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Abstract

1.

Ynamides are among the most powerful building blocks in organic synthesis and have become
invaluable starting materials for the construction of multifunctional compounds and challenging
architectures that would be difficult to prepare otherwise. The rapidly growing popularity
originates from the unique reactivity and ease of manipulation of the polarized ynamide triple
bond, the advance of practical methods for making them, and the simplicity of storage and
handling. These attractive features and the demonstration of numerous synthetic applications
have spurred the development of intriguing asymmetric reaction strategies during the last
decade. An impressive variety of chemo-, regio- and stereoselective carbon-carbon and carbon-
heteroatom bond forming reactions with ynamides have been developed and now significantly
enrich the toolbox of synthetic chemists. This review provides a comprehensive overview of
asymmetric ynamide chemistry since 2010 with a focus on the general scope, current limitations,
stereochemical reaction control and mechanistic aspects.

Introduction

The chemical properties and reactivity of ynamides are largely defined by the interaction
between the triple bond and the adjacent electron-donating nitrogen atom. The distinctive
polarity of the aminoalkyne functionality coincides with exceptional synthetic opportunities
that extend far beyond traditional alkyne chemistry. The introduction of straightforward
methods for the preparation of ynamines and ynamides together with a well-developed
understanding of the diverse reactivity patterns of this unique class of compounds have set
the stage for intriguing synthetic applications. Ynamines are considerably more reactive and
difficult to handle than ynamides which carry a sulfonyl, alkoxycarbonyl, acyl or another
electron-withdrawing group to regulate the polarization of the alkyne bond by the amine
moiety (Figure 1). Ynamides therefore are more practical to work with and provide better
reaction control which has been particularly advantageous in efforts aimed at asymmetric
catalysis development.

The staggering diversity of reactions of ynamines and in particular of ynamides was covered
with great detail in authoritative reviews by Hsung and Evano in 2010.12 Since then,

this field has grown tremendously and remarkable progress with asymmetric methods that
produce structurally diverse, multifunctional compounds often with excellent stereocontrol
has been made. During the last ten years, a personal perspective and several excellent
reviews focused on various selected ynamide topics have appeared in the literature.34
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Four reports about cyclizations and cycloisomerizations collectively underscore the general
importance of ynamides for these type of transformations.>=8 Hsung highlighted the
properties and use of structural analogues of ynamides® and Evano evaluated the anionic
chemistry of aminoalkynes.19 In 2015, our group reviewed the synthesis and chemistry of
terminal ynamides.1! Cariou examined the progress with the conversion of ynamides to
ketenimines and the use of these building blocks for the production of nitrogen-containing
scaffolds2 while others elaborated on specific applications in peptide synthesis!3 or

Ugi and Passerini reactions.1* Recently, Blanchard covered Diels-Alder cycloadditions'®
and Kerwin discussed the chemistry of Atalkynyl azoles.1® Finally, Ye provided a very
intriguing discussion of strategies that enable control of regioselectivity aspects of ynamide
chemistry.1” To the best of our knowledge, a review that focuses on the immense utility of
ynamides for the asymmetric synthesis of chiral compounds has not appeared to date.

This review covers the advance of enantioselective synthesis with ynamides during the last
decade by providing a comprehensive overview that evaluates the general usefulness and
promise of this rapidly emerging field (Figure 2). Both stoichiometric reactions and catalytic
processes are discussed and, when available, key mechanistic insights are included to
explain the success and sense of asymmetric induction. Considerable emphasis is generally
laid on individual substrate scope and limitations by showing carefully selected examples
to provide useful guidance for the interested reader. Reports describing the synthesis of cis/
trans-enamides, 18 achiral A-heterocyclic derivatives,1® £/Z-olefins,20 or nonstereoselective
formation of chiral products?! are outside the scope of this review. To help the reader

with navigating through the diversity of asymmetric ynamide transformations we classified
the reactions into a few major categories: Aldol and Mannich Reactions, Cycloadditions,
Rearrangements and Cycloisomerizations, Functionalization of Terminal Ynamides, and
Miscellaneous Addition Reactions. We realize that this classification is not unambiguous
and some of the transformations discussed herein are actually combinations of two or more
than two of these reaction types. We hope, however, that the organization of this review
provides the readers with a comprehensive overview of the impressive developments since
2010 and at the same time facilitates the search for specific aspects of asymmetric ynamide
chemistry. The structures of frequently used protecting groups are summarized in Figure 3.

2. Aldol and Mannich Reactions

Asymmetric aldol and Mannich reactions are among the most important transformations in
organic chemistry and countless examples with all types of nucleophiles including terminal
alkynes exist in the literature. During the past decade, remarkable progress that complements
existing synthetic methodologies and conquers new chemical space has been made with
internal ynamides. A wide variety of multifunctional products have been prepared through
careful reaction development enabling C—C bond formation with high asymmetric induction
while the ynamide moiety is transformed to a new functionality, typically an enamide or
amide group. In some cases, this was accomplished with chiral ynamides but catalytic
enantioselective methods that use achiral starting materials have been introduced as well.

It is important to note that the use of terminal ynamides in aldol-type reactions allows
asymmetric C-C bond formation without concomitant loss of the Afalkynyl motif, which is
discussed separately in Section 5.
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In 2010, the Walsh group presented a multi-step reaction sequence that furnishes chiral
B-hydroxy (£)-enamines via hydroboration of A-tosyl ynamides 2 followed by boron-to-zinc
transmetalation and morpholino isoborneol (MIB)-catalyzed enantioselective addition of

the intermediate alkenylzinc species 10 to aldehydes 11 (Scheme 1).22 This procedure

is applicable to aliphatic and aromatic aldehydes and provides efficient access to the
enamides 12 with 67-86% yield and 54-98% ee. While N-tosylated ynamides gave
excellent results trifluoroacetyl and imide analogues did not work. The introduction of a
Simmons-Smith cyclopropanation step to essentially the same protocol generated a series of
aminocyclopropyl carbinols 13 carrying three contiguous stereocenters (Scheme 2). These
challenging building blocks were obtained with moderate to high yields, up to 94% ee and
diastereomeric ratios greater than 20:1. The reaction was sluggish, however, with internal
ynamides and cyclopropanation of the B-hydroxy enamides derived from aromatic aldehydes
or aryl-substituted ynamides did not occur. The cheletropic reaction is believed to proceed
via transition state A.

Chiral ynamides are also excellent starting materials for the synthesis of highly substituted
aldol compounds.Z2 To achieve this task with oxazolidinone derived ketene N, O-acetals,
Marek’s group explored two different pathways (Scheme 3). In path A, sequential addition
of a Gilman cuprate, R22CuLi-SMe2, to the ynamide 6 followed by treatment with fert-butyl
hydroperoxide and trimethylsilyl chloride gives the O-silyl ketene acetal 14. Alternatively,
this can be achieved with the organocopper complexes, RZCu-SMeZV and a similar work-up.
Interestingly, it was found that the latter approach provides higher yields. The ketene

N, O-acetals then react with aliphatic and aromatic aldehydes in the presence of titanium
tetrachloride to the corresponding Mukaiyama aldol products 15 in good yields and

with high diastereoselectivity. The stereochemical outcome is consistent with Zimmerman-
Traxler transition states.

A similar method for Mannich and aldol type reactions with aldehydes and sulfonylimines,
respectively, was introduced by the same group (Scheme 4).24 This chemistry eliminates the
silylation step and the final products 16 and 17 exhibiting two adjacent chiral centers were
obtained in moderate yields but with high diastereomeric ratios. Alternatively, quenching of
the reaction with an alcohol, amino alcohol or another protic additive at low temperature
provides the a-substituted imides 18 and Sy2 reactions with activated electrophiles is also
possible as discussed in more detail in Section 6.2°

Gaunt and coworkers developed a scandium(l11) catalyzed stereoselective anti-aldol reaction
with aliphatic and aromatic aldehydes 11 (Scheme 5).26 The triphenylsilanol derived
anti-aldol products 19 were produced in 43-80% yield and with drvalues ranging from
67:33 to greater than 95:5. The authors also showed that these ynamides can undergo

[3,3] rearrangements upon addition of allylic alcohols 20 under acidic conditions at room
temperature, thus forming the a,p-disubstituted imides 21 in 54-97% yields and in some
cases greater than 95:5 ar.

Diastereoselective nickel-catalyzed reductive coupling of chiral oxazolidinone-derived
ynamides and aldehydes was reported by Sato et a/2” In the presence of 10 mol% of
a nickel catalyst derived from SIMes-HBF,4 L-1 and excess of triethylsilane, Et3SiH, the
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oxazolidinone-derived ynamides 6 reacted with aromatic and aliphatic aldehydes 11 to the
y-siloxyenamides 22 which were obtained in 73-98% yield and 66-99% de (Scheme 6).
The authors rationalized that the rate-limiting step in the reductive coupling mechanism

is the preferential formation of oxanickelacycle B via oxidative cycloaddition from the
tetracoordinate complex A exhibiting minimized steric interactions between the NHC ligand
and the approaching aldehyde. The reduction of B then results in the predominant formation
of the homochiral diastereomer 22.

Liu described a stereoselective hydrative aldol reaction between enynamides 2, water and
aromatic aldehydes 23 that allows synthesis of the branched compounds 24 with tunable
antil syr-selectivity.28 In the presence of 5 mol% of zinc(l1) triflate and 2 equivalents

of water, the anti-aldol products were produced with diastereomeric ratios greater than
20:1 at room temperature (Scheme 7). The authors observed that incorporation of (S5)-a.-
methylbenzyl into the A/sulfonamide moiety favors formation of syn-products such as 24d
under the same reaction conditions. Lin and coworkers further extended this chemistry

by carrying out a solvent-free scandium(lI1) triflate catalyzed aldol reaction with ketones
25 employed in considerable excess and obtained the diastereomerically pure ant/-aldol
products 26 .2

3. Cycloadditions

Ynamides have been extremely useful substrates in a variety of cycloadditions that may be
truly pericyclic in nature or following a stepwise, nonconcerted mechanism. The exceptional
utility of these transformations is apparent from the diversity of challenging cyclic scaffolds
that have been prepared with excellent regio- and stereocontrol, in particular via transition
metal catalysis. In several cases, cycloadditions are exploited in tandem with isomerization
or sigmatropic rearrangement pathways which underscores the unique reactivity and ease of
functional group manipulation of ynamides.

Following Ficini’s seminal work with ynamines such as N, N-diethylprop-1-yn-1-amine, 1,
in 1976,30 several asymmetric [2+2] cycloadditions with more easily controlled ynamide
analogues and a variety of electron-deficient electrophiles have appeared in the literature
(Scheme 8).31 In 2010, Hsung prepared cyclobutenamines 28 from sulfonynamides 2

and cyclohexenone, 27, using catalytic amounts of CuCl, and AgSbFg at 0 °C.32 This
protocol was also applied to other a,B-unsaturated carbonyl compounds. Two years

later, Lam extended this chemistry to rhodium catalyzed additions with #rans-nitroalkenes
29.33 Liu employed cyclic isoimidium salts 31 in the Ficini reaction and obtained sy
cyclobutenamides 32 in high yields under catalyst-free conditions.3*

In 2011, Mikami examined catalytic asymmetric [2+2] cycloadditions of alkynes and
ynamides with ethyltrifluoropyruvate (Scheme 9).3° They found that the dicationic (S)-
BINAP derived palladium(ll) complex Cat-2 catalyzes the formal cycloaddition between 2
and the ketoester 33 to oxetene 34 in quantitative yield and literally perfect enantiomeric
excess. Despite this impressive result, the synthesis of other chiral analogues of 34 was not
reported.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.
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Hsung et al. presented a diastereoselective Staudinger-type [2+2] cycloaddition with the
ketenimine A generated /n situ via aza-Claisen rearangement from the A-phosphoryl
ynamide 8 (Scheme 10).3¢ The reaction was observed upon heating to 125 °C and the
transient cumulene A was successfully trapped with the aldimine 35 as the azetidin-2-imine
36 which was obtained in 73% yield and 4:1 ar.

The same group discovered that palladium-catalyzed diastereoselective [2+2] cycloadditions
of propargylic allyl ethers exhibiting 1,1- or 1,2-disubstituted alkene moieties affords
structurally diverse bicyclic ketimines.3” The intramolecular cycloaddition coincides with an
intriguing N-to-C allyl transfer and depending on the alkene geometry goes either through
transition state A or B affording compounds 37 and 38, respectively (Scheme 11). The
cycloadducts were produced in good yields and with high diastereoselectivities using 5
mol% of readily available tetrakis(triphenylphosphine)palladium(0) at 70 °C.

Schotes and Mezzetti employed various sulfonynamides in the catalytic enantioselective
Ficini reaction with fert-butyl 5-oxocyclopent-1-ene-1-carboxylate, 39.38-394041 The
stepwise [2+2] cycloaddition was achieved using catalytic amounts of the ruthenium/
PNNP complex Cat-3 and excess of Et3O(PFg) at 55 °C in dichloromethane in a sealed
tube, providing a series of the strained unsaturated [3.2.0] bicyclic structures 40 with a
tetrasubstituted carbon center in good to high yields and enantioselectivities (Scheme 12).
When the ethyl ester derivative of 40 was employed in the same protocol lower ee values
were obtained, confirming the necessity of a sterically encumbered ester group for high
asymmetric induction. Cyclohexenone ethyl esters, however, performed on par with the five-
membered ethyl ester analogues of 39, indicating additional potential for enantioselective
sulfonamidocyclobutene synthesis by means of a Ficini reaction.

Catalytic enantioselective [2+2] cycloadditions with cyclic a-alkylidene p-oxo imides 41
were reported by the Nakada group (Scheme 13).42 In contrast to the ruthenium catalyzed
[2+2] cycloadditions reported by Mezzetti,*3 the authors employed chiral Cu(bisoxazoline)
complexes at low temperatures to produce multifunctional cyclobutene-fused lactones 42
as well as their ketone analogues. Excellent yields and ee’s were observed when ynamides
carrying small substituents on the carbon terminus were used. It was proposed that the
reaction proceeds viathe conformationally restricted Cu(ll1) complex A which is stabilized
by intramolecular hydrogen bonding between the imide and carbonyl moieties in the
substrate.

Chang developed a torquoselective Lewis acid catalyzed annulation method with o-quinone
methides 43 and terminally substituted ynamides 2 (Scheme 14).44 This reaction produces
chiral 4-amino-2 H-chromenes 44 displaying central and axial chirality with excellent
stereocontrol through a sequence of three pericyclic steps. Initially, [2+2] cycloaddition with
the exocyclic double bond gives the strained spirane intermediate A, which then undergoes
47 electrocyclic ring opening to 1-oxatriene B. Lastly, a 6 electrocyclic ring closure
generates chromenes 44. Overall, this reaction course establishes two chirality elements with
high diastereoselectivity.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 6

Danheiser et al. developed a benzannulation/ring closing metathesis route to access highly
substituted benzofused nitrogen heterocycles (Scheme 15).4° This strategy was applied to
the formal total synthesis of the anticancer agents (+)-FR66979 and (+)-FR900482. The key
chiral ynamide intermediate 49 was obtained in six steps from (S)-valinol and used together
with cyclobutenone 50 in a pericyclic cascade involving a 4w electrocyclic ring opening, a
regioselective [2+2] cycloaddition, a second 47 electrocyclic ring opening and finally a 6
electrocyclization to construct aniline 51. Benzylation and ring closing metathesis gave the
benzazocine scaffold 53, the precursor to (+)-FR66979, in 92% yield. The synthesis of a
close analogue provided access to (+)-FR900482.

Buono developed a palladium-catalyzed [2+1] cycloaddition between norbornene derivatives
54 and ynamides such as 2 (Scheme 16).46 A variety of functionalized bicyclo[2.2.1]hept-2-
enes 55 were produced in moderate to good yields albeit with low diastereoselectivity.

For example, 55a and 55b were obtained in 2:1 and 1.3:1 dfr, respectively. This work

is remarkable because it constitutes an unusual example of a cycloaddition with terminal
ynamides. Furthermore, an enantioselective variation of this reaction seems possible.
Compound 55¢ was obtained in 21% ee when the chiral phosphapalladacycle Cat-5 was
used. For additional asymmetric reactions with terminal ynamides, see Section 5.

Zhang et al. prepared bicyclic aza compounds through a gold(l) catalyzed one-pot
stereoselective ynamide isomerization/[4+2] cycloaddition sequence (Scheme 17).47 Initial
isomerization of the triple bond to an electron-rich diene sets the stage for either intra- or
intermolecular Diels-Alder reaction with electron-poor dienophiles producing racemic 56
and 58 in 51 and 78% vyield, respectively.

Liu et al. applied sulfonynamides in gold-catalyzed diastereoselective [4+2] and [2+2+2]
cycloadditions (Scheme 18).%8 The formal intermolecular [4+2] cycloaddition of the
sulfonynamide 2 with the enolether 59 or the electron-rich alkene 60 in the presence of

5 mol% of [(L-6)AuCI]/AgNTf, in 1,2-dichloroethane at 25 °C gave 61 and 62 in 61 and
91% vyield, respectively. The authors also found that terminal ynamides 2 undergo rapid
[2+2+2] cycloaddition with enolethers toward multisubstituted cyclohexenes 64 in moderate
to good yields using [(L-7)AuCI]/AgNTf; as catalyst. The reaction is complete within five
minutes and diastereomeric ratios greater than 20:1 were achieved at room temperature.
The stereochemical outcome was attributed to a stepwise mechanism involving the initial
formation of the cyclopropyl gold-carbenoid complex A which is attacked by a second
equivalent of 63a. The resulting axial oxonium B then undergoes cyclization to C which
eliminates the [Au] complex, affording #rans-64a with high diastereoselectivity. /n1 situ
ynamide formation has also been successfully exploited for diastereoselective Diels-Alder
reactions.*?

Sato recognized the potential of ynamides for the total synthesis of herbindoles (Scheme
19).59 The indole 65 was prepared in 97% yield by intramolecular [2+2+2] cycloaddition of
the sulfonynamide derived precursor 2 using RhCl3(PPh3)3 as catalyst at 50 °C. This set the
stage for the synthesis of (=)-herbindole A, 66, in four steps with an overall yield of 87%.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.
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Gold catalyzed formal [4+3] cycloadditions of A-methyl-/A\-
(phenylethynyl)methanesulfonamide, 2, and chiral epoxides 67 were reported by Liu et al.
who prepared several benzene-fused seven-membered oxacycles 68 with moderate to high
enantioselectivity (Scheme 20).51 The proposed mechanism for this transformation involves
ynamide activation by the gold catalyst via ketenimine A. The subsequent reaction with
(R)-2-phenyloxirane 67 results in the formation of oxonium B, which undergoes Sy2-type
attack by the neighboring benzene ring to cyclohexadienyl cation C. Deauration and proton
transfer then produces (S)-68c.

Recently, Ye achieved asymmetric copper-catalyzed formal [3+2] cycloadditions with
alkenyl A~propargyl ynamides 2 and styrene, 69, which gives access to the interesting
pyrrole-fused [2.2.1] scaffolds 70 (Scheme 21).52 High yields and stereoselectivities

were obtained using catalytic amounts of Cu(CH3CN)4PFg, (S)-DTBM-SEGPHOS L-8

and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBAr,) at slightly elevated
temperatures. With this protocol in hand, over forty-five chiral [2.2.1] adducts were
produced in 57-90% yield, 52-99% ee and diastereomeric ratios greater than 50:1. Detailed
reaction analysis suggests that two possibly competing pathways may be operative. In

the common first cyclization step, the ynamide 2 attacks the [Cu] activated C—C triple

bond affording the copper carbene intermediate A. A [1,4]-H shift can then afford
intermediate B which forms the second ring structure D via nucleophilic attack of the alkene
moiety on the carbene carbon center. Alternatively, A may undergo metallahexatriene-type
cyclopentannulation and subsequent [1,4]-H migration to produce D via C. Finally, highly
regio- and diastereoselective [3+2] cycloaddition of D with a styrene dipolarophile furnishes
the observed cycloaddition product.

An intramolecular variation of this chemistry enables synthesis of polycyclic pyrroles
through copper-catalyzed enantioselective cascade cyclization of A-propargyl ynamide
diynes.>3 The tetracyclic pyrroles 71 were produced from the vinyl derivatives 2 in up

to 94% eeand high ar’s, greater than 50:1, with catalytic amounts of Cu(CH3CN)4PFg and
the chiral BOX ligand L-9 (Scheme 22). Alternatively, tricyclic products 72 can be obtained
at slightly lower temperatures under otherwise fairly similar conditions with SEGPHOS
L-10 as the ligand using 2 devoid of the vinyl group as starting material. Again, triple

bond activation is followed by sequential cyclization and a [1,4]-hydride shift of the copper
carbene A. The resulting key intermediate B can further react with the vinyl moiety to
form 71 or insert into the adjacent aryl C—H bond to generate 72. Asymmetric [3+2]
cycloadditions between ynamides and 1,3-dipoles generated /n situ through cyclopropane
ring opening have also been reported.>*

A three component formal [5+2+1] cycloaddition of ynamides 2, isoxazoles 73 and water
toward bicyclic tetrahydro-1,4-oxazepines was disclosed by Wan et a/°° In the presence of
15 mol% of trifluoromethanesulfonimide and one equivalent of water compound 74 was
obtained in 48% yield and 5:1 dr(Scheme 23). The authors verified that the water molecule
serves as the source of the bridging oxygen.

Blanchard and colleagues reported the synthesis of polycyclic 4-aminopyridines by
intramolecular inverse electron-demand [4+2] cycloaddition of ynamidy! pyrimidines 6

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.
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(Scheme 24).56:57 The reaction was carried out in sulfolane under microwave irradiation

at 210 °C furnishing 75a and 75b in 72 and 78% yields, respectively. This transformation
involves formation of intermediate B v/a transition state A and subsequent retro Diels-Alder
reaction eliminating HCN to produce the final 4-aminopyridine structure.

4. Rearrangements and Cycloisomerizations

Ynamides are attractive starting materials for rearrangement and cycloisomerization
pathways and inspiring asymmetric transition metal catalyzed and organocatalytic variants
of these type of reactions have been introduced during the last 10 years. Without a doubt,
this area has seen tremendous progress and practical access to many complicated polycyclic
architectures and multifunctional scaffolds, often exhibiting more than one chirality center,
that are difficult to prepare through other means has been established.

In contrast to intermolecular ring construction strategies, cyclization reactions of
appropriately functionalized starting materials often have the advantage of increased
stereocontrol and may thus produce superior stereoselectivities. Following this strategy,
Hayashi and colleagues developed highly enantioselective cycloisomerizations of 1,6-ene-
ynamides using [RhCI(L-11)], as catalyst at ambient temperatures (Scheme 25).58 This
work establishes up to three chirality centers in the cyclopropane ring and typically
furnishes the 3-aza- and oxabicyclo[4.1.0]heptenes 76, which are different from the
bicycloheptene scaffolds described by Buono as shown in Scheme 16, with high yields
and enantioselectivities.

Malacria, Fensterbank and Aubert presented a tandem cycloisomerization/Diels-Alder
reaction sequence with allenynamides such as 2 (Scheme 26).59 In the presence of catalytic
amounts of silver triflate, the allenynamide cycloisomerization generates a reactive diene

A that can be isolated or trapped with the dienophilic A-phenyl maleimide 57 to form the
tricyclic structure 77. Alternatively, asymmetyric cycloisomerization/cycloaddition cascades
can be achieved with alkenyl ynamides formed 7 situ.51

Following work from Carbery,%2 Meyer and Cossy developed an asymmetric method

that affords allenamides by [3,3] Claisen rearrangement of propargylic A-Boc glycinates
2 (Scheme 27).53 In a two-step protocol, enolate formation triggers the sigmatropic
rearrangement to the allenamides 78 which are isolated as the corresponding methyl
esters. The reaction proceeds with high stereocontrol and conservation of chirality which
was demonstrated with the synthesis of allenamide 78a in high eeand drfrom an
enantiomerically pure glycinate ynamide. Silver catalyzed ring closure provides access to
multifunctional 3-pyrroline 79a with minor erosion of enantiomeric purity.

Maulide and coworkers introduced chiral sulfoxides to a powerful [3,3] sigmatropic
rearrangement course exhibiting a highly uncommon 1,4-chirality transfer from sulfur to

a carbon atom.54.65 This strategy provides efficient access to a-arylamides with good

to high yields and enantioselectivities under mild conditions (Scheme 28). Initially, the
authors studied the reaction between 3-(3-methylbut-1-yn-1-yl)oxazolidin-2-one, 6, and (R)-
cyclohexyl p-tolyl sulfoxide, 80, in the presence of 50 mol% of trifluoromethanesulfonic

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.
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acid in CH,Cl, which gave (/)-81a in 71% yield and 73:27 er. Further optimization showed
that the enantioselectivity can be improved to 93:7 erwhen the reaction is carried out

in 1,2-dichloroethane with 50 mol% of trifluoromethanesulfonimide, Tf,NH. A variety

of cyclic and acyclic arylalkyl sulfoxides react with ynecarbamate or ynesulfonamides
under these conditions, however, superior e¢’s were obtained with cyclic sulfoxides

and oxazolidinone-derived ynamides carrying bulky groups at the C-terminus. Quantum
chemical calculations and experimental evidence are in agreement with a stereospecific
chirality transfer mechanism that involves formation of intermediate A and transition state
B. If desired, compounds 81 undergo amide hydrolysis and reductive desulfurization via
Raney nickel hydrogenolysis with high yields and without loss of enantiopurity.

The same group further extended the [3,3] sulfonium rearrangement chemistry to
alkenylsulfoxides which undergo traceless stereodivergent Bragnsted acid catalyzed C-C
bond formation toward pharmaceutically important 1,4-dicarbonyl motifs with moderate
to high yields, excellent enantioselectivities and often high arvalues (Scheme 29).66

The chirality at the sulfur atom controls the absolute configuration, and the relative
stereochemistry in the product is governed by the £/.Zgeometry of the vinylsulfoxide
double bond. (£)-Vinylsulfoxides produce syn-dicarbonyls while (2)-vinylsulfoxides lead
to the formation of ant/-dicarbonyls which was attributed to Zimmerman-Traxler like
transition states. The stereochemical outcome is mostly controlled by the chiral sulfoxide
but when chiral ynamides were used, the diastereomeric products 83l and 83I° were
obtained with 10:1 and 3:1 drindicating the significance of matched and mismatched double
stereodifferentiation. The general utility of this chemistry was highlighted by the synthesis
of a precursor of an important MMP inhibitor via high yielding aldehyde oxidation and
amino acid coupling.

An unusual ynamide oxoarylation which produces a-aryl amides v7a Claisen rearrangement
in modest yields but with high asymmetric induction was observed with the chiral sulfoxide
88 (Scheme 30).57 The Maulide group discovered that the acid promoted addition to 6
affords the regioisomers 89 and 90 in 37 and 14% yield, respectively, which was rationalized
with two competing reaction pathways. Accordingly, ESI-MS and computational studies
suggest that product 89 is formed v7a intermediate A after rearomatization, while the
formation of 90 occurs via intermediate B which undergoes a [1,2] shift to B’ and
subsequent deprotonation to regenerate the aromatic ring.

A [Au(picolinate)Cl,] catalyzed C-H insertion/cyclization cascade of A-allyl enynamides 2
was used by Davies for the synthesis of the tetracyclic compounds 91 which were produced
with moderate diastereoselectivity in most cases (Scheme 31).68 The reaction probably
occurs viagold keteniminium A which first undergoes [1,5] hydride transfer to generate
benzylic cation B. A 41 electrocyclic ring closure (4t ERC) may then form the gold
complex C before cyclopropanation completes the cascade.

Yang and coworkers prepared spirocyclic pyrrolidinoindolines v7a gold catalyzed
intramolecular annulation of indole ynamides 2 at room temperature (Scheme 32).59 This
reaction probably involves an intermediate keteniminium A which can undergo 5-endo-dig

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 10

cyclization to B and then 6-exo-trig nucleophilic attack to afford the tetracyclic A, O-acetals
92.

Liu et al. coupled the cycloisomerization of tryptamine-ynamides 2 toward intermediate
spiroindolenium scaffolds with the nucleophilic addition of indoles 93 (Scheme 33).7°
Their silver triflate/ A-fluorobenzenesulfonimide (NFSI) catalyzed protocol produces
spiro(indoline-3,4’-piperidine) derivatives 94 as a single diastereomer in up to 99% yield.

Rational rhodium catalyst design and ligand optimization studies paved the way toward

a powerful method that produces chiral unsaturated [5.3.0] azabicyclic structures via
enantio- and diastereoselective [5+2] cycloisomerization of the vinylcyclopropanes 2.7
Guided by invaluable theoretical and experimental mechanistic insights, the Anderson
group systematically developed an efficient procedure that uses [RhCI(CoHy)]», the
phosphoramidite ligand L-12 and NaBArF for selective formation of 95 or 96 in good to
high yields, up to 99% ee and, in some cases, greater than 20:1 dr(Scheme 34). An attractive
feature of this method is that the stereochemical outcome of the reaction is predominantly
controlled by the chiral Rh complex which allows successful double stereodifferentiation
with both matched (95i—k) and mismatched (96a—c) catalyst/substrate combinations. It is
noteworthy that other multisubstituted chiral pyrroles and piperidines can be prepared with
high stereo- and regioselectivity via palladium or ruthenium catalyzed cycloisomerization of
alkenyl ynamides.’2

Pharmaceutically important 3-isochromanones were prepared through acid catalyzed ring
closure of allyl ynamide ethers 6.73 The Ye group showed that high asymmetric induction
can be achieved when a chiral oxazolidinone auxiliary is used, producing esters 97a—d

in up to 95% ee (Scheme 35). A plausible mechanism begins with ynamide activation

due to protonation by bis(trifluoromethane)sulfonimide. The corresponding keteniminium

B reacts with the ether moiety to form the oxonium intermediate C, which rearranges to
oxonium D. Addition of water generates the orthoester E and subsequent elimination of

the oxazolidinone auxiliary produces 97a. A neat feature of this method is that a small
amount of water in the reaction mixture cleaves the chiral auxiliary from the isochromanone
scaffold, a task that often requires elaborate work-up or several additional steps. The
observed sense of asymmetric induction is in agreement with the proposed transition state A.

This Bransted acid catalyzed cyclization protocol gave also rise to indole-fused bridged
[4.2.1] lactones 98 and 99 that were obtained in most cases with dr’ greater than 20:1

and with high ee’s when a chiral oxazolidinone ynamide was used as the traceless chiral
auxiliary (Scheme 36).74 It is noteworthy that a wide variety of functional groups is tolerated
by this reaction.

Evano et a/. developed a Brgnsted acid promoted ring closure protocol that starts with
N-benzyl ynesulfonamides 2 or ynecarbamates 5 (Scheme 37).72:76 The cyclization is
very fast and gives rise to tetracyclic compounds 100 with greater than 19:1 drin most
cases. Activation of ynamide 2 produces keteniminium ion A, which undergoes a [1,5]
sigmatropic hydrogen shift to intermediate B. This is followed by Nazarov 4w conrotatory
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electrocyclization to carbocation C and intramolecular Friedel-Crafts alkylation forming
¢is-100b.

Ye et al. developed an yttrium triflate catalyzed hydroalkoxylation/Claisen rearrangement
sequence with the Morita-Baylis-Hillman alcohols 101 (Scheme 38).7” This protocol allows
diastereoselective synthesis of y,6-unsaturated amides 102 with 50-75% yields, excellent
E/Z stereocontrol and in diastereomeric ratios often greater than 10:1. Addition of the
alcohol to the sulfonynamide probably generates the transient ketene A, O-acetal A which is
poised to form 102 via Claisen rearrangement.

In 2019, the same group synthesized a series of eight-membered lactams 103 from the
chiral benzylic alcohols 2 through an intramolecular hydroalkoxylation/[1,3] rearrangement
sequence (Scheme 39).78 The cyclization is highly diastereoselective and can be initiated by
very small amounts of a strong Brgnsted acid upon heating to 80 °C. It was proposed that
ynamide protonation allows the alcohol group to add to the initially formed keteniminium
A. Deprotonation of the oxonium B and subsequent O-to-C rearrangement can then furnish
the lactam scaffold. This methodology was further refined into a powerful enantioselective
version and several lactams were produced in good to high enantiomeric excess using the
chiral phosphoramide catalyst Cat-7 under milder conditions. The same group developed

a similar yttrium catalyzed intramolecular hydroalkoxylation/Claisen rearrangement method
which was used for the synthesis of the diastereomerically pure lactam 104 and other
benzazocinones.”®

Hsung’s laboratory found that epoxidation of the chiral oxazolidinone derived ynamides

6 with dimethyldioxirane generates oxirenes that spontaneously rearrange to the push-pull
carbenes A prone to intramolecular cyclopropanation (Scheme 40).80 Depending on the
length of the tether between the triple and double bonds, 5-membered and 6-membered ring
structures 105 and 106 can be obtained by this method.

A gold catalyzed dearomative ynamide spirocyclization course that affords 2-
azaspiro[4.5]decan-3-ones 107 in moderate to good yields was discovered by Shibata

and coworkers.8 Scheme 41 shows a plausible mechanism involving the formation

of gold carbene species A upon oxidation of the ynamide unit in 2 and subsequent
spirocyclization to B. Hydrolysis and protodeauration then furnishes the spirane 107b. A
similar protocol was developed by Huang et a/. for the diastereoselective synthesis of
tetracyclic spiroindolines from tryptamine derived enynamides and with pyridine A-oxide as
the oxidant.82

\Voituriez developed a method for gold catalyzed enantioselective hydrative cyclizations
(Scheme 42).83 Following previous reports of an analogous achiral variant,84 asymmetric
ring closure of A-propargyl ynamides 2 was carried out with p-toluenesulfonic acid
monohydrate and a SEGPHOS L-13 derived Au(l) complex, which gave several A-tosyl
3-aryl-3,6-dihydropyridin-2(1H)-ones 109 with moderate to good enantioselectivities. It is
assumed that the gold catalyst activates the alkyne triple bond while the sulfonic acid
generates a ketene N, C-acetal moiety in the intermediate A. This is followed by 6-endo-dig
cyclization, sulfonate hydrolysis and protodeauration toward dihydropyridinones 109.
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An organocatalytic enantioselective Conia-ene-type cyclization of ynamides that produces
chiral morphans and normorphan isomers was developed by Ye.8° Stereoselectivities up
to 97% ee were achieved using the cyclohexanone derived sulfonynamides 2 and 20
mol% of the chiral secondary amine Cat-8 (Scheme 43). The reaction outcome can be
steered by careful selection of the ynamide protection group and the solvent. A mechanism
that explains the formation of morphans 110 and normorphans 111 based on alternative
cyclization paths of the enamine intermediate B was proposed. Apparently, nucleophilic
attack at the B-carbon is favored with arylsulfonyl protected ynamides, resulting in

the formation of the 6-endo-dig cyclization intermediate C which finally gives rise to

110 carrying an endocyclic double bond. Ms protection and the use of polar solvents
promotes nucleophilic attack at the a-carbon toward the 5-exo-dig intermediate C” which
subsequently hydrolyses to 111 with an exocyclic double bond.

The same group also found that transition-metal free oxidative cyclization of chiral
N-propargyl ynamides with catalytic amounts of NaBArF, and slight excess of 2-
bromopyridine A-oxide 112 gives access to an array of diverse polycyclic lactams 113

at elevated temperatures (Scheme 44).86 It was proposed that the A-oxide does not only
serve as the oxidant but is also required to initiate the catalysis. First, it generates the strong
Lewis acid BArF3 in situwhich then activates the ynamide triple bond as the zwitterion A.
This enables reaction with another A-oxide molecule toward B. Cleavage of the N-O bond
produces the resonance-stabilized carbocation C, which subsequently undergoes cyclization
affording D. Migration of the boron moiety gives E and this sets the stage for a second
cyclization step. Aromatization of F and elimination of the BArF; catalyst gives rise to

the thermodynamically favored diastereomer 113d. This chemistry was further extended

to indolyl A~propargyl ynamides 2, which form the tetracyclic A-heterocycles 115. In all
cases, high dr’s greater than 20:1 were obtained. Asymmetric rhodium catalyzed oxidative
cycloisomerization of alkenyl ynamides toward azabicyclo[3.1.0]hexanes is also possible.87

The Ye laboratory also reported the synthesis of medium-sized lactams with this type of
chemistry (Scheme 45).88 Diastereomeric oxidative cyclization of the chiral indolyl ynamide
2 was achieved with 2,6-dichloropyridine A-oxide, 114, as the oxidant in the presence of
catalytic amounts of Zn(OTf), and NaBAr,. This protocol furnished lactam 116 in 75%
yield and 2.5:1 ar.

Flynn and colleagues exploited the Nazarov reaction for the production of multisubstituted
cyclopentanoids 120 from oxazolidinone-derived ynamides.8%:90 This was achieved with a
tandem transition metal catalysis strategy setting the stage for the final ring closure which
proceeds under acidic conditions (Scheme 46). At the onset, stereoselective Pd-mediated
syn-hydrostannylation of ynamides 6 affords alkenes 117 which then undergo copper-
catalyzed Stille coupling with tigloyl chlorides 118 to the divinyl ketones 119. Addition

of excess of MeSO3H then furnishes the cyclopentanoids 120 in high dr’s by means of

an asymmetric Nazarov cyclization. Alternatively, vinylstannanes or organotrifluoroboronate
salts together with carbon monoxide can be employed in carbonylative Stille or Suzuki
cross-coupling with oxazolidinone (Ox) derived alkenylbromide intermediates to generate
compounds 119. The chiral auxiliary provides exceptional stereocontrol in the final step
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by directing the torquoselectivity of the electrocyclic reaction. The sense of asymmetric
induction was explained with a “coupled-torque” mechanism involving a transition state that
is stabilized by interactions between the oxazolidinone nitrogen lone electron pair and the
nascent pentadienyl cation while the chiral auxiliary steers the unidirectional conrotatory
motion of the pentadienyl cation termini during ring formation. The authors showed that the
oxazolidinone moiety can be fully removed and recovered using either lithium naphthalenide
or Smly, or reduced to the corresponding amine derivatives by hydrogenation.

The same group further extended the scope of diastereoselective ynamide Nazarov
cyclizations to the synthesis of complicated cyclopentane structures carrying several
quaternary chirality centers (Scheme 47).%1 In analogy to their previous work, a stepwise
protocol toward the central divinyl ketone motif was used. The treatment of 6 with either

a Grignard reagent or EtoZn in the presence of CuBr-SMe, or Rh(acac)COD, Cat-9,
respectively, first generates intermediate enamides 121. Two alternative methods can then
be followed to make the divinyl ketones 119. This is either accomplished by a carbonylative
Stille cross-coupling reaction with a vinylstannane and carbon monoxide in the presence

of catalytic amounts of [1,1"-bis(di- zert-butylphosphino)ferrocene]dichloropalladium(ll)
Cat-10 and copper iodide or by addition of 121 to vinyl or aryl aldehydes, followed by
oxidation with Dess-Martin periodinane (DMP). Compounds 119 are finally transformed

to 122 via Nazarov cyclization with a Lewis or Bragnsted acid. The chiral oxazolidinone
auxiliary again controls the torquoselectivity in this reaction affording asymmetric
cyclopentanoid products with high diastereoselectivity. It is also possible to trap the oxyallyl
cation intermediates of the Nazarov cyclization with suitable nucleophiles. For example,
the addition of 10 equivalents of A-methyl indole 93 produced compound 123 in greater
than 20:1 drand intramolecular trapping with 119b gave 124 containing three contiguous
quaternary chirality centers as a single isomer.

Lin developed a diastereoselective method providing access to multifunctional pyrido-

and pyrrolo[1,2-c][1,3]oxazin-1-ones viaa one-pot nucleophilic addition-cyclization

process with ynamides and chiral N, O-acetals.%2 The coupling of N, O-acetals 125 with
ynesulfonamides 2 or cyclic and acyclic ynecarbamates 5 and 6, respectively, in the presence
of BF3-Et,0 at low temperatures afforded the bicyclic unsaturated bicycles 126 in moderate
to high yields and with dr’s greater than 99:1 (Scheme 48). A plausible mechanism for this
reaction involves Lewis acid promoted formation of iminium ion A that is attacked by the
nucleophilic ynamide. The 1,2-asymmetric induction is controlled by the bulky TBDMS
ether moiety. Removal of the Boc group and subsequent intramolecular cyclization then
furnishes compounds 126.

5. Functionalization of Terminal Ynamides

The vast majority of asymmetric reactions has been accomplished with internal ynamides
through conversion of the nitrogen substituted triple bond into a new scaffold, for example
during a cycloaddition or sigmatropic rearrangement. The presence of a terminal CH bond
generates additional opportunities for carbon-carbon bond formation that leave the ynamide
moiety intact and available for further modifications if desired. The possibility of CH
deprotonation pathways and the inherent enamide-like nucleophilicity of terminal ynamides
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have been explored in several 1,2-addition reactions with carbonyl and imine electrophiles.
Typically, these transformations proceed with excellent stereoselectivities. Other activation
modes discussed above for internal ynamides, for example the formation of transient

N, O-ketene acetals, are of course also available and occur with concurrent triple bond
derivatization.

The diastereoselective addition of litihiated ynesulfonamides 2 or ynecarbamates 6 to the
Ellman-Davis N-tert-butylsulfinyl imines 127 was reported by Hsung and coworkers in

2013 (Scheme 49).93.94 nitially, relatively low diastereoselectivities were observed when
the reaction was conducted at —78 °C. Further optimization, however, revealed that the
(Ss,S)-y-aminoynamides 128 are formed in moderate to high yields with up to 25:1 adr
when the temperature is increased to —40 °C. The sense of asymmetric induction, /.e.

the formation of homochiral products, is in agreement with the Zimmerman-Traxler type
transition state A. Interestingly, addition of boron trifluoride diethyl etherate resulted in
reversed stereoselectivity. The preferential formation of (S, /)-y-aminoynamides under
these conditions was attributed to acyclic synclinal and antiperiplanar transition states B

and C, respectively. It is noteworthy that this procedure generated the heterochiral adducts in
high yields and diastereoselectivities from a variety of NM-sulfonyl-, carbamoyl-, phosphoryl-,
and oxazolidinone derived ynamides. The incorporation of a chiral oxazolidinone ring

into the ynamide structure did show minor effects on the selectivity which apparently is
overwhelmingly controlled by the chiral A-fert-butylsulfinyl moiety.

In 2014, our group reported the first catalytic enantioselective nucleophilic 1,2-additions
with terminal ynamides.%® Extensive screening of reaction variables revealed that the indole-
derived ynamides 7 react with aldehydes 11 to the propargylic alcohols 129 in high yields
and e¢’s in the presence of Hiinig’s base and catalytic amounts of zinc triflate and A~methyl
ephedrine (Scheme 50). Careful reaction analysis during optimization uncovered that the
ynamide addition is reversible. As a result of competing racemization, high conversions
were initially only achieved at the expense of the enantioselectivity which significantly
decreased over time. This issue was successfully addressed by resorting to apolar solvents
to affect precipitation of the reaction product. Under these conditions, the racemization
course was efficiently suppressed and the reaction between 3-benzoylindolyl ynamide 7 and
4-bromobenzaldehyde, gave 129a in 97% yield and 93% ee. Similar results were produced
with a total of 15 electron-rich and electron-deficient aromatic aldehydes as well as with
aliphatic substrates.

Two years later, we presented a catalytic procedure that enables enantioselective addition of
N-ethynyl- A-butylbenzenesulfonamide, 2, to aromatic trifluoromethyl ketones 25 (Scheme
51).96 Using 10 mol% of Zn(OTf), and the bis(prolinol)phenol ligand L-14 together

with triethyl phosphate to accelerate catalyst turnover, a series of tertiary p-hydroxy-p-
trifluoromethyl ynamides 130 were produced in 91-99% yield and with 85-96% ee.
Interestingly, this reaction is ligand-accelerated and does not require a base. Terminal
alkynes are not consumed under the same conditions which accentuates the remarkable
difference in the chemistry of nonpolarized triple bonds and ynamides. The addition
products were shown to undergo regioselective hydration, diastereoselective reductions

and hydroacyloxylation without erosion of the enantiomeric purity, thus providing access
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to synthetically useful trifluoromethylated chiral alcohols carrying adjacent (2)- and (£)-
enamide, amide and N, O-ketene acetal functionalities.

Catalytic enantioselective ynamide additions do not only produce versatile chiral building
blocks but also provide streamlined access to important natural products.®’ This was
demonstrated by our group with the copper(bisoxazolidine L-15) catalyzed addition of
sulfonynamides 2 to isatins 131 as shown in Scheme 52. This procedure has several
remarkable features that are noteworthy. The 1,2-addition is ligand-accelerated, occurs
under mild base-free conditions, is scalable, it has a broad substrate scope that includes
unprotected isatins, and it affords highly sought-after 3-hydroxyoxindoles 132 carrying a
tetrasubstituted chirality center with excellent yields and enantioselectivities. Again, alkynes
do not react under the same conditions while ynamides display enamide-like nucleophilicity
and are therefore able to react without prior deprotonation. A mechanism that is in
agreement with a direct, base-free addition of the ynamide to the Lewis acid activated

isatin electrophile and the formation of a keteniminium intermediate that undergoes rapid
tautomerization to the final product was proposed. Exhaustive triple bond hydrogenation
and the development of a reductive sulfonamide bond cleavage protocol allowed efficient
asymmetric chimonamidine alkaloid synthesis. Alternatively, the addition products can

be transformed into multifunctional 3-hydroxyindolinone derivatives by hydration, partial
hydrogenation or hydroxyacyloxylation of the ynamide moiety at room temperature.

Recently, Feng and colleagues developed a catalytic asymmetric three-component reaction
with ynamides 2, carboxylic acids 133 and ortho-hydroxybenzyl alcohols 134 (Scheme
53).98 The reaction proceeds in the presence of catalytic amounts of chiral N, A-dioxide
L-16 and Sc(OTf)3 and gives chiral a-acyloxyenamides 135 in up to 99% ee under

relatively mild conditions. Mechanistic studies are in agreement with a scandium(l1l)
promoted dehydration of 134a to the transient Michael acceptor ortho-quinone methide B.

In parallel, hydroacyloxylation of 2 generates the acyloxyenamide C which then undergoes
1,4-conjugate addition to B. The resulting zwitterion D finally affords the a.-acyloxyenamide
135a and thereby regenerates the catalyst. It is noteworthy that a-acyloxyenamides have also
been prepared from ynamides and chiral Boc-protected lactams. 99

Akai et al. found that chiral allenes can be prepared from 2 and propargyl tertiary alcohols
136 under mild conditions by a one-pot procedure (Scheme 54).100 In the presence of 1
mol% of silver triflate the intermediates 137 are formed and undergo [3,3] sigmatropic
rearrangement to allenes 138 in moderate to good yields and with excellent central-to-axial
chirality transfer. This work paves the way for enantiospecific synthesis of multifunctional
allenes from chiral propargylic alcohols which are readily available from terminal alkynes. It
thus serves as an intriguing example that merges the rapidly increasing space of asymmetric
ynamide chemistry with traditional transformations of the parental alkyne functionality.

6. Miscellaneous Addition Reactions

Several groups have developed powerful triple bond addition strategies that exploit the
inherent ynamide polarity in distinctive ways to set the stage for asymmetric bond
construction. While some of these examples are mechanistically related to the reaction
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types discussed in the preceding sections, they are discussed here separately to highlight the
general potential of the underlying ynamide manipulation tactics.

Evano reported the asymmetric synthesis of a-halogenated imides 139 using excess of
TMSCI, an A-halosuccinimide derivative, NXS, and water (Scheme 55).191 The reaction

is probably initiated by ynamide hydrochlorination generating the transient chloroenamide
B. Electrophilic halogenation then furnishes the chloroiminium C albeit with relatively low
asymmetric induction. In the final step, the iminium hydrolyzes to the a-halogenated imide
139.

Marek and coworkers prepared a,a-disubstituted N-acyl oxazolidinones with good

yields and diastereoselectivites through tandem syr-addition of organocuprates to chiral
ynamides, oxidation and Sy2 reaction with allyl bromides (Scheme 56).102-104 Stereo- and
regioselective carbometalation of 6 with organocuprates gave the exhaustively substituted
enolate 140 which upon oxidation with tert-butylperoxylithium afforded 141. Carbon-carbon
bond formation with allyl bromides 142 then produced the N-acyl oxazolidinones 143.
Compared to allyl bromide or allyl iodide, the reaction proceeded smoothly and with higher
diastereoselectivity when more electrophilic bromomethyl acrylates were employed. The
authors achieved successful removal of the chiral oxazolidinone moiety to the corresponding
thioesters without erosion of the stereoisomeric purity.

The Shin group developed complementary oxidation routes that transform ynamides either
into chiral a,a-diaryl amides or into a-acyl amides that undergo asymmetric rearrangement
into ketones bearing an adjacent N, O-acetal group.105-107 |n contrast to related work from
the Maulide laboratory,198 the asymmetric conversion of sulfonynamides 2 into a.-aryl
amides was achieved with excess of the N, V-dioxide (P)-144 as oxidant and 20 mol% of
HNTf, at slightly lower temperatures (Scheme 57). The authors rationalized that activation
of a sulfonynamide 2 by the acid first yields the keteniminium A which reacts with the N,\/-
dioxide 144. The corresponding enolonium B then undergoes a stereocontrolled Friedel-
Crafts reaction with an indole or another suitable aromatic compound toward a.,a-diaryl
sulfonamides such as 145a. A transition state C that is stabilized by m-stacking interactions
and favoring a Re-face approach of the indole through an Sp2’-type reaction course was
proposed. A series of over forty a,a-diaryl amides were produced from indoles, pyrroles,
phenols and naphthols using this redox arylation procedure, often with excellent yields and
ee’s.

Alternatively, regioselective p-oxidation of sulfonynamides with meta-chloroperoxybenzoic
acid (m-CPBA) at room temperature results in the formation of racemic N, C-acetals 146
(Scheme 58). Activation of 146 by the chiral Brgnsted acid Cat-11 at 80 °C promotes
asymmetric transacetalization with the diaryl alcohol 147, giving rise to synthetically useful
N, O-acetals 148 that were obtained in up to 90% ee.

Zhu introduced p-tolylsulfenyl chloride 149 to a DMSO mediated diastereoselective
oxothiolation reaction with oxazolidinone derived ynamides 6 (Scheme 59).109 This method
is unique because the A-protecting group is not only a simple spectator but actively
participates in the transformation. The reaction requires relatively harsh conditions and
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probably involves the transient ion pair A which rearranges to oxazolidine-2,4-diones 150
carrying an arylthio-substituted quaternary carbon center.

7. Conclusions

As we have illustrated in this review, increasingly powerful asymmetric transformations
with ynamides have been developed in the last 10 years. The staggering diversity of
reaction products that have become accessible through these efforts originates without

a doubt to a large extent from the unique reactivity of the polarized triple bond which
provides synthetic chemists with an array of opportunities that are distinctly different from
traditional alkyne chemistry. To date, many groups have recognized the general utility of
readily available, benchstable ynamide derivatives and successfully tailored carbon-carbon
and carbon-heteroatom bond formation strategies that use these attractive building blocks for
the construction of multifunctional scaffolds often displaying several chirality centers with
excellent regio- and stereocontrol. The prevalence of pericyclic mechanisms, in particular
cycloadditions and sigmatropic rearrangements, stands out but many other reaction types
including cycloisomerizations, organometallic transformations, oxidative mechanisms, ring
annulations as well as cascade-type combinations thereof add to the striking synthetic
diversity.

The advance with diastereoselective methods that utilize chiral ynamides or reagents

has been matched by many elegant Brgnsted acid or transition metal complex catalyzed
enantioselective variations. The trend toward asymmetric catalysis and diversity oriented
ynamide transformations with impressive chemo-, regio- and stereocontrol is expected to
continue as ample guidance for such developments already exists based on the tremendous
amount of mechanistic insights uncovered during the last decade. We hope that the
fascinating chemical diversity and the unique reactivity patterns highlighted in this review
will encourage many synthetic chemists to further explore new directions and applications
of ynamide chemistry. Despite recent achievements and the steady advance of this field,
many challenges and opportunities for future discoveries remain. To this end, the scarcity
of asymmetric reactions with terminal ynamides in comparison to their alkyne analogues is
noticeable and points out one of several important directions. In several cases improvements
of currently unsatisfactory yields and stereoselectivities need to be demonstrated to fully
capitalize on the undeniable promise of asymmetric synthesis with ynamides. In fact,

many reactions generate racemic products or proceed with suboptimal asymmetric induction
which requires additional method optimization or if unsuccessful revised reaction strategies
that address these limitations. At the same time, more practical procedures that allow
further manipulation or removal of the electron-withdrawing sulfonyl, alkoxycarbonyl or
acyl group typically attached to the ynamide nitrogen atom are needed. This would extend
the current focus on synthetic methodology developments toward applications in natural
product synthesis or drug development programs.
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Figure 1.

Structures and polarization of ynamines and ynamides.
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Structural diversity of asymmetric synthesis with ynamides.
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Figure 3.
Structures and abbreviations of protecting groups commonly used in this review.
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Asymmetric synthesis of p-hydroxy enamides.
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Scheme 2.
Walsh’s stereoselective one-pot synthesis of aminocyclopropyl carbinols.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lynch et al. Page 27
1. R%,CuLisSMe, (1.2 equiv.)
Et,0, -50 to -40 °C
- 1. iv.), THF, -78 ©
Path A 2. t-BuOOH (1.2 equiv.),THF, -78 °C
3. TMSCI, THF, -78 to 25 °C \
4. 1,10-phenanthroline, THF 2 OH O
)OL -50 to 25 °C R OTMS RicHo11,-80°C  * i
R——=—N" © R_N O TiCls, -60t0-80°C R* > 'N” "0
6 1 \( ~ R R? \/
N 2 . R “.«/O N
R1 1. R“CueSMe; (1.2 equiv.) 15 R
Et,0, -50 to -40 °C 14
Path B

2. t-BuOOLi (1.5 equiv.), THF, -78 °C

3. TMSCI, THF, -78 to 25 °C

14a, R=n-Bu, R'=Bn, R?>=Me: 75% (A), 86% (B)
14b, R=Me, R'=Bn, R?>=n-Bu: 85% (B)

14c¢, R=n-Bu, R'=Bn, R?=n-CsH4: 89% (B)
14d, R=n-Bu, R'=Bn, R?=n-CgH3: 89% (B)
14e, R=n-CgHq3, R'=Bn, R?=Me: 86% (B)

14f, R=n-Bu, R'=i-Pr, R%2=Me: 90% (B)

Scheme 3.

15a, R=n-Bu, R'=Bn, R?=Me, R*=Me: 62%, >98:2:0:0 dr

15b, R=Me, R'=Bn, R?=n-Bu, R*=n-Pr: 56%, >98:2:0:0 dr

15¢, R=n-Bu, R'=Bn, R?=n-CgH3, R®*=n-Pr: 67%, >90:10:0:0 dr
15d, R=n-Bu, R'=Bn, R?=Me, R¥*=CH,=CH: 58%, >98:2:0:0 dr
15e, R=n-Bu, R'=Bn, R?=Me, R*=Ph: 72%, >98:2:0:0 dr

15f, R=n-Bu, R'=Bn, R?=Me, R*=4-BrCgH,: 74%, >98:2:0:0 dr

Marek’s one-pot preparation of ketene N, O-acetals and conversion to the corresponding

aldol products.
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R
1. Me,CulLi-LiBreSMe; (1.2 equiv.)
Il Et,0, 40 °C OH O Bn 16a, R=n-Bu, R'=Ph: 50%, 93:2:4:1 dr
g - 1_ . DR,
2. t-BuOOH (12 eqUiV.), -80 OC, 1h ’ N 16b, R=n-Bu, R —4-BI'CSH4. 52%, 90:2:5:3 dr
Bn.. N\fo 1 : . - RY 77 16¢, R=n-Bu, R'=4-MeCgH,: 54%, 90:1:4:5 dr
<—O 3. R'CHO (1.2 equiv.), -80°C, 2 h R ~ 0)“0 16d, R=n-CgH4s, R'=Ph: 54%, 94:2:2:3 dr
6 16 16e, R=n-Bu, R'=2-naphthyl: 62%, 95:2:2:1 dr
R
1. Me,CulLi-LiBreSMe; (1.2 equiv.)
l B0, -40°C YT F" 178 e steen 50%, 93:5:2:0 d|
2. t-BuOOH (1.2 equiv.), -80 °C, 1 h e INTERICIS STl SN Sl
Bn... N?o 1 i _) R" 3C N7 17b, R=n-Bu, R'=4-MeCgHy: 58%, 93:2:2:1 dr
(—O 3. R'CH=NTs (1.2 equiv.), -80 °C, 2 h R O)‘O 17¢, R=n-Bu, R'=4-BrCqH,: 45%, 94:5:1:0 dr
6 17
1. Me,CulieLiBreSMe,
Et,0, -40 °C o R
R O 2.t-BuOOH, -80°C R\')LN/S .8
6 " 3 EINH(CH,,0H, -80°C  ° _J—¢
R N
O  Bn O iPr O  Bn

n-Bu \)LN n-CGH13\)J\N i—PrCOz\/\_)LN

o) o) O
18a: 64%, 93:7 dr 18b: 62%, 92:8 dr 18c: 48%, 90:10 dr

Scheme 4.
Diastereoselective formation of aldol and Mannich reaction products (top) and a-alkyl

imides (bottom).
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2
R°R! o ScOTy(5mol%) PhesSio O O
'/< Ph,SiOH, NaOTf /'\/lL N
N—=R + _,JL - O
o\( R®> "H  CICH,CH,CI \r/
y 8 11 50 °C, 24 h x

Ph,SIO O PhsSi0 O PhSIO O PhsSi0 O O

0 0
/'\/U\N 0 nC3H7M N)LO i-Pr*i/ILN)LO "-Pf/,\i/lLN\)_]\/O
ﬁ’l &h #_/ . ﬁ_/ LI

19a: 54%, 67:33 dr 19b: 57%, 86:14 ar 19¢c: 73%, >95:5 dr 19d: 44%, 94:6 dr

OH  Zn(OTf), (10 mol%) R‘ o O
A(N _ R+R1/§) t-BuCO,H (50 mol%) N)ko 24
O\\< 6 20 CICH,CH,CI, 25 °C, 24n R
0
Ph O

21a: 88%, >95:5 dr 21b: 88%, >95:5 dr 21c; 59%, >95:5 dr

Scheme 5.
Acid catalyzed stereoselective C—C bond formation with aldehydes and allylic alcohols by

Gaunt et al.
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Ni(cod), L-1 (10 mol%) OSiEt,

X o (0]
)50 O KOt By (12 mo!b) )\\ ,
Et3SiH (2 equiv.) N R

0
. \ Rz,, H  THF, 25 °C, overnight A\ _R 22

22a, R=n-Bu, R'=Bn, R?=4-Me0,CCqH.: 79%, 66% de

22b, R=n-Bu, R'=Ph, R?=4-Me0,CCgzH.: 85%, 70% de

22¢, R=n-Bu, R'=i-Bu, R?=4-MeQ,CC¢Hg4: 86%, 84% de

22d, R=n-Bu, R'=Me, R?=4-Me0,CCgH,: 98%, 91% de

22e, R=Me, R'=Me, R?=4-Me0,CC4zH,: 88%, 85% de

22f, R=CH,0TBDMS, R'=Me, R?=4-Me0,CCgH: 93%, 90% de

6+

Ni(SIMes) N RM N Yo EtsiH
P—————— I \"‘S'Mes R’-’f<m
0 =0~ “SIMes
H
Scheme 6.

R

0
R IN)§C.’ RL(\O

Page 30

L-1

22g, R=n-Bu, R'=Me, R?=Ph: 95%, 91% de

22h, R=n-Bu, R'=Me, R?=4-CF4CgHy: 97%, 84% de

22i, R=n-Bu, R'=Me, R?=2-napthyl: 93%, 90% de

22j, R=n-Bu, R'=Me, R?=Me,CHCH,: 75%, >99% de

22k, R=CH,CH,0TBDMS, R'=Me, R?>=4-Me0,CCgH,: 83%, 94% de
221, R=CH,CH,0OMOM, R'=Me, R?=4-Me0,CCgH,: 73%, 91% de

OSIEt3

P

R

SR 22

major diastereomer

Sato’s asymmetric synthesis of -y-siloxyenamides by nickel catalyzed reductive coupling of
ynamides and aldehydes.
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2 R1
R! Zn(OTf), (5 mol%)
R*—\ s H,0 (2 equiv.) _Ms
=—N + ArCHO . = R N o4
R, k3 23 CHiCN,25°C, 12-30h A R3
OH
_Ms

05N
24a: 83%, >20:1 dr 24b: 67%, >20:1 dr 24c: 62%, >20:1 dr 24d: 64%, 64:11 dr

Ts Sc¢(0Tf)3 (20 mol%) Ts
2 N 0 H,0 (1 equiv.) N
& — N\ + 1,u\ 2 > Bn
R\= 2 Bn R .= R solvent-free
25
25°C,2h
e - o ~ %0
N ’ N : N
“Bn ©/Y i \e
26a: 65%, >99:1 dr  26b: 72%, >99:1 dr 26¢: 59%, >99:1 dr 26d: 68%, >99:1 dr

Scheme 7.
Diastereoselective hydrative aldol reactions with aldehydes and ketones.
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Ficini 1976
Et., .Et O 0
N EN. H
I THF
+ =
27 H
1 28a: 60%
Hsung 2010 0 /R1 0
2 CuCly (20 mol%) H
SO,R 5 o N
r\|‘ AgSbFg (60 mol%) R?0,S o
+ _ =
Z R CHoClp, 0°C, 2 h
R 2 27 R
Bn Bn 4 ﬂ
TR oHg He il H O
Ts— leé Mbs~ sz Ts~ le\f)b mbs=N Nep, Ts~N
- LU - H Ph H
28b: 61% 28c: 74% 28d: 75% 28e: 61% 28f: 65%
Lam 2012 NaBPhs (10 mol%)
- L-2 (10 mol%) O,N Ph
Rh(C3Ha)2Cll; (5 mol% ' 0
L R o on,, BACHMCL ) j;L ’35 0
X N 29 THF/MeOH/Et;N (20:2:1) %N R o
25-40 °C, 24 h o \) 30 L2
6, X= 0, NMe, CH,
ON P O,N _‘\Ph O,N _‘\Ph ON P Sl oh
o °>~N N o I o X
—N
F o— \)
30a: 60%, 87:13 dr 30b: 59%, 81:19 dr 30c: 55%, 87:13dr  30d: 62%, 87:13 dr 30e: 55%, 89:11 dr
Liu 2014 51 5
Ts. R'  Oney, 8e° Ts—N_ H
N NEt,
1. CICH,CH,CI, 80 °C o
Il o+ | - ~
2.MeOH, 25 °C RO H 3
R (o] 32
2 31
N H nBu
T8« H
- NEt, Ts—N N
L jzﬁ‘;mstz ’ﬁ:;t 2 Ts Jzﬁtmstz )EI;tNEtZ Te NElz
32a: 92% 32b: 96% 32¢: 84% 32d: 89% 32e: 99%
Scheme 8.

Comparison of asymmetric [2+2] cycloadditions with ynamines and ynamides.
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Bn
Ts\N,Bn o r!l OO Shz
. ,U\’(ost Cat2(2mol%) 187 0 >Pd**
|| MR = |_Y.CFy OO £ 2SbFg”
2

o CH,Cly, -78°C, 1 h o
Ph 49 CO,E

2 34: >99%, 99% ee Cat-2

Scheme 9.
Chiral oxetene synthesis based on a formal [2+2] cycloaddition.
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N AN _Bn
N toluene

I
I ' Ph) 1256 °C, 1 h

- - 36: 73%, 4:1 dr

Scheme 10.
Staudinger-type ketenimine-imine [2+2] cycloaddition of an A~phosphoryl ynamide.
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Ts \N/\/ [ N/Ts
Ts
Pd(PPh3)s (5 mol%) L 37a, R=Me: 72%, =20:1 dr
/N \\ 37b, R=n-CgH13: 74%, 220:1 dr
toluene, 70°C, 2 h pdl X 37c, R=¢-CgHqy: 67%, =20:1 dr

Ts<,, ~F
i Rk (Rt Pd' 38a, R=Me: 86%, =201 dr
(PPha)s (5 mol%) 0 38b, R=n-CgHya: 71%, 220:1 dr
toluene, 70 °C, 2 h .\ 38c, R=/-Pr: 85%, =20:1 dr
N B
- B
Scheme 11.

Diastereoselective [2+2] cycloadditions with propargylic allyl ethers.
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Rl _R?
o N7 Cat-3 0 Cat-3

(10 mol%) L

COxt-Bu + || = H CO,t-Bu —N Cl N=
(Et30)PFg (2 equiv.) \R/
R CH,Cl, 55°C,24h R NR'R? P’ AP

2 2’ ’ l
* . Phe Ph,

40a, R=c-CgHy4, R'=Bn, R?=Ts: 97%, 90% ee 40g, R=n-CgH3, R'=Bn, R?=Ts: 99%, 78% ee

40b, R=c-CgHq4, R'=Me, R?=Ts: 88%, 92% ee 40h, R=n-CgH43, R'=Me, R?=Ms: 94%, 70% ee

40c, R=Ph, R'=Bn, R?=Ts: 72%, 90% ee 40i, R=n-CgHq3, R'=Me, R?=Mbs: 99%, 78% ee

40d, R=Ph, R'=Me, R?=Ts: 64%, 87% ee 40j, R=CH,0Bn, R'=Me, R>=Ts: 60%, 70% ee

40e, R=Ph, R'=Me, R?=Ms: 69%, 83% ee 40k, R=(CH,),0SiMe,t-Bu, R'=Bn, R?=Ts: 86%, 76% ee
40f, R=Ph, R'=Me, R?=Mbs: 75%, 61% ee

Scheme 12.
Catalytic Ficini reactions with p-ketoester 39 and ynamides 2.
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Ts. .Bn
N o NHCO,;Me Cu(ll) salt (10 mol%)
L-3 or L-4 (10 mol%
- X /e
( MS 4A, CH,Cl,
s "4 -60-0°C, 3-72h
R= CHg, H X=nE:1H; O cu(l) salts used: Cu(OTf),,
¢-CgHyy, Ph ' Cu(BF),, Cu(SbFg),,
/COQMG ,COQMe
gt o o HiN )
o] NTsBn NTsBn
H R nH R

42a, R=H: 91%, 89% ee
42b, R=Me: 80%, 86% ee

42d, R=Ph: 15%, 35% ee

Scheme 13.

42e, R=H, n=1: 58%, 86% ee
42f, R=Me, n=1: 93%, 88% ee
42c, R=c-CgH1q: 74%, 10% ee 42g, R=H, n=2: 73%, 96% ee
42h, R=Me, n=2: 45%, 83% ee

::&NTSB[\

42i, R=H: 100%, 99% ee
42j, R=Me: 100%, 9

Page 37

T e

NHMs MsHN t-B t-Bu

(\/(K/‘\

Nakada’s catalytic asymmetric [2+2] cycloaddition with cyclic a-alkylidene p-oxo imides.
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1
o TR AICl, 0
<° Il 2 (2040 mol%)  {
+ _—
toluene
43 2 R -400r0°C

N N W N
44a; Ts" “gp aab: Ts' X a4c: 1S V\© 44d: 7" “Bn
96%, 11:1 dr 99%, 11:1 dr 88%, =25:1 dr 99%, 7:1 dr
H H
[e) .9, .‘\\\/Ph 0 O .‘\\\/Ph (]
0 7 0 7 n-CeHiz ©
~'N\ ~'N\/\ \"N\ vN\/\
44e; TS Bn 44f; T S 44g: Ts 44h: Ts' OTDBMS
72%, 8:1 dr 72%, 9:1 dr 95%, 14:1 dr 96%, 11:1 dr
Proposed mechanism
Ts.. _R'
N
0 0]
< |l —
(0] RS
43 2 R —
R 2 A Ts N\
R1
Scheme 14.

Chang’s annulation of o-quinone methides.
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Sn(OTf),,
N-ethylpiperidne S O

OH
CH2C|2. -78 °oC, P 1. TBDMSOTHf, 2,6-lutidine o OTBDMS
s7ON CH,Cly, 0°C ’ %
\—% OBn acrolem -78 °c \—% |

OBn 2. DIBAL-H

BnO
CH,Cl,, -78 °C 47: 82%
45 (two steps from 46: 73%, >95:5 dr
(S)-valinol) 1.Ph3P=CBr,, THF, 0 °C
2. KOt-Bu (4 equiv.),
OBn 0 Z -78 °C, 20 min
oH ! oTeDMs ﬂ f
3 BnO TeocN - BnO o
50, (1.3 equiv.) X" NHTeoc =—8r
- — e —-
toluene, CuSO0y4 (0.4 equiv.), K3PO4 / OTBDMS
80-110°C,3h =~ " 1,10-phenanthroline (0.8 equiv.) 48 92%

0,
TBDMSO OBn toluene, 85°C, 48 h

NaH, BnBr R
DMF, 25°C, 3 h 49:78%
OBn /OBn
oBn ! OTBDMS Grubbs Il (5 mol%) oBn { OTBDMS
: CH,Cl, ;
= reflux, 5.5 h
=

N — R=CHO: (+)-FR900482

OBn Teoc OBn Teod e R=CH,0H: (+)-FR66979
52; 92%
R2
Benzannulation of 49 and 50:
| 49
R 6-electron OH
O 4-electron Oy, _N 0 2 4-electron O\ electrocyclic 2
electrocyclic X R'™ “Teoc . electrocyclic N / ring closure R
—— _— e —_—
ring [2+2] _R! ring , &tauto- R
R 50 opening A  cycloaddition ';‘ opening R? /"J_R merization l\ll 51 R
R Teoc Teoc Teoc

Scheme 15.
Enantioselective synthesis of benzazocines via benzannulation/ring-closing metathesis.
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< ) R mol%) B o TS
’ . ’l
= ) Ph CicH,CHl R Bh
54 25-40 °C, 24 h 55
R2 R2 t-Bu,

P, P
% ‘ﬁ@ m@
o o P
Cat-4 g2 "R2 Cat-5 T Bd Bn
R'= o-tolyl

O™ Y Ay
Ph Ph Ph

55a: 55b: 55c;
71%, 2:1 dr 77%, 1.3:1 dr 80%, 21% ee
Scheme 16.

Palladium-catalyzed [2+1] cycloaddition of norbornenes and terminal sulfonynamides.
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1. (L-5)AuCI (10 mol%)

SO,Ph NaBAr 4 (30 mol%) SO,Ph T
CICH,CH,Cl, 80°C,48h (tl@" s
/N = 1-CgH1y 2. 2,6-1i-tert-butyl-4-methylphenol /N 1 CFa
o-Ns 2 180 °C, 12 h 0-Ns
56: 519
=IE PAd,
n-CgH17 o-Ns._ _Bn MeO
N
o (L-5)AuCI (5 mol%) g '/2) O
NaBARF (20 mol% N
Il + (I N-Ph ( ) _ O N—Ph L-5
CICH,CH,Cl, 60-100 °C, 48 h : \(
N. :
o-Ns” “Bn ©O%7 K o
2 58: 78%
Scheme 17.

Zhang’s gold catalyzed isomerization/[4+2] cycloaddition sequence.
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[4+2] Cycloaddition

\ —
N-Ms (O [(IPr)AUCIJAgNTf, |

Page 42

Vi 59 (5 mol%) O‘ NoMs
+ or > or
CICH,CH,CI
2 \ o 25°C,28h 3 61:61%
\ . .
60 i-Pr /:\ i-Pr O\
N._N
* L-6
i-Pr i-Pr
[2+2+2] Cycloaddition
R . [(L-7)AuCI/AgNTf, P(t-Bu),
. (5 mol%)
2 R' 30R® CICHCH.CI, O O
25 °C, 5 min L-7

64a, R=n-Bu, R'=Ts, R>=H, R®*=Et: 79%
64b, R=Ph, R'=Ts, R?=H, R*=Et: 81%
64c, R=Bn, R'=Ts, R?=H, R®><Et: 83%
64d, R=Ph, R'=Ms, R?=H, R3=Et: 80%

Proposed mechanism

+ Aul*
A ey | I n-gu
=N N_
) \Ts L
/= EtO A
EtO g3a
Ts N n-Bu
Scheme 18.

64e, R=Ph, R'=Ph, R?=H, R®=Et: 82%

64f, R=Me, R'=Ts, R?=H, R%®=n-Bu: 81%
64g, R=Me, R'=Ts, R?=H, R®=t-Bu: 72%
64h, R=Me, R'=Ts, R?=Me, R®=Me: 52%

H
63a EtO =
\ v \H [Au]
Ts—N 0=
n Bul @ €t B

Gold catalyzed [4+2] and [2+2+2] cycloadditions with enol ethers.
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MOMO MOMO

RhCI(PPh3)s (4 mol%)

P
L

toluene, 50 °C, 5 h iins N

65: 97%

Scheme 19.
Total synthesis of (=)-herbindole A.
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\N’MS N‘Ms i-Pr i-Pr
0 [(L-6)AUNTH,] (5 mol%) =
ll e 1 - O 68
Rz R' CHyCl, 028°C
Ph R! i-Pr
2 R
N~Ms N~Ms
~Ms
@Co ©q @C
68a. 68b. 680 68d: cl 68e: 68f:
70%, 93% ee 63%, 99% ee 73%, 81% ee 68% 70% ee 55%, 75% ee 65%, 39% ee

Proposed mechanism

\
~-Me [Au] [Au] N Ms N-Ms
[Au =

0
S)-68
A pn (R)57 8 PUARSE
Scheme 20.

Asymmetric gold-catalyzed [4+3] cycloaddition of ynamides and chiral epoxides.
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Page 45
R? R2
| | 0
N Cu(CH3CN)4PFg (10 mol%) oo N < O
-R. F . 2 Ph L-8 (12 mol%) Y Y s t-Bu .
|2 69 NaBArF, (12 mol%) R R3 o PA, A™ ~
*-R! , (5eauiv.)  CICH,CH,CI, 35 °C, 39-84 h / { O -y
R 70 Ph o} t-Bu
L-8
Proposed mechanism 1|'s
N

Ts o \ Ts
\ I A © \ @l\lj

T.S Q
N N _H o
Z ) Ieu_ g XM
[Cu] -
| \ Cu] o PP
\ ES \\54' cu® b cu®
. H

2 pwp [0”1

¢ [3+2] l Zph

70a, R=H, R'=H, R?=Ts, R’=PMP: 88%, >99% ee ® o
70b, R=H, R'=H, R2=PhS0,, R>=PMP: 85%,>99 %ee [Cu] i

70c, R=H, R'=H, R?=MesS0,, R>=PMP: 81%, 98% ee N

70d, R=H, R'=H, R%=Mbs, R*=PMP: 77%, 98% 6 - \ 4

70e, R=H, R'=H, R?=Bs, R*=PMP: 87%, >99% ee N H PMP
70f, R=H, R'=H, R?=Ts, R®=2-MeQCgH,: 82%, 96% ee \ / !

70g, R=H, R'=H, R?=Ts, R%=4-MeCgH,: 60%, >99% ee 70i Ph

70h, R=H, R'=H, R2=Ts, R%=4-t-BuCgH,: 75%, 94% ee H PMP

70i, R=H, R'=H, R=Ts, R%=Ph: 65%, 96% ¢ s

\ /) Ts

Ph ;
70j: 62%, 96% ee 2\ /g 701: 33% 2% : 70n: 75%. >99% de
O

H PMP

70k: 69%. 52% ee 70m: 72%. >98% de g 700: 70%, >99% de

18 ! | 1 I¢

N N N N N
\ \ 0 \ \ /) \

/ \’0 S /s g
H 0 H H N\ H > H
- - ‘—Ph . “
70p: 79%, >99% ee 70q: 87%, >99% ee 70r: 70%, 94% ee 70s: 65%, 96% ee 70t: 52%, 88% ee

Scheme 21.

Ye’s catalytic asymmetric formal [3+2] cycloaddition between A-propargyl ynamides and
styrenes.
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Page 46

R2
|
N Cu(CH3CN)4PFg (10 mol%)
e = L-9 (12 mol%)
R—— oz Il NaBAr", (12 mol%)
R! R3  CICH,CH,CI, 60 °C, 60-132 h
2

71a, R=H, R'=Ph, R?=Ts, R3=Ph: 99%, 92% ee

71b, R=H, R'=Ph, R?=PhS0,, R%=Ph: 97%, 88% ee

71¢, R=H, R'=Ph, R?=Bs, R*=Ph: 94%, 80% ee

71d, R=H, R'=Ph, R?=Ts, R®*=4-FCgHg: 94%, 94% ee
71e, R=H, R'=Ph, R?=Ts, R*=4-CIC¢H4: 99%, 81% ee
71f, R=H, R'=Ph, R?=Ts, R®=4-BrCgH,: 84%, 88% ee
71g, R=H, R'=Ph, R?=Ts, R®=4-MeCgH,: 99%, 90% ee
71h, R=H, R'=Ph, R%=Ts, R®=4-CF30CgH,: 65%, 86% ee
71i, R=H, R'=Ph, R%=Ts, R%=4-+-BuCgH4: 99%, 80% ee
71j, R=H, R'=Ph, R?=Ts, R%=2-FCgH,: 66%, 82% ee

(dr>50:1)

71k, R=H, R'=Ph, R?=Ts, R®*=3-MeCgH,: 97%, 88% ee
711, R=H, R'=Ph, R%=Ts, R3=3,4-Me,CgH4: 99%, 82% ee
71m, R=H, R'=Ph, R?=Ts, R3=2-Naph: 99%, 80% ee
71n, R=H, R'=Ph, R?=Ts, R%=2-thiophene: 85%, 76% ee
710, R=3-Me, R'=Ph, R?=Ts, R*=Ph: 90%, 84% ee

71p, R=4-MeO, R'=Ph, R?=Ts, R*=Ph: 55%, 64% ee
71q, R=H, R'=CO,Et, R?=Ts, R*=Ph: 99%, 40% ee

71r, R=H, R'=H, R%=Ts, R®=Ph: 82%, 40% ee

71s, R=H, R'=Ph, R%=Ts, R®=3-1C4H4: 71%, 84% ee

71t, R=H, R'=Ph, R?=Ts, R®=CH=CH,: 85%, 82% ee

1
; N

N CuU(CH4CN)4PFg (10 mol%) SN %
N Z L-10 (12 mol%) 5 o _—

—— R—
R pZ 2 | | NaBAr", (12 mol%) Z~ <o PPh,
2 toluene, 20 °C, 18-72 h 52

R 72 R S O Lo

72a, R=H, R'=Ts, R>=PMP: 77%, 94% ee
72b, R=H, R'=PhS0,, R?=PMP: 70%, 90% ee
72¢, R=H, R'=Mbs, R?=PMP: 80%, 92% ee
72d, R=H, R'=Bs, R2=PMP: 71%, 93% ee
72e, R=H, R'=Ts, R?=4-Me: 74%, 80% ee
72f, R=H, R'=Ts, R?=4-t-Bu: 76%, 82% ee
72g, R=H, R'=Ts, R?=H: 70%, 80% ee

72h, R=H, R'=Ts, R?=4-F: 63%, 78% ee

Reaction pathway

RI2 IRZ
N ®_N [1,4)-H
B = [Cu] C([ﬁ"' shift
R—: R——
= R ||3 = R1\ [Cu]o
2 R R®
A

Scheme 22.

72i, R=4-F, R'=Ts, R>=PMP: 83%, 92% ee

72j, R=4-Cl, R'=Ts, R2=PMP: 87%, 90% ee

72k, R=4-Br, R'=Ts, R%=PMP: 85%, 92% ee

721, R=4-1, R'=Ts, R2=PMP: 70%, 90% ee

72m, R=4-CF4, R'=Ts, R?=PMP: 70%, 84% ee
72n, R=4-CO,Me, R'=Ts, R2=PMP: 50%, 90% ee
720, R=4-Me, R'=Ts, R>=PMP: 70%, 92% ee
72p, R=4-MeOQ, R'=Ts, R?=PMP: 68%, 92% ee

Enantio- and diastereoselective copper catalyzed cascade cyclization of A-propargyl

ynamides.
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/ TS\
. O-N TENH (15mol%) > =  N7Bn
S .
| N N . S \ H-0 (1 equiv.) _ O/ i/\N

. o)
0
S , Bn 73  DCE,-20°C M

74: 48%, 5:1 ar

Scheme 23.
Diastereoselective [5+2+1] cycloaddition between an ynamide, isoxazole and water.
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. X
x/\(ﬂ) 210°C(MW)

60 min

\ O
O g z,
B N\ sulfolane ‘
I /)\ ) - I “ H

FaC” N7 O X=CHz2, O FyC
6 n=0, 1

75a: 72% 75b. 78%

Proposed mechanism

O/W

fx

Scheme 24.

Inverse electron-demand [4+2] cycloaddition of ynamidyl pyrimidines.
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F
—=——NR?, — 2
X \_(w [RhCI(L-11)], (2-5 mol%) X Z»\NR 2 F F
- AN S.S)-Fc-tfb, L-11
- CICH,CH,CI, 30-60 °C, 18-72 h : R  F ( F)
3or6 X=0, NR, Fc=ferrocenyl 76 ¢

S S
Q QJ QV Q
Qf SO 0L RO

76a:;
76b: 76c¢: 76d:
81%, 94% ee 78%, 87% ee 96%, 94% ee 87%, 95% ee 91%, 85% ce
O (0] O (0]
D—‘U D—\U D—E@ D—?\(&:Oﬁﬁ
TsN - o-NsN & BocN = CbzN o TsN T\ N
|5| Ph FI Ph FI Ph Fi Ph Fi /,©
76f: 76g: 76h: 76i: \O
95%, 97% ee 95%, 93% ee 95%, 94% ee 91%, 95% ee 76
O\\I’O OYO h 97%, 82% ee
TsN ENJ TsN EN\) TSN EN
Ao Ph "
76k: 76l: 76m:
97%, 65% ee 94%, 90% ee 92%, 85% ee

Scheme 25.
Hayashi’s asymmetric rhodium catalyzed cycloisomerization of 1,6-ene-ynamides.
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O
AgOTf (10 mol%) | =
+ || N-P
toluene, reflux N
N=Ts 07 16h L Ts
/ 2 A
TMS
Scheme 26.

Page 50
H O
| N—Ph
N
H
\
Ts O
77: 43%

A silver catalyzed tandem cycloisomerization/Diels-Alder reaction with an allenynamide.
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Boc

(0] NHBoc 1. LIHMDS (2.5 equiv.) HN

— ZnCl, (1.2 equiv.) y COMe
o Ts _ THF,-78°C.2h _ "

)—="N_ 2 K,COy Mel R N-Ts
R 2 R DMF25°C,15h 78: R

>95:5 dr
Boc Boc Boc

78a: 65% 78¢: 57%
Boc HN'BOC
HN CO,Me H, CO,Me
: N-T -
N-Ts S N-Ts
| 78d: 67% b é\o
TBDPSO
78e:72% O— 78f: 73% 0/\
Chirality transfer
Boc Boc
O\,S NHBoc 4. (iHMDS, znCl, HN " N
g Ts THF, -78 °C - 1 “,COZ e AgN03 (5 mol%) \qcone
)%N/ 2. K,CO3, Mel i acetone, 25 °C —
5. s, DMF25°C N-Ts PR
96% ee ol Bn
0
78a: 79a:
65%, 96% ee 87%, 93% ee
295:5 dr 95:5 dr
Scheme 27.

[3,3] Claisen rearrangement of propargylic A-Boc glycinates.
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NR'R? NR1R2 1 NR'R?
2 . Tf,NH
NR'R | TBNH R Ao O)\‘?R
R (50 mol%) 37 q1 H‘ h = 1
2.8 | — S —  2A&-S-
CICH,CH,Cl ® R ©/ ®
0°C,1h
20r6 | R® szN@ | R3 Tf2Ne | R 81
A B
o>L N™ o)\\ N™ % o § o>L N
v 2 Seey ol = NI A s

i

72%, 93:7 er

Ph

81c: 81d:
76%, 90:10 er 79%, 93:7 er

81a: 81b:
70%, 96:4 er

o °N O)kN L el o N

A S A S | :: S A :
81e: 81f: 81g: 81h.

79%, >99.5:0.5 er 70%, 92:8 er 83%, 89.5:10.5 er 66%, 89.5:10.5 er
Scheme 28.

Representative examples of enantiospecific [3,3] sigmatropic rearrangements with chiral
sulfoxides.
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(E)-at,B-Disubstituted vinylsulfoxides

TfoNH (35 mol%)
H,0 (3 equiv.)

CH,Clp, 0°C, 2.5 h

7 8
>\N + p-Tol™ Y\Rz

(R)-82

83a, R=(CH,)sPh, R'=H, R?=n-Bu: 72%, >98% ee, 8:1 dr
83b, R=c-CgHy4, R'=H, R?=n-Bu: 58%, >98% ee, 8:1 dr
83c, R=c-CsHq, R'=H, R?=n-Bu: 60%, >98% ee, 9:1 dr

83d, R=Ph, R'=H, R?=n-Bu: 36%, >98.5% ee, 13:1 dr

83e, R=(CH,);,CN, R'=H, R?=n-Bu: 59%, >98% ee, 8:1 dr
83f, R=3,4-Cl,CgHa, R‘-H, R?=n-Bu: 52%, >99% ee, 12:1 dr

(Z)-a,p-Disubstituted vinylsulfoxides
% TH,NH (35 mol%)

ya 1)
»‘N oct” \I/ H,0 (3 equiv.)

o + n-
- R' CH,Cl, 0°C,25h
6 (R)-84

85a, R=(CH,)sPh, R'=H, R?=n-Bu: 68%, >99% ee, 8:1 dr
85b, R=c-CsHg, R'=H, R?=n-Bu: 70%, >99% ee, 8:1 dr
85¢, R=Bn, R'=H, R?=n-Bu: 56%, >99% ee, 8.5:1 dr

f3.p-Disubstituted vinylsulfoxides
R

/ 9\)\ TfoNH (35 mol%)
o%j + n-Oct“‘s Z n-Bu

H,0 (3 equiv.)
- —_—»
(S)-86 CH,Cl», 0°C,2.5h
6

87a, R=Ph: 53%, >97% ee, 9:1 dr
87b, R=c-CgHg: 55%, >98% ee, 8:1 dr
87¢c, R=CH,c-CsHg: 57%, >98% ee, 7:1 dr

Scheme 29.

Page 53

A

83g, R=(CH,)sCO,Me, R'=H, R?=n-Bu: 66%, >96% ee, 7:1 dr
83h, R=(CH,)sCOPh, R'=H, R?=n-Bu: 67%, >95% ee, 7:1 dr
83i, R=(CH,)sPh, R'=H, R2=i-Pr: 63%, >99% ee, 16:1 dr

83j, R=(CH,)sCOPh, R'=H, R%=i-Pr: 67%, >99% ee, 15:1 dr
83k, R=(CH,)sPh, R'=Et, R%=n-Bu: 67%, >93% ee, >20:1 dr

n-Bu

)OLJ\/\H/ )UVY

)L 3
J\‘/\n/ /-Pr (CH2)2Ph WPr (CHz)zF‘h

831: 78%, 10:1dr 831 57%, 3:1 dr

85d, R=(CH,)sCO,Me, R'=H, R?=n-Bu: 55%, >99% ee, 8:1 dr
85e, R=Ph, R'=H, R?=n-Bu: 53%, >99% ee, 14:1 dr
85f, R=(CH,);Ph, R'=Et, R?=n-Bu: 76%, >99% ee, 11:1 dr

n-Bu|-I

n- Oct\s /ol

g7R O s b

o o n-Bu 7
Y P

87d, R=(CH;)sCOPh: 58%, >98% ee, 7:1 dr
87e, R=(CH;)gCO,Me: 73%, >98% ee, 8:1 dr

Maulide’s asymmetric synthesis of syn-and anti-1,4-dicarbonyl motifs from chiral

vinylsulfoxides.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

I
.S TH,NH (50 mol%)
\ 2 0
| - @ 1® -
- DCM, 0°C, 3 h

0O O 0

[1,2]-shift

_S
O

Scheme 30.
Asymmetric ynamide oxoarylation with a chiral sulfoxide.
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SO,R?

[

N__R?

& [Au(picolinate)Cly] (5 mol%)
X
« | OR! toluene, 25-120 °C
T 20 min-24 h

.,’/O

PhH’

91a: 91b: 91c:
75%, 2.3:1 dr 84%, 3.8:1 dr 86%, 3.1:1 dr

\ N,
H\Ms oH Ts
o © O

9e: 91f: 91g:

FsC 91d:

68%, 4.0:1 dr 98%, 1.7:1 dr 84%,1.1:1 dr 62%, 13.0:1 dr
Possible mechanism
~ [Aul
P NMs ® @} [Au]
M, Y [1.5] . ® _NMs
OR' Ms < H
2 A R OR OR!
R R
[Au]
47 ERC - NMs
®H
OR!
R
L B _

Scheme 31.
Gold catalyzed C-H insertion/cyclization cascade of A-allyl ynamides.
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R2
N »
/ PPh3AUSbF (5 mol%)
CICH,CH,CI
25 °C, 5-30 min

\
\
Bn
92a: 89% 92b: 90% 92c: 85% 92d: 52% 92e: 78%
HO
I SR
N__~oH
1 ~
i SOR 5-endo-dig L [Au"] 6-exo-trig
R2_n X . < /R - >
N (Au] N®
R° B R?
R3
Scheme 32.
Yang’s diastereoselective synthesis of spirocyclic pyrrolidinoindolines from indole
ynamides.
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R1

AgOTF (5 mol%)
NFSI (5 mol%)

93 R2 toluene, 25 °C, 1 3h

Scheme 33.
Cycloisomerization and indole trapping with tryptamine-tethered ynamides.
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R® [RhCI(C2H4)2]2 (2.5 mol%)
R2 = (S,R,R)-L-12 (6 mol%)

3
R™H
\ NaBAr", (6 mol %) R2
[ b N
R \ S5minto7h 2 OO
2 R CH,Cly, 25 °C R_R O—p_N
" i Yy L
3
R 4 L-1

F

95a, R=Ph, R'=Ts, R?=H, R%=H: 99%, 99% ee
95b, R=n-CgH13, R'=Ts, R%=H, R3=H: 80%, 99% ee

2
95¢, R=CI(CHy)s, R'=Ts, R?=H, R%=H: 85%, 97% ee 2

95d, R=TBDMSO(CH,)3, R'=Ts, R?=H, R3=H: 96%, 96% ee R2 F
95e, R=4-FCgHs, R'=Ts, R?=H, R%=H: 98%, 99% ee N

95f, R=4-CICgH,, R'=Ts, R2=H, R%=H: 99%, 99% ee R

95g, R=4-MeOCgHg, R'=Ts, R%=H, R3=H: 77%, 94% ee 96

95h, R=Ph, R'=Ns, R%=H, R3=H: 99%, 96% ee (with ent-L12)

95i, R=n-CgH13, R'=Ts, R%=H, R3®=Ph: 99%, >20:1 dr  96a, R=n-CgH13, R'=Ts, R%=H, R®=Ph: 83%, 5:1 dr

95j, R=Me, R'=Ts, R?=CH,0OTBS, R%=H: 93%, 12:1 dr 96b, R=Me, R'=Ts, R?=CH,0TBDMS, R®=H: 76%, 12:1 dr
95k, R=Me, R'=Ts, R?=Me, R®=Ph: 99%, >20:1 dr 96¢, R=Me, R'=Ts, R%=Me, R®=Ph: 86%, 1:1.2 dr

Scheme 34.
Rhodium-catalyzed enantio- and diastereoselective [5+2] cycloisomerizations developed by

the Anderson group.
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R
O/\/ R
f 19
T 0 HNT2(5mo/o);
6 N o CICH,CH.CI
30°C, 7-24 h
-Bu

97a: 97b: 97c:
72%, 94% ee 62%, 90% ee 85%, 95% ee
Proposed mechanism
O/\/ O/\/
HNTf, O

6 % sz E,O
@)
)\/ B N t-Bu

t-Bu

Scheme 35.
Metal-free intramolecular alkoxylation initiated cascade reaction of ether tethered allylic

ynamides.
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Page 60

Ms_
N/
// R1
o HNTF, (20 mol%)
R3 N J>: CICH,CH,Cl
N R?
2 R

98a, R=Ts, R'=H, R?=H, R®=H: 77%, >20:1 dr
98b, R=Ts, R'=H, R?=H, R%=5-Me: 65%, >20:1 dr
98¢, R=Ts, R'=H, R?=H, R®*=5-MeO: 66%, >20:1 dr
98d, R=Ts, R'=H, R%=H, R3=5-F: 73%, >20:1 dr
98e, R=Ts, R'=H, R?=H, R®=5-Cl: 66%, >20:1 dr
98f, R=Ts, R'=H, R%=H, R®=5-Br: 70%, >20:1 dr
98g, R=Ts, R'=H, R?=H, R3=5-CF3: 78%, >20:1 dr
98h, R=Ts, R'=H, R?=H, R3=5-CN: 60%, >20:1 dr
98i, R=Ts, R'=H, R?=H, R®=5-CO,Me: 79%, >20:1 dr
98j, R=Ts, R'=H, R?=H, R®=6-Me: 86%, >20:1 dr
98k, R=Ts, R'=H, R?=H, R%=6-MeO: 80%, >20:1 dr
98I, R=Ts, R'=H, R?=H, R%=6-F: 70%, >20:1 dr
98m, R=Ts, R'=H, R%=H, R3=6-Cl: 81%, >20:1 dr

0
o= j
N~ 4By

HNT, (30 mol%)
/l HEO (15 cquiv)

O\__ CICH,CH,CI
40°C, 1h

R

6 Ts

Scheme 36.

0 \
40°C, 24 h 98 R

98n, R=Ts, R'=H, R%=H, R3=6-Br: 80%, >20:1 dr
980, R=Ts, R'=H, R?=H, R®=6-CO,Me: 70%, >20:1 dr
98p, R=Ts, R'=H, R%=H, R3=7-Me: 72%, >20:1 dr
98q, R=Bs, R'=H, R?=H, R®=H: 83%, >20:1 dr

98r, R=Ms, R'=H, R?=H, R%=H: 80%, >20:1 dr

98s, R=Ts, R'=Me, R?=H, R3=H: 63%, 4:1 dr

98t, R=Ts, R'=H, R?=Ph, R®=H: 68%, >20:1 dr

98u, R=Ts, R'=H, R?=Ph, R®=6-Me: 75%, >20:1 dr
98v, R=Ts, R'=H, R?=Ph, R%=5-Cl: 60%, >20:1 dr
98w, R=Ts, R'=H, R?=Ph, R®=Br: 66%, >20:1 dr

98x, R=Ts, R'=H, R?=4-MeCgHa, R®=H: 64%, >20:1 dr
98y, R=Ts, R'=H, R?=4-CICgH4, R®>=H: 61%, >20:1 dr
98z, R=Ts, R'=H, R%=Me, R3=H: 67%, >20:1 dr

99a, R=H: 55%, 95% ee, >20:1 dr

99b, R=5-Me: 50%, 99% ee, >20:1 dr
99e, R=5-Cl: 52%, 91% ee, >20:1 dr

99f, R=5-Br: 53%, 98% ee, >20:1 dr

99i, R=5-COoMe: 51%, 92% ee, >20:1 dr

\ 99j, R=6-Me: 42%, 98% ee, >20:1 dr
99 Ts

Intramolecular alkoxylation of indolyl ynamides.
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;
R 2
— N/

R — \..gs _HOTACHCI, (0.8:1)

20or5 0°C, 5min

S S dade:

90% >19 1dr 76%, >19 1dr 75%, >19.1 ar

MeO,C,

~

80% >191 dr

95% >191 dr 64% >191 dr 40% 82 18 dr 74%, >191 dr
Proposed mechanism - -
/Ts 1|'s
=—N NO
2 | % /J }
Ts Ts
H N |
N
AN
(O —
' (e
100b
L B |

Scheme 37.

Brensted acid promoted asymmetric ring closure with A-benzyl ynamides.
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Ph

Ph

Page 62
MeO,C
B8, Y(OT)3 (10 mol%) | B 7
HO, mo S " /L
o R 4 FO"Scome > o B A Ph” N AR
— PhCI, 80 °C, 3 h N R I
ph 2 R' 101 Bs R CO,Me
PhR A 102

L

BY

N> Ph P ONT Y Y Ph Ph

/L I /'\N)J\;/\/\Ph Ph/L

Bs Q COo.Me Bs © CO;Me Bs © CO,Me Bs ~ CO,Me

O 102a: F 102b: ¢ 4o2¢: 102d:

61%, 10:1 dr 50%, 13:1 dr 54%, 12:1 dr 75%, 11:1 dr

(0] : O
Ik/Y\Ph Ph/\l\ll Ph Ph/L J\/\V/\Q\F Ph/L /k/\(\@

N
Bs Ph CO;Me Bs Ph COzMe Ph CO;Me Ph CO,;Me
102e: 102f: 102g: 102h:
70%, 12:1 dr 70%, 7:1 dr 69%, 10:1 dr 51%, 16:1 dr
Scheme 38.

Yttrium catalyzed tandem hydroalkoxylation/Claisen rearrangement.
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5 R HOTf (0 5 mol %)
R
/ “PhcLBoC.ah

103a: 94% 103b: 96% 103c: 80% 103d: 94% 103e: 91% 103f: 98%

Proposed mechanism

Ph Ph Ph H Ph
1]
OH ph HO oH O\ 00 . @ 0\14\ [1.3]
= — ® - Ph — Ph ——
Z #"Ph N N
29 N A f‘llJ “Ts ~Ts
Ts Ts B Cc 103a

R1
1. Cat-7 (20 mol %) t-Bu
Rzt B OH R PnhClL25°C,6-32h
T . Z 2 EtaN (30 mol %)
. i PhCI, 60 °C, 24 h
s

103a: 103e: 103h: 103i: 103j:
41%, 78% ee 50%, 85% ee 51%, 80% ee 46%, 86% ee 44%, 92% ee

=

OH pp Y(OTN; (10 mol%)
R
Z PhCI, 80 °C, 2 h
2

N
|

Ts 104: 52%

Scheme 39.
Ye’s enantio- and diastereoselective preparation of eight-membered lactams.
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O ¥ H
R 0— 8'/\4 R
: Y4e uiv.) 0O t N °lQ
OJ< (4 equiv. {):{ 0 X o }_N s

= acetone, 25°C :
23h .- 105

Ph
6, R=CO,Me, H H

MeOZC“ MeO,C1. MeO,C O @
(? Q ij( N b
>\_ O\X‘Ph

O\)‘l Pr

\) \) ”Bn "’Bn Ph

105a: 105b. 105c: 105d: 105e: 105f:

63%, 75:25 dr 74%, 72:28 dr 80%, 58:42 dr 60%, 70:30 dr  78%, 60:40 dr 71%, 70:30 dr

@)
T o S TS

R
| | acetone, 25 °C
X 2:3h 106a: 106b: 106c:
6, X=CH,, NTs 34%,95:5dr 41%,95:5dr 40%, 53:47 dr
Scheme 40.

Diastereoselective epoxidation and subsequent cyclopropanation of chiral oxazolidinone
derived ynamides.
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Shibata
Ph
H (L-6)AuCl (10 mol%) iPr = i-Pr
N. quinoline (10 mol%) N N
Ts quinoline N-oxide (2.0 equiv.) s
o}
OO ™ CICH,CH,CIH,0 (1:4) P iPF
0
) aESseth 107a: 59%, 1.4:1 dr L-6
Ts Ts
~ ’ ’
ok, O
jeaipey
o) Ph 0 Ph
107b: 78%, 5.7:1 dr  107¢: 85%, 1.6:1 dr
Ph Au(L-G)
0o o)
Au(L-G) Au(L-6)
(L-6)AuCI Ph HQO Ph
— © Ph
MeOH N
©0 T 0
c 107b
Huang
F'<3 R'0,S o
N pe (L-8)AUNTf, (3 mol%) Pr— i-Pr
Y, pyridine N-oxide N N
R4 (1.5 equiv.) bl
2 T R ioxane, 80 °C, 1-18 h e, 32
R10,5 L-6

108f: 68% 108g: 44% 108h: 75% 108i: 94% 108j: 97%

Scheme 41.
Comparison of Shibata’s oxidative spirocyclization with ynamides (top) and Huang’s

spiroindoline synthesis from enynamides (bottom).
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R (AUCI), (5 mol%) R 0
| I L-13 (5 mol%) = R <O O
/R AgBF4 (10 mol%) PAr;
N al p-TsOH-H,0 (1.1 equiv.) N~ O <0 O i
Ts xylene, 25 A°C, 24 h Ts
5 ol 0 L-13

Ar= 3,5-M8206H3

~o cl
Ph
(‘IPh _A_Ph _A_Ph _A_Ph _A_Ph
N"o N"So N"0
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l}l (0] l\ll (0]
Ts Ts
109a: 109b: 109c: 109d: 109e:
79%, 86% ee  70%, 62% ee 60%, 72% ee  27%, 84% ee 80%, 86% ee
F
F
Ph Ph tBU by o~
= Ph = Ph = = =
bll (@] f\ll (0] r\ll (0] l}l 0 r\ll (0]
Ts Ts Ts Ts Ts
109f: 109g: 109h: 109i: 109j:
65%, 80% ee 80%, 76% ee 70%, 47% ee 78%, 66% ee 25%, 66% ee

Proposed mechanism

R1 B R1 B R1
R
! R jau [T R o P
/ i JI W _Ar 7—’
N p-TsOH S v N™ "0
| N O \‘O |
Ts A +s U Ts
2 L _ 109
Scheme 42.

Gold catalyzed hydrative cyclizations of A-propargyl sulfonynamides.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lynch et al. Page 67

R _SO,R!
Cat-8 (20 mol%) Z N A
EtN (20 mol%) 4 X,
P PhCF3 80°C,36h O~ 110 Cat-8
R'0;87, X . Ar= 3,5-(CF3),CHs
; s Ph Mbs Ph SOQPh Ph 302(2 Naph)
110a: 110b: 110c: 110d:
91%, 95% ee 8%. 91% ee 6% 94% ee 0% 92% ee
0" 110e: O 1101 0" 110g: 0" 110h:
87%, 91% ee 91%, 89% ee 94%, 97% ee 91%, 94% ee
Proposed mechanism

Ph
ROS. Z A0S
ROSS.. / Cat-8 ROSS. / HO N

B & mf* N

; c
Ar_  Hz0 A"\Ar

R= Ar, Me Ve Ar cat-8
ArO,S. Ph
FAr 2 NS

NN

Ms 111 Cat-s N 110 ©

Ms

2 (20 mol%)

tBuOH/H20 (1:1)
80°C,64 h

/ \
111a, R=Ph: 53%, 90% ee (111:110 = 1.6:1) 111e, R=3-FCqH.: 76%, 83% ee (111:110 = 5.3:1)
111b, R=4-CICgH,: 65%, 83% ee (111:110 = 2.4:1)  111f, R=3-CICgH,: 80%, 82% ee (111:110 = 5.5:1)

111¢, R=4-BrCqHy: 73%, 81% ee (111:110 = 2.9:1)  111g, R=3-BrC¢H,: 81%, 82% ee (111:110 = 5.3:1)
111d, R=4-AcCgH4: 92%, 76% ee (111:110 = >20:1) 111h, R=3-MeCgH.: 53%, 88% ee (111:110 = 1.3:1)

Scheme 43.
Conia-ene-type cyclization of ynamide cyclohexanones.
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NaBArf, (10 mol%)
CICH,CH,CI, 80 °C, 4 h

Page 68

S

0
113a, R=Ph, R'=H, R?=Ts, R®=Ph: 80%, >20:1 dr
113b, R=Ph, R'=H, R?=Bs, R*=Ph: 75%, >20:1 dr
113c, R=Ph, R'=H, R?=PhS0,, R%>=Ph: 83%, >20:1 dr
113d, R=Ph, R'=H, R?=Ms, R3=Ph: 84%, >20:1 dr
113e, R=4-FCgHg, R'=H, R?=Ms, R®=Ph 76%, >20:1 dr
113f, R=4-CIC¢H4, R'=H, R?=Ms, R*=Ph: 72%, >20:1 dr
113g, R=4-BrCgH,, R'=H, R?=Ms, R®*=Ph: 75%, >20:1 dr
113h, R=4-MeCgH,, R'=H, R?=Ms, R*=Ph: 74%, >20:1 dr

Proposed mechanism o
Ph (B] ﬁ o
Ms.,, / 8] /\Ph mn-o M7
g Ms\ \; » Ms
[B]=BAr, H o
2 %
Ph

NaBArf, (10 mol%)
PhCI, 40°C, 5 h

N/ gr 112 (1.5 equiv) 113 R®

113j, R=Ph, R'=H, R?=Ms, R®=4-CICgH,: 76%, >20:1 dr
113k, R=Ph, R'=H, R?=Ms, R%=4-BrCgH,: 74%, >20:1 dr
1131, R=Ph, R'=H, R?=Ms, R%=4-MeCgH,: 79%, >20:1 dr
113m, R=Ph, R'=4-CI, R?=Ms, R®*=Ph: 78%, >20:1 dr
113n, R=Ph, R'=4-Br, R?=Ms, R*=Ph: 80%, >20:1 dr
1130, R=Ph, R'=4-Me, R?=Ms, R*=Ph: 82%, >20:1 dr

N —=—ph

oS S WIS o)
\ 2 al ".‘/ c1 114 (1.5 equiv.) N\ 115

o}
115a, R=Ph, R'=H, R%=Ts: 78%, >20:1 dr

115b, R=Ph, R'=H, R?=Bs: 81%, >20:1 dr

115¢, R=4-FCgH,, R'=H, R?=Bs: 67%, >20:1 dr
115d, R=4-CICgHy4, R'=H, R?=Bs: 67%, >20:1 dr
115e, R=4-BrCgHg, R'=H, R?=Bs: 75%, >20:1 dr
115f, R=4-MeCgHg4, R'=H, R?=Bs: 65%, >20:1 dr

Scheme 44.

Ts

115g, R=4-MeOCgH,, R'=H, R?=Bs: 68%, >20:1 dr
115h, R=3-MeCgH., R'=H, R%=Bs: 73%, >20:1 dr
115i, R=Ph, R'=5-F, R2=Bs: 80%, >20:1 dr

115j, R=Ph, R'=6-Cl, R?=Bs: 75%, >20:1 dr

115k, R=Ph, R'=5-Me, R?=Bs: 70%, >20:1 dr

1151, R=Ph, R'=6-Me, R?=Bs: 69%, >20:1 dr

Transition-metal free oxidative cyclization of chiral A-propargyl ynamides.
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Ph O e
\ Ph N
Zn(OTf), (10 mol%) Et | N
N-Ms  NaBArF, (20 mol _
Et ERAr glelmoTny N a1 N el
114 (2 equiv.) N\ 5
N CICH,CH,Cl, 80 °C, 15 min Ms i
N\ 116:
2 Ms 75%. 2.5:1 dr
Scheme 45.

Oxidative cyclization of a chiral indolyl ynamides.
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0
1\ OYO 117 R - R2 119 R
R4
6 N ¢
g, ox R2 118
5 ]
Ox": R%=Ph, Ri=H Ox% R’=i-Pr, Ri=H R »R’=alkyl cycloalkyl, aryl coupled torque ("~

0x2: R%=Bn, R*=H Ox*: R%®=Ph, R*=Ph A
120a, Ox', R=n-CsH4;, R'=Me, R?=Me: 99%, >20:1 dr »\OX

120b, Ox', R=Ph, R'=Me, R?=Me: 75%, >20:1 dr Ox! ~Ox!

120c, Ox?, R=Ph, R'=Me, R?=Me: 85%, >20:1 dr n-CsHi1 phu.)

120d, Ox®, R=Ph, R'=Me, R?=Me: 80%, >20:1 dr h- Can

120e, Ox*, R=n-CsH44, R'=Me, R?=Me: 98%, >20:1 dr 1zogv 120h 120i: 120j:
120f, Ox*, R=Ph, R'=Me, R?=Me: 84%, >20:1 dr 84%, >20:1 dr 99%, >20:1 dr  45%, >20:1 dr 90%, >20:1 dr

(0} o} OH
BN 20X g Ox! Ox!
N \ N \ \ Phie
i-Pr Ph i-Pr
120k: 1201: 120n: 1200:

79%, >20:1 dr 81%, >20 1ar /

94%, >20:1dr  97%, >20:1 dr

Pr n-05H11
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85%, >20:1 dr 100%, >20:1 dr 92%, >20:1 dr 97%, >20:1 dr

25%, >20:1 dr  99%, >20:1 dr

92%, >20:1 dr \

Scheme 46.
Torquoselective Nazarov cyclizations reported from the Flynn laboratory.
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o— 4 Method 1: o] 0
04\_).”'% . z MgBr, I, . OYO vinylstannane, Cat-10 (5 mol%) o] }’\O) - BHyTHF ] lo)
N uBr-SMe; (10 mol% 9 - 4
2 ( b) Mo N Ph Cul (30 mol%), CO(g) P N or TIOH . N\)'”Ph
| | or I 4 Method 2: '\\ | | Ph CH,Cly ." y E
EtyZn, I, . Ph vinyl/aryl aldehyde, DMP (1.1-2 equiv.) '~ R R ./ GR Ph
R Cat-9 (5 mol%) RT R 119 122
6 121 !-Bu\ ABu
1 .
R=Ph, n-CsHy1, =0, A R=Ma./EL.Ph, ERr o o .
3,5-(Me0),CeHy . 'O/Rh\ \ M=MgBr or ZnEt - 'j/S"BUB Fe /Pd I Nucleophilic oxyally/ cation trapping
> t-Bu

cat-9, . ATY o§( ’7
Rh(acac)COD vinylstannane Cat-10,

(0]
Pd(dtbpf)Cl, |y
A\ Ph 93 (10 equiv) -“N\)"’Ph

———
‘ TIOH, CH,Cl .
119a 292 ph Ph

0 0
2 VYo 2 VYo Sl
& \) N Awpn N O To123:
2 2 75%, >20:1 dr
Ph h gi TPnPh pi TEL PN

122a: 122b 122c: 122d: Intramolecular oxyally! cation trapping
67%, >20:1 dr 73%, >20:1 dr 86%, >20:1 dr 69%, >20:1 dr
(0] (0]
\S
N a o]

¢ Eh _ meso ~ i
Ph

Ph 1,4-dioxane, 50 °C
122f:

42%, 2:1 dr 119b 124: 53%

(o] 122h: O 122i: 122j:
93%, >20:1 dr 50%, >20:1 dr 76%, >20:1 dr

Scheme 47.
Synthesis of cyclopentanoids by asymmetric electrocyclization.
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126a, n=0, R'=CH,CH=CH,: 83%, >99:1 dr 126j, n=0, R=4-BrCgH,: 64%, >99:1 dr
126b, n=0, R'=n-C4Hgq: 67%, >99:1 dr 126k, n=0, R=4-CICgH,: 96%, >99:1 dr
126¢, n=0, R'=Ph: 54%, >99:1 dr 1261, n=0, R=4-MeCgH,: 91%, >99:1 dr
126d, n=0, R'=Me: 86%, >99:1 dr 126m, n=0, R=4-MeOCgH,: 95%, >99:1 dr
126e, n=1, R'=Bn: 96%, >99:1 dr 126n, n=0, R=2-CICgH,: 94%, >99:1 dr
126f, n=1, R'=CH,CH=CH,: 80%, >99:1 dr 1260, n=1, R=4-BrCgHg: 74%, >99:1 dr
126g, n=1, R'=n-Bu: 64%, >99:1 dr 126p, n=1, R=4-CICgHy4: 69%, >99:1 dr
126h, n=1, R'=Ph: 87%, >99:1 dr 126q, n=1, R=4-MeCgH,4: 58%, >99:1 dr
126i, n=1, R'=Me: 83%, >99:1 dr 126r, n=1, R=4-MeOCgH,: 68%, >99:1 dr
126s, n=1, R=2-CICgH4: 51%, >99:1 dr
OTBDMS OTBDMS ~OTBDMS
Ph Ph Ph
.CO,Et
o)\o NS 0% N 07707 N,
én Bn L/
126t: 126u, n=0: 81%, >99:1 dr 126w, n=0: 50%, >99:1 dr
85%, >99:1 dr 126v, n=1:61%, >99:1 dr 126x, n=1:41%, >99:1 dr
Proposed mechanism i
_‘\OTBDMS R :'\N/
Q BF3+Et,0 2 R
N~ “OMe —’O ﬁ -
o= H
o)\or-au Y Sreoms
125 Ot-Bu A
Scheme 48.

Nucleophilic addition-cyclization of ynamides with N, O-acetals.
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Page 73
RO,S.. _R' i. LHMDS, -78 °C, THF, 1 h ; P H .o
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||| RZ _N._ .20 B s/ _(s)\Rz g R/;Li N\Ol “t.Bu
2 b il 25 128 R'-y 7
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|
SO;R
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N
/@’ N 128¢, R=Me, R'=Bn, R?=¢-CgH11: 77%, dr{(Ss,S):(Ss.R))=20:1
R

o] 128e, R=OMe, R'=Bn, R?=Ph: 95%, dr{(Ss,S):(Ss,R)]=25:1
S 128f, R=NO,, R'=Bn, R2=Ph: 79%, dr{(Ss,S):(Ss,R)]=4:1
128g, R=F, R'=Bn, R?=Ph: 62%, df(Ss.S):(Ss,R)]=20:1

ﬂ'\ 128d, R=Me, R'=Bn, R?>=4-MeOCgH,: 63%,dr{((Ss,S):(Ss.R)]=25:1
2

128h, R=Me, R'=Me, R2=Ph: 63%, dr{(Ss.S):(Ss,R)]=20:1

128i, R=Me, R'=Ph, R?=Ph: 84%, dr{(Ss,S):(Ss,R)]=6:1

— =3 i. LHMDS, THF, -78 °C, 1 h ; //0
255\~ i BF3OEt, (1.2 equiv.) R HN=S, (s)
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Y/N - ROS 428

H ’J\ZS °C,15h
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N H
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P o

128j, R=Me, R'=Bn, R?=Ph: 95%, dr{(Ss,S):(Ss.R)]=1:25
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S. _R'
/©/ N 128k, R=OMe, R'=Bn, R?=Ph: 93%, dr{(Ss,S):(Ss,R)}=1:25
R

| I o 128m, R=Me, R'=Bn, R?=n-CgH1a: 93%, dr{(Ss,S)i(

= 1280, R=Ph: 90%,dr(Ss,S):(Ss,R)]=1:20 (from 6)
__ s 128p, R=H: 90%, dr[(Ss, S):(Ss,R)]=1:25 (from 6)

Scheme 49.
Hsung’s diastereoselective synthesis of y-aminoynamides.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.

Ss.R)]=1:25

-S<80 128n, R=Me, R'=Bn, R?=c-CgHy1: 90%, drf(Ss.S):(Ss,R)1=1:25

t



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lynch et al. Page 74
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= (1R,28)-(-)-NME
0 7N & (10 mol%) = ]
+ o — L
7 R™H ipr,NEL 30°C,3-26h R — i
hexanes/toluene 1:1 o)
OH
% /©/\
N
Bf 129a: 129 \— 129¢:  \=
97%, 93% ee 85%, 93% ee Ph 92%, 95% ee Ph
(o) 0
H
MeO
\\
N
129d 129e: 129f: ==
92%, 87% ee 93%, 95% ee 81%, 87% ee Ph
(0]
OH
n- CgH1g/\
1299 129h:
89%, 90% ee 87%, 95% ee 129i: Ph
88%, 98% de
Scheme 50.

The first catalytic enantioselective nucleophilic 1,2-addition with terminal ynamides.
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Zn(OTf),, L-14
Ph Ph
n-Bu i (10mol%) ~ n-Bu yre L) D\é
N—— > 1 WOH  HO— OH
/N = + )‘I\ NT( ? N OH N
2

Ts A 25 CF3 PO(OEl); (20 mot%) T 130 R o "
CICH,CH,ClI o
-20°C, 24 h
n-Bu CF3 n-Bu CF3 n-Bu F3 n-Bu »

130a: 130b: 130c: 130d:
96%, 96% ee 97%, 95% ee 97%, 94% ee 95%, 93% ee
F Cl
n-Bu CF3 n-Bu CFy n-Bu CF3 n-Bu CF3
N N N N
T T¢ T¢ T
130e: 130f: 130g: 130h:

97%, 90% ee 99%, 92% ee 91%, 90% ee 99%, 89% ee
Br CF, CN COzEt
n-Bu CF3 n-Bu CF3
N N
T¢ T
130i: 130j:
99%, 90% ee 91%, 85% ee

S— Oo—

Scheme 51.
Catalytic enantioselective preparation of tertiary p-hydroxy-p-trifluoromethyl ynamides.
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= - n-Bu M
n Bu\N Ts n-Bu ‘N-Ts ‘W-Ts n Bu\N Ts Ph\N Ts
Cl
\ \ \ \ \
132f: Ph 132g: Ph 132h; Ph 132i: Ph 132j: Ph
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e ‘N-TS \N ~Ts \N ~Ts \N ~Ts
WOH OH [WOH
o} O o}
N N N
\ \ \ H
132k: PMP 1321; Ph 132m: 132n:
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(1.5 g scale)
Scheme 52.

Copper catalyzed enantioselective additions to isatins.
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i-Pr i-Pr
n SN /Ts h SN /Ts b N /TS N /Ts
135d:
80%. 95% ee 76%. 94% ee 80%, 92% ee 68%, 96% ee
F
\ ,Ts \ /TS \ /Ts
\©\/\/l\ )J\CL /li:(\/‘\ )J\(j\ \©\/\)\ )J\©\ ~N /Ts
Cl CI 135g: @\/\/is'fj\@\
84%.92% ee 80%. 96% ee 72%, 90% ee 70%, 93% o0
Ts\
T Bn_ _Ts
Ph N7 0 Br Ph N o
2o F S
OH O OH O
OH 435i. OH 435;: 135k: 1351:
20%, 99% ee 46%, 96% ee 58%, 96% ee 38%, 99% ee
Proposed mechanism
Ph \ /TS ~, Is
[Sc(L-16)) b HzO Ph D=iRci=10) e [Sc(L-16)] PP
OH \ Ph / 0~ “Ph
OH [Sc(L16)] OH 135a
134a A [Sc(L 16)]
Ts Ts o) &—N
=N
. <;> OIN\@ 7———
j\na
Ph OH
Scheme 53.
Feng’s catalytic asymmetric three-component hydroacyloxylation/1,4-conjugate addition
sequence.
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_ o -
\L 0 L
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N agoTe (1 motoe) 0" MDS‘NJ\/“\©\
||| toluene, 25 °C N R
R | 138
| 137

2 136
e _
138a, R=H, R'=Et: 68%, 97% ee 138¢c, R=OMe, R'=Et: 54%, 92% ee
138b, R=H, R'=/-Pr: 68%, 86% ee 138d, R=H, R'=Ph: 77%, 74% ee
Scheme 54.
Enantiospecific synthesis of tetrasubstituted allenes via chirality transfer with a propargylic
alcohol.
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0
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/}—4L CHaCN, H,0 (3 equiv.) X
6 Ph

2x20 min., 25 °C, dark 139 Ph

139a: PN 139b: Ph 139c: Ph
65%, 54:46 dr 84%, 57:43 ar 80%, 59:41 ar
Proposed mechanism
Cl
R ® [H ® R ©
’ H ) Cl x @ H20
2__— H R R X
RE—=—N__ 2==-==N\R1 \T;;\N \T/l\
6 R R A 2 i
R R
B
Scheme 55.
Asymmetric synthesis of a-halogenated imides from a chiral oxazolidinone derived
ynamide.
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143a, R=n-Bu, R'=Me, R?=H: 62%, 75:25 dr

Il RCuSMe, R' CuSMe, 143, R=n-Bu, R'=Me, R?=CO,Et: 78%, >98:2 dr
i 2

—— . S 143¢, R=n-Bu, R'=n-CsH,4, R?=COEt: 76%, 94:6 dr
Bn, N_o -5010-40°C g W_/° 143d, R=n-Bu, R'=n-CgH,3, R2=CO,EL: 76%, 92:8 dr
(_ Y Et,0 Bn““ﬁ/o 143e, R=n-CgHy3, R'=n-Bu, R?=COQ,Et: 79%, 94:6 dr

140 143f, R=n-CgH1a, R'=Me, R>=CO,Et: 81%, 98:2 dr

143g, R=Me, R'=n-CgH 3, R?2=CO,Et: 83%, >98:2 dr

, t'B7”800CéL' l THF  143h, R=c-C3Hs, R'=Me, R2=CO,Et: 74%, >98:2 dr
R . 143i, R=Me, R'=c-C4Hg, R2=CO,Et: 70%, 97:3 dr
R )\/sr R o-[c;u] 143j, R=i-PrCO,(CH,),, R'=Me, R?=CO,Et: 60%, 95:5 dr
5 R! s O 143K, R=TIPSO(CHy);, R'=Me, R*=COLEt: 85%, >98:2 dr
Bn =——— —{ 1431, R=AdCO,(CH,)s. R'=Me, R?=CO,Et: 71%, >98:2 dr
o=( -781025°C Bn' Q/o 143m, R=(i-Pr),NCO,(CH,)s, R'=Me, R2=CO,Et: 52%, 98:2 dr
143 - ' 2 2 2/3 ’ 2%¢- 0, .
Scheme 56.

Diastereoselective tandem syr+addition of organocuprates to chiral ynamides, oxidation and
SN2 reaction with allyl bromides.

Chem Soc Rev. Author manuscript; available in PMC 2021 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lynch et al. Page 81

Ar'-H (1.2 equiv.)

RO,S, HNT, (20 mol%)
N———Ar
R/1 2 144 (2 equiv.)

CICH,CH,CI, -10°C, 48 h

Proposed mechanism

N—=—pPMP

Ms HNTf, Ms, ©
N=l=\
2 /A PMP

Reaction scope

[ o A
R \"'l Ms - wR
R' PMP I A R

145a, N-Me-indole: 95%, 91% ee 145n, R=Ms, R1=aIIyI: 66%, 89% ee 145t, R=H, R'=Et, Ar=PMP: 59%, 94% ee
145b, 2-Me-indole: 95%, 94% ee 1450, R=Ms, R'=Ph: 54%, 84% ee 145u, R=Me, R'=H, Ar=PMP: 70%, 90% ee
145c, 1H-indole: 94%, 91% ee 145p, R=Ms, R =CH,CO,Et: 87%, 95% ee 145v, R=Me, R'=Et, Ar=PMP: 79%, 94% ee
145d, 1,2-Me2-indole: 90°/o, 95% ee 145q, R=Ts, R1=Me: 99%. 89% ee 145w, R=H, R1 =H, Ar=PMP: 53%, 83% ee
145e, 2-Ph-indole: 92%, 91% ee 145r, R=Bs, R'=Me: 94%, 89% ee 145x, R=Me, R'=H, Ar=3-thienyl: 76%, 94% ee
145f, 5-MeO-indole: 66%, 91% ee 145s, R=p-Ns, R'=Me: 74%, 94% ee
145g, 5-Me-indole: 89%, 92% ee o NH
145h, 5-Br-indole: 85%, 87% ee R |
145i, 5-F-indole: 90%, 90% ee \I;J
145j, 5-Cl-indole: 90%, 89% ee R!' Ar
145k, 6-Cl-indole: 95%, 91% ee 145y, R=Ms, R'=Me, Ar=3,4-(Me0),CgHa: 88%, 86% ee
1451, 5-CN-indole: 91%, 87% ee 145z, R=Ts, R'=Bn , Ar=4-MeCgH,: 85%, 92% ee
145m, 4-CN-indole: 72%, 89% ee 145aa, R=Ms, R'=Me, Ar=Ph: 72%, 89% ee

145ab, R=Ms, R'=Me, Ar=3-thienyl: 99%, 97% ee
145ac, R=Ms, R'=Me, Ar=3-furanyl: 95%, 60% ee

| H
o (0] OH o OH 0 OH fo) O
M Ms. O Ms ..
Ms \N Ms \N S\N N N
| I pup I Pmpo_ S |

PMP O
145ad: 54%, 91% ee 145ae: 84%, 88% ee 145af: 62%, 89% ee 145ag: 81%, 84% ee 145ah: 88%, 90% ee

Scheme 57.
Enantioselective redox arylation of sulfonynamides with an N, A’-dioxide.
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Page 82

R10,S m-CPB'A 1 OC(O)Ar 147 (3 equiv.) 1 OCH(4-FCgH4)2
N (15equiv.) R'OS R Cat11(10 mol%) R OzS\N/'\”/R
I CICH,CH,Cl 2 O C4HsCHs, 80 °C R?
R 25°C 146 48-72 h 148
Ar=3-CICgH4
OH

BOAGE

148a, R=PMP, R'=Me, R?>=Me: 95%, 89% ee

148b, R=2-MeOCgH, R'=Me, R’>=Me: 88%, 88% ee
148c, R=3 4-(Me0),C¢H3, R'=Me, R?=Me: 94%, 90% ee
148d, R=4-MeCgH,, R'=Me, R?=Me: 92%, 87% ee
148e, R=Ph, R'=Me, R?=Me: 90%, 87% ee

148f, R=4-FCgH4, R'=Me, R?=Me: 84%, 86% ee

148g, R=4-CNCgH., R'=Me, R?=Me: 63%, 86% ee
148h, R=4-CICgH,4, R'=Me, R?=M: 80%, 88% ee

148i, R=3-CICgH,4, R'=Me, R?>=Me: 82%, 86% ee

148j, R=2-CICgH,, R'=Me, R%=Me: 84%, 82% ee

147

Scheme 58.

.O o OH

O. /
> -11
O’P\\ Cat

(6}
Q Ar Ar=10-F-9-anthryl

148k, R=2-naphthyl, R'=Me, R>=Me: 98%, 88% ee
148I, R=1-naphthyl, R'=Me, R>=Me: 82%, 82% ee
148m, R=2-furyl, R'=Me, R?=Me: 76%, 89% ee
148n, R=2-thienyl, R'=Me, R?=Me: 74%, 84% ee
1480, R=3-thienyl, R'=Me, R?=Me: 70%, 87% ee
148p, R=c-CgHqy, R'=Me, R?>=Me: 62%, 81% ee
148q, R=PMP, R'=Me, R?=Ph: 39%, 47% ee

148r, R=Ph, R'=Me, R?=Bn: 53%, 60% ee

148s, R=PMP, R'=4-MeCgH4, R>=Me: 38%, 51% ee

o

Shin’s p-oxidation and enantioselective transacetalization procedure.
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I 0
o oA
N»\j 4 SCI —DMSQO Ph%\
\ 100 °C s _
8 149 /©/ CI
s A

0O 0O
150a: 150b:
71%, 78:22 dr 77%, 65:35 dr

Scheme 59.
Oxothiolation with p-tolylsulfenyl chloride and DMSO.
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