NJK/ + ArCHO 2 SJLNJJ\/kAr
v TIPSOTY, 2,6-Iutidine, CH,Cl,, —20 °C, t v :
1 a—k 5a-k
S O OTIPS S O OTIPS S O OTIPS S O OTIPS S O OTIPS
S UYQ, U0 U SRRee
: ome we N ¢ a
5a 5b 5¢c2 5d° 5e

5mol% cat 15h
dr85:15 ee97% 77%

TIPS

2mol%cat 1h
dr 85:15 ee99% 82%

O  OTIPS

O OTIPS
OMe

S S (6] [0 OMe S S o O Me
SJ\N% S)LN% S)J\NJ\/‘\O/M(% S)J\N%
ool 2 S N Lot *

5f 59
10 mol% cat 3 d 5mol% cat 15h
dr84:16 ee97% 66% dr97:3 ee97% 56%

5h
10 mol% cat 2d
dr84:16 ee 97%

10 mol% cat 15 h
dr85:15 ee 94%

74%

5mol% cat 15h
dr 76:24 ee97% 62%

10 mol% cat 3d

76% dr87:13 ee90% 61%

_TIPS
S O OTIPS S O QTIPS
S)J\N = S” N =
(L & od J & sd
5i 5 5k

5mol%cat 2h
dr89:11 ee99% 79%

= 5mol% cat 2h
dr88:12 ee98% 74%

a. A 70% conversion is attained using 5 mol% of the catalyst after 15 h.
b. The reaction gives 5d in dr 88:12, ee 90%, and 49% yield after 2 days at —20 °C, and dr 80:20, ee 90%, and 49% vyield after 15 h at 0 °C

a comprehensive evaluation of the different variables consid-
ered together indicated that the reaction of N-propanoyl
thiazinanethione 1 with a in the presence of 2 mol % [(R)-Tol-
BINAP]NiCl,, 1.3 equiv TIPSOTT, and 1.5 equiv 2,6-lutidine
for only 1 h at —20°C afforded the protected anti-aldol adduct
5a in 82% yield with excellent stereocontrol (dr 85:15,
99 % ee).

With the reaction conditions optimized for a, we moved to
evaluate the scope of the reaction with other aromatic
aldehydes.'"” The results summarized in Table 3 prove that
the reaction is sensitive to both the electronic character and
the steric hindrance of the substituents on the aromatic
aldehyde. Indeed, electron-donating groups at the para
position enabled highly stereocontrolled aldol reactions
(dr 85:15 and up to 99% ee) and permitted the isolation of
enantiomerically pure anti-adducts 5a and 5b in yields of
82% and 77 %, respectively. Benzaldehyde (¢) required an
increase in the catalyst loading to 10 mol % to attain similar
results, whereas the more deactivated 4-chlorobenzaldehyde
(d) only provided anti-adduct 5d in 61 % yield after three
days at —20°C or a modest 49 % yield when the reaction was
carried out at 0°C for 15 h, as a result of the formation of a by-
product arising from the attack of the nucleophilic exo sulfur
atom on the activated aldehyde. In turn, the more-electron-
rich 2-naphthaldehyde (e) gave adduct 5e in a remarkable
62 % yield and 97 % ee on using 5 mol % of the catalyst. Other
isomers of a were also assessed and gave satisfactory results.
As expected, the 3-methoxy derivative (f) turned out to be
less reactive, but gave the corresponding anti-adduct 5f in
66 % yield after three days when 10 mol % of the catalyst was
used. More surprisingly, 2-methoxybenzaldehyde (g) led to 5 g
as a single stereoisomer (dr 97:3 and 97 % ee) in 56 % yield
when using 5 mol % of the catalyst. A parallel aldol reaction
of meta-tolyl aldehyde h proceeded efficiently, but the ortho
counterpart i was found to be completely inactive and did not
afford the desired adduct 5i. This indicates that bulky groups
close to the carbonyl group hinder approach to the enolate;

we speculate that the outstanding results from g may be due to
the formation of a chelated oxocarbenium intermediate in
which the ortho substituent remains far from the carbonyl
center. Finally, aromatic aldehydes containing m-electron-rich
heterocycles, such as furan j and thiophene k, afforded the
anti-aldol adducts 5j and Sk in high yields after 2 h when
using 5 mol % of the nickel(IT) complex.

Once the feasibility of the enantioselective anti aldol
reaction had been demonstrated, we assessed the influence of
the substituents of the acyl group on the addition of N-acyl
thiazinanethiones 6-13 to a. The results shown in Table 4
highlight the key role of steric bulk in the stereochemical
outcome of the aldol reaction. Indeed, the enantioselectivity
is consistently excellent for the N-acyl thiazinanethiones 6-8,
but the diastereoselectivity and consequently the yield are
eroded from S5a (R=Me: dr85:15, 82%) to 17a (R=Et:
dr 81:19, 78%) and 18a (R =iBu: dr 75:25, 60%) and the
catalyst loading needed to be increased from 2 mol% to
5 mol %. Moreover, the chemoselectivity is excellent and the
presence of common functional groups such as alkenes,
alkynes, halides, or esters does not have a noticeable influ-
ence, so enantiomerically pure (94-99 % ee) protected anti-
adducts 19a-22a were isolated in good to high yields (62—
76 % ). Finally, the presence of a strong electron-withdrawing
o-CF; group inhibits the reaction, but the a-benzyloxy
derivative affords the anti-adduct 24a in a highly efficient
manner, which provides straightforward access to protected
anti-a,3-dihydroxy compounds. At this stage, we tested
introducing an azido group at the a-position. Unfortunately,
all our attempts failed, and we were obliged to consider the
use of the thiazolidinethione scaffold. As previously men-
tioned, such a heterocycle enables aldol reactions but with
slower kinetics than the thiazinanethione counterpart. To our
delight, thiazolidinethione-based substrates 14-16 (m =0 in
Table 4) also gave excellent results. Indeed, and despite
requiring a longer reaction time, N-propanoyl thiazolidine-
thione 14 (R =Me) and the more bulky derivative 15 (R=
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Table 4: TIPSOTf-mediated aldol reaction of N-acyl-1,3-thiazinane-2-thiones with 4-methoxybenzaldehyde (a).

79 it 2-5 mol% [(R)-Tol-BINAP]NICI j\ 0 QiR
—5 mol% - 10l- I
R 2
S N/U\/ * H — - STONT Y
k ) TIPSOTH, 2,6-lutidine, CH,Cl,, —20 °C, t k ) A
5 OMe O OMe
m=1 1,6-13 a m=1 b5a,17a-24a
m=0 14-16 m=0 25a-27a
S 0o OoTPs S 0o OoTPs o oTIPS )SL o OoTIPS
oY, Yo, O s
e OMe SN OMe “Sipr OMe m OMe

17a
2mol% cat 2h
dr81:19 ee 99% 78%

a
2mol%cat 1h
dr85:15 ee99% 82%

S O OTIPS S
BN PN

STONT Y S7ON

O OTIPS

(L \k s
20a X 21a

5mol% cat 5h 2mol% cat 15 h 2mol%cat 3h

dr81:19 ee98% 75% dr79:21 ee99% 70%
j O OTIPS j\ O OTIPS
S” N 5 S” N i
-/ H -/ H
OMe “SiPr
25a 2 26a®

2mol% cat 15h

dr89:11 ee99% 80% dr75:25 ee 95%

dr 75:25 ee99% 60%

O OTIPS

s

)‘:Q\CL SJLNM@\ A ; Ky ;

LA 5 OMe b \ OMe NS OMe L oen OMe
Br 22a CO,Me

dr82:18 ee 94%

5mol% cat 15h
66%

18a 19a
5mol% cat 2h 2mol% cat 3h
dr81:19 ee99% 76%

S O OTIPS S O OTIPS
N

23a 24a
8 - 5mol% cat 15h
62% dr79:21 ee96% 67%
)SJ\ O OTIPS
s7°N
[SVA
OMe 3 OMe
27a

2 mol% [(S)-Tol-BINAPINICl, 2 h
dr95:5 ee99% 93%

a. The conversion in 1 h was 20%. b. The conversion in 5 h was 35%.

CH,CHMe,) also afforded the corresponding aldol adducts
25a and 26a with high yields and enantioselectivity (99 % and
95% ee, respectively). Finally, the azido thiazolidinethione 16
(R =N3) proved especially successful and afforded in just 2 h
the a-azido-B-silyloxy adduct 27a virtually as a single stereo-
isomer (dr 95:5, 99% ee) in a yield of 93 %.[1%

The configuration of 5a was established as the (25,3R)-
anti-adduct through X-ray analysis of the benzyl amide
derivative 28, which was easily prepared by nucleophilic
displacement of the scaffold of 5a with (§)-1-phenyl-1-
ethylamine (Scheme 3).! Furthermore, amides 29 and 30
were isolated in up to 99 % yield after reaction with morpho-
line and N-methoxy-N-methylamine, respectively. In addi-
tion, aldol Sa was also converted into a wide array of

(S) PhCHMeNH,

CH,Cly, rt, 5 min
?{ 83%
28

enantiomerically pure derivatives of synthetic interest. As
shown in Scheme 3, treatment of 5a with LiBH, gave alcohol
31in 85 % yield, methyl ester 32 was obtained in 95 % yield by
simply stirring 5a in methanol, whereas the sodium enolate of
ethyl acetate was used to deliver the f-keto ester 33 in
a remarkable 78 % yield. All together, these transformations
prove the easy removal of the thiazinanethione scaffold and
the synthetic utility of the aldol adducts.

Having demonstrated the wide scope and synthetic
interest of the aldol reaction, we focused our attention on
its mechanism. The proposed catalytic cycle is depicted in
Scheme 4, where the TIPSOT( plays a dual role as the trigger
for the generation of the catalytic species as well as the
activating Lewis acid for the aldehyde. We carried out

] OTIPS
LiBH,

85% 31 OMe

O OTIPS _ S O OTPS O OTIPS
morpholine, DMAP )J\ s MeOH, DMAP
O CHyCh, t, 2h S N YR t,15h Meo)‘\:)\©\
- OMe 99% OMe 95% 32 oNe
2,3-anti 5a
O OTIPS MeNHOMe-HCI O O OTPS
EtsN, DMAP EtOAc / NaHMDS
b
i gJ\/v\Q\ CH,Cly, tt, 12 h THF,—78°C, 1h MeO ¥
e & =
30 OMe 88% 78% 33 OMe

Scheme 3. Removal of the scaffold and conversion of aldol adducts into enantiomerically pure compounds.
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Scheme 4. Mechanistic hypothesis.

a comprehensive computational study of the carbon—carbon
bond-forming step.'”! These calculations indicated that the
reaction evolves through an open transition state III, in which
the activated aldehyde approaches the Re m-face of the
square-planar nickel(IT) enolate II (Scheme 4). Importantly,
the approach to the opposite Si mt-face is about 3 kcalmol ™
less stable, which accounts for the excellent enantiocontrol
achieved in all the reactions.

In summary, we have developed a direct and asymmetric
aldol reaction of N-acyl thiazinanethiones and thiazolidine-
thiones with aromatic aldehydes in the presence of TIPSOTT
and promoted by [(R)-Tol-BINAP]NiCl,. This reaction gives
the corresponding O-TIPS-protected anti-aldol adducts in
high yields and diastereoselectivity as well as with an
excellent enantiocontrol up to 99% ee. The wide scope of
the reaction permits the use of N-acyl groups containing
alkenes, alkynes, halides, or esters, as well as a-azido and o-
hydroxy substituents, which provides a simple and quick
access to anti-a-azido-$-silyloxy and a-alkoxy-fB-silyloxy moi-
eties. Furthermore, the heterocyclic scaffold can be easily
removed to give enantiomerically pure intermediates. Finally,
theoretical studies indicate that the carbon-carbon bond-
forming step proceeds through an open transition state, in
which the steric interactions play a crucial role.
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Direct, Stereodivergent, and Catalytic Michael Additions of
Thioimides to o,p-Unsaturated Aldehydes — Total Synthesis of

Tapentadol
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Abstract: Direct and stereodivergent Michael additions
of N-acyl 1,3-thiazinane-2-thiones to o,p-unsaturated
aldehydes catalyzed by chiral nickel(II) complexes are
reported. The reactions proceed with a remarkable
regio-, diastereo-, and enantioselectivity, so access to
any of the four potential Michael stereoisomers is
granted through the appropriate choice of the chiral
ligand of the nickel(IT) complex. Simple removal of the
heterocyclic scaffold furnishes a wide array of either syn
or anti enantiomerically pure derivatives, which can be
exploited for the asymmetric synthesis of biologically
active compounds, as demonstrated in a new approach
to tapentadol. In turn, a mechanism, based on theoret-
ical calculations, is proposed to account for the stereo-
chemical outcome of these transformations.
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Introduction

It is certainly the case that, at present, new methods in
Organic Synthesis must be devised with the compelling need
for selectivity, since they are expected to act in a masterful
manner to produce the desired transformation at a specific
site without affecting other parts of the molecule.'”! In this
scenario, the simultaneous control over the regio- and stereo-
selectivity of a particular reaction often presents a formida-
ble challenge. A case in point involves conjugated carbonyl
compounds. Indeed, they may undergo nucleophilic attacks
at either the carbonyl or the conjugated position, namely
1,2- versus 1,4-additions, which usually entail the installation
of up to two stereocenters.’!! Faced with the complexity of
satisfying both selective requirements, the importance of
substrate choice has been empirically acknowledged. Ac-
tually, traditional wisdom contends that o,p-unsaturated
ketones or esters predominantly participate in 1,4-additions,
while the more reactive aldehyde counterparts are prone to
evolve through the alternative 1,2-pathway."® Therefore, it
should be no surprise that, despite undeniable interest, just a
small number of reports describe regio- and stereoselective
Michael additions of acyclic carbonyl compounds to a,pB-
unsaturated aldehydes. So far, none of the currently
reported methods take advantage of metal enolates™'” and
contrarily hinge on organocatalytic approaches, proceeding
through the iminium mode of action, in which the carbonyl
bond of the electrophile is temporarily replaced by the
iminium counterpart. Indeed, pioneering studies by Palomo
on the intermolecular anti Michael addition of aldehydes to
enals catalyzed by a proline derivative demonstrated the
feasibility of such a strategy."'” A little later, Barbas
reported a comprehensive study on the addition of activated
thioesters of aryl acetic acids to cinnamaldehyde, catalyzed
by the Jgrgensen-Hayashi amine to provide the anti Michael
adducts with diastereoselectivities up to 3:1 and variable
enantiocontrol."*" Consequently, the development of new
methods to successfully achieve 1,4-additions in both a
regio- and stereoselective manner to provide both anti and
syn Michael adducts is still necessary to grant access to new
valuable molecular architectures, unattainable with current
methodologies.!"”!

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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In this context and beyond the abovementioned chal-
lenges, the interest in a particular stereoselective carbon-
carbon bond forming reaction is nowadays increasingly
associated to the ability to provide any of the potential
stereoisomers,'® ideally under the premises of Atom
Economy!””! and Green Chemistry.'¥ In this context, stereo-
divergent dual catalysis!”® has recently emerged as an
engaging option for obtaining any stereoisomer in trans-
formations in which up to two new stereocenters are
installed.”?” In principle, such a conceptual framework
requires the use of distinct chiral catalysts acting on a single
set of precursors to exercise independent control on the
absolute configuration of the stereocenters formed. Lee has
recently demonstrated the gains and opportunities of such
an approach in a highly regio- and stereoselective Michael
addition of pentafluorophenyl aryl acetates to o,B-unsatu-
rated aldehydes through the appropriate combination of a
proline derivative and a chiral Lewis base (see Eq1 in
Scheme 1).”2 Unfortunately, the profile of the nucleophilic
partner is once again restricted to relatively acidic aryl acetic
esters,®! so new approaches are needed to enable the
enantioselective formation of carbon-carbon bonds through
the addition of a wide array of carbonyl compounds to the
conjugated position of a,B-unsaturated aldehydes.

Considering the benefits of a process with a wider scope
and the lack of regio- and stereoselective Michael additions
of metal enolates to o,pf-unsaturated aldehydes, we envis-
aged that a close, but less stringent version, of the
aforementioned stereodivergent dual catalytic model might
be successful. This would entail a single transition-metal
catalytic model in such a way that the simple change of the
chiral ligand would give access to all the potential stereo-
isomers in a highly regio- and stereocontrolled manner.!'**!

Herein, we report that direct and asymmetric Lewis
acid-mediated Michael additions of N-acyl 1,3-thiazinane-2-
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thiones to a,B-unsaturated aldehydes catalyzed by nickel(II)
complexes, containing chiral diphosphines 5,5'-bis[di(3,5-di-
tert-butyl-4-methoxyphenyl)phosphino]-4,4'-bi-1,3-benzo-
dioxole (DTBM-SEGPHOS) or 2,2'-bis(diphenylphos-
phino)-1,1"-binaphthyl (BINAP), produce, at will, enantio-
merically pure syn or anti stereoisomers in good to high
yields (Eq 2 in Scheme 1). Importantly, the aldehyde group
is transformed through its activation and becomes a
protected silyl enol ether in the resultant Michael adduct,
which facilitates further transformations and thus enhances
the synthetic usefulness of the method.

Results and Discussion
Preliminary Studies and Optimization

During our studies on the direct, asymmetric, and silyl
triflate-mediated aldol reactions from N-acyl thiazinane-
thiones catalyzed by chiral nickel(IT) complexes,”*"! mixtures
of aldol and Michael adducts and other unidentified by-
products were obtained when cinnamaldehyde (a) was used
as the electrophilic partner. In turn, parallel theoretical
calculations showed that the participation of C1 and C3 for
the LUMO of the silyl-activated cinnamaldehyde were
similar (Figure 1). All in all, these signs encouraged us to
make further efforts towards the search of selective 1,4-
additions.

Therefore, we first explored the regiochemical outcome
of the Michael additions using the achiral (Me;P),NiCl,
complex under differing conditions. To our surprise, the silyl
triflate proved to be crucial. Indeed, the use of a sterically
hindered silyl triflate such as triisopropylsilyl triflate (TIP-
SOTY) produced the desired Michael adduct with remark-
able regioselectivity, while less bulky trimethylsilyl triflate

Prior work by Lee*?
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Scheme 1. Direct and Stereodivergent Michael Additions to a,B-Unsaturated Aldehydes. TMS =trimethylsilyl, TIPS =triisopropylsilyl, TIPSOTf=-

triisopropylsilyl triflate.
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Figure 1. LUMO of [PhCH = CHCHO-TIPS]*.

(TMSOTTt) showed opposing selectivity (see Table S1). The
scaffold turned out to play a key role too; the
thiazinanethione™’ and thiazolidinethione adducts proved to
be the most selective, with the former being more efficient
in terms of the kinetics of the process (see Table S1).!
Having identified the pairing of thiazinanethione/TIPSOTT
as the best combination for obtaining Michael adducts, we
next assessed the influence of chiral nickel(II) catalysts. We
were pleased to observe that all chiral catalysts examined
produced the desired 1,4-addition with absolute regioselec-
tivity. Furthermore, the diastereoselectivity heavily de-
pended both on the solvent and the ligand (see Table S2) to
such an extent that [DTBM-SEGPHOS|NiICl, in 4:1
toluene/CH,Cl, gave the syn Michael adduct (syn/anti
88:12). Such a solvent mixture also turned out to be the

Research Articles

Angewandte

intemationaldition’y Chemie

most appropriate when [BINAP|NiCl, was used; but how-
ever, this catalyst led to the anti counterpart instead (syn/
anti 15:85). Finally, and most importantly, both the syn and
anti diastereomers were obtained enantiomerically pure (ee
99 %). All together, these results proved that we could
access at will, in a highly stereoselective manner, any of the
four possible Michael stereoisomers, with absolute regiocon-
trol, by just switching between [DTBM-SEGPHOS]|NiCl,
and [BINAPINICl, and choosing the appropriate enantiom-
er of the ligand (Eq 2 in Scheme 1).

Scope

Having established an unusual, direct, and stereodivergent
Michael addition to cinnamaldehyde (a), we moved to
examine the scope of the reaction catalyzed by [(R)-DTBM-
SEGPHOS]NICl, (Scheme 2). Unfortunately, o,p-unsatu-
rated aldehydes containing an alkyl group, a heteroatom, or
an ester group at the B position proved unsuitable.?” On the
contrary, p-aryl-o,p-unsaturated aldehydes a-o turned out to
be excellent substrates and all the corresponding syn
diastereomers 2a—o were easily isolated in enantiomerically
pure form by column chromatography except for trifluoro-
methyl-derived aldehyde e.

Indeed, most of these aldehydes, with the single
exception of ortho methoxy aldehyde i, reacted with
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Scheme 2. TIPSOTf-Mediated Michael additions of N-propanoyl thiazinanethione 1 to a,B-unsaturated aldehydes catalyzed by [(R)-DTBM-

SEGPHOS]NiCl,.

[a] Isolated yields of the enantiomerically pure 2a—o syn adducts are shown. [b] Enantiomeric excess established by chiral HPLC. [c] Diastereomeric
ratio (syn/anti) established by 'H NMR analysis. [d] It was impossible to determine the ee by chiral HPLC. [e] Conversion: 85-90%. [f] rr (1,4:1,2)

87:13.

Angew. Chem. Int. Ed. 2024, 63, €202319308 (3 of 10)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

9SUDIT suowWWoy) dANea1)) dqearjdde ay) £q pauIdA03 a1k SIOILIE Y() $aSN JO SANI 10J AIeIqIT AuI[uQ AJ[IA\ UO (SUONIPUODI-PUB-SULID) /W00 K[ 1M AIRIqi[aul[uo//:sdny) suonipuo)) pue swid ], Yy 33 ‘[$707/60/97] uo Areiqry autjuQ £3[1A “(-ouf BANqeT) 9qnopey Aq 80€61£T0T21UB/Z001 0 [/10p/wod A31m’ Areiqrjaurjuo//:sdny woly papeojumo( ‘g1 ‘4707 ‘€LLEITS T



GDCh
) —

absolute regiocontrol (rr 1,4:1,2>99:1) to provide enantio-
merically pure (ee 99 %) syn Michael adducts 2a—o in good
to high yields. As shown in Scheme 2, the electronic
character of the substituents at the para position of the
aromatic ring has a profound effect on the kinetics of the
process. Indeed, electron-donating groups seen in a-c
required a low catalyst loading of 2mol% to reach
completion in 5h. Aldehyde d, containing chlorine as a
slightly electron-withdrawing group, required 5 mol % of the
catalyst, while the stronger trifluoromethyl or nitro groups,
in e and f respectively, demanded 10 mol % of the catalyst
and reaction times up to 48h. Even better results were
achieved with aldehydes k and 1 containing an heteroar-
omatic ring of furane or thiophene, which allowed for the
isolation of enantiomerically pure syn adducts 2k and 21 in
yields of 83-86 %. Noteworthily, the method tolerated the
placement of substituents at the meta and even the ortho
position and adducts 2g-j were obtained under similar
conditions and with results close to the corresponding para
substituted counterparts 2b and 2ec¢. Eventually, o,p-y,0-
unsaturated aldehyde m, which could potentially undergo
1,4- and 1,6-attacks, proved to be an excellent substrate
since it led to a single regioisomer 2m with outstanding
stereocontrol (dr 92:8, ee 99 %) in a 72 % yield. Finally, a-
substituted aldehydes m and o also participated in totally
stereocontrolled reactions and provided diastereomerically
and enantiomerically pure (dr >97:3, ee 99 %) syn Michael

S
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products 2n and 20 in yields of 86-88%. It is worth
highlighting that the absolute configuration of Michael
adducts 2 was firmly established through X-ray analysis of
crystals from 2f and 2n.”

An analogous study was carried out using [(R)-
BINAP]NiCl,. Results summarized in Scheme 3 show that
both the regio- and the enantiocontrol provided by this
complex are as good as those imparted by the former.
Furthermore, these reactions proved to be faster than those
catalyzed by [DTBM-SEGPHOS]|NICI, and, for instance,
the addition to the reluctant aldehyde f was, this time,
complete in 24 h. The diastereoselectivities were high and
close to those of the syn series, while the isolated yields of
the enantiomerically pure anti diastereomers 3a-o ranged
from moderate to high. From a general point of view, the
access to the enantiomerically pure anti configuration
utilizing [BINAP]NiCl, combines perfectly with that pro-
vided by the [DTBM-SEGPHOS]NICI, complex and makes
the overall method a stereodivergent strategy for Michael
additions to o,B-unsaturated aldehydes (Eq 2 in Scheme 1).

Finally, we met the challenge of expanding both
procedures to other N-acyl thiazinanethiones. Results
summarized in Scheme 4 indicate that the reaction catalyzed
by [DTBM-SEGPHOSINICI, generally provides the ex-
pected syn stereoisomers but is highly sensitive to the steric
hindrance of the Ca group. A case in point was N-butanoyl
thiazinanethione 4, which required a fivefold increase of the
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Scheme 3. TIPSOT-Mediated Michael additions of N-propanoyl thiazinanethione 1 to a,B-unsaturated aldehydes catalyzed by [(R)-BINAP]NiCl,.*
[a] Isolated yields of the enantiomerically pure 3 a—o anti adducts are shown. [b] Enantiomeric excess established by chiral HPLC. [c] Diastereomeric
ratio (syn/anti) established by 'H NMR analysis. [d] It was impossible to determine the ee by chiral HPLC. [e] Reaction temperature of —40°C. [f] rr

(1,4:1,6): 70:30.
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Scheme 4. TIPSOTf-Mediated Michael additions of N-acyl thiazinanethiones 4-10 to cinnamaldehyde (a) catalyzed by chiral nickel(1l) complexes.*™
[a] Isolated yields of the enantiomerically pure syn or anti adducts are shown. [b] Enantiomeric excess established by chiral HPLC. [c] Diastereomeric

ratio (syn/anti) established by 'H NMR analysis. [d] rr (1,4:1,2): ca 90:10.

catalyst loading with respect to N-propanoyl thiazinane-
thione 1, to produce syn Michael adduct 11a with a poorer
regioselectivity (rr 1,4:1,2 90:10) and a lower diastercose-
lectivity (dr 76:24) in a much lower 38 % yield. In turn syn
adducts 12a and 13a possessing bulky groups were not
obtained, whereas N-phenylacetic thioimide 6 surprisingly
gave anti 19a as the major stereoisomer. Other substrates
with less sterically hindered substituents performed better
and gave the corresponding enantiomerically pure syn
stereoisomers 14a-15a in good yields. In turn, the results
achieved with a-azidoacetyl thiazolidinethione 10" were
particularly noteworthy, as the expected syn diastereomer
16a was obtained with excellent stereocontrol (dr 90:10, ee
99 %) and an isolated yield of 66 %.

Parallel reactions catalyzed by [BINAP]NiCl, were less
dependent on the steric bulk of the substrate and using 2—
5 mol % of catalyst, enantiomerically pure anti adducts 17a—
23a were isolated in yields of 50-75 % with high selectivity
except in the case of a-azido thiazolidinethione 10, which
produced an equimolar mixture of syn and anti stereo-
isomers, and thioimide 7, which produced a slight erosion of
the regioselectivity of anti 20a. Importantly, the absolute
configuration of anti adduct 18a was corroborated through
X-ray analysis.”"!
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Synthetic Applications

With two fully optimized procedures in hand, we next
assessed the removal of the heterocyclic scaffold to yield a
variety of chiral intermediates. Initially, the reaction cata-
lyzed by [(R)-DTBM-SEGPHOS]NICI, was scaled up to get
large quantities of model syn stereoisomer 2a in order to
test the transformations represented in Part A of Scheme 5.
We were pleased to observe that the Michael addition of 1
to cinnamaldehyde (a) worked perfectly at a 10 mmol scale,
allowing the isolation of enantiomerically pure 2a in a 77 %
yield, which proves the robustness of the method. Then, its
reduction with LiBH, or diisobutylaluminium hydride
(DIBALH) afforded alcohol 24 or aldehyde 25 respectively
in high yields. In turn, secondary and tertiary amides 26 and
27 or methyl ester 28 were easily prepared by simple
treatment with the required amines or methanol in the
presence of 4-dimethylaminopyridine (DMAP). Finally, the
resultant silyl enol moiety turned out to be strategic and its
appropriate manipulation afforded hemiacetal 29 (dr 54:46)
and the saturated and protected 6-hydroxy ester 30 in
excellent yields.

As part of these efforts, we also considered the
application of the anti procedure to the synthesis of
commercially available tapentadol 31 (Part B of Scheme 5),
an opioid drug with strong analgesic effects used for the
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Scheme 5. Transformations of Michael adducts. Synthesis of tapentadol. TBAF =tetrabutylammonium fluoride.

treatment of pain in several diseases.” Our retrosynthetic
analysis hinged on the strategic disconnection of both
stereocenters through a Michael reaction.”'*

Thus, the first step involved the stereocontrolled Michael
addition of thioimide 1 to (E)-3-(3-methoxyphenyl)-2-prope-
nal (g) catalyzed by 2mol% of [(S)-BINAP]NiCl, at a
10 mmol scale (Part B of Scheme 5). Interestingly, the scale
was important and enantiomerically pure anti ent-3g was
isolated in this case with a similar diastereomeric ratio (dr
syn/anti 19:81) and a significantly higher yield of 69 % than
those obtained at 1 mmol scale (see Scheme 3). Smooth
removal of the heterocycle in ent-3g with dimethylamine
gave amide 32 in a quantitative yield. Then, it was reduced
with LiAlH, to provide amine 33 in a 78 % yield. Treatment
of the silyl enol ether with 1 M HCI for 5h led to the
corresponding aldehyde, which was immediately submitted
to a Wolff-Kishner reduction using the Huang-Minlon
modification™ to obtain deoxygenated amine 34 in an 88 %
two-step yield. Eventually, demethylation of 34 with 48 %
HBr under standard conditions led to tapentadol 31 in a

Angew. Chem. Int. Ed. 2024, 63, €202319308 (6 of 10)

96 % yield, whose spectroscopic and physical data matched
those reported in the literature. Importantly, our synthetic
sequence takes advantage of a highly stereocontrolled
Michael addition to furnish enantiomerically pure tapenta-
dol with an overall yield of 45 % in six steps.***!

Theoretical Calculations. Mechanism

Once the wide scope and the synthetic interest of the
Michael addition had been established, we focused our
attention to unraveling the mechanistic basis of such a
stereodivergent transformation.

With this idea in mind, we initially evaluated the
potential reacting centers of the triisopropylsilyl (TIPS)-
activated cinnamaldehyde (a), a suitable model of the
putative electrophilic partner. Interestingly, contributions of
both the C1 and C3 carbons turned out be almost identical
(Figure 1), which indicated that the outstanding regioselec-
tivity observed within the present study must rely mostly on
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the steric bulk of the TIPS group, which is in accordance
with the trend summarized in Table S1.

Building on this initial information, we then carried out
a comprehensive analysis of the transition states involved in
the addition of the chiral nickel enolates from thioimide 1 to
the TIPS-activated cinnamaldehyde.

Initially, we optimized the molecular geometry of the
singlet state of [{(R)-Diphos}Ni(thiazinanethione)]* eno-
lates in which the Diphos ligands are the chiral chelating
disphosphines (DTBM-SEGPHOS or BINAP). Four con-
formations were optimized for the S,0-chelate and the
thiazinane rings (see Figure S1). All the conformations from
the BINAP-derived enolate were in a range of 3 kcalmol ™',
the two most stable resulting in a slightly distorted square-
planar geometry for nickel (Sso, <3.0). However, a
completely different energetic ordering was found for the
DTBM-SEGPHOS counterpart, likely due to the large steric
character of the diphosphine substituents, which suggests
that other factors may play an important role in stabilizing
each conformation.

Following previous results, the four minima for each
catalyst were taken into account to compute the transition
states of the additions to the activated cinnamaldehyde,
[(i-Pr;Si)O=CHCH=CHPh]". The approach of such an
oxocarbenium intermediate generated four transition states
for each conformation considering the two n diastereotopic
faces of the nickel enolate and the relative arrangement of
the groups at the § position of the electrophile.

Then, sixteen transition states for the nickel enolate
containing the DTBM-SEGPHOS ligand were calculated
(see Figure S2). Interestingly, the most stable among them
involves the approach of the Re n face of the enolate to the
Si n face of the activated cinnamaldehyde (namely TS-D3 in
Figure 2, top), in which the TIPS group is directed towards
the thiazinane ring. This leads to the syn 2a stereoisomer. In
turn, the alternative approach giving access to the anti 3a
diastereomer (TS-C1, see Figure S2) places the phenyl group
close to the heterocycle and turns out to be disfavored by
+0.9 kcalmol . Other transition states engaging the oppo-
site Si n-face of the enolate are higher in energy (from + 2.5
to +3.4 kcalmol™') and exhibit a different conformation of
the nickel-chelate ring. The Boltzmann distribution of all
these transition states indicates that only two of them truly
participate in the reaction, TS-D3 and TS-C1, which predicts
a syn/anti diastereomeric ratio of 85:14 (2a/3a) at —20°C
with others which would lead to the opposing enantiomer
contributing less than 1 %. These results nicely match the
experimental results summarized in Scheme 2 (dr 88:12, ee
99 %).

In turn, a parallel study for the BINAP-derived enolate
predicted that the major stereoisomer should be anti 3a,
opposite to that obtained from DTBM-SEGPHOS. The
molecular geometries of the resultant transition states along
with their relative Gibbs free energies in solution in a range
of 20 kcalmol ™ are shown in Figure S3. In this case, the
most favorable transition state (namely TS-A1 in Figure 2,
bottom) involves the approach of the Re n face of the
enolate to the Re n face of the activated cinnamaldehyde in
which the thiazinane ring is close to the phenyl group and
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Two perspectives of TS-D3 (Diphosphine: DTBM-SEGPHOS)

Ni< P

1
Sii-Pry 2a

Two perspectives of TS-A1 (Diphosphine: BINAP)

: t
Nisg S 0o Ph
€ «_.SiiPr. S” °N : = ~OTIPS
Nen oo
H v -
3a

Figure 2. Transition states leading to the syn and the anti stereo-
isomers.

far from the bulky TIPS group of the electrophile. This
produces the anti 3a stereoisomer in full accordance with
the experimental results. Surprisingly, other transition states
show energies too high to participate in the stereochemical
outcome of the reaction, so anti 3a is expected to be the
only stereoisomer. These results account for the amazing
enantiocontrol observed throughout these reactions, but the
lack of prediction for the minor syn 2a counterpart indicates
that minor influences should be also considered.

Despite the fact that the reasons accounting for the
stereochemical outcome of the reaction are manifold, the
analysis of the transition states of the carbon-carbon bond
forming step provide clues for a better understanding of the
overall process. Indeed, assuming that the reaction proceeds
through an open transition state involving a chelated enolate
in which the nickel geometry is mostly square planar,
conformations of the thiazinane heterocycle may be of
paramount importance to determine distinct approaches to
the activated electrophile; this is particularly crucial for the
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DTBM-SEGPHOS enolate. Furthermore, chiral ligands
containing phosphines with bulky fert-butyl groups, such as
the DTBM-SEGPHOS and the related 2,2-bis[bis(4-meth-
oxy-3,5-di-tert-butylphenyl)phosphino]-4,4',6,6'-tetrameth-
oxy-1,1"-biphenyl (DTBM-GARPHOS, see Table S2), play a
crucial role to steer the stereochemical outcome towards the
syn 2a stereoisomer, through a transition state in which, in a
counterintuitive manner, the thiazinane ring is close to the
TIPS group (Figure 2, top).

The abovementioned transition states are consistent with
a mechanism represented in Scheme 6 in which a silyl-
activated cinnamaldehyde approaches a chelated nickel(II)
enolate from thioimide 1 through the open transition states
shown in Figure 2. Indeed, taking advantage of Sodeoka’s
findings® on the activation of nickel(IT) chloride complexes
with silyl triflates, the chiral nickel(II) chloride complexes
employed in this study generate in situ nickel(II) triflate I,
the real catalytic species. Coordination of I with 1 produces
chelate II, which can be deprotonated by 2,6-lutidine to
produce the nickel(IT) enolate III. Then, the Re n-face of III
approaches the activated aldehyde through the open tran-
sition states IV in which the distribution of the substituents
determines the configuration of the new f stereocenter in V.
Eventually, release of the L*Ni group gives the desired
Michael adduct (2a or 3a) and the nickel(II) triflate I
necessary for a new catalytic cycle.

Conclusion

We have developed a direct and asymmetric TIPSOTI-
mediated Michael addition of thioimides to o,p-unsaturated
aldehydes catalyzed by chiral nickel(IT) complexes possess-
ing DTBM-SEGPHOS or BINAP ligands. The reaction
shows remarkable regio- and stereochemical control, and

L*NiCl,

i O Ph s o
2 i-PrSIOTS
KJWOS""% N

S
2aor3a L*Ni(OTf), U 1
1
v 178 \ L 12@

s0  Ph sh0
%}NWOSH—P@ SK)L)NJ\/
B
v K ] )<
\ [Hel*
Pﬁé} L |©
Ni Ni
s 0 s 0

v PhMO,Sii-Prs mn
]
L*: (R-DTBM-SEGPHOS or (R)-BINAP  B: 2,6-lutidine

Scheme 6. Proposed mechanism.
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delivers at will any of the potential syn or anti stereoisomers,
depending on the chiral ligand, in a highly efficient stereo-
divergent manner. In turn, the resultant adducts can be
smoothly converted into a wide array of enantiomerically
pure derivatives that can be used for the synthesis of
biologically active compounds, as demonstrated in a new
approach to tapentadol. Finally, theoretical studies clarify
the mechanistic intricacies of such a transformation and
provide arguments for a proper understanding of the
observed stereodivergency.
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Esta tesis presenta nuevas metodologias para la formacién asimétrica de enlaces C-C,
centrandose en catalizadores basados en complejos quirales de niquel(II).

En el Capitulo I, se introduce un enfoque innovador para reacciones aldélicas asimétricas
directas utilizando tioimidas, logrando aductos anti-aldélicos con un control estereoquimico
excepcional (hasta 99% ee) mediante el complejo [(R)-Tol-BINAP]NiCl.. También se exploran
metales alternativos como cobalto e hierro, con potencial para catalizadores sostenibles. Se
estudiaron también los limites de esta metodologia, como el control regioselectivo en aldehidos a,(3-
insaturados y la pobre enantioselectividad en sustratos dificiles como las reacciones alddlicas de
acetato (Esquema 1).

(e}
s o on ] I
H Al
XXNWAr r
W : s
X=$,0n=0,1 XJ\NJ\%R HkAr

o W
i i ? )\ n
H NV X=§,0n=0,1
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Esquema 1. Reacciones aldélicas asimétricas.

El Capitulo II destaca un logro importante: el desarrollo de una adicion de Michael asimétrica
a aldehidos a,B-insaturados, catalizada por complejos quirales de niquel(Il). Este método muestra
alta regioselectividad y enantioselectividad (99% ee) en una amplia gama de sustratos. El complejo
[(R)-DTBM-SEGPHOS]NiClz resultd6 ser el mas eficaz para obtener aductos sin con alta
diastereoselectividad, mientras que [(R)-BINAP]NiClz fue mas adecuado para aductos anti (Esquema
2).
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Esquema 2. Reacciones de Michael asimétricas.

En el Capitulo III, los aductos de Michael se convierten en diversos grupos funcionales como
ésteres, amidas, aldehidos o alcoholes, demostrando versatilidad de estos intermedios. Adema3s, se
aplicé esta metodologia en la sintesis del opioide comercial (R,R)-tapentadol con un rendimiento
global del 45% y obteniendo un solo isémero, logrando un proceso eficiente y escalable (Esquema
3).



The Mannich Reaction
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Esquema 3. Transformaciones del aducto de Michael quiral.

El Capitulo IV aborda la sintesis de compuestos B-amino carbonilicos mediante adiciones
asimétricas de Mannich, aunque enfrenté problemas con la inestabilidad de las iminas. No obstante,
se lograron resultados prometedores utilizando N,N-dibenzilaminales como sustitutos de iminas y a
través de cicloadiciones 1,3-dipolares de nitronas, abriendo nuevas vias para el desarrollo de
reacciones estereocontroladas impulsadas por complejos de niquel(Il) (Esquema 4).
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Esquema 4. Reacciones de cicloadicion 1,3 dipolar estereodivergentes.
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