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1. INTRODUCTION: ALLENAMIDES

In recent years, the interest in allenes drastically increased due to their importance as building
blocks in a large variety of synthetic transformations.''”! The allenes were largely employed in
cycloaddition reactions,” but their challenging synthesis and their poor predisposition toward
electrophilic activation encouraged the development of allene-equivalent compounds. Heteroatom-
substituted allenes, in particular allenamines, have received low attention from the scientific
community, so far. In this class of compounds, the n-donating ability of the nitrogen atom makes
allenamines more electron-rich than allenes allowing their easy electrophilic activation. Despite
their synthetic potential, few developments have been achieved in their manipulation due to the
high sensibility toward hydrolysis and the tendency toward polymerization and isomerization even
at low temperature. In order to overcome these issues, it was identified an allenamine-equivalent
where the heteroatom is bonded to an electron-withdrawing group. This functionalization reduces

the reactivity of the allenic framework but, at the same time, makes the allenic system more stable

(Figure 1)+
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Figure 1: Disadvantages and advantages in the use of allene, allenamines and allenamides.

Allenamides were prepared the first time by Dickinson!” in 1967 by treating 2-pyrrolidinone with
NaH and propargyl bromide. In contrast, when less reactive amides (for example N-tosylaniline or
2-oxazolidinone) were used in place of the 2-pyrrolidone moiety was not possible to obtain the
desired allenamides using the synthetic procedure reported by Dickinson. Indeed, the reaction was
not complete and it was possible to isolate only the propoargylamide intermediate 3 (Scheme 1). A
treatment of the latter with catalytic amount (30 mol%) of ~-BuOK is required to drive the reaction
toward the formation of desired product 4 (Scheme 1).
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Scheme 1: Preparation of allenamide 4.
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2. REACTIVITY

The allenamides have been employed in numerous methodologies. Their electrophilic activation
promoted by soft-metals (such as gold-based catalysts) or Brgnsted acid leads to the formation of an
iminium ion intermediate which in turn could be employed in addition reactions as well as in formal
cycloaddition reactions. Additionally, the a-substituted allenamides can undergo an isomerization
reaction with consequent formation of dienes (or trienes) which can be used in further cycloaddition
reactions. Moreover, the large flexibility of allenamides allowed their employment in other
reactions such as palladium-catalysed cross coupling reactions as well as in epoxidation reaction

and followed by [4+3] cycloadditions (Scheme 1).
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Scheme 1: Allenamides as powerful building blocks in organic synthesis.

In the following chapter some examples about the use of allenamides in organic synthesis are

reported in order to highlight their large versatility as building blocks.

2.1 Cycloaddition
2.1.1 Inverse Electron-Demand Hetero[4+2] Cycloaddition

(8]

In 1999 Hsung and co-workers documented the inverse electron-demand hetero[4+2]

cycloaddition reaction of allenamide 5 with o,f-unsatured carbonyl compounds 6 under both



thermal and acidic conditions obtaining the corresponding products in moderate yields. The authors
reported that allenamides featuring an oxazolidinone or imidazolidinone scaffold resulted more

reactive (Scheme 2).
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Scheme 2: Pioneering studies in inverse demand hetero[4+2] cyclization reactions with allenamides.

Subsequently, Hsung reported the first stereoselective variant'”! of title cycloaddition reaction using
a chiral allenamide as substrate. A range of chiral allenamides as well as heterodienes were
submitted under optimized reaction conditions resulting in the corresponding products in good

yields and excellent stereoselectivity (Scheme 3).
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Scheme 3: First stereoselective inverse demand hetero[4+2] cycloaddition reactions with allenamides.



The value of these 2-substituted pyranyl heterocycles was demonstrated with their employment in

the synthesis of the C1—C9 subunit (Cossy’s intermediate) of (+)-Zincophorin (Scheme 4).!'"!
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// Y CH4CN, 85°C N0 By MeOH, 2h N0 B
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(+)-Zincophorin Cossy's intermediate

Scheme 4: Synthesis of (+)-Zincophorin.

2.1.2 Formal [4+2] and [2+2] Cycloaddition

The [4+2] Diels-Alder reaction is among the most powerful synthetic methods for the synthesis of
unsatured six-membered rings due to its ample scope and simplicity of operation. Lépez and

(il 127141 and Fiirstner!™, reported gold-catalysed intramolecular [4+2]

Mascarenas" -, as well as Toste
cycloaddition of allene-tethered-dienes in order to develop a very efficient protocol for trans-fused
bicyclic system. Subsequently, Lopez and Mascarefias, with the aim of extending the use of this
intramolecular cycloaddition toward more challenging intermolecular variant, developed the first
transition metal-catalysed [4+2] cycloaddition between non-activated 1,3-dienes and
allenamides."'® They started their investigation trying to use electronically neutral allenes instead of
allenamides in the process but no satisfactory results were achieved. On the contrary, the use of
electron-rich allenamides in the condensation with isoprene in the presence of PPh;AuCl/AgSbFs
resulted in the generation of the desired [4+2] cycloadduct product although with the concomitant

and unexpected formation of the [2+2] cycloadduct side-product (Scheme 5).
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Scheme 5: First transition metal-catalysed [4+2] cycloaddition of allenamides.

In order to avoid the formation of product 20, they carried out the condensation between 8a and
isoprene in the presence of different cationic Au-catalysts, but also the cyclobutane derivatives have
been isolated in all of the cases. Finally, the neutral AuCl catalyst promoted the reaction with
complete regio- and very high stereoselectivity toward the selective formation of the [4+2]
cycloadduct 19aa in 65% yield. In order to prove the scope of the methodology, several differently
substituted dienes and allenamides were submitted under optimized reaction conditions resulting in
the corresponding products in good to excellent yields and in some cases with complete

stereoselectivity (Scheme 6).
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Scheme 6: Optimized reaction conditions and scope of the regio- and stereoselective [4+2] cycloaddition.

With the use of chiral allenamide 12a it was also possible to develop an enantioselective variant of

this methodology. Furthermore, product 19 presents an enamide group which is a powerful building
7



block for further functionalizations. Indeed, under acidic conditions followed by reduction with
NaBHy,, it was possible to isolate the desired alcohol 23 in good yield and 9:1 diastereoisomeric

ratio (Scheme 7).
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Scheme 7: Enantioselective variant of the [4+2] cycloaddition (a) and highly diastereoselective reduction (b).

Mechanistically, the formation of undesired [2+2] cycloadduct and the presence of small amounts
of allylether 24a, observed when the reaction has been carried out in the presence of MeOH,
suggested the formation of an iminium ion as the intermediate. Indeed the first nucleophilic
trapping of the iminium ion A intermediate results in the formation of allyl cation intermediate B
which can undergo the second nucleophilic attack in the terminal carbon, resulting in a cyclohexene
adduct 19aa or in the more substituted carbon, resulting in the cyclobutane adduct 20aa (Scheme

8).
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Scheme 8: Proposed mechanism for the formation of 24aa, 20aa and 23a.



Subsequently, in particular in 2013, the same authors, in collaboration with Ujaque, performed
combined experimental and computational studies in order to shed light on the reaction mechanism
of the process.'”! Based on the obtained results, they demonstrated the formation of metal allyl
cation from the electrophilic activation of allenamide by gold-catalyst, but the formation of desired
[4+2] product took place through concerted [4+3] cycloaddition followed by ring contraction event
(Scheme 9).

§ /
Al OYO [Aul OYO

O R

/\l
N
Mo w P = =
\_//\/é 4+3] cyclizati I>\ //I °
[Au] [ ] cyclization ) K
19a

and ring contraction
Scheme 9: Mechanism for the formation of 19a.

Considering the synthetic and medicinal relevance of the cyclobutane framework, the authors
developed a gold-catalysed intermolecular [2+2] cycloaddition between allenamides and frans-
methyl styrene.'® They found that the best catalyst to obtain the cyclobutane derivatives in
selective manner was the m-acidic cationic phosphite gold(I) catalyst. They were able to isolate the
desired cyclobutane 25aa in 51% yield, but by performing the reaction in the presence of 4 A
molecular sieves in the mixture and by adding the allenamide 8a over one hour, the yield of 25aa
increased up to 80%. Subsequently they demonstrated the scope of the method by submitting
differently substituted styrenes in the reaction with allenamide 8a and by isolating the desired

cyclobutane derivatives in good to excellent yields (Scheme 10).
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Scheme 10: Optimized reaction conditions for the Au(I)-catalysed [2+2] cycloaddition of the allenamides and its ample

scope.

In the same time Gonzélez and co-workers in 2012, reported an intermolecular [2+2] cycloaddition
of allenamides using electron-rich enol ethers as alkenes.!"”! The phosphite-based gold-catalyst 26
used by Lopez and Mascarefias resulted to be the best promoting agent also for this transformation.
It delivered the product from the condensation of allenamide 4 and 2,3-dihydrofuran 27a in 86%
yield with complete cis-selectivity for the configuration of bicycle linking and Z configuration for
the double bond. The scope of the reaction has been investigated by submitting differently

substituted allenamides as well as enol ethers under optimized reaction conditions (Scheme 11).
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Scheme 11: Optimized reaction conditions and scope for the intermolecular [2+2] cycloaddition with electron-rich enol

ethers.

The reaction was tolerant toward different functional groups delivering the corresponding products
in good to excellent yields and complete stereoselectivity when cyclic enol ethers were used. Also
acyclic enol ethers were employed in the transformation resulting in the desired products in good

yields.

In this line, Gonzalez and co-workers in 2012 reported the first enantioselective gold(I)-catalysed
intermolecular [2+2] cycloaddition in order to develop a synthetic procedure for enantioenriched
cyclobutane derivatives.'*” The enantioselective step of the process is the nucleophilic attack from
the enamide in the intermediate C to the allyl cation and they suggested that the enantioselectivity

could be controlled by a chiral ligand on the gold catalyst (Scheme 12).

* RoNTX R,N
R L*AuX 2 2NN
R N e B S N

R! R’
c

Scheme 12: First enantioselective Au(I)-catalysed intermolecular [2+2] cycloaddition.
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In this line, they started their investigation by testing different chiral phosphine ligands for gold(I)
catalysts in the condensation of allenamide 4a and 4-methoxystyrene 29a in dichloromethane and
very low temperature due to the high reactivity of allenamide. Subsequently, the investigation
continued by testing the effect of the nature of the sulfonyl group bonded to the nitrogen confirming
the sulfonyl group as the best one. The scope of the reaction was proved by submitting several
differently substituted styrene derivatives and allenamides under optimized catalytic conditions.
The methodology resulted to be tolerant toward different functional groups and the enantiomeric

excesses of the products were not influenced by the nature of the substituent (Scheme 13).

L*AuX/AgNTf, OMe
PhTsN /\\\ . /\@\ (5 mol%/4.5 mol%) PhTsN
OMe DCM, -70 °C, 1 h N\

4a 29a 30aa
yield = 96%, ee = 93%
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yield = 81%, ee = 84% yield = 44%, ee = 90% yield = 56% ee = 82% yield = 62%, ee = 85%
Me Br
Me
PhTsN PhTsN QO
| \ HZQ HZ(Q

30af 30ag (2 h) 30fa 30ga (2.5 h)

yield = 84%, ee = 72% yield = 46%, ee = 95% yield = 87%, ee = 84% yield = 44%, ee = 89%

Scheme 13: Optimized reaction conditions for enantioselective [2+2] cycloaddition and scope of the reaction.

Furthermore, the enantioselective methodology was also used to prepare cyclobutanes containing
challenging quaternary carbon centers.*!! Using o-methylstyrene as alkene in the reaction the
desired product has been obtained without significant variations in term of yield and enantiomeric

excess respect the model reaction (Scheme 14).
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L*AuX/AgNTF,
(5 mol%/4.5 mol%)

OMe
PhTsN

PhTsN/\ .

4a 29h

OMe DCM,-70°C,1h

30ah
yield = 86%, ee = 92%

Scheme 14: Synthesis of cyclobutane containing quaternary center.

In order to develop the first asymmetric variant of intermolecular [4+2] cycloaddition of
allenamides and dienes, Lopez and Mascarefias designed a new chiral NHC-gold(I) complex**

since chiral acyclic diaminocarbene gold-complexes were recently employed in enantioselective

applications.[12’23]
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Scheme 15: First asymmetric variant of intermolecular [4+2] cycloaddition of allenamides and scope of the reaction.
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They synthetized a rigid bicyclic structure to fix the orientation of the C(carbene)-Au bond and the
closer groups R and R' in order to promote the asymmetric induction and subsequently, the
efficiency of the title catalyst was proved in the [4+2] cycloaddition of allenamide 8a and

differently substituted dienes (Scheme 15).

The methodology resulted to be tolerant toward different functional groups and all the products
were isolated with good to excellent yields. Moreover, the enantioselectivity was not influenced by
the nature of the substituent on the dienes and in most of the cases the enantiomeric excesses was

more than 90%.

2.1.3 [4+3] Cycloaddition

[4+3] cycloaddition is a useful route to seven-membered carbocycles. Allyl or oxyallyl cations are
commonly used as 3 atom m-system and the presence of heteroatoms in particular oxygen, nitrogen
or sulfur, stabilizes the oxyallyl cation. The epoxidation of allenamides is an easy and facile way to
obtain nitrogen-substituted oxyallyl cations. The first epoxidation of allenamide was reported by
Hsung and co-workers** in 2001 using the chiral allenamide 33a and dimethyldioxirane (DMDO)
as oxidizing agent. At the time, they also demonstrated that the oxyallyl cation obtained from
allenamide could be used in a [4+3] cycloaddition with cyclic diene. They started their investigation
using cyclopentadiene as partner in the reaction and they were able to isolate the desired product in

60% yield as single endo-diastereisomer (Scheme 16).

o 0 o o @ j\
DMDO - ®
O)LN - O)LNAv Q) — O)LN=)= ——= O N
- / W - - -
Ph Ph Ph 0™ppy

allene oxide
33a endo-34a

yield = 60%

Scheme 16: First epoxidation of allenamide and reaction with cyclopendadiene.

Subsequently, they investigated the [4+3] cycloaddition using furan as diene. Also in this case only
the endo-isomer was obtained but with moderate diastereoselectivity. They continued the
investigation, by screening different solvents and temperatures and they also tried to use additives

in order to improve the yield and the diastereoselectivity. Adding two equivalents of ZnCl, in the

14



mixture and decreasing the temperature up to -78 °C it was possible to isolate the bicycle product

35a in 80% yield and diastereoisomeric ratio more than 96:4.

o}

Q @ o//<o

DMDO N
O)J\N/\ _—_— K/ +
/ THF, -78 °C (o \
Ph

33a 35a-endo-1 35a-endo-ll
yield = 70%, I:1I = 82:18 without ZnCl,
yield = 80%, I:1I > 96:4 with 2.0 eq. of ZnCl,

Scheme 17: [4+3] cycloaddition between allenamide and furan.

The presence of the Zn(Il) cation should increase the conformational rigidity of the oxyallyl cation

and consequently promote the diastereomeric induction (Figure 1).

Ph
@)
o) - OF
O%"/Ny ,H — N ,H
H Ph H
DMDOj
Ph ’\,'Ph
0 H 0%
=N = — 07N
9) ’ H n=--_0—;
of °

71

=0 endo approch

Figure 1: Role of the Zn(II) in diastereomeric induction.

Differently substituted allenamides were submitted under optimized reaction conditions with furan.
The yields were satisfactory and allenamides with bulky groups in a position to the nitrogen in
oxazolidinone ring resulted in the corresponding endo-products in high diastereoselectivity also
without ZnCl, as additive. Indeed the addition of diene would proceed from the less hindered face

of the oxyallyl cation.

Inspirited by these satisfactory results, the authors envisioned the possibility to develop an
enantioselective [4+3] cycloaddiction of achiral allenamides and dienes using chiral Lewis acid-
catalyst.'”! They considered the activation promoted by Zn(II) in the transformation and the
differentiation of the two faces in the oxyallyl cation intermediate effectuated by the substituent in
the oxazolidinone ring. They rationalized that the replacement of achiral ZnCl, with a chiral Lewis
acid which can fix the conformation of oxyallyl cation and promote the diastereoselectivity (Figure

2).

15



R
/VPh |
0= 05
_-07~N; Lo _04':'\}
Znil oG LA oS
e M |L/ © N
/\"'X ||Q ’\”_X

Figure 2: Use of chiral Lewis acid in enantioselective [4+3] cycloaddition.

In this line, they started to screen different Lewis acids and chiral ligands in order to find the best
promoting agent in term of yield and enantioselectivity. Using Cu(OTf), and ligand L1 they were
able to obtain the desired cycloadduct in 46% yield and 90% enantiomeric excess. Subsequently
they demonstrated that the yield and the enantiomeric excess can be further increase using AgSbFg
as additive at the mixture. Allenamide 8a was submitted with differently substituted furans under

optimized reaction conditions in order to prove the scope of the methodology (Scheme 18).

CuOTH, (25 mol%) L1 (32 mol%)

o AgSbFg O
)L 0 DMDO %\( O | | )
+ N Phi- Ph
Q W oA <
\ ,NX \_/ Acetone/DCM, 78 °C [ = NN
o PR .4 Ph
a

o

8 36a 37aa

yield = 91% ee = 99%

0 0 =0
O
37ab 37ac 37ad
yield = 88% ee = 71% yield = 61% ee = 67% yield = 81% ee = 36%

syn:anti = 20:1 syn only

8

o o ] o
o>// N, O>/./ N, O>//N,,

Me CH,0SiPh3 Br
37ae 37af 37ag
yield = 91% ee = 94% yield = 66% ee = 92% yield = 58% ee = 84%
anti only syn:anti = 1:2.3 syn:anti = 1:14

Scheme 18: Optimized reaction conditions for the [4+3] cycloaddition with furan and scope of the reaction.

The predominant formation of the S-enantiomer can be justified by considering the endo-1 and
endo-2 approaches shown in Figure 3. In the endo-2 approach it is presents an interaction between
the hydrogen on C3 carbon of the furan and the phenyl group of the ligand and this causes the
preference toward the endo-1 approach and consequent formation of § enantiomer. The 3-
substituted furans resulted in the corresponding anti-isomer in high enantiomeric excesses. The

preference in the formation of anti-isomers is due to interaction between R*” on C3 of the furan
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and the phenyl group of the ligand forcing the furan to an orientation where the substituent in C3
position is in anti respect the oxazolidinone. On the contrary, the 2-substituted furans present a
lower enantiomeric excess and a prevalence of syn-isomers. This evidence can be rationalized by
considering the interaction between the substituent in C2 position of furan and the oxyallyl
framework: this interaction can be reduced with a movement of the furan but in this way also the
interaction with hydrogen in C3 and the phenyl group of the ligand decreases making it easier the

endo-2 approach (Figure 3).

3-substituted furans

_

— O
R3anti

Q © endo-l approach Q © Rssm endo-1 apjproach

R3ant:

)¢N\C o—%@ ¢N\ o=<\5]
w “o =" \OK

7—‘

@ © \— O endo-2 approach @ © \— O endo-2 approach

RZsyn
H Q sty" endo-1 approach
2-substituted furans RZant/ » sliding over
I O—< j RZanU
RZSyn
d @ \—_ |0 " s/iding over
R2ani endo-2 approach

more distance = less interaction

Figure 3: endo-1 and endo-2 approaches

In this line Hsung and co-workers in 2007'2°!

reported an intermolecular [4+3] cyclization of chiral
allenamides and pyrroles which can be a useful way to obtain tropinone derivatives in high
stereoselectivity. Furthermore the tropinone obtained can be used for the synthesis of alkaloids such

as parvineostemonine (Scheme 19).
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parvineostemonine

Scheme 19: Synthetic procedure for the tropinone and parvineostemonine.

They started their investigation in order to optimize the reaction conditions and immediately they
realized that the nitrogen of the pyrrole needs to be substituted with an electron-withdrawing group
such as Boc or Bz to avoid its oxidation by DMDO. Despite further optimizations, it was not
possible to obtain high diastereoselectivity for the reaction with pyrroles as that achieved in the
process with the furans. Therefore, in order to improve the diastereomeric induction, different chiral
allenamides were submitted under cyclization reaction with pyrrole. The products 38 and 39 were
obtained in good yields and excellent diastereoselectivity, but on the contrary of the process with

furans, the diastereoisomeric ratio is inexplicably in favour of the endo-II products also in the

NBoc NBoc
(0] (0]
A \ 2 \
i-Pr o\e‘Ph

presence of ZnCl, (Figure 4).

ph Ph Ph
38 39
yield = 81%, dr = 95:5 yield = 93%, dr = 95:5

Figure 4: endo-1II product favourited in the reaction with pyrrole.

Mechanistically, this result cannot be justified by the model described above, which should provide

the diastereoisomer endo-I as main one.

Another unexpected result was observed in the intermolecular [4+3] cycloaddition reaction between
chiral allenamide 33a and 2-methylfuranoate.””” Also in this case the major product was the endo-II
diastereoisomer and furthermore a decrease of diastereoselectivity was observed when ZnCl, was
employed as additive. To rationalize this result, the possible conformations of the oxyallyl
framework were considered. In particular, the endo-1 approach is favourite by the double

18



coordination of the oxygens to the Zn(Il) cation, but in this configuration there are two aligned
dipoles (red arrows in Figure 5). On the contrary, in the endo-II approach the dipole interaction is

lower and this conformer is more favourite when 2-methyl furanoate was used (Figure 5).

endo-II : endo-I = 95:5
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Clu, ,5;4@;\11/ D—— @959 7
@O‘_<|I
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endo-I approach i 0
) COzme
/>—OMe oA o
Ef; I:> LN endo-I : endo-1I = 30:70
~ Z N with ZnCl,
O%%n

Figure 5: New proposed model for endo-1 and endo-1II approaches.

This new model can also justify the lower diastereoselectivity observed when ZnCl, was used as
additive. Indeed, in the absence of the additive the conformer conf-E-II reacts very fast to form the
endo-1I1 product, but in the presence of a cation able to coordinate the oxyallyl cation, the
equilibrium of the two possible conformers is heavily in favour of conf-E-I causing a decrease of
distereoselectity. To prove this new model, the authors made further experiments. In particular, they
performed the reaction using a large excess of ZnCl, (7 eq) to move the equilibrium toward the
complete formation of conf-E-I. Under these conditions the reaction failed and only products of
decomposition were obtained. This means that the conformer conf-E-I reacts more slowly through
the endo-1 approach than the decomposition reaction. Furthermore, when 2-cyanofuran was
employed in the reaction, only the corresponding endo-II product was isolated (with and without
the use of ZnCl,). This can be rationalized by considering the strong dipole of cyano group which
causes the preference of the transition state with less dipole interaction. Finally, in order to excluder
the possible steric factor, 2-methyl furan was used in the reaction resulting only in the

corresponding endo-I product.

These unexpected results inspired Hsung, Houk and their co-workers to shed light on the real
mechanism of the [4+3] cycloaddition of allenamides with dienes through computational studies.'*"
Initially, the four possible transition-state geometries in the reaction between allenamide 33a and
furan were considered. Originally, it was supposed that the Z configuration was the favourite
because of the increment of the diastereoselectivity for the double chelation with the ZnCl,, but

detailed studies revealed that only the E isomer was located as an energy minimum in the reaction.
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The less stability (14 kcal mol™) shown by Z conformation is due to the electrostatic repulsion
between the oxyallyl framework and carbonyl oxygen. For the E geometry, there are two concerted

transition states which provide the endo-1 and endo-II products (Figure 6).

'Cio

O

endo-1

Figure 6: Transition states for E-geometry.

In TS-II the furan is located on the less crowded face and initially this approach was considered the
favourite, but instead, for furan is easier to add to more crowded face as shown in TS-I. Indeed,
there is an attractive interaction between furan and phenyl group in o position on the oxazolidinone
ring respect to the nitrogen. In particular, this interaction between the hydrogen bonded to the C3
carbon and the negative cloud of the phenyl ring, makes the TS-I more favourite than the TS-II of
0.2 kcal mol™, which is a possible value for a diastereomeric ratio of 82:18. Also in the presence of
ZnCl; as additive, the E geometry results to be more stable than the Z configuration of 6.2 kcal mol
' and it was demonstrated that the role of the ZnCl, in the transformation is to decrease the
activation energy. With the coordination to Zn(II) cation the difference between two possible
approaches is 1.1 kcal mol”, a reasonable value for a diastereomeric ratio of 96:4. When the 2-
methyl furanoate was used as diene it was obtained the opposite stereochemistry and it can be
explained by this new model. Indeed, the repulsion interaction between the phenyl ring and the
methyl carbonate is higher than the attractive interaction between the hydrogen bonded to C3 and
the phenyl group. For this reason the TS-II is more favourite than the TS-I and the DFT

calculations revealed also that the syn-adduct is more stable than the anti-adduct of 5.9 kcal mol™.

However, those studies demonstrated that the regioselectivity was influenced by the presence of a
phenyl group on the oxazolidinone moiety. Until then, no examples of how the regioselectivity is
influenced by the substituents on the dienes were reported. In this line, Houk, Hsung and their co-
workers developed an experimental and theoretical studies of the regioselectivity of the achiral
allenamide 8a toward unsymmetrical furans.'*”! The monosubstituted furans were taken in exam and
methyl group was chosen as electron-donating group (EDG) and carboxylic esters as electron-
withdrawing groups (EWG). Several experiments were performed under thermal conditions and in
the presence of Lewis acids and it was possible to demonstrate that the regioselectivity was not

influenced by the use of Lewis acid. Moreover the regioselectivity was not dependent by electronic
20



character of the substituents; indeed all the furans with substituent in C2 resulted in syn-adducts

while the C3-substituted furans gave the corresponding anti-adducts (Figure 7).

R _ R
<l
) 0
R=EWDOEDG |~ R=EWDoEDG/ |
o7 | 00 o7 /| 00
T RSN
syn favored anti favored

Figure 7: syn and anti approaches.

In order to develop a model to anticipate the stereochemistry of the products, it was studied the
cycloaddition between chiral allenamide 33a and differently substituted furans." Using chiral
allenamides it was possible to obtain four endo products: endo-1 and endo-1I where the
oxazolidinone framework and the substituent of the furans are syn, and endo-1I and endo-11 where

the oxazolidinone framework and the substituent of the furans are anti.

The investigation started by studying the cycloaddition between the 2-substituted furans and the
allenamide 33a. Considering that the Ca of the oxyallyl framework is more electrophilic and the Cy
is more nucleophilic, the syn-adduct is expected as product when the furan has a EWG in position 2.
Moreover, only the endo-1 adduct was observed due to the CH-rn interaction between the hydrogen
atom on C3 of furan and the phenyl ring. On the contrary, also the regioselectivity for 2-EDG-
furans is unexpectedly syn. Here the electronic effects cannot be considered and the regioselectivity
derived only from a preference for the transition state that allows the more advanced bonding
interaction. In this case, the endo-II adduct was isolated as only isomer when the 2-CO,Me furan
was employed as diene. As previously reported, the repulsion interaction between the ester group
and the phenyl group allows the addition of diene only on the less-hindered face of oxyallyl, but
when cyano group was used instead of CO,Me, the prevailing formation of endo-1I adduct was
observed. This result can be explained because the 2-CN group is further away from the phenyl ring
than the 2-CO,Me group and therefore the repulsion interaction is absents. All the 3-substituted
furans employed for the reaction with allenamide 33a, resulted in the corresponding anti-1 adducts

(Figure 8).
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Figure 8: Favoured approaches for 2- and 3-substitututed furans.

In conclusion, the 3-substituted furans resulted in the corresponding anti-1 adducts regardless the
electronic character of the substituent, while when the 2-substituted furans were employed, it was
possible to isolate only the syn-I adduct except for the 2-CO,Me furan which led to the formation of
syn-II adduct due to its repulsion interaction with the phenyl ring. Subsequently, unsymmetrical
disubstituted furans were employed for the reaction in order to explore the generality of the stereo-
and regiochemical control.”! Several 2-EWG-3-EDG furans as well as 2-EDG-3-EWG furans were
used in the screening and finally it is possible to conclude that the 2-substituted furans promote the
formation of syn-I adducts except: 1) the C2 substituent is the COOR group, or 2) there is another
substituent in 3-position because in these cases the predominant product is the syn-II adduct. The
regio- or the stereochemical control of the process was not influenced by the electronic character of

the substituents.

2.2 Isomerization Reaction

Another type of cyclization where the allenamides have been involved is the 6n-ring closure. In
particular, to develop this new type of reactivity, a previous isomerization reaction of the allene
framework to form a diene was necessary. In this line, Hsung and co-workers in 2009 developed a
regio- and stereoselective isomerization of allenamides.” In particular, they submitted the
allenamide 40 under several thermal conditions and good to excellent yields were achieved in the
formation of desired diene 41. The success of the reaction didn’t request strictly high temperature;
indeed in the presence of camphorsulfonic acid (CSA) it was possible to obtain the desired product

in 95% yield in DCM under very mild reaction conditions (Scheme 20).
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Scheme 20: Regio- and stereoselective isomerization of allenamide 40.

The predominant formation of the E isomer was unambiguously determinated through single-crystal
X-ray analysis. The isomers E were also obtained when several a-derivated allenamides have been
submitted under thermal (cond A) and acidic (cond B) reaction conditions and all the corresponding

products were isolated in good to excellent yields (Scheme 21).
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Scheme 21: Scope of the isomerization of allenamides.

The isomerization reaction demonstrated to be not limited in the use of a-derivated allenamides but
also y-derivated allenamides proved to be suitable substrates for the formation of 1-amido-dienes
exclusively as E-isomers. High yields were achieved when several y-allenamides were submitted
under acidic conditions but to obtain satisfactory yields under thermal condition, higher
temperatures and/or longer reaction times were necessary. This finding suggested to the authors to
develop a regioselective thermal isomerization of a-y-disubstituted allenamides at 135 °C in

acetonitrile. Gratefully, only the desired 2-amino-dienes were obtained in good yields (Scheme 22).
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Scheme 22: Regioselective thermal isomerization of allenamides.
The title transformation resulted to be an efficient way to synthesize dienes which are largely

employed in pericyclic reactions. In particular, the authors reported a 6m-ring-closure tandem

reaction of allenamides obtaining the cyclic-2-amido-dienes in good yields (Scheme 23).
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50a, yield = 43% 50b, yield = 54% 50c, yield = 57% (at 115 °C)

Scheme 23: 6n-ring-closure tandem reaction of allenamides.

Subsequently, the authors observed that, heating the chiral allenamide 51 in DCE at 135 °C, the

triene 54 has been formed as product instead of the expected cyclodiene 53 (Scheme 24).13

H o) o 2
j>\ X_-Ph 1,3-H shift )J\ / N—Ph A )J\ T )L "
0" N o N — Q N : O\_/N
_J DCE, 135°C |\ [ = H Bn
Bn Bn

’/Bn Bn

1 = 080
51 52 53 54, yield = 95%

Scheme 24: Unexpected 1,5-H shift.

The 1,5-H shift necessary to form the final product 54 was also observed using the triene 52
(obtained by acidic treatment of allenamide 51) resulting in the corresponding cyclodiene in
comparative yield. In order to prevent the 1,5-H shift, the phenyl group was replaced with two
methyl groups, but also in this case a second unexpected result was observed. Indeed, a mixture of
two products were obtained: the desired 2-amido-diene and the unexpected product delivered from

1,7-H shift reaction of the triene intermediate and consequent ring closure reaction (Scheme 25).
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Scheme 25: Unexpected 1,7-H shift.

Comparative results in term of yield and ratio of two products were achieved when the triene was
isolated and used as starting material. The stereochemistry of the product 59, unambiguously
determined by single-crystal X-ray analysis, proved that the ring closure reaction proceeds through
a favourite disrotatory route due to a 1,6-induction. Several amido trienes were submitted under
thermal conditions and in all of the cases the products delivered by tandem 1,3-H-1,7-H shift
resulted to be the major products. Through further investigations, it was demonstrated that the 1,7-H
shift was discouraged using allenamide bearing two methyl groups in y position of the allene
framework. Moreover, it was also demonstrated that the 1,7-H shift depended to the olefinic
geometry. In particular, while the 1,3-H-1,7-H shift occurred using 60-Z, the 1,7-H shift was

completely dropped using the corresponding E isomer (Scheme 26).
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60-£ P =TBDPS 62, yield = 71%, dr = 3:1

Scheme 26: Dependence of the 1,7-H shift to the olefin geometry.

The low 1,6-induction achieved in the formation of the previous product (dr 3:1), suggested to the
authors to develop a more efficient procedure to increase the stereoselection in the 6zm-electron ring
closure step.”* They considered the possible transition state of the 1,3,5-hexatriene for the ring

closure step: the presence of a large substituent in C2 position of the amidotriene could improve the
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stereoselection of the title step due to the bigger steric hindrance than the hydrogen atom (Scheme

27).
o o
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Scheme 27: Possible transition state of the triene for the ring closure step.

‘ ring closure

As functionalization of the C2 of the aminotriene (which corresponds of the f carbon of the allene
framework), was chosen a bromine atom added through electrophilic halogenation with pyridinium
tribromide salt. Several chiral allenamides were submitted under optimized bromination conditions
resulting in the corresponding products in good to excellent yields. Subsequently, the bromo-
amidotrienes were tested in the stereoselective electrocyclization furnishing the desired cyclodienes

in good yields and good diastereoisomeric ratio (Scheme 28).

R2 RZ R2
0 \_R? @ DABCO (2 eq) o \_R? o R3
X e [ X
Q N B pcMm,4mMsA Q9 N Toluene 0" 'N
\_/',/ 1 3 H rt, 16 h ", 1Br 110 °C 16 h Y, 4, Br
R R R
63 64 65 66

13 examples
yield up to 95%, dr up to 90:10

Scheme 28: Stereoselective electrocyclization of the bromo-amidotrienes.

A useful application for the methodology have been demonstrated by Hsung and co-workers””!

when, in 2012, they developed a tandem 1,3-H-shift-6m-electrocyclization followed by a
intramolecular Diels-Alder cycloaddition reaction in order to synthesize the BCD-ring of

[36-38]

Atropurpuran which is an important compound due to its medicinal properties (Scheme 29).
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Scheme 29: Application of the tandem 1,3-H-shift-6m-electrocyclization-Diels-Alder reaction in the synthesis of the
BCD-ring of the Atropurpuran.

In the same line, Hsung developed a highly stereoselective variant of the Diels-Alder cycloaddition

between the 2-amidodienes derived from allenamides and enones.'*” The first challenge for the

authors was to avoid the competitive 1,5-H shift of the 2-amidocyclodiene. They chose the

condensation between the cyclic diene derived from chiral allenamide 71 with methyl vinyl ketone

as model reaction. After several experiments, the SnCls has been evaluated as best promoting agent

providing only the endo-cycloadduct in good yield and good diastereoisomeric ratio (Scheme 30).
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Scheme 30: Stereoselective Diels-Alder reaction using SnCly as additive to suppress the 1,5-H shift.

27



The stereoselectivity of the process was improved when the chiral 2-oxazolidinone was replaced
with other chiral amides as auxiliaries. In particular, diastereoisomeric ratio up to 95:5 was achieved

using the allenamide 75, as shown in Scheme 31.
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Scheme 31: Highly stereoselective Diels-Alder reaction of allenamide 76.

2.3 Palladium-Catalysed Cascade Reaction

Another field where recently the allenamides found interesting applications is the palladium-

411 reported a facile and useful

catalysed cascade reaction. For example, in 2007 Fuwa and Sasaki
strategy to synthesize 2,3-disubstituted indoles starting from N-(o-halophenyl) allenamides. In
particular, using allenamide 77 in the presence of the phenylboronic acid they were able to find the

optimal catalytic conditions to obtain the indole 78 in excellent yield (Scheme 32).

sz(dba)g

I 3M aqg. Cs,CO3 O

©i PhB(OH),
N EtOH 80 °C O N

Boc N

Boc

77 78, yield = 98%

Scheme 32: Palladium-catalysed cascade reaction for the synthesis of 2-substituted indoles.

Mechanistically, the palladium(0) underwent the initial oxidative addition of the aryl iodide
followed by the formation of m-allylpalladium intermediate via carbopalladation. The latter
compound has been trapped by the phenyl boronic acid providing the desired 3-benzylic indole.
Several aryl boronic acids were employed in the reaction with allenamide 77 promoted by Pd,(dba);
and the corresponding products were isolated in good yields. Unfortunately, not satisfactory results
were achieved when alkylboranes were employed in the reaction instead of the aryl boronic acids.

Therefore the authors found new reaction conditions for the use of alkylboranes (Scheme 33).
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Scheme 33: Optimized reaction conditions in the use of alkylboranes.

Finally, with the optimized catalytic conditions in their hands, also different alkylboranes were

submitted in the reaction with allenamide 79 resulting in the desired products in good yields.

In order to extend the methodology and to synthesize 2,3-disusbtituted indoles, the reaction was

performed using a-substituted allenamides (Scheme 34).

O O \
(C. (T
N\Me B} Em‘

Boc

82a, yield = 81% 82b, yield = 98% 82c, yield = 84%

O OFt
OEt
O N SiMes N Me
N N
Boc Boc
82d, yield = 71% 82e, yield = 61% 82f, yield = 42%

Scheme 34: Synthesis of 2,3-disubstituted indoles via Pd-catalysed-cascade reaction.

In the same line, Broggini and co-workers reported an efficient procedure for the synthesis of

(421 Several chiral allenamides were

enantiopure imidazolidinones from o-amino allenamides.
prepared from the corresponding -o-aminoacids in excellent yields and subsequently, they were
submitted under optimized heterocyclization reaction conditions. The desired compounds have been
isolated in good yields and the absolute configuration was determined by X-ray single crystal

analysis (Scheme 35).
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X N +
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Boc \X“Ph Boc Ph Boc \X“Ph Boc Ph Boc \X\Ph Boc Ph
N—\" N N—\" N N—\" N

WUKWN\ \\"'S(N\ i-Pr“"kWN\ i-Pr“"KWN\ i—Bu“'kNN\ i-Bu“'kmN\
0 0 0 0

o) 0]

84a, yield = 65% 84a’, yield = 12% 84b, yield = 55% 84b’, yield = 16% 84c, yield =54%  84c’, yield = 17%

Boc \B\Ph Boc )\ph Boc \B\Ph Boc )\Ph
N— N N— N
Bn\\"kﬂ/N\ Bn“"kﬂ/N\ ph\\k[(N\ Ph\\kﬂ/N\
0} O o} (6]

84d, yield = 50% 84d", yield = 19% 84e, yield = 52% 84e’, yield = 20%

Scheme 35: Synthesis of enantiopure imidazolidinones from a-amino allenamides.

In order to extend the methodology, 2-enoyl imidazolidinones were obtained through a palladium-
catalysed carbonylative cyclization of corresponding allenamides making the reaction under CO
atmosphere. Mechanistically, the carbometallation reaction, that the allenamide undergoes to form
the m-allyl complex D, has been preceded by insertion of carbon monoxide on the initially generated
PhPdI complex. The corresponding imidazolidinones have been isolated in moderate yields and
only in trans-configuration (except for the product 85b which has been isolated in 6:1

diastereoisomer ratio) (Scheme 36).
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Scheme 36: Optimized reaction conditions for the Pd-catalysed carbonylative cyclization.

It is noteworthy that the products present the vinyl group as substituent which is a powerful

building block for further functionalizations.

In line with their interest in intramolecular palladium-catalysed procedure, Broggini and co-workers
developed a Pd-catalysed carboamination and a Pd-catalysed hydroamination from indole bearing

the allenamide moiety (Scheme 37).[43]

N ArX N~r MW N,
R reflux R
Ar Carboamination Hydroamination H
87 86 88

Scheme 37: Pd-catalysed carboamination and hydroamination from indoles bearing allenamide moiety.

They started to prepare the allenamide 86a from the indole-2-carboxylic acid and then they
submitted the title allenamide in a reaction with different aryliodides in the presence of Pd(PPhs),.

The corresponding products were isolated in good yields after 2 hours. In order to develop also the
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carbonylative amination they repeated the reactions under the same conditions but using a CO
atmosphere. Not satisfactory results were obtained in the formation of the corresponding products,

but the yields have been improved by performing the reactions at room temperature and for a

Pd(PPhs), (5 mol%) \

prolonged time (Scheme 38).

(0]
path a CH4CN N
reflux, 2 h
Ar 87
+ Al —
N
H o Pd(PPhj), (5 mol%) \
86a path b K2CO3 N 0
N
CO (1 atm) { \
CH3;CN
(@]
rt, 48 h Ar
89
\ \ \ \ \
N 0 N 0 N 0 N 0 N 0
N N N N N
AN AN \ AN AN
OMe 0 [e) NO,
OEt
87aa 87ab 87ac 87ad 87ae
yield = 74% yield = 88% yield = 76% yield = 72% yield = 68%
\ \ \ \ \
N 0 N 0o N 0 N 0 N 0
N N N N N
AN \ AN AN AN

(0] O O O (0]

OMe OEt NO,

O O
89aa 89ab 89ac 89ad
yield = 45% yield = 31% yield = 28% yield = 33% yield = -

Scheme 38: Optimized reaction conditions for carboamination and carbonylative amination of allenamides.

Finally, it was also developed a totally intramolecular variant of the carboamination reaction and

the authors were able to isolate the desired pentacyclic imidazolinone in high yield (Scheme 39).



< iz Vo Pd(PPhg), (5 mol%) %o %o
N K»CO; N
:Hl:/N H N E— N
CH3CN I—Pd__
| reflux, 2 h )
91

Scheme 39: Intramolecular carboamination of allenamide 90.

92, yield = 80%

The hydroamination reaction is a facile way to prepare nitrogen-containing heterocycles with an
unsubstituted vinyl pendant which is a powerful building block for further transformations. The
authors were able to find that the allenamide 86a under microwave activation provided the
corresponding product in good yield in the presence of the Pd(PPhs)s as catalyst. Subsequently,
differently substituted indoles bearing allenamide moiety were submitted under optimized reaction

conditions furnishing all the products in good yields (Scheme 40).

RLATN
/
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/ (e}
_/ \ N-g2 N
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\ \ \ \ \

N 0 N 0 N 0 N 0 N 0o
J_N\ N\ J_N\ N\ N02 J_N\
= Me = Me = Me = Me = Me

88a 88b 88c 88d 88e

yield = 71% yield = 67% yield = 78% yield = 85% yield = 58%

ONO NO NONO

e e e e
S

e

S
OMe Me Cl
88f 88g 88h 88i 88j
yield = 63% yield = 89% yield = 69% yield = 85% yield = 72%

Scheme 40: Optimized reaction conditions for hydroamination protocol.

Through deuterium-labelled experiments it was proposed a reaction mechanism: initially, the Pd(0)-
catalyst reacts with the indole to generate the Pd(I)-hydride complex E, which in turn undergoes

the insertion of the allene framework into the Pd-H bond. The n-allyl-Pd(II) complex F provides the



final product through the intramolecular formation of the new C-N bond and subsequent reductive

elimination of a Pd(0) specie (Figure 9).

Figure 9: Proposed reaction mechanism.

2.4 Electrophilic Activation

The allenamides can undergo an electrophilic activation promoted by soft-metals (for example gold-
based catalysts) or Brgnsted acids resulting in a positively charged intermediate (G and H, Figure
10). After the electrophilic activation, the in situ formed intermediates show two electrophilic
positions, the a-position which will result in a liner product and the y-position which will result in

the branched one.

. N(R)EWG
L*MX *LM //I(X

r; X el nH Nu” > F O NR)EWG

/\N(R)EWG o B e — or N(R)EWG
N(R)EWG "
H__~a

BA*-H r+

'y BA* H

Figure 10: Electrophilic activation of allenamides.

Already in 2007 it was hypothesized the formation of an acyliminium ion by treatment of an
allenamide with a Brgnsted acid. As matter of facts, Navarro-Vizquez and co-workers'*¥ reported a
new synthesis of functionalized protoberberines through cyclization of intermediate acyliminium

ion promoted by TFA. In particular, the primary formation of intermediate acyliminium resulted
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from electrophilic activation of allenamide by TFA, was followed by intramolecular electrophilic

aromatic substitution on the electron-rich arene (Scheme 41).

MeO | MeO |
O TFA (cat)
- > /N® —_— N
MeO N DCM, rt MeO MeO

= 0] x O
MeO

93 94

Pd(OAC),
p K,COs, Et,NBr
DMF, 100 °C

Scheme 41: Synthesis of functionalized protoberberines.

yield = 78%

yield = 70%

A evidence that the allenamides can also undergo electrophilic activation by transition metal is
reported by Kimber and co-worker in 2012 when they reported a procedure to prepare o-vinyl
tetrahydroisoquinolines using allenamides as substrate and gold(I) catalyst as promoting agent

(Scheme 42).

MeO MeO
m\o Au(l) (5mol%)
MeO jﬂ
H DCM, rt MeO

97 98, de > 98%

PPh,Au(OTf), yield = 98%
PPh,Au(NTf,), yield = 97%

Scheme 42: Preparation of tetrahydroisoquinolines promoted by Au(I) catalysts.

Excellent yields were achieved when gold(I) catalysts PPhs;Au(OTf) and PPh;Au(NTf,) were
employed in the process. Further analysis demonstrated high selectivity in the transformation giving

the diastereoisomeric excess up to 98%.

Inspired by previously heterocyclization of a-amino allenamides under base-promoted*® and

421 71 envisioned the possibility to use gold

palladium"™ catalysed conditions, Manzo and Broggini
salts to promote a gold-catalysed intramolecular hydroamination of allenamides (Scheme 43). They
were able to obtain the desired differently substituted 4-imidazolidinones in good yields. Moreover,

the vinyl group in position 2 plays an important role for further functionalizations.
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Scheme 43: Au-catalysed intramolecular hydroaminations.

The electrophilic activation of allenamides by gold salts until 2010 was principally used in
intramolecular reactions with consequent formation of a cycle. Kimber and co-workers developed
the first intermolecular gold-catalysed addition to allenamides promoted by gold(I)-catalysts. In this
way it was developed a facile and mild synthesis of enamides."*® Using the electron-rich aromatics
as nucleophiles through a Friedel-Crafts-type reaction, he was able to prepare numerous enamides
differently substituted with high regioselectivity toward the terminal carbon of the allenamides

(Scheme 44).

/)
N__O
(0] [ Y
1 ©E\> PPhsAu(NT,) (5mol%) ~
+
Q ,NX N DCM, rt A\
N
\
8a 101 102
yield = 83%

Scheme 44: First intermolecular gold-catalysed addition to allenamide.

Inspired by these satisfactory results in the intermolecular hydroarylation of allenamides,
subsequently he developed an intermolecular hydroaminations of allenamides with arylamines.'*"!
The products of this reaction were allylamino enemides which result to be important building
blocks in organic synthesis and often present in biological systems (Scheme 45). All the allylamines
in this protocol were obtained in good to excellent yields and in all of the cases the configuration of

the C—C double bond was E.
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Scheme 45: Au-catalysed hydroamination of allenamides with arylamines.

In this line, the interest of Bandini and co-workers in gold(I)-catalysed manipulation of of =n-

system!™" !

, resulted in 2014 into the development of the gold(I)-dearomatization of 2,3-
disubstituted indoles with allenamides in order to synthetize indolenine cores that are common
motifs in countless naturally occurring compounds.[54] Several N-tosylallenamides as well as N-
Boc- (Boc = fert-butoxycarbonyl) and N-oxazolylallenamides with aromatic and aliphatic
substituent bonded to the N of the allenamides were submitted under optimized reaction conditions

resulting in the corresponding products in good to excellent yields (Scheme 46).
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Scheme 46: Au-catalysed de-aromatization of indoles with allenamides.

The role of the counterion>®

of the gold(I) catalyst was investigated; in particular, weakly

coordinating anion gave high conversion but modest regioselectivity while more coordinating

species depressed the reaction rates but increased the regioselectivity toward the C3 site. The

optimal compromise has been achieved using trifluoroacetic anion as the counterion.

Finally, it was also synthesized the 5-membered spiroindolenine 107 in 86% yield through an

intramolecular de-aromatization of indole core with allenamide with complete 5-exo-trig

regiochemistry on the a—position of allenamide (Scheme 47).

TsN (2,4-tBu),CgH30)3PAUCI / AgTFA
\\ (5 mol% / 5 mol%)
) DCM, rt
N
H
106

Scheme 47: Synthesis of the spiroindolenine 107.

NTs

=

N
107

yield = 86% d.r = 4.6:1

In conclusion, the examples reported above demonstrated the large flexibility of the allenamides in

organic synthesis.

The first part of this thesis has the aim the development of new enantioselective methodologies

involving allenamides and their electrophilic activation.

38



Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

K. M. Brummond, J. L. Kent, Tetrahedron 2000, 56, 3263-3283.

S. Ma, Chem. Rev. 2005, 105, 2829-2872.

F. Lopez, J. L. Mascareias, Chem. Soc. Rev. 2014, 43, 2904-2915.

L.-L. Wei, H. Xiong, R. P. Hsung, Acc. Chem. Res. 2003, 36, 773—782.

T. Lu, Z. Lu, Z.-X. Ma, Y. Zhang, R. P. Hsung, Chem. Rev. 2013, 113, 4862-4904.

E. Manoni, M. Bandini, Eur. J. Org. Chem. 2016, 3135-3142.

W. B. Dickinson, P. C. Lang, Tetrahedron Lett. 1967, 8, 3035-3040.

L. L. Wei, H. Xiong, C. J. Douglas, R. P. Hsung, Tetrahedron Lett. 1999, 40, 6903—6907.

L.-L. Wei, R. P. Hsung, H. Xiong, J. a. Mulder, N. T. Nkansah, Org. Lett. 1999, 1, 2145—
2148.

Z. Song, R. P. Hsung, T. Lu, A. G. Lohse, J. Org. Chem. 2007, 72, 9722-9731.

I. Alonso, B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A. Lledos, J. L.
Mascarenas, J. Am. Chem. Soc. 2009, 131, 13020-13030.

P. Mauleén, R. M. Zeldin, A. Z. Gonzalez, F. D. Toste, J. Am. Chem. Soc. 2009, 131, 6348—
6349.

D. Benitez, E. Tkatchouk, A. Z. Gonzalez, W. a Goddard, F. D. Toste, Org. Lett. 2009, 11,
4798-4801.

A.Z. Gonza, F. D. Toste, Org. Lett. 2010, 12, 200-203.

M. Alcarazo, T. Stork, A. Anoop, W. Thiel, A. Fiirstner, Angew. Chem. Int. Ed. 2010, 49,
2542-2546.

H. Faustino, F. Lopez, L. Castedo, J. L. Mascarefas, Chem. Sci. 2011, 2, 633.

S. Montserrat, H. Faustino, A. Lledés, J. L. Mascareiias, F. Lopez, G. Ujaque, Chem. Eur. J.
2013, /9, 15248-15260.

39



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

H. Faustino, P. Bernal, L. Castedo, F. Lopez, J. L. Mascarefias, Adv. Synth. Catal. 2012, 354,
1658-1664.

S. Suérez-Pantiga, C. Hernandez-Diaz, M. Piedrafita, E. Rubio, J. M. Gonzilez, Adv. Synth.
Catal. 2012, 354, 1651-1657.

S. Suérez-Pantiga, C. Herndndez-Diaz, E. Rubio, J. M. Gonzélez, Angew. Chem. Int. Ed.
2012, 51, 11552—-11555.

K. W. Quasdorf, L. E. Overman, Nature 2014, 516, 181-191.

J. Francos, F. Grande-Carmona, H. Faustino, J. Iglesias-Sigiienza, E. Diez, 1. Alonso, R.
Fernidndez, J. M. Lassaletta, F. Lopez, J. L. Mascarefias, J. Am. Chem. Soc. 2012, 134,
14322-14325.

S. Handa, L. M. Slaughter, Angew. Chem. Int. Ed. 2012, 51, 2912-2915.

H. S. Cycloadditions, H. Xiong, R. P. Hsung, C. R. Berry, C. Rameshkumar, J. Am. Chem.
Soc. 2001, 123, 7174-T7175.

J. Huang, R. P. Hsung, J. Am. Chem. Soc. 2005, 127, 50-51.
J. E. Antoline, R. P. Hsung, J. Huang, Z. Song, G. Li, Org. Lett. 2007, 9, 1275-1278.
J. E. Antoline, R. P. Hsung, Synlett 2008, 5, 739-744.

E. H. Krenske, K. N. Houk, A. G. Lohse, E. Antoline, R. P. Hsung, Chem. Sci. 2010, 1, 387—
392.

A. G. Lohse, E. H. Krenske, J. E. Antoline, K. N. Houk, R. P. Hsung, Org. Lett. 2010, 12,
5506-55009.

J. E. Antoline, E. H. Krenske, A. G. Lohse, K. N. Houk, R. P. Hsung, J. Am. Chem. Soc.
2011, /33, 14443-14451.

Y. Du, E. H. Krenske, J. E. Antoline, A. G. Lohse, K. N. Houk, R. P. Hsung, J. Org. Chem.
2013, 78, 1753—1759.

R. Hayashi, R. P. Hsung, J. B. Feltenberger, A. G. Lohse, Org. Lett. 2009, 11, 2125-2128.

40



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

R. Hayashi, J. B. Feltenberger, R. P. Hsung, Org. Lett. 2010, 12, 1152—1155.

R. Hayashi, M. C. Walton, R. P. Hsung, J. H. Schwab, X. Yu, Org. Lett. 2010, 12, 5768—
5771.

R. Hayashi, Z.-X. Ma, R. P. Hsung, Org. Lett. 2012, 14, 252-255.

S. W. Pelletier, A.-M. M. Ateya, J. Finer-Moore, N. V. Mody, L. C. Schramm, J. Nat. Prod.
1982, 45, 779-781.

C.-H. Yang, X.-C. Wang, Q.-F. Tang, W.-Y. Liu, J.-H. Liu, Helv. Chim. Acta 2008, 91, 759—
765.

P. Tang, Q.-H. Chen, F.-P. Wang, Tetrahedron Lett. 2009, 50, 460—462.

T. Suzuki, A. Sasaki, N. Egashira, K. S., Angew. Chem. Int. Ed. 2011, 50, 9177-9179.
L.-C. Fang, R. P. Hsung, Z.-X. Ma, W. R. Presser, Org. Lett. 2013, 15, 4842—-4845.
H. Fuwa, M. Sasaki, Org. Biomol. Chem. 2007, 5, 2214-2218.

E. M. Beccalli, G. Broggini, F. Clerici, S. Galli, C. Kammerer, M. Rigamonti, S.
Sottocornola, Org. Lett. 2009, 11, 1563—1566.

E. M. Beccalli, A. Bernasconi, E. Borsini, G. Broggini, M. Rigamonti, G. Zecchi, J. Nat.
Prod. 2010, 75, 6923-6932.

A. Navarro-Vazquez, D. Rodriguez, M. F. Martinez-Esperén, A. Garcia, C. Saia, D.
Dominguez, Tetrahedron Lett. 2007, 48, 2741-2743.

S. Singh, M. R. J. Elsegood, M. C. Kimber, Synlett 2012, 6, 565-568.

G. Broggini, S. Galli, M. Rigamonti, S. Sottocornola, G. Zecchi, Tetrahedron Lett. 2009, 50,
1447-1449.

A. M. Manzo, A. D. Perboni, G. Broggini, M. Rigamonti, Tetrahedron Lett. 2009, 50, 4696—
4699.

M. C. Kimber, Org. Lett. 2010, 12, 1128-1131.

A. W. Hill, M. R. J. Elsegood, M. C. Kimber, J. Org. Chem. 2010, 75, 5406-5409.
41



[50]

[51]

[52]

[53]

[54]

[55]

[56]

M. Bandini, A. Eichholzer, Angew. Chem. Int. Ed. 2009, 48, 9533-9537.
G. Cera, P. Crispino, M. Monari, M. Bandini, Chem. Commun. 2011, 47, 7803—7805.

G. Cera, S. Piscitelli, M. Chiarucci, G. Fabrizi, A. Goggiamani, R. S. Ramén, S. P. Nolan, M.
Bandini, Angew. Chem. Int. Ed. 2012, 51, 9891-9895.

M. Chiarucci, R. Mocci, L.-D. Syntrivanis, G. Cera, A. Mazzanti, M. Bandini, Angew. Chem.
Int. Ed. 2013, 52, 10850-10853.

M. Jia, G. Cera, D. Perrotta, M. Monari, M. Bandini, Chem. Eur. J. 2014, 20, 9875-9878.

M. Bandini, A. Bottoni, M. Chiarucci, G. Cera, G. Pietro Miscione, J. Am. Chem. Soc. 2012,
134, 20690-20700.

D. Wang, R. Cai, S. Sharma, J. Jirak, S. K. Thummanapelli, N. G. Akhmedov, H. Zhang, X.
Liu, J. L. Petersen, X. Shi, J. Am. Chem. Soc. 2012, 134, 9012-9019.

42



3. ELECTROPHILIC ACTIVATION OF ALLENAMIDES BY CHIRAL
PHOSPHORIC ACIDS

3.1 Metal-Free Enantioselective Dearomatization of Indoles

[1-3] [4-6] [5,6]

Dearomatization of indoles is a useful route to obtain indolenines and indolines
derivatives. Alkaloids compounds with indolenine or indoline scaffolds have been developed as
promising biological agents due to their relevant therapeutic activity against cancer, inflammation'”!
and hypertension. Many transformations consist of a further functionalization of indoles with C2 or
C3 positions being already substituted. The reactivity of the indoles can be compared with the

classical reactivity of enamine where the nucleophilic site is the carbon in 3-position (Figure 1).

R _R? R®R2 | R R
N N : 6
L\ > U | \ > ®
X \]@ ' N R2 N RZ

1
RS RS ! R? R?

Figure 1: Classical reactivity of the enamine compared with the reactivity of the indole.
When dearomatization is on C3 position, the resulting intermediate 109 has two possible pathways:

v" the C2 can undergo a nucleophilic attack resulting in the indolenine 110 (path a, Scheme 1);

v’ [1,2]-shift of the substituent from C3 to C2 followed by a nucleophilic addition to C3 (path

b, Scheme 1).
E® 2 2
R R R
E path a E
\) D=
N N Nu N Nu
R é1 }'?1
108 109 110
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E E
% Nu Nu
N R N~ R?
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Scheme 1: Dearomatization of 3-substituted indole.
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In 2012 You and co-workers reported an enantioselective dearomatization of indoles promoted by
chiral phosphoric acids in order to obtain pyrroloindolines."”! The authors were able to isolate the

desired products in good to excellent yields and with enantiomeric excess up to 83% (Scheme 2).

XH “,
1 + /YRZ N X
R R ?
= o) Toluene Z N H
14 examples
yield up to 97%
R2

ee up tp 83%

Iz

o)

Scheme 2: Enantioselective dearomatization of indoles promoted by chiral phosphoric acids.

The pyrroloindolines obtained in this transformation is part of an important class of alkaloids which
have shown promising application in muscle relaxants, potassium channel-blockers and anti-cancer
agents. This type of dearomatization was used by Antilla and Zhang'' to develop the total synthesis

of one of these alkaloyds, in particular the (—)-Debromoflustramine B (Scheme 3).

Me
0 Me N
NHCO,Me O
A\ N NCO,Me ———>_ NMe
N | Me Toluene/Benzene N H N H
H
\
iMe ﬁMe

(0) Me

yield = 91%, ee = 93% (—)-Debromoflustramine B
yield = 50% (on 3 steps)

Scheme 3: Total synthesis of the (—)-Debromoflustramine B.

The possibility to use chiral phosphoric acids to promote an efficient enantioselective
dearomatization of indoles and the possibility to activate the allenamides with Brgnsted acids as
reported by Navarro-Vazquez (Scheme 41, chapter 2),””! suggested us to use this class of chiral

Brgnsted acids''®"?! in order to develop the first metal-free electrophilic activation of allenamides in
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enantioselective transformation. In particular, BINOL-based phosphoric acids introduced as
promoting agent for the activation of allenamides, resulted in a tight contact ion pairs between the
chiral anion and the a,f-unsatured iminium intermediate (B, Figure 2). It is important to note that
using N(H)-free disubstituted indoles, not only the C3 position can promote the nucleophilic attack
but also the nitrogen and moreover, the iminium intermediate has two possible electrophilic sites

which can undergo the attack (Figure 2).

Ts < Chiral Bransted acid (BA-H)
©

NTsPh

Solvent, temperature

electrophilic “BA o~ /—\
activation Ts \N,///\]/ R
N

-

Rl _EWG R2

HO , 3
b) W()@@‘\ N~ R®  nucleophilic

*BA HW__~ sites
K. electrophilic

B sites

Figure 2: Our hypothesis to develop the enantioselective variant of the title dearomatization using chiral Brgnsted acids

(a) and electrophilic sites of iminium ion intermediate and nucleophilic sites of 2,3-disubstituted indole (b).

Differently substituted BINOL-based phosphoric acids have been prepared in order to find the best

catalyst for the reaction between allenamides and 2,3-dimethyl indole. In particular, IV, V and VI

[14]

were prepared using the already known synthetic procedures developed by Alexakis and

MacMillan'".

(R)-IV (R)}-V (S)-VlI (R)-VII

Figure 3: BINOL-base phosphoric acids prepared following the synthetic procedure reported in literature.
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The catalyst VII was prepared using a modified procedure with respect to the synthesis of VI

(Scheme 4).

DO
O‘ OH DCM, -78 °C O‘ OH NaH, THF
Br B

RO®
Br, OH MOMCI

—_—

“CC
OMOM
] ! OMOM

r

113 114 15
yield = 70% yield = 89%
CgH17 OO CeH17 OO n-OctMgBr
NiCly(d
OMOM 1) n-BuLli, THF, -78 °C OMOM 2{depp)
OO O
CgHy7 CgHy7
17 116
yield = 76% yield =59%
MgBr . Br . cy cy Ak
Cy Cy Mg, A y y Br, CyBr
I ) ‘ it e
THF CHCl, .40
C )
NiCl,(PPhs), Cy Cy y c
(10 mol%) 120 119 118
yield = 68% yield = 98%

1) POCl3
pyridine, 100 °C

2) H,0, 100 °C

121 122 (R)-VII

yield = 70%

yield = 53% yield = 92%

Scheme 4: Synthesis of the (R)-VIIL.

Although the synthetic procedure to obtain the BINOL-based phosphoric acids was already
reported, the synthesis of the desired phosphoric acids didn’t proceed smoothly. In particular, the
preparation of the Grignard reagent 120 was very challenging due to the large steric hindrance of
the cyclohexyl groups that make difficult the insertion of the magnesium in the C—Br bond. The
formation of the desired Grignard reagent was monitored by GC-MS analysis and satisfactory
results were achieved when the reaction was performed at high temperature and for long time. Also
the Kumada cross-coupling was a challenging step. The Grignard reagent was transferred into the
solution of the compound 117 and NiCl,(PPh3), via cannula and satisfactory yields of compound

121 were achieved only when the THF used as solvent was previously degassed through freezing-
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pump-thaw cycles. Furthermore, it is important to highlight that the formation of the desired
phosphoric acid VII was monitored via 3'P.NMR analysis in order to check the complete hydrolysis

of the P-Cl bond intermediate.

With the catalysts in our hands, we submitted differently substituted allenamides in the reaction

with 2,3-dimethylindole in the presence of 10 mol% of catalyst IV.

As reported in Scheme 5, the allenamides featuring substituent in y position of the allene framework
resulted in the corresponding products in low yields and very low enantiomeric excesses while a-
substituted allenamides gave the N-adduct instead of the desired C3-adduct. Only modest yields and
not satisfactory enantioselectivities were achieved when cyclic allenamides were employed, but the
yields increased using acyclic allenamides bearing aliphatic groups. Good yields and high
enantiomeric excesses were obtained when allenamide 124a was used. In order to improve the yield
and the ee the tosyl group was replaced with Boc group but unfortunately without good results both

in term of yield and ee (Scheme 5).

2
R2 R N(RHEWG
(R)-IV (10 mol%) J \
+ N

Iz
=
+

N(RMHEWG 5 on
enzene, rt,
* 5z
R3 > R3J*\/\N(R1)EWG
123a 124 125 125'

o}

V-0

N(Ph)Ts N(Me)Ts N(Ph)Boc N(Bn)Ts N\)
i i J J/ i
N/ N/ Y N/ N/

125aa 125ab 125ac 125ad 125ae
yield = 75%, ee = 82% yield = 98%, ee = 47% yield = 74%, ee = 67% yield = 63%, ee = 56% yield = 44%, ee = 54%

N

O (0] (e}
S0 o
/ N\) Phas/ N\) / D \ \

/
N )\/\
0] N(Ph)Ts
y ~ Z K/ (P
N N N
125af 125ag 125ah’ 125ai’
yield = 55%, ee = 3% no reaction yield = 50%, ee = 12% yield = 35%, ee = 7% yield = 41%, ee = 2%

Scheme 5: Screening of the allenamides. All reactions were performed in dry benzene under nitrogen conditions

(123a:124a-i:cat=2:1:0.1)
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The condensation between N-phenyl-N-sulfonylallenamide 124a and 2,3-dimethylindole 123a was
chosen as model reaction and several chiral phosphoric acids were tested as catalysts in anhydrous

benzene at room temperature (Table 1).

As reported in Table 1, all the catalysts screened for this transformation gave the desired product in
good to excellent yields. C3-adduct was isolated with complete regiochemistry on the y position of
the allenamide. Only catalysts I, II and V gave the product with not satisfactory enantiomeric
excesses, since the other catalysts promoted the reaction with good enantioselectivity (more than
72%). In particular, the catalyst (R)-VII (C8-TCyP) promoted the model reaction giving the
indolenine in quantitative yield and excellent enantiomeric excess (entry 7). In order to increase the
enantioselection the temperature of the reaction was decreased up to 10 °C (entry 8) resulting in
higher ee (94%) for the product but lower yield (72%). Finally, the reaction promoted by (R)-VII
was performed in the presence of activated molecular sieves (entry 10), but no significant
contribution in terms of yield and enantioselection was recorded. The key role of the catalyst in the
enantioselective activation of allenamide was investigated using (R)-VII at a loading of 1 mol %
(entry 10); indeed under these conditions the indolenine was obtained in only 57% yield after 72

hours and 87% ee.

Table 1: Optimization of the catalytic system."!

/ NPhTs
cat I-VII (10 mol%)
o .
” ///\N(Ph)TS benzene, rt, 16 h
N/
123a 124a 125aa

o Yield ee R X
Entry cat TCOTtM)  r5aa (%)™ 125aa(%) OO o 0
1 (R)-1 25/ 16 53 28(8) | 7 o "o
2 (R)-II 25/16 61 8 (S) - OO y
3 (R)-1I1 25/16 92 72 (S)
4 (R)-IV 25/16 75 82(S) | 1y = 3 54CryuCat, R = H
5 (R)-V 25/16 53 25(S) | m:x=SiPhy R=H
6 (S)-VI 25/16 88 84 (R) l: X = 9-anthr.acenyl, R=H
7 (R-VIL  25/16 98 92(S) | Xl i otz R =1
g (R)-VI 10/16 72 94 (S) | iX = 2.4.64Cy)sCeHy, R = H
9 (R)-VII 25/72 57 87 (S) | VI:X =24,6-(Cy);CeHa, R = nCqHyy
10 (R)-VII 25/16 95 85 (S)

[a] All reactions were performed in dry benzene under nitrogen conditions
(123a:124a:cat=2:1:0.1, unless otherwise specified). [b] Determined after
flash chromatography. [c] Determined with chiral HPLC. Absolute
configuration in brackets. [d] 1 mol% of catalyst was used. [e] With
activated 5 A molecular sieves.
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With the optimized reaction conditions in our hands, the scope of the reaction was investigated by
submitting several differently substituted indoles under the dearomatization with allenamide 124 in
the presence of (S)-VII as catalyst (Scheme 6). This methodology was tolerant toward different
functional groups providing all the desired indolenines in good to excellent yields and excellent
enantiomeric excesses. In particular, indoles featuring aliphatic and benzylic substituents on C3 or
C2 positions resulted in the corresponding products in good yields and excellent enantiomeric
excesses (up to 93%). Indoles with C(2,3)-fused cycles as substituents proved to be suitable
substrates for the reaction. The corresponding products were isolated in good yields and
enantiomeric excesses even more than 90%. Also different functional groups on the six-member
aromatic ring of the indoles were tolerated. Indoles with electron-withdrawing groups as well as
electronic-donating groups resulted in the indolenines in good yields and with high level of
enantioselectivity. Finally, also the allenamide featuring benzenesulfonyl group instead of tosyl
group was submitted under optimized reaction conditions with the 2,3-dimethylindole resulting in

the desired product in 82% yield and 94% ee.
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(S)-VII (10 mol%)

benzene, rt, 16 h

R~
XN\ \
/
%N\\Rﬁ’)n + _Z ONPhTs
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123 124a
Ts(Ph)N Ts(Ph)N
\4\ \4\
Oe® Se®
N N
125ba* 125ca* 125da*

(Y =75%, ee = 91%)

IN(Ph)Ts

SpQ®

N

125ea*
(Y =87%, ee = 93%)

N(Ph)Ts

OMe
OMe
OMe
125ha
(Y =71%, ee = 92%)

N(Ph)Ts

125kaP
(Y =60%, ee = 87%)

N(Ph)Ts

125na®
(Y =77%, ee = 92%)

(Y =51%, ee = 91%)

N(Ph)Ts

125fa
(Y=72%, ee =91%)

N(Ph)Ts

125iaP
(Y = 64%, ee = 91%)

N(Ph)Ts

125l1a°
(Y = 98%, ee = 72%)

NPN)Ts

125pa®
(Y =69%, ee = 87%)

(Y = 44%, ee = 88%)

N(Ph)Ts

125ga?
(Y =71%, ee = 92%)

N(Ph)Ts

125ja®
(Y = 91%, ee = 89%)

N(Ph)Ts
MeO

125ma®
(Y =60%, ee = 92%)

N(Ph)Bs

125alP
(Y = 82%, ee = 94%)

Scheme 6: Scope of the enantioselective dearomatization of 2,3-disubstituted indoles with allenamides. * (R)-I was
used. [a] Catalyst loading 5 mol%, time 72 h. [b] Catalyst loading 1 mol%, time 72 h. Ts = p-toluenesulfonyl, Bs =

benzenesulfonyl.

The absolute configuration of the final product 125ka was determined to be R by single-crystal X-
ray analysis and on the basis of this finding we postulated the hypothetical model trajectory showed

in Figure 4.
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Figure 4: Hypothetical model trajectory.

The initial electrophilic activation of allenamide by the catalyst resulted in the formation of the
iminium specie which undergoes a Michael-type nucleophilic addition from the C3 of the indole. It
is important to note that the N-H free of the indole takes part at the formation of the chiral ion-pair
through hydrogen bond interaction.

This protocol proved to be an efficient route to the synthesis of highly functionalized indolenines.

Not only indolenines but also indolines” £l

are important scaffold in organic chemistry for their
biological activity. For this reason we envisioned the possibility to develop a new enantioselective
dearomatization/hydrogen transfer cascade reaction in order to obtain enantioenriched, highly
functionalized indolines. In this direction, we envisioned a chiral Brgnsted acid-catalysed one-pot
dearomatization/hydrogenation transfer sequence through a three-component reaction with the

indole, the allenamide, and a Hantzsch ester (HE)[16720] (Figure 5).
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Figure 5: Proposed reaction mechanism for the Brgnsted acid catalysed one-pot dearomatization/hydrogenation transfer

sequence through a three-component reaction with the indole, the allenamide, and a Hantzsch ester (HE).

The commercially available (R)-IV (TRIP) demonstrated to be an optimal catalyst for the
enantioselective synthesis of trans-C2/C3 indolines resulting from the condensation of 2,3-

dimethylindole with N-phenyl-N-tosylallenamide (Table 2).
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Table 2: Enantioselective dearomatization/hydrogen transfer sequence reaction."”

RV N(Ph)Ts
R)
R (1-10mol%) Ry 7
) ' /\N(Ph)TS II MS benzene R1\//
r, 48 h N L
H
123 124a 126 (E: CO,Me) 127

. o/ \[b] [c] o/ \[d]

Entry R!/R2 Yield 127 ( @) dr 127 - ee (%) .
trans + cis trans + cis trans + cis

1 Me/H 51 19:1 08:82
2 Et/H 49 15:1 99/33
3 Me / Cl 72 11:1 95/70
4 Me / Br 60 10:1 95/82
5 Me / Me 44 12:1 94/n.d.

[a] All reactions were performed under inert conditions using nitrogen gas
(123:124a:127:cat=2:1:2:0.1, unless otherwise specified). [b] Determined after flash
chromatography. [c] Determined on the reaction crude. [d] Determined with chiral HPLC. n.d. not
determined.

High levels of enantioselectivities were also obtained using indoles featuring substituents on the
benzenoid ring. Electron-withdrawing groups as well as electron-donating groups were tolerated in
the synthetic protocol and the corresponding indolines were isolated in moderate yields and high

diastereoisomeric ratio.

In conclusion, the first metal-free enantioselective electrophilic activation of allenamides promoted
by chiral BINOL-based phosphoric acids was developed. This methodology demonstrated to be
tolerant toward several functional groups regardless their electronic character. It was possible to
develop an efficient and highly enantioselective synthesis of indolenines and indolines differently

functionalized trough dearomatization of 2,3-disubstituted indoles.
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3.1.1 Experimental Section

"H-NMR spectra were recorded on Varian 200 (200 MHz) or Varian 400 (400 MHz) spectrometers.
Chemical shifts are reported in ppm from TMS with the solvent resonance as the internal standard
(deuterochloroform: 7.27 ppm). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, p = pseudo, b = broad, m =
multiplet), coupling constants (Hz). BC-NMR spectra were recorded on a Varian 200 (50 MHz),
Varian 400 (100 MHz) spectrometers with complete proton decoupling. Chemical shifts are
reported in ppm from TMS with the solvent as the internal standard (deuterochloroform: 77.0 ppm).
GC-MS spectra were taken by El ionization at 70 eV on a Hewlett-Packard 5971 with GC injection.
They are reported as: m/z (rel. intense). LC-electrospray ionization mass spectra were obtained with
Agilent Technologies MSDI1100 single-quadrupole mass spectrometer. Chromatographic
purification was done with 240-400 mesh silica gel. Anhydrous THF and DCM were distilled
respectively from sodium-benzophenone and P,Os prior to use. Other anhydrous solvents were
supplied by Fluka or Sigma Aldrich in Sureseal® bottles and used without any further purification.
Commercially available chemicals were purchased from Sigma Aldrich, Stream and TCI and used
without any further purification. Analytical high performance liquid chromatography (HPLC) was
performed on a liquid chromatograph equipped with a variable wave-length UV detector (deuterium
lamp 190-600 nm), using a Daicel Chiracel™ AD, IA and ID (0.46 cm L.D. x 25 cm Daicel Inc).
HPLC grade isopropanol and n-hexane were used as the eluting solvents: Melting points were
determined with Bibby Stuart Scientific Melting Point Apparatus SMP 3 and are not corrected. All
allenamides 124 were obtained following known procedures'! and (124g, 124j),” 124i.”' BAs I-IV
were purchased by Sigma-Aldrich and directly used in the catalysis. BA V!

and VI”! were obtained via known procedures. O
0. .0

Racemic mixtures of products 125 were obtained by using BA VIII (10 mol%) ‘ oo
in DCM. Racemic mixtures of diastereomerically enriched compounds

127/127° were obtained by reducing the corresponding indolenines 125 to vin
indolines 127/127° with NaBH4 in MeOH at rt. Anhydrous solvents were purchased from Sigma-

Aldrich. Agilent Technologies LC/MSD Trap 1100 series (nebulizer: 15.0 PSI, dry Gas: 5.0 L/min,

'S, Sudrez-Pantiga, C. Hernandez-Diaz, M. Piedrafita, E. Rubio, J. M. Gonzélez, Adv. Synth. Catal. 2012, 354, 1651-1657.
2y, Xiong, R. P. Hsung, L.-L. Wei, C. R. Berry, J. A. Mulder, B. Stockwell, Org. Lett. 2010, 2, 2869-2871.

IR, Hayashi, R. P. Hsung, J. B. Feltenberger, A. G. Lohse, Org. Lert. 2009, 11, 2125-2128.
M C. Guo, I. Song, L.-Z. Gong, Org. Lett. 2013, 15, 2676-2679.

51V, Rauniyar, Z. J. Wang, H. E. Burks, F. D. Toste, J. Am. Chem. Soc. 2011, 133, 8486-8489.
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dry Temperature: 325 °C, capillary voltage positive scan: 4000 mA, capillary voltage negative scan:
3500 mA). Some of the indolenine products were already fully characterized in racemic form in one

of our recent report (i.e. 125aa, 125ba, 125ca, 125da, 125ea, 125la, 125pa).[6] In these cases, only

[a]p, and "H-NMR spectra were reported in order to verify the purity of the compounds.

The X-ray intensity data for 125ka were measured on a Bruker Apex II CCD diffractometer. Cell
dimensions and the orientation matrix were initially determined from a least-squares refinement on
reflections measured in three sets of 20 exposures, collected in three different ® regions, and
eventually refined against all data. A full sphere of reciprocal space was scanned by 0.3° ® steps.
The software SMART!! was used for collecting frames of data, indexing reflections and
determination of lattice parameters. The collected frames were then processed for integration by the
SAINT program,”! and an empirical absorption correction was applied using SADABS." The

structures were solved by direct methods (SIR 97)[9]

and subsequent Fourier syntheses and refined
by full-matrix least-squares on F? (SHELXTL),"""! using anisotropic thermal parameters for all non-
hydrogen atoms. All the hydrogen atoms were located in difference Fourier maps. Those bonded to
aromatic carbons were treated as riding atoms in geometrically idealized positions. The absolute
configuration has been established by anomalous dispersion effects in diffraction measurements on
the crystal (Flack parameter= 0.015(8)). The molecular graphics were generated by using
ORTEP."" Color codes for the molecular graphics: blue (N), red (O), grey (C), white (H), olive
green (Br), yellow (S). Crystal data and other experimental details for 125ka are reported in Table

S3 whereas bond lengths [A] and angles (deg) are shown in Table S4.

() M. Jia, G. Cera, D. Perrotta, M. Bandini, Chem. Eur. J. 2014, 20, 9875-9878.
I SMART & SAINT Software Reference Manuals, Version 5.051 (Windows NT Version), Bruker Analytical X-ray Instruments Inc.
Madison, Wi, 1998.
181 Sheldrick, G. M. SADABS, program for empirical absorption correction, University of Gottingen, Germany, 1996.
1l Altomare, A., Burla, M.C., Camalli, M., Cascarano, G. L., Giacovazzo, C., Guagliardi, A., Moliterni, A. G. G., Polidori, G. &
Spagna, R. J. Appl. Crystallogr. 32, 115-119 (1999).
191 Sheldrick, G. M. SHELXTLplus Version 5.1 (Windows NT version) Structure Determination Package; Bruker Analytical
Xraylnstruments Inc.: Madison, WI, 1998.
U Farrugia, L. J. ORTEP-3, J. Appl. Cryst. 45, 849-854 (2012).
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Synthesis of (S)-CsTCyP (VII).

MgBr cy AlCkh
Cy Cy CyBr
—— -~
-40 °C
C
Cy y
CgH17 I
OO NICl(PPhs),
OMOM (10 mol%)
l O OMOM
CgHy7 I HCI conc
1,4-Dioxane

1) POCl3
pyridine, 100 °C

2) H,0, 100 °C

A modified procedure with respect to the literature™ was utilized for the last four steps herein

described.

An oven-dried two-necked flask, equipped with a condenser and connected to the inert gas line, was
charged with 5 mL of anhydrous THF. The solvent was degassed though freezing-pump-thaw
cycles then, Mg (86 mg, 3.6 mmol) and 1-Br-2,4,6-Cy3C6H2[3] (1.21 g, 3.0 mmol) were added in
sequence. To the solution was added 1 bean of I, and 10 mL of 1,2-Br,-ethane. The solution was
vigorously kept at reflux with a heat gun as far as the color of the solution tuned to green-gray (= 30
min), then to complete the formation of the Grignard reagent, the mixture was kept under reflux (oil
bath) for about 1 h. Formation of the Grignard reagent was verified via GC-MS analysis from an
aliquot of solution. In a second oven-dried two-necked flask was prepared a solution of
(PPh3),NiCl, (33 mg, 60 umol) and compound A (430 mg, 0.52 mmol) in degassed THF (3 ml).
The pale yellow solution was cooled at 0 °C, then the pre-cooled (rt) solution of Grignard reagent
was transferred via cannula. The resulting dark-brown mixture was stirred overnight at 55 °C. The
mixture was quenched with a saturated solution of NH4Cl and the THF removed under reduced

pressure. The aqueous residue was extracted three times with AcOEt and the organic phases dried
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over Na,SO,. After removal of the volatiles, the reaction crude was purified via flash

chromatography (nHex 100 = nHex:Et,O 95:5).

(8)-121: viscous pale yellow oil (350 mg, 53% (not optimized)). "H-NMR (400 MHz, CDClI;,
diagnostic signals) 6 0.85 (t, J = 6.8 Hz, 6H), 2.22-2-39 (m, 6H), 2.47-2.56 (m, 2H), 2.70 (t, J = 8.0
Hz, 6H), 4.21 (d, J = 5.6 Hz, 2H), 4.30 (d, J = 5.6 Hz, 2H), 6.85 (s, 2H), 7.01 (s, 4H), 7.10 (d, J =
8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 7.54 (s, 2H), 7.63 (s, 2H).

210 mg of ($5)-121 were suspended in 3.5 mL of reagent grade dioxane and treated with 1.0 ml of
HCI conc. The white slurry was vigorously stirred under reflux for 3.5 h. The reaction mixture was
cooled to 0 °C and the solution neutralized with saturated solution of NaHCO3. The aqueous phase
was extracted with DCM, dried over Na;SO, and the volatiles removed under reduced pressure. The

crude was purified by flash chromatography (nHex 100 = nHex:CH,Cl, 80:20).

(5)-122: White foam (300 mg, 92%). MP = 153-156 °C. [a]p = +64.0° (¢ = 0.20, CHCl;). "H-NMR
(400 MHz, CDCl;_diagnostic signals) 6 0.92 (t, J = 6.8 Hz, 6H), 2.27 (t, J = 12.0 Hz, 2H), 2.49-2.61
(m, 4H), 2.77 (t, J = 7.6 Hz, 4H), 4.80 (s, 2H), 7.09 (s, 2H), 7.14 (s, 2H), 7.18 (d, J = 8.8 Hz, 2H),
7.24 (d, J = 8.8 Hz, 2H), 7.64 (s, 2H), 7.67 (s, 2H).

Diol 122 (340 mg, 0.28 mmol) was suspended in 1.0 mL of pyridine and treated with 94 uL of
freshly distilled POCls (0.86 mmol). The viscous solution was stirred at reflux for 72 h (TLC
monitoring revealed complete consumption of C). The reaction was acidified with HCI (1N) than
extracted with DCM for three times. After dryness with Na,SO,4 and removal of the organic solvents
under reduced pressure, the crude was suspended in 0.5 mL of water. Then, 0.5 mL of pyridine was
then added and the resulting mixture was refluxed for 48 h (complete hydrolysis of the P-CI
intermediate was controlled via *'P-NMR, & = 7.54 ppm, CDCls). The reaction was acidified with
HCI1 (1N) than extracted with DCM for three times. The organic solvents were removed under
reduced pressure without drying over Na,SQOy, and the corresponding C8-TCyP was purified via
flash-chromatography (cHex:EtOAc 8:2). The resulting white solid was dissolved in Et;O and the
organic phase was washed three times with HCl (6 N) to restore the phosphoric acid (VII). After

dryness the Brgnsted acid was obtained as a white crystalline solid.

(S)-VII: white solid. Yield = 70%. MP = 158-160 °C. [a]p = +19.2° (¢ = 0.26, CHCl3). *’P-NMR
(162 MHz, CDCl3) & 1.26 ppm. "H-NMR (400 MHz, CDCl;_diagnostic signals) & 2.42-2.46 (m,
2H), 2.76 (t, J = 7.2 Hz, 4H), 6.91 (d, J = 8.4 Hz, 4H), 7.12 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.4 Hz,
2H), 7.60 (d, J=16.4 Hz, 4H). BC.NMR (100 MHz, CDCl;, diagnostic signals) 6 14.0, 22.6, 25.8,
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26.2, 26.7, 26.8, 26.9, 27.0, 27.2, 29.2, 29.3, 29.5, 31.1, 31.8, 32.6, 33.2, 33.9, 34.7, 34.9, 36.0,
37.0, 41.6, 41.9, 44.6, 121.2, 121.6, 122.4, 126.2, 126.5, 126.7, 127.6, 130.5, 130.9, 131.1, 131.7,
132.1, 139.8, 140.7, 145.3, 145.6, 145.7, 146.1, 146.7, 146.8.

Synthesis of indole 125h.

A solution of 2-methylindole (544 mg, 4.15 mmol) in 12 ml of dry
DCM is cooled to 0 °C and 5 ml (1.2 eq) of a solution of Et,AICI (1M

OMe
O \ O in hexane) was slowly added. The reaction crude was stirred for 10

N OMe
H

ml of dry DCM, was added drop-wise. The reaction was maintained at this temperature for 10-15

OMe

min then 3,4,5-trimethoxybenzoyl chloride (1.2 equiv), dissolved in 6

minutes and then at room temperature for 16 h. After conventional work-up (H,O, CH,Cl, Na;SOy).
Purification by flash chromatography (cHex:AcOEt 65:35). MP = 139-141 °C. 'H-NMR (200 MHz,
CDCl3) 6 2.62 (s, 3H), 3.84 (s, 6H), 3.96 (s, 3H), 7.01 (s, 2H), 7.15-7.27 (m, 2H), 7.35 (d, J = 7.6
Hz, 1H), 7.50 (d, J = 7.4 Hz, 1H), 8.49 (s broad, 1H). LC-MS (m/z): 326 [M+H]", 673 [2M+Na]".

A flamed three-necked flask was charged with 4 ml of dry THF and 4.3 ml of a LiAlH4 (1 M, 4.3
mmol) are added at 0 °C. Subsequently, the crude ketone dissolved in THF (4 mL), was added
dropwise. The reaction mixture was then stirred at 50 °C for 4 h and judged complete by TLC
(cHex:AcOEt 1:1). The reaction was quenched with a NaOH (10%) at 0 °C, the aqueous phase
extracted with AcOEt (3 x 5 mL) and the collected organic phases dried over Na,SO,. Purification
by flash chromatography (cHex:AcOEt 7:3) afforded 125h as a light pink solid in 30% yield (two
steps, not optimized). MP = 138-139 °C. "H.NMR (400 MHz, CDCl3) 6 2.39 (s, 3H), 2.95 (s, 3H),
3.78 (s, 6H), 4.04 (s, 2H), 7.07 (t, J = 8.0 Hz, 1H), 7.13 (t, J = 8.0 Hz, 1H), 7.26 (d, J = 8.0 Hz,
1H), 7.45 (d, J = 8.0 Hz, 1H), 7.93 (s broad, 1H). >C-NMR (100 MHz, CDCls) & 11.7, 30.4,
55.9(2C), 60.7, 105.1(2C), 110.1, 110.2, 118.2, 119.1, 120.9, 128.7, 131.7, 135.2, 135.8, 137.5,
153.0(2C). LC-MS (m/z): 312.2 [M+H]".
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General procedure for the dearomatization reaction.

A dried two-necked flask was charged with 1 mL of anhydrous benzene, 0.1 mmol of allenamide
124a and 0.2 mmol of the desired indole (2 eq. with respect to 124a). The mixture was cooled to the
desired temperature, then (S)-VII (5-10 mol%) was added. The reaction was allowed to reach the
room temperature over the corresponding reaction time (16-48 h). After removal of the solvent
under reduced pressure and the crude was purified by column chromatography to give the desired

product 125.

INPhTS (S)-125aa.*'%" (Entry 10, Table 1). Orange oil. Yield = 98% (cHex-

B AcOEt: 70:30). Ee = 92%. HPLC: Chiralcel-AD: eluent: nHex:IPA =

Q_/i 80:20, flow = 0.7 mL/min, T =40 °C, Rtz (10.2 min), Rtg (10.9 min). [a]p

=-102 ° (¢ = 0.85, CHCI3). "H-NMR (400 MHz, CDCl3) & 1.25 (s, 3H),

2.16 (s, 3H), 2.35 (dd, J = 7.6, 14.0 Hz, 1H), 2.45 (s, 3H), 2.49 (dd, J = 14.0 Hz, 1H), 3.69-3.76 (m,

1H), 6.64 (d, J = 8.0 Hz, 2H), 6.79 (d, J = 2.0, 8.4 Hz, 1H), 7.09-7.11 (m, 2H), 7.19-7.26 (m, 5H),
7.33 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 7.6 Hz, 1H).

N

Ts(Ph)N\/\ (S)-125ba.*'?! Pale yellow solid. Yield = 75% (cHex-AcOEt: 70:30). Ee =
—_—

Q_?Q 92%. MP = 60-62 °C. HPLC: Chiralcel-AD: eluent: nHex:IPA = 80:20, flow

N/ = 0.7 mL/min, T = 40 °C, Rtg (9.7 min), Rtg (10.6 min). [o]p = -32.4° (¢ =

0.85, CHCls, ee = 85%)."H-NMR (400 MHz, CDCl3) & 1.14 (td, J = 13.6,
4.0 Hz, 1H), 1.28 (d, J = 12.8 Hz, 7H), 1.48-1.32 (m, 2H), 1.60-1.85 (m, 2H), 2.27 (d, J = 13.2 Hz,
9H), 2.45 (s, 3H), 2.42-2.58 (m, 2H), 2.80 (d, J = 13.6 Hz, 1H), 3.68-3.76 (m, 1H), 6.63 (d, J = 7.6
Hz, 13H), 6.76 (d, J = 14.0 Hz, 1H), 7.00-7.18 (m, 2H), 7.20-7.29 (m, 6H), 7.35 (d, J = 8.4 Hz, 2H).

Ts(Ph)N\/\ (5)-125ca.*'" Sticky pale yellow wax. Yield = 51% (cHex-AcOEt:
90:10>70:30). Ee = 91%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 95:5,
Yz flow = 0.6 mL/min, T =40 °C, Rt (36.8 min), Rtg (39.8 min). [a]p = -14.7°

(c = 0.25, CHCl3). '"H-NMR (400 MHz, CDCl3) § 0.52-0.71 (m, 1H), 0.75-

112 The reaction was carried out in the presence of (R)-VIIL.
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0.91 (m, 1H), 1.55-1.62 (m, 2H), 1.65-1.80 (m, 2H), 2.00-2.11 (m, 2H), 2.45 (s, 3H), 2.35-2.57 (m,
2H), 2.78-2.92 (m, 2H), 3.68 (dt, J = 14.0, 7.2 Hz, 1H), 6.65 (d, J = 7.6 Hz, 2H), 6.75 (d, J = 13.6
Hz, 1H), 7.03-7.09 (m, 2H), 7.20-7.24 (m, 6H), 7.31-7.44 (m, 3H).

Ts(Ph)N (S)-125da."*'"' Pale yellow solid. Yield = 44% (cHex-AcOEt: 80:20). MP

= 123-125 °C. Ee = 88%. HPLC: Chiralcel-AD: eluent: nHex:IPA =

~ 80:20, flow = 0.6 mL/min, T =40 °C, Rt (9.2 min), Rtg (9.9 min). [a]p = -

8.3° (¢ = 0.30, CHCls, ee = 76%). 'H-NMR (400 MHz, CDCl3) & 0.81-0.92

(m, 3H), 1.24-1.38 (m, 3H), 1.75-1.90 (m, 2H), 2.00-2.15 (m, 2H), 2.19-2.35 (m, 2H), 2.36-2.43 (m,

1H), 2.46 (s, 3H), 2.48-2.55 (m, 1H), 2.55-2.71 (m, 1H), 3.64 (dt, J = 14.0, 7.6 Hz, 1H), 6.65 (d, J =

7.6 Hz, 2H), 6.71 (d, J = 14.0 Hz, 1H), 7.04 (d, J = 7.2 Hz, 1H), 7.09 (dt, J = 1.2, 7.2 Hz, 1H), 7.27-
7.00 (m, 6H), 7.36 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 7.2 Hz, 1H).

ol

J—N(Ph)Ts (S)-125ea.'% Pale yellow wax. Yield = 87% (cHex-AcOEt: 80:20). Ee
5 O = 93%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 80:20, flow = 0.7
mL/min, T = 40 °C, Rt (10.8 min), Rtz (11.9 min). [a]p = -29.0° (¢ =
0.5, CHCl3). "H-NMR (400 MHz, CDCl3) & 2.18 (s, 3H), 2.41 (s, 3H), 2.49 (dd, J = 8.4, 13.6 Hz,
1H), 2.61 (dd, J = 7.6, 13.6 Hz, 1H), 2.81 (d, J = 13.2 Hz, 1H), 3.13 (d, J = 13.2 Hz, 1H), 3.59-3.66

(m, 1H), 6.54 (d, J = 7.6 Hz, 2H), 6.71 (d, J = 6.8 Hz, 2H), 6.74 (d, J/ = 14.4 Hz, 1H), 6.91 (d, J =
7.2 Hz, 1H), 7.02-7.09 (m, 3H), 7.12-7.20 (m, 6H), 7.24-7.28 (m, 4H).

/ N(Ph)Ts  (R)-125fa. Pale yellow solid. Yield = 72% (cHex-AcOEt:
SN 85:15>70:30). MP = 50-52 °C. Ee = 91%. HPLC: Chiralcel-AD: eluent:
y nHex:IPA = 80:20, flow = 0.7 mL/min, T =40 °C, Rtg (9.1 min), Rts (9.9

min). [a]p = +56° (¢ = 0.4, CHCl3, ee = 87%). '"H-NMR (400 MHz,
CDCls) 6 0.35 (t, J = 7.4 Hz, 3H), 1.75-1.80 (m, 1H), 1.84-1.91 (m, 1H), 2.12 (s, 3H), 2.34 (dd, J =
7.6, 13.6 Hz, 1H), 2.45 (s, 3H), 2.51 (dd, J = 7.6, 13.6 Hz, 1H), 3.66-3.73 (m, 1H), 6.61 (d, /= 8.0
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Hz, 2H), 6.77 (d, J = 7.6 Hz, 1H), 7.05-7.12 (m, 2H), 7.17-7.26 (m, 6H), 7.31 (d, J = 8.4 Hz, 2H),
7.40 (d, J = 7.2 Hz, 1H). ®C-NMR (100 MHz, CDCl3) & 8.2, 16.1, 21.6, 28.6, 30.9, 37.0, 105.1,
119.4,121.9, 127.3(2C), 127.4, 128.7, 129.2(2C), 129.5(2C), 129.9(2C), 131.1, 135,4, 136.1, 141.2,
143.7, 155.2, 185.1. LC-MS (m/z): 445 [M+H]". Anal. calcd for (Co7HN,0,S: 444.19): C, 72.94;
H, 6.35, N, 7.20; Found: C, 72.88, H, 6.28, N, 7.19.

N(Ph)Ts  (R)-125ga. Pale yellow oil. Yield = 98% (cHex-AcOEt: 85:15->70:30).
Ee = 92%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 90:10, flow = 0.7
mL/min, T = 40 °C, Rtg (17.3 min), Rtg (19.1 min). [a]p = +61.1 (¢ =

0.7, CHCI3). "TH-NMR (400 MHz, CDCl3) § 0.69 (t, J = 4.0 Hz, 3H), 1.62-1.69 (m, 3H), 1.75-1.81

(m, 1H), 2.09 (s, 3H), 2.32 (dd, J = 7.6, 14.0 Hz, 1H), 2.42 (s, 3H), 2.48 (dd, /= 7.6, 13.2 Hz, 1H),

3.62-3.70 (m, 1H), 6.59 (d, J = 6.8 Hz, 2H), 6.74 (d, J = 14.0 Hz, 1H), 7.03-7.09 (m, 3H), 7.16-7.24

(m, 6H), 7.29 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 7.6 Hz, 1H). >C-NMR (100 MHz, CDCl3) & 14.2,

16.2, 17.2, 21.6, 30.9, 37.2 38.1, 105.0, 119.5, 121.6, 124.8, 127.3(2C), 127.4, 128.7, 129.2(2C),

129.4(2C), 129.92C), 131.1, 135.5, 136.1, 141.6, 143.7, 185.3. LC-MS (m/z): 459 [M+H]". Anal.

calcd for (Co,3H30N-O,S: 458.20): C, 73.33; H, 6.59, N, 6.11; Found: C, 73.48, H, 6.41, N, 6.10.

N(Ph)Ts (R)-125ha. White solid. Yield = 42% (cHex-AcOEt: 80:20>70:30).
OMe Mp = 63-65 °C. Ee = 91%. HPLC: Chiralcel-IA: eluent: nHex:IPA =
OMe 75:25, flow = 0.7 mL/min, T = 40 °C, Rtz (13.9 min), Rty (22.0 min).

OMe [alp = +1.1 (¢ = 0.35, CHCl3). "TH-NMR (400 MHz, CDCl3) & 2.16 (s,

3H), 2.44 (s, 3H), 2.50 (dd, J = 7.6, 14.0, Hz, 1H), 2.66 (dd, J = 7.6, 14.0, Hz, 1H), 2.80 (d, J = 14.0

Hz, 1H), 3.17 (d, J = 14.0 Hz, 1H), 3.56 (s, 6H), 3.64-3.72 (m, 1H), 3.73 (s, 3H), 5.86 (s, 2H), 6.58

(d, J = 7.6 Hz, 2H), 6.80 (d, J = 14.0 Hz, 1H), 7.01-7.26 (m 8H), 7.30-7.32 (m, 3H). C-NMR (100

MHz, CDCl3) o 16.7, 21.6, 36.7, 41.9, 55.8(2C), 60.8, 63.5, 104.5, 106.0, 119.8, 122.7, 124.6,

127.3(2C), 127.6, 128.7(2C), 129.2(2C), 129.5(2C), 129.8(2C), 131.3, 131.5, 135.3, 136.0, 136.6,

141.1, 143.8, 152.3(2C), 155.1, 184.2. LC-MS (m/z): 597 [M+H]". Anal. calcd for (C35H3sN,OsS:

596.23): C, 70.45; H, 6.08, N, 4.69; Found: C, 70.33, H, 6.15, N, 4.61.
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- / N(Ph)Ts  (R)-125ia. Pale yellow solid. Yield = 64% (cHex-AcOEt: 80:20). Ee =
- 92%. Mp = 53-55 °C. HPLC: Chiralcel-AD: eluent: nHex:IPA = 80:20,
N/ flow = 0.7 mL/min, T = 40 °C, Rtz (9.4 min), Rty (10.5 min). [a]p =
+57.7 (¢ = 0.35, CHCl3). "H-NMR (400 MHz, CDCl3) & 1.21 (s, 3H), 2.10 (s, 3H), 2.31 (dd, J = 7.6,
13.6 Hz, 1H), 2.42 (s, 3H), 2.43 (dd, J = 7.6, 13.6 Hz, 1H), 3.64-3.69 (m, 1H), 6.61 (d, J = 8.0 Hz,
2H), 6.74-6.78 (m, 2H), 6.86 (dt, J = 2.0, 8.4 Hz, 1H), 7.17-7.24 (m, 5H), 7.27-7.33 (m, 1H), 7.33
(d, J = 8.0 Hz, 1H). ®C-NMR (100 MHz, CDCl3) § 15.8, 21.0, 21.6, 37.5, 58.6 (d, J = 1.5 Hz, 1C),
104.7, 109.3 (d, J = 18.2 Hz, 1C), 113.9 (d, J = 17.6 Hz, 1C), 120.1 (d, J = 6.8 Hz, 1C), 127.2(2),
128.8, 129.2(2C), 129.5(2C), 129.8(2C), 131.5, 135.3, 136.1, 143.9, 145.2 (d, J = 6.8 Hz, 1C),
150.1, 161.1 (d, J = 181.1 Hz, 1C), 185.8 (d, J = 2.3 Hz, 1C). LC-MS (m/z): 471 [M+Na]", 919
[2M+Na]". Anal. calcd for (CocH,sFN,O,S: 448.16): C, 69.62; H, 5.62, N, 7.13; Found: C, 69.55,
H, 5.58, N, 7.00.

N(Ph)Ts  (R)-125ja. White solid. Yield = 91% (cHex-AcOEt: 85:15). Mp = 88-
90 °C. Ee = 89%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 80:20,
flow = 0.7 mL/min, T = 40 °C, Rtg (10.6 min), Rty (11.4 min). [a]p =

+79.0 (¢ = 1.1, CHCl3, ee = 78%). "TH-NMR (400 MHz, CDCl3) § 1.24 (s, 3H), 2.15 (s, 3H), 2.32

(dd, J = 8.0, 14.4 Hz, 1H), 2.45 (s, 3H), 2.47 (dd, J = 8.0, 14.4 Hz, 1H), 3.38-3.74 (m, 1H), 6.69 (d,

J=17.6Hz, 2H), 6.84 (d, J = 14.0 Hz, 1H), 7.05 (s, 1H), 7.18-7.34 (m, 7H), 7.37 (d, J = 8.0 Hz, 2H).

BC.NMR (100 MHz, CDCl3) § 15.8, 21.0, 21.6, 37.4, 58.6, 104.6, 120.4, 122.3, 127.2(2C), 127.7,

128.9, 129.3(2C), 129.6(2C), 129.9(2C), 130.7, 131.6, 135.4, 136.1, 143.9, 145.1, 152.7, 186.7. LC-

MS (m/z): 487 [M+Na]’, 503 [M+K]", 951 [2M+Na]". Anal. calcd for (CosHasCIN,O,S: 464.13):

C,67.16; H, 542, N, 7.62; Found: C, 67.01, H, 5.36, N, 7.59.

N(Ph)Ts  (R)-125Kka. Pale yellow solid. Yield = 60% (cHex-AcOEt: 80:20). Mp
= 124-125 °C. Ee = 86%. HPLC: Chiralcel-AD: eluent: nHex:IPA =
90:10, flow = 0.9 mL/min, T = 40 °C, Rtg (16.8 min), Rts (17.7 min).
[alp = +118.6 (¢ = 0.58, CHCI3). "TH-NMR (400 MHz, CDCl3) & 1.21
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(s, 3H), 2.11 (s, 3H), 2.28 (dd, J = 7.6, 13.6 Hz, 1H), 2.41 (s, 3H), 2.43 (dd, J = 7.2, 13.6 Hz, 1H),
3.65-3.72 (m, 1H), 6.65 (d, J = 7.6 Hz, 2H), 6.82 (d, J = 13.6 Hz, 1H), 7.16 (s, 1H), 7.18-7.25 (m,
6H), 7.30-7.36 (m, 3H). *C-NMR (100 MHz, CDCl5) & 15.8, 21.0, 21.6, 37.4, 58.6, 104.6, 118.6,
120.9, 125.2, 127.7(2C), 128.9, 129.3(2C), 129.6(2C), 129.9(2C), 130.6, 135.4, 136.1, 143.9, 145.8,
153.1, 186.8. LC-MS (m/z): 286 [M-indole]". Anal. calcd for (C,sH5BrN,O,S: 508.08): C, 61.30;
H, 4.95, N, 5.50; Found: C, 61.19, H, 4.87, N, 5.61.

N(Ph)Ts  (R)-125la."! Pale yellow solid. Yield = 98% (cHex-AcOEt:
90:10>70:30). Ee = 72%. Mp = 129-130 °C. HPLC: Chiralcel-AD:
eluent: nHex:IPA = 80:20, flow = 0.7 mL/min, T = 40 °C, Rtg (10.4
min), Rtg (11.1 min). [o]p = +83.1 (¢ = 0.65, CHCl3). 'TH-NMR (400
MHz, CDCl3) & 1.24 (s, 3H), 2.14 (s, 3H), 2.20-2.30 (m, 1H), 2.33 (s, 3H), 2.45 (s, 3H), 2.46-2.50
(m, 1H), 3.76-3.82 (m, 1H), 6.70 (d, J = 7.2 Hz, 2H), 6.83 (d, J = 14.0 Hz, 1H), 6.87 (s, 1H), 7.04
(d, J = 8.0 Hz, 1H), 7.23-7.31 (m, 6H), 7.36 (d, J = 8.0 Hz, 2H).

N(Ph)Ts  (R)-125ma. Pale brown solid. Yield = 60% (cHex-AcOEt: 85:15).
Ee = 92%. Mp = 108-110 °C. HPLC: Chiralcel-IA: eluent:
nHex:IPA = 80:20, flow = 0.7 mL/min, T = 40 °C, Rtg (11.7 min),
Rtz (13.8 min). [a]p = +29.8° (¢ = 0.32, CHCls). "TH-NMR (400

MHz, CDCl3) 6 1.23 (s, 3H), 2.08 (s, 3H), 2.29 (dd, J = 8.0, 14.4 Hz, 1H), 2.40 (s, 3H), 2.43 (dd, J

= 8.0, 14.4 Hz, 1H), 3.67-3.76 (m, 1H), 3.74 (s, 3H), 6.60 (d, J = 2.4 Hz, 1H), 6.64 (d, J = 7.2 Hz,

1H), 6.71 (dd, J = 2.4, 8.0 Hz, 1H), 6.80 (d, J = 14.0 Hz, 1H), 7.15-7.21 (m, 4H), 7.26 (d, J = 8.4

Hz, 1H) 7.32 (d, J = 8.4 Hz, 1H). >C-NMR (100 MHz, CDCl3) 5 15.8, 21.4, 21.6, 37.6, 55.6, 58.2,

105.2, 108.0, 112.5, 119.8, 127.2(2C), 128.7, 129.2(2C), 129.5(2C), 130.0(2C), 131.2, 135.4, 136.2,

143.8, 144.9, 157.7, 183.4. Anal. calcd for (Cy7HsN,05S: 460.18): C, 70.41; H, 6.13, N, 6.08;

Found: C, 70.31, H, 6.09, N, 6.00.

MeO
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N(Ph)Ts  (R)-125na. Pale yellow oil. Yield = 77% (cHex-AcOEt: 90:10->80:20).

Ee = 92%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15, flow = 0.7
\ mL/min, T = 40 °C, Rts (9.3 min), Rtg (9.8 min). [a]p = +53.2° (¢ =
0.25, CHCl3). "TH-NMR (400 MHz, CDCl3) & 1.23 (s, 3H), 1.24 (t, J = 9.2 Hz, 3H), 2.32-2.40 (m,
2H), 2.44 (s, 3H), 2.46-2.52 (m, 2H), 3.65-3.72 (m, 1H), 6.64 (d, J = 7.6 Hz, 2H), 6.73 (d, J = 13.6
Hz, 1H), 7.10-7.11 (m, 2H), 7.20-7.31 (m, 7H) 7.48 (d, J = 8.0 Hz, 1H). C-NMR (100 MHz,
CDCl3) 6 10.2, 21.5, 21.6, 23.3, 26.9, 37.8, 105.1, 119.7, 121.5, 124.9, 127.3(2C), 127.4, 128.9,
129.2(2C), 129.5(2C), 129.9(2C), 131.1, 135.4, 136.1, 143.7, 144.3, 190.0. LC-MS (m/z): 287 [M-
indole]”, 467 [2M+Na]". Anal. calcd for (C,7HxN,0,S: 444.19): C, 72.94; H, 6.35, N, 6.30; Found:
C,72.77,H, 6.21, N, 6.19.

/ N(Ph)Ts  (R)-125pa. White solid. Yield = 69% (cHex-AcOEt: 90:10). Ee = 87%.

SN Mp = 105-108 °C. HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15,

N/ flow = 0.7 mL/min, T = 40 °C, Rts (7.6 min), Rtz (8.7 min). [a]p =
+39.6° (¢ = 0.7, CHCls). '"H-NMR (400 MHz, CDCl3) § 0.34 (t, J = 7.6 Hz, 3H), 0.99 (t, J = 7.2 Hz,
3H), 1.73-2.05 (m, 4H), 2.32-2.37 (m, 3H), 2.44 (s, 3H), 2.45-2.49 (m, 1H), 3.64-3.72 (m, 1H), 6.62
(d,J=7.2 Hz, 2H), 6.73 (d, J = 13.6 Hz, 1H), 7.06-7.11 (m, 2H), 7.21-7.30 (m, 8H) 7.46 (d, J =7.2

Hz, 1H).

N(Ph)Bs (R)-3al. White wax. Yield = 82% (cHex-AcOEt: 70:30>60:40). Ee =
94%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15, flow = 0.7
mL/min, T =40 °C, Rtg (11.6 min), Rtz (12.4 min). [a]p = 75.5 (¢ = 0.4,
CHCl3). "H-NMR (400 MHz, CDCls) & 1.24 (s, 3H), 2.15 (s, 3H), 2.34
(dd, J=8.4,13.6 Hz, 1H), 2.49 (dd, J = 8.0, 113.6 Hz, 1H), 3.69-3.76 (m, 1H), 6.61 (d, J = 8.0 Hz,
2H), 6.78 (d, J = 13.6 Hz, 2H), 7.09-7.10 (m, 2H), 7.18-7.26 (m, 4H), 7.40-7.45 (m, 5H), 7.56-7.59
(m, 1H). C-NMR (100 MHz, CDCl3) & 15.8, 21.3, 37.4, 58.2, 105.5, 119.6, 121.7, 124.9, 127.2,
127.5(2C), 128.8, 128.9(2C), 129.2(2C), 129.8(2C), 131.1, 132.9, 136.0, 138.3, 143.2, 154.2, 186.0.
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LC-MS (m/z): 272 [M-indole]". Anal. calcd for (C2sHoN,0,S: 416.16): C, 72.09; H, 5.81, N, 6.73;
Found: C, 72.22, H, 5.71, N, 6.65.

General procedure for the enantioselective Brgnsted acid cascade

(dearomatization/hydrgenation) sequence.

N(Ph)Ts
R R)-IV
2 R, Et0,C CO,Et ( 1(() %ol% ) R, ] //
Q_§\ £ ONENTs L N
N N MS, benzene WH
H H rt, 48 h N
126 (E: CO,Me) N

A dried two-necked flask was charged with 1 mL of anhydrous benzene and 25 mg of dried 5 A
MS. Then, 50 pmol (14 mg) of allenamide 124a, 0.1 mmol of Hantzsch ester and 0.1 mmol of the
desired indole (2 eq. with respect to 124a) were added in sequence. After adjusting the temperature,
the BINOL-based phosphoric acid (R)-IV (5-10 mol%) was added. The reaction was stirred at the
same temperature for 48 h, the solvent evaporated and the crude directly purified via flash-

chromatography.!*!

////NPhTS (2R,35)-127aa. White wax. Yield = 51% (cHex-AcOEt = 80:20). Dr =

z 96:4. Ee = 99% (major), 33% (minor). [a]p = -65.5° (¢ = 0.65, CHCls).
% HPLC: Chiralcel-IA: eluent: nHex:IPA = 90:10, flow = 0.8 mL/min, T =
H H 40 °C, Rtogr3zs) (12.3 min), Rtminor 11 diast) (15.6 min), Rtimajor 1 diast) (17.1
min), Rtps3g) (18.1 min). "TH-NMR (400 MHz, CDCl3) & (major diast.) 1.08 (s, 3H), 1.15 (d, J = 6.4
Hz, 3H), 1.86 (dd, J = 9.2, 14.0 Hz, 1H), 2.11 (dd, J = 9.2, 14.0 Hz, 1H), 2.40 (s, 3H), 3,48 (q, J =
6.4 Hz, 1H), 4.21-4.26 (m, 1H), 6.46-6.55 (m, 3H), 6.72 (d, J = 14.4 Hz, 1H), 6.87-6.92 (m, 3H),
7.21-7.23 (m, 3H), 7.28-7.31 (m, 2H), 7.45 (d, J = 8.4 Hz, 2H). C-NMR (100 MHz, CDCl5) &
(major diast.) 13.9, 21.6, 22.5, 34.5, 46.5, 66.0, 109.0, 123.7, 127.2, 127.4(2C), 128.8, 129.3(2C),
129.5(2C), 130.1(2C), 130.6, 136.0, 136.9, 143.6. LC-MS (m/z): 447 [M+H]", 469 [M+Na]".

U3 In some cases, the product ws isolated with small amounts of the reduced form of the HE.
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////NPhTS (2R,35)-127fa. White yellow solid. Yield = 49% (cHex-AcOEt = 90:10).
B Dr =96:4. Ee = 99% (major), 33% (minor). HPLC: Chiralcel-AD: eluent:
. nHex:IPA = 95:5, flow = 0.7 mL/min, T = 40 °C, Rter3s) (29.9 min),

” H Rt(minor 11 diast) (39.8 min), Rtwmajor 11 diast.) (44.4 min), Rtxs3r) (50.5 min).’H-
NMR (400 MHz, CDCl3) & (major diast.) 0.85 (t, J = 7.4 Hz, 3H), 1.14 (d, J = 6.4 Hz, 3H), 1.45-
1.50 (m, 1H), 1.51-1.63 (m, 1H), 1.98 (dd, J = 7.6, 13.6 Hz, 1H), 2.20 (dd, J = 6.8, 13.6 Hz, 1H),
2.43 (s, 3H), 3.66 (q, J = 7.2 Hz, 1H), 4.21-4.32 (m, 1H), 6.48-6.57 (m, 2H), 6.79 (d, J = 14.4 Hz,
1H), 6.82-6.98 (m, 3H), 7.20-7.22 (m, 2H), 7.28-7.32 (m, 3H), 7.49 (d, J = 8.4 Hz, 2H). “C-NMR
(100 MHz, CDCl3) 6 (major diast.) 8.8, 15.4, 21.6, 26.9, 33.0, 50.0, 61.6, 109.1, 117.9, 124.2,
127.0, 127.4, 128.7, 129.2(2C), 129.5(2C), 129.9, 130.1(2C), 134.3, 136.0, 143.6, 149.9. LC-MS
(m/z): 447 [M+H]", 469 [M+Na]".

NPhTs  (2R,35)-127ja. White solid. Yield = 72% (cHex-AcOEt = 85:15). Dr =
c e

z 93:7. Mp = 58-60 °C. Ee = 94% (major), 80% (minor). [a]p = -55.1° (¢
~ = 0.80, CHCl3). HPLC: Chiralcel-AD: eluent: nHex:IPA = 80:20, flow

N e
H H = 0.7 mL/min, T = 40 °C, Rt(zR’3S) (88 min), Rt(minor I diast.) (109 min),

Rtpssgr) (11.1 min), Rtgmajor 11 diast.) (11.7 min). TH.NMR (400 MHz, CDCl3) 6 (major diast.) 1.10 (s,
3H), 1.17 (d, J = 6.4 Hz, 3H), 1.87 (dd, J = 8.4, 13.2 Hz, 1H), 2.17 (dd, J = 7.2, 13.2 Hz, 1H), 2.46
(s, 3H), 3.55 (q, J = 6.4 Hz, 1H), 4.35-4.44 (m, 1H), 6.44 (d, J = 8.4 Hz, 1H), 6.48 (d, J = 2.0 Hz,
1H), 6.80 (d, J = 14.0 Hz, 1H), 6.86 (dd, J = 3.2, 12.0 Hz, 1H), 6.92-6.95 (m, 2H), 7.26-7.28 (m,
2H), 7.37-7.39 (m, 2H), 7.50 (d, J = 8.0 Hz, 2H). >C-NMR (100 MHz, CDCl3) & (major diast.)
13.8, 21.6, 22.3, 34.1, 46.8, 66.3, 108.1, 109.9, 122.6, 124.0, 126.8, 127.3(2C), 128.9, 129.4(2C),

129.6(2C), 130.1(2C), 130.8, 135.8, 136.7, 138.1, 143.7, 148.2. LC-MS (m/z): 467 [M+H]", 489
[M+Na]".
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(2R,35)-127ka. White solid. Yield = 60% (cHex-AcOEt = 80:20). Dr =

NPhTs
Br. ://// 12:1. Ee = 96% (major), 77% (minor). HPLC: Chiralcel-IA: eluent:
Q_i nHex:IPA = 85:15, flow = 0.7 mL/min, T = 40 °C, Rtpgr3s) (11.0 min),
” —,/H Rtiminor 11 diast) (14.0 min), Rtpssg) (14.8 min), Rtwmajor 1 diasyy (15.6 min).
"TH-NMR (400 MHz, CDCl3) & (major diast.) 1.08 (s, 3H), 1.14 (d, J = 6.4 Hz, 3H), 1.83 (dd, J =
8.8, 13.6 Hz, 1H), 2.14 (dd, J = 6.8, 13.6 Hz, 1H), 2.43 (s, 3H), 3.50 (q, J = 6.8 Hz, 1H), 4.13-4.20
(m, 1H), 6.37 (d, J = 8.4 Hz, 1H), 6.57 (d, J = 2.0 Hz, 1H), 6.78 (d, J = 13.6 Hz, 1H), 6.90-6.93 (m,
1H), 6.97 (dd, J = 2.0, 8.4 Hz, 1H), 7.24-7.22 (m, 3H), 7.35-7.37 (m, 3H), 7.47 (d, J = 8.0 Hz, 2H).
BC.NMR (100 MHz, CDCl3) & (major diast.) 13.8, 21.6, 22.3, 34.1, 46.8, 66.2, 108.1, 109.8, 110.5,
126.8, 127.3, 128.9, 129.5, 129.6, 129.7, 130.1, 130.8, 135.8, 136.7, 138.5, 143.7, 148.7. LC-MS

(m/z): 513 [M+H]", 535 [M+Na]".

////NPhTS (2R,35)-1271a. White solid. Yield = 44% (cHex-AcOEt = 90:10). Dr =

s 92:8. Mp = 82-84 °C. Ee = 94% (major), nd (minor). HPLC: Chiralcel-
O_; ID: eluent: nHex:IPA = 90:10, flow = 0.8 mL/min, T = 40 °C, Rtor3s)
” H (19.9 min), Rtpsar (21.2 min), Rtminor dgiast) (22.5 min). 'H-NMR (400

MHz, CDCl3) 9 (major diast.) 1.09 (s, 3H), 1.15 (d, J = 6.4 Hz, 3H), 1.51 (dd, J =9.6, 13.6 Hz, 1H),
2.05 (s, 3H), 2.13 (dd, J = 9.6, 13.6 Hz, 1H), 2.45 (s, 3H), 3.48 (q, J = 7.2 Hz, 1H), 4.20-4.28 (m,
1H), 6.31 (s, 1H), 6.44 (d, J = 4.0 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 14.0 Hz, 1H, 6.92-
6.94 (m, 2H), 7.23-7.25 (m, 3H), 7.32-7.38 (m, 3H), 7.50 (d, J = 8.0 Hz, 1H). C-NMR (100 MHz,
CDCls) 6 (major diast.) 14.0, 20.8, 21.6, 22.3, 34.0, 46.4, 66.1, 109.2, 109.4, 124.5, 127.3,

127.4(2C), 128.7, 129.3(2C), 129.5(2C), 130.1(2C), 130.3, 135.8, 136.9, 138.1, 143.6, 147.3. LC-
MS (m/z): 447 [M+H]", 469 [M+Na]".

Other substrates:

N(Me)Ts 125ab. Pale orange oil. Yield = 98% (cHex-AcOEt: 70:30). Ee = 47%.
HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15, flow = 0.6 mL/min, T =
40 °C, Rtygjor (12.1 min), Rt,pine (13.0 min). "TH-NMR (400 MHz, CDCl5)
N 1.29 (s, 3H), 2.22 (s, 3H), 2.41 (s, 3H), 2.43-2.39 (m, 1H), 2.55 (s, 3H),

J
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2.60 (dd, J = 14.0 Hz, 7.2 Hz, 1H), 4.04-3.91 (m, 1H), 6.66 (d, J = 13.6 Hz, 1H), 7.32-7.12 (m, SH),
7.41 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 7.6 Hz, 1H). LC-MS (m/z): 391 [M+Na]".

N(Bn)Ts 125ad. (Pale Orange solid. Yield = 63% (cHex-AcOEt: 80:20—>60:40).
MP = 50-52 °C. Ee = 56%. HPLC: Chiralcel-AD: eluent: nHex:IPA =
80:20, flow = 0.7 mL/min, T = 40 °C, Rtygor (11.3 min), Rt,inor (14.0
min). ’"H-NMR (400 MHz, CDCl3) 1.15 (s, 3H), 2.10 (s, 3H), 2.14 (d, J =
7.6 Hz, 1H), 2.39 (d, J = 7.6 Hz, 1H), 2.47 (s, 3H), 4.12-4.16 (m, 1H), 4.18 (d, J = 15.6 Hz, 1H),
4.32 (d, J = 15.6 Hz, 1H), 6.63 (d, J = 13.6 Hz, 1H), 6.73 (d, J = 7.2 Hz, 1H), 7.04 (t, J = 7.2 Hz,
1H), 7.09 (d, J = 7.6 Hz, 2H), 7.23-7.25 (m, 6H), 7.41 (d, J = 7.2 Hz, 1H), 7.50 (d, J = 7.6 Hz, 2H),.
LC-MS (m/z): 467 [M+Na]".

J

Y7
N

o 125ae. Pale yellow oil. Yield = 44% (cHex-AcOEt: 70:30>0:100). Ee =

O 54%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 88:12, flow = 0.6 mL/min,

J N\) T = 40 °C, Rtygjor (19.0 min), Rtyinor (20.4 min). TH-NMR (400 MHz,

CDCl3) 6 1.33 (s, 3H), 2.26 (s, 3H), 2.49 (dd, J = 14.0, 8.4 Hz, 1H), 2.66

N7 (dd, J = 14.0, 6.4 Hz, 1H), 3.34 (t, J = 8.0 Hz, 2H), 3.96 (m, 1H), 4.30 (t, J

= 8.0 Hz, 2H), 6.58 (d, J = 14.0 Hz, 1H), 7.36-7.16 (m, 3H), 7.51 (d, J = 7.6 Hz, 1H). LC-MS (m/z):
293 [M+Na]", 271 [M+H]".

HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15, flow = 0.7 mL/min, T =

40 °C, Rtygjor (9.4 min), Rtinor (10.1 min). TH-NMR (400 MHz, CDCl5) &

1.30 (s, 3H), 1.70 (brs, 4H), 2.23 (s, 3), 2.37 (brs, 2H), 2.48 (dd, J = 8.4,

N 13.6 Hz, 1H), 2.65 (dd, J = 5.6, 13.6 Hz, 1H), 2.98 (brs, 2H), 4.14-4.19 (m,

1H), 7.18-7.21 (m, 1H), 7.24-7.30 (m, 3H), 7.49 (d, J = 7.6 Hz, 2H). LC-MS (m/z): 137 [M-
2,3(Me)zindole], 305 [M+Na]".

Ob 125ag. Pale yellow oil. Yield = 60% (AcOEt-MeOH: 20:1). Ee = 12%.
N

J
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J

7
N

N(Ph)Boc 125ac. White solid. Yield = 74% (cHex-AcOEt: 90:10>80:20). Mp =

125-127 °C. Ee = 67%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 92:8,
flow = 0.5 mL/min, T = 40 °C, Rtyinor (10.4 min), Rt,gj0- (11.1 min). .
NMR (400 MHz, CDCls) 6 1.25 (s, 3H), 1.37 (s, 9H), 2.22 (s, 3H), 2.30

(dd, J =14.0, 7.6 Hz, 1H), 2.45 (dd, J = 14.0, 7.6 Hz, 1H), 6.83 (d, J = 7.6 Hz, 2H), 3.78 (m, 1H),
7.14-7.04 (m, 2H), 6.92 (d, J = 14.0 Hz, 1H), 7.21 (d, J = 7.6 Hz, 1H), 7.31-7.22 (m, 3H), 7.48 (d, J
=7.6 Hz, 1H). LC-MS (m/z): 399 [M+Na]".

o

N(Ph)Ts

125ai’. Pale yellow oil. Conv. = 41% (cHex-AcOEt: 90:10). Ee = 2%.
HPLC: Chiralcel-IC: eluent: nHex:IPA = 80:20, flow = 0.7 mL/min, T =
40 °C, Rt (10.7 min), Rt (11.4 min). "TH-NMR (400 MHz, CDCl5) & 1.58
(d, J = 7.2 Hz, 3H), 2.30 (s, 3H), 2.37 (s, 3H), 2.47 (s, 3H), 4.74 (dd, J =

4.4 Hz, 14.4 Hz, 1H), 5.06-5.10 (m, 1H), 6.93-7.24 (m, 7H), 7.30-7.36 (m, 2H), 7.46 (d, J = 8.0 Hz,
1H). LC-MS (m/z): 300 [M-2,3(Me),indole+H]", 467 [M+Na]", 483 [M+K]".

?b’

125af. Pale yellow oil. Yield = 55% (cHex-AcOEt: 60:40>0:100). Ee =
3%. HPLC: Chiralcel-AD: eluent: nHex:IPA = 90:10, flow = 0.6 mL/min, T
=40 °C, Rtygjor (15.5 min), Rtyinor (16.7 min). "TH-NMR (400 MHz, CDCl5)
6 0.90 (t, J = 7.2 Hz, 3H), 1.18-1.33 (m, 4H), 1.36 (s, 3H), 2.26 (s, 3H),
2.31-2.46 (m, 2H), 2.50 (dd, J = 14.8, 7.2 Hz, 1H), 2.68 (dd, J = 14.8, 6.8

Hz, 1H), 3.29 (td, J = 8.8, 7.2 Hz, 1H), 3.41 (td, J = 8.8, 7.2 Hz, 1H), 4.11-4.30 (m, 3H), 7.15-7.23
(m, 1H), 7.23-7.35 (m, 2H), 7.51 (d, J = 7.6 Hz, 1H). LC-MS (m/z): 327 [M+H]", 675 [2M+Na]".

g
DO

\\/O

125ah’. Pale yellow oil. Yield = 35% (cHex-AcOEt: 90:10 = 80:20). Ee =
7% (major diastereomer). HPLC: Chiralcel-AD: eluent: nHex:IPA = 85:15,
flow = 0.6 mL/min, T = 40 °C, Rtyinor (13.2 min), Rtpinor (14.1 min). 'H-
NMR (400 MHz, CDCl3) 6 1.71 (d, J = 6.8 Hz, 3H), 2.25 (s, 3H), 2.38 (s,

3H), 3.60-3.73 (m, 2H), 4.36-4.50 (m, 2H), 5.14-5.27 (m, 2H), 6.93 (d, J = 13.2 Hz, 1H), 7.03-7.12
(m, 2H), 7.33-7.40 (m, 1H), 7.46-7.52 (m, 1H). LC-MS (m/z): 307 [M+Na]".
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X-ray structure 125ka.

Figure S1. ORTEP drawing of (R)-125ka with partial labelling scheme. Thermal ellipsoids are
drawn at 30% probability level.
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Table S3. Crystal data and structure refinement for 125ka.

Identification code comp3ka

Empirical formula Cy6H>5BrN,O,S

Formula weight 509.45

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2,2,2;

Unit cell dimensions a=7.5839(6) A o=90°.
b=9.3135(7) A B=90°.
c=343113) A Y =90°,

Volume 2423.5(3) A3

Z 4

Density (calculated) 1.396 Mg/m3

Absorption coefficient 1.807 mm-1

F(000) 1048

Crystal size 0.25 x 0.20 x 0.20 mm3

Theta range for data collection 2.27 to 28.00°.

Index ranges -9<=h<=9, -12<=k<=12, -45<=1<=45

Reflections collected 27942

Independent reflections 5700 [R(int) = 0.0317]

Completeness to theta = 28.00° 99.1 %

Absorption correction Empirical

Max. and min. transmission 0.698 and 0.612

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5700/0/292

Goodness-of-fit on F2 0.941

Final R indices [[>2sigma(I)] R; =0.0351, wR, = 0.0859

R indices (all data) R; =0.0621, wR, = 0.0987

Absolute structure parameter 0.015(8)

Largest diff. peak and hole 0.312 and -0.258 e.z&_3
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Table S4. Bond lengths [A] and angles [°] for 125ka.

Br-C(20) 1.900(3) C(11)-H(11) 0.9300
S-0(2) 1.424(2) C(12)-C(13) 1.382(4)
S-0(1) 1.424(2) C(12)-H(12) 0.9300
S-N(1) 1.649(2) C(13)-H(13) 0.9300
S-C(1) 1.754(3) C(14)-C(15) 1.308(3)
N(1)-C(14) 1.424(3) C(14)-H(14) 0.9300
N(1)-C(8) 1.441(3) C(15)-C(16) 1.492(3)
N(2)-C(24) 1.281(3) C(15)-H(15) 0.9300
N(2)-C(23) 1.425(3) C(16)-C(17) 1.555(3)
C(1)-C(2) 1.378(4) C(16)-H(16A) 0.9700
C(1)-C(6) 1.382(4) C(16)-H(16B) 0.9700
C(2)-C(3) 1.372(4) C(17)-C(18) 1.508(3)
C(2)-H(2) 0.9300 C(17)-C(24) 1.529(3)
C(3)-C4) 1.379(4) C(17)-C(26) 1.542(3)
C(3)-H(3) 0.9300 C(18)-C(19) 1.381(3)
C4)-C(5) 1.377(5) C(18)-C(23) 1.397(3)
C4)-C(7) 1.489(5) C(19)-C(20) 1.386(4)
C(5)-C(6) 1.394(5) C(19)-H(19) 0.9300
C(5)-H(5) 0.9300 C(20)-C(21) 1.380(4)
C(6)-H(6) 0.9300 C(21)-C(22) 1.379(4)
C(7)-H(7A) 0.9600 C(21)-H(21) 0.9300
C(7)-H(7B) 0.9600 C(22)-C(23) 1.386(3)
C(7-H(7C) 0.9600 C(22)-H(22) 0.9300
C(8)-C(9) 1.376(4) C(24)-C(25) 1.493(4)
C(8)-C(13) 1.384(4) C(25)-H(25A) 0.9600
C(9)-C(10) 1.384(5) C(25)-H(25B) 0.9600
C(9)-H©) 0.9300 C(25)-H(25C) 0.9600
C(10)-C(11) 1.358(6) C(26)-H(26A) 0.9600
C(10)-H(10) 0.9300 C(26)-H(26B) 0.9600
C(11)-C(12) 1.349(5) C(26)-H(26C) 0.9600
0(2)-S-0(1) 120.54(15) C(12)-C(13)-H(13) 120.5
O(2)-S-N(1) 106.38(13) C(8)-C(13)-H(13) 120.5
O(1)-S-N(1) 106.74(12) C(15)-C(14)-N(1) 125.4(2)
0(2)-S-C() 108.36(13) C(15)-C(14)-H(14) 117.3
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0(1)-S-C(1)
N(1)-S-C(1)
C(14)-N(1)-C(8)
C(14)-N(1)-S
C(8)-N(1)-S
C(24)-N(2)-C(23)
C(2)-C(1)-C(6)
C(2)-C(1)-S
C(6)-C(1)-S
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-C(7)
C(5)-C(4)-C(7)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
C(4)-C(7)-H(7A)
C(4)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(4)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(9)-C(8)-C(13
C(9)-C(8)-N(1)
C(13)-C(8)-N(1)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)

108.04(14)
105.88(12)
119.95(19)
120.02(17)
118.94(16)
106.8(2)
119.4(3)
120.02)
120.4(2)
120.3(3)
119.8
119.8
121.7(3)
119.1
119.1
117.43)
121.8(3)
120.8(3)
121.93)
119.1
119.1
119.1(3)
120.5
120.5
109.5
109.5
109.5
109.5
109.5
109.5
119.8(3)
118.5(3)
121.7(2)
119.6(3)
120.2
120.2
120.1(3)
119.9
119.9

N(1)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16B)
C(17)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

C(18)-C(17)-C(24)
C(18)-C(17)-C(26)
C(24)-C(17)-C(26)
C(18)-C(17)-C(16)
C(24)-C(17)-C(16)
C(26)-C(17)-C(16)
C(19)-C(18)-C(23)
C(19)-C(18)-C(17)
C(23)-C(18)-C(17)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-Br
C(19)-C(20)-Br
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(18)
C(22)-C(23)-N(2)
C(18)-C(23)-N(2)
N(2)-C(24)-C(25)
N(2)-C(24)-C(17)
C(25)-C(24)-C(17)
C(24)-C(25)-H(25A)
C(24)-C(25)-H(25B)

117.3
123.1(2)
118.4
118.4
113.59(18)
108.8
108.8
108.8
108.8
107.7
99.25(18)
112.8(2)
113.9(2)
111.7(2)
110.3(2)
108.80(19)
120.5(2)
132.4(2)
107.2(2)
117.0(2)
121.5
121.5
123.0(2)
118.36(19)
118.7(2)
119.9(2)
120.0
120.0
118.0(2)
121.0
121.0
121.6(3)
126.7(2)
111.7(2)
122.2(2)
115.0(2)
122.8(2)
109.5
109.5
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C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-C(8)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)

120.6(3)
119.7
119.7
120.8(3)
119.6
119.6
119.1(3)
109.5
109.5

H(25A)-C(25)-H(25B)
C(24)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(17)-C(26)-H(26A)
C(17)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(17)-C(26)-H(26C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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3.2 Organocatalytic Enantioselective Synthesis of 1-Vinyl Tetrahydroisoquinoline

Encouraged by the satisfactory results obtained in the enantioselective dearomatization of indoles,
we continued our investigation in the metal-free activation of allenamides promoted by chiral

phosphoric acids.

Tetrahydroisoquinolines featuring substitution in 1 position (Figure 1) have received notable

interest in medicinal and synthetic chemistry due to their pharmacological proprieties.!'™!

1
HO O R O
N
NH R2 \RS
N (0]
Ho R* ‘ :
o My G
N 5
HO R
RG
Emetine Norcoclaurine Solifenacine Aporphine
alkaloids

Figure 1: Alkaloids containing tetrahydroisoquinoline scaffold.

The development of new synthetic routes for their preparation must consider the asymmetric
formation of a chiral carbon. For this reason, enantioselective catalysis represents a useful way for
their preparation through the introduction of a substituent on the C(1)-position. The first

enantioselective catalytic variant was introduced by Shibasaki in 2001 (Scheme 1)."!

Ph 9 Br
catalyst (2.5 mol%) Ph:P
R? TSMCI (2 eq) R2 o
X CH,=CHOCOCI (1.8 eq) = TfO-AIZ
N 3 N__ O~ o
R® 7 DCM 48 h R 2 Ph,, OO
R’ R' CNO PRl Br
yield up to 95% catalyst

ee up to 95%

Scheme 1: Enantioselective construction of quaternary stereocenter developed by Shibasaki.

Afterward, several enantioselective methodologies'®® have been reported but, no high enantiomeric
excesses were recorded. Subsequently, Ma'! reported a new route to functionalize the

tetrahydroisoquinolines using copper catalyst with high levels of enantioselectivity (Scheme 2).
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HN"Ph

Cul (1 mol%) ©i> , SN
0 ©© (R, R)-N-pinap (2,2 mol%) _N_R |y
RI— + l]\ + H
R? “H NH PhCOOH (5 mol%) ||| PPh,
R O‘

toluene, 4 A MS, 40 °C 12 h
yield = 80-98%, ee = 91-95% (R,R)-N-pinap

Scheme 2: Enantioselective functionalization of thetrahydroisoquinolines reported by Ma.

A direct metal-free approach for the preparation of these classes of pharmaceutical compounds is

represented by the bio-mimetic Pictet-Spengler condensation'”!

[13]

of 2-phenylethylamine using

11,12 .
ULI21 o thiourea

Brgnsted acids as catalysts. However, this reaction is limited to the use of
tryptamine and their derivatives as starting materials (Scheme 3). The reasons for the success of this
reaction can be attributed to the presence of the indole. Indeed, the N(1)-free is able to form
hydrogen bond interactions with the Brgnsted acid or the thiourea catalysts and the indolyl core can

also makes secondary interactions with aromatic substituent of the catalysts.

SiPh,
‘ ‘ o}

~5=0
Pl
~ "OH

X,
SiPh,
Q_S\\NHBn . JOL (2 mol %) Q_Q\NBn

N R™ "H 4 MS A, Toluene N
H rtto 70 °C, 24 h H R

16 examples
yield up to 97%, ee up to 87%

Scheme 3: Pictet-Spengler reaction promoted by chiral Brgnsted acid

In order to remove the limitations in the use of tryptamine as starting material, we developed a new
enantioselective route for the preparation of tetrahydroquinolines through a completely metal-free
Friedel-Crafts-type cyclization promoted by chiral Brgnsted acids."* In particular, the iminium ion
intermediate resulted from the electrophilic activation of allenamides by Brgnsted acids could
undergo a nucleophilic attack by an electron-rich aromatic ring. We started to investigate our
hypothesis preparing several allenamides featuring electron-rich aromatic rings and with different

electron-withdrawing groups bonded to the nitrogen (Scheme 4).
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H
MeO NH2 MeO N
O oy
MeO MeO
128 129a: yield = 89%
129b: yield = 83%
129c: yield = 97%

129d: yield = 91%
129e: yield = 86%

NaH
éé{/——Br

THF/DCM

MeO
)OS
MeO H/ Ts
131a

yield = 91%

MeOm

N.__O

MeO \f
Ph

131b

DF%

131c

130a: yield = 89%
130b: yield = 18%
130c: yield = 18%
130d: yield = 86%
130e: yield = 38%

NaH

{BUOK (30 mol%) | THF/DCM

yield = 64%
yield = 27% /
CFs MeO N
MeOm MeO e :@/\/ “EWG
N m H MeO
MeO CF3 MeO \n/ 131
(0] (0]

131d 131e
yield = 80% yield = 36%

Scheme 4: Preparation of allenamides.

The synthetic procedure chosen for the preparation was not straightforward and some
propargylamide 130 were isolated only in low yields despite the numerous efforts to optimize the
synthetic step by changing temperature, bases and solvents. For the last step, we used a modified
procedure with respect the common conditions reported in literature. Indeed, the isomerization of
the propargylamide should take place using a catalytic amount of fBuOK, but under these
conditions only traces of the allenamides desired were isolated. After considerable efforts we found
a new procedure able to improve the yield which consists of the combined use of catalytic amount
of tBuOK with 1 equivalent of NaH in a mixture of THF and DCM. Under these news reaction
conditions the yields of the allenamides improved and some desired products were isolate in

excellent yields.

With the starting materials in our hands, we submitted the allenamides under the Friedel-Crafts-type
cyclization in the presence of (R)-IV in DCM at room temperature. As shown in Scheme 5, the
allenamides featuring tosyl group and benzoyl group resulted in the products in moderate yields, but
low enantiomeric excesses. The allenamides 131d resulted in the product in good yield but as

racemic mixture. Bulkier groups, such as Boc, used as protecting groups for the nitrogen increased
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the ee of the product up to 32% but it was possible to isolate the corresponding
tetrahydroisoquinoline only in 30% yield. Promising results were achieved using the formyl group
as EWG for the nitrogen. Under the already described reaction condition, the corresponding product
was isolated in moderate yields and 47% enantiomeric excess (Scheme 5). The presence of
molecular sieves in the mixture of the reaction was essential. Indeed, the iminium ion intermediate
was sensitive to water and for this reason anhydrous reaction conditions were absolutely necessary
in order to avoid its undesired hydrolysis.

MeO
O
MeO EWG

cat: (R)-VI (10 mol%)

MeO MNewe

4 AMS, DCM, rt z
=
131 132
R
OO II: R =SiPh;
0. .0 IV: R = 2,4,6-(iPr)3CgH,

cat = P VI: R = 2,4,6-(Cy)3-CgH,

IX: R = 2,6-(iPr),-4-adamantyl-C¢H»

] ! 0~ “OH
R

X: R = 2,6-(iPr);-4-Si(iPr)3-CgHa

MeO Y N T
=

132a
yield = 63%, ee = 21%

CF;

N
MeO Y

~ O

132d

yield = 63%, ee = 0%

N Ph
s MeO Y Y

yield = 65%, ee = 14%

N
MeO ; jH<
= O = (0]

132b 132¢

yield = 30% ee = 32%

MeO Y N T H

/ o

CF;

132e
yield = 40%, ee = 47%

Scheme 5: Screening of different N-protecting groups.

The absolute configuration of the tetrahydroisoquinoline 132e was established to be R, by

comparison of optical rotation with literature data.!!

The higher stereoselectivity obtained using formyl group as EWG might been achieved due to the
hydrogen-bond interaction formed in the transition state between the catalyst and the hydrogen

atom of the formyl group as shown in Figure 2.
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Figure 2: Proposed transition state.

Subsequently, in order to improve the yield and the eneantiomeric excess, the role of the solvent
was investigated. The Friedel-Crafts-type cyclization of allenamide 131e was performed in the

presence of catalyst (R)-IV using different solvents (Table 1).

Table 1: Screening of the solvents®.

MeO MeO
m ] cat-IV (10 mol%) :@Q
MeO T NTH

H/ o 4 AMS, Solvent, rt MeO : N
= (6]
131e b 132e
Entry Solvent Yield 132e (%) ee 132¢ (%)°
1 DCM 40 47
2 Toluene 18 72
3 C¢H;sCF; 48 75
4 C¢HsF 36 70
[a] All the reaction were carried out under nitrogen for 24 hours. [b]

Isolated yields after flash chromatography. [c] Determined by chiral
HPLC analysis performed after reduction with LiAlH, of the formyl
group to the corresponding methyl group.

When the cyclization was performed in trifluorotoluene the desired tetrahydroisoquinoline was
isolated in moderate yield and 75% ee. In order to further improve the yield and the
stereoselectivity of the transformation, the allenamide 131e was submitted to the Friedel-Crafts-type

reaction in trifluorotoluene in the presence of different chiral BINOL-based phosphoric acids (Table
2).
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Table 2: Screening of the BINOL-based phosphoric acids®.

MeO
0
m H cat (10 mol%)
MeO T

H/ o 4 AMS, CgHsCF3, rt P
131e 132¢
Entry cat Yield 132e (%)b ee 132e (%)°
1 (R)-1I 40 81
2 (R)-IV 48 75
3 (R)-VI 26 72
4 (R)-IX 27 79
5 (R)-X 33 78

oo
0._.0

cat= PZ

e
R
II: R = SiPhy
IV: R = 2,4,6-(iPr)3CgH,
VI: R = 2,4,6-(Cy)3-CgH

IX: R = 2,6-(iPr),-4-adamantyl-CgH,
X: R = 2,6-(iPr),-4-Si(iPr)3-CgH,

J

[a] All the reaction were carried out under nitrogen for 24 hours. [b]
Isolated yields after flash chromatography. [c] Determined by chiral
HPLC analysis performed after reduction with LiAlH, of the formyl

group to the corresponding methyl group.

No significant variations in term of the yields were observed using chiral phosphoric acids featuring

different substituents in 3 and 3’ position of the BINOL scaffold, but using the catalyst II it was

possible to increase the enantiomeric excess up to 81%.

With the optimized reaction conditions in our hands, we submitted allenamides featuring different
substituents on the phenyl moiety (Figure 3). Unfortunately, we were not able to obtain the

corresponding products and only the amide resulted from the hydrolysis of the iminium ions

intermediate were recovered.

131f 131g

Figure 3: Substrates that failed the reaction.

In conclusion, the metal-free enantioselective Friedel-Crafts-type cyclization of allenamides
promoted by chiral BINOL-based phosphoric acids was developed. With this methodology it was

possible to obtain a tetrahydroisoquinoline featuring a vinyl group in 1 position which is a useful

group for further functionalizations.
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3.2.1 Experimental Section

"H NMR spectra were recorded on Varian Gemini 200 and Varian MR400 spectrometers. Chemical
shifts are reported in ppm from TMS with the solvent resonance as the internal standard
(deuterochloroform: 6 = 7.27 ppm). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = duplet, t = triplet, q = quartet, dd = double duplet, dt = double triplet, bs = broad signal,
pd = pseudo duplet, pt = pseudo triplet, m = multiplet), coupling constants (Hz). >C NMR spectra
were recorded on Varian Gemini 200, Varian MR400 spectrometers. Chemical shifts are reported in
ppm from TMS with the solvent as the internal standard (deuterochloroform: ¢ = 77.0 ppm). If
rotamers are present, the splitted signals are labelled as A (major rotamer) and B (minor rotamer).
GC-MS spectra were taken by EI ionization at 70 eV on a Hewlett-Packard 5971 with GC injection.
LC-electrospray ionization mass spectra (ESI-MS) were obtained with Agilent Technologies
MSD1100 single-quadrupole mass spectrometer. They are reported as: m/z (rel. intense).
Chromatographic purification was done with 240-400 mesh silica gel. Purification on preparative
thin layer chromatography was done on Merck TLC silica gel 60 Fjss. Determination of
enantiomeric excess was performed on Agilent Technologies 1200 instrument equipped with a
variable wave-length UV detector (reference 420 nm), using Daicel Chiralpak® columns (0.46 cm
I.D. x 25 cm) and HPLC grade isopropanol and n-hexane as eluting solvents. Optical rotations were
determined in a 1 mL cell with a path length of 1 dm (Nap line). Melting points (m.p.) were
determined on Bibby Stuart Scientific Melting Point Apparatus SMP3 and were not corrected.

Materials. If not otherwise stated, all reactions were carried out in sealed vials in open air without
nitrogen atmosphere. Anhydrous solvents were supplied by Aldrich in Sureseal® bottles and were
used as received avoiding further purification.

Reagents were purchased from Aldrich and used without further purification unless otherwise

stated.
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General procedures for the synthesis of 2-aryl-ethylamines 128f-i.1%!

o}
| NH,OAc X NO,  LiAH, NH;
X X
N+ CHNO, RE- —— Rf
R 100 °C = THF Z

133f-i 128f-i

Synthesis of nitrostyrene derivatives 133f-i.

To a solution of aldehyde (15 mmol, 1 equiv.) in CH3NO, (30 mL) was added NH4;OAc (3.73
mmol, 287 mg, 0.25 equiv.) in one portion. The resultant mixture was stirred at 100 °C, until
complete conversion was obtained (4h, monitored by TLC), cooled at room temperature and water
was added. Nitromethane was removed under reduced pressure and the residue was extracted with
AcOEt (3 x 10 mL).The combined organic layers were dried over Na,SOy, filtered and concentrated
under reduced pressure. The crude mixture was purified by column chromatography on silica gel

(cyclohexane/ethyl acetate from 10:0 to 8:2) or by re-crystallization from ethanol (80-98% yield).

@ (133f): yellow solid, 4.39 g, 81% yield; m.p. 109-111°C; "H NMR (400
OD/\V“OZ MHz, CDCLs): § 5.20 (2H, s), 5.24 (2H, s), 6.97 (1H, d, J = 8.3 Hz), 7.08
@AO (1H, d, J=2.0 Hz), 7.12 (1H, dd, J = 8.3 Hz, J = 1.9 Hz), 7.33 (11H, m),

7.90 (1H, d, J = 13.6 Hz); >*CNMR (101 MHz, CDCL): & 70.9, 71.4,
114.1, 114.3, 123.1, 124.8, 127.1 (2C), 127.2 (2C), 128.1 (2C), 128.7 (4C), 135.6, 136.2, 136.45,

139.1, 149.1, 152.7; Spectroscopic data are according to those reported in literature.!

o xNo:  (133g): yellow solid, 2.46 g, 85% yield; m.p. 148-150°C; 'H NMR (400 MHz,
<o CDCl3): 6 6.07 (2H, s), 6.88 (1H, d, J = 7.7 Hz), 7.01 (1H, d, J = 1.6 Hz), 7.09
(1H, dd, J = 8.2 Hz, J = 1.6 Hz), 7.48 ( 1H, d, J = 13.5 Hz), 7.94 (1H, d, J = 13.5 Hz); °C NMR
(101 MHz, CDCl3): 6 102.1, 107.0, 109.0, 124.2, 126.6, 135.3, 139.1, 148.7, 151.4; Spectroscopic

data are according to those reported in literature.”!
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o (133h): yellow solid, 2.76 g, 88% yield; m.p. 80-83°C; Spectroscopic data are

Y X N0z . .. [3]
according to those reported in literature.

(3H, s), 7.04-7.07 (2H, m), 7.15 (1H, d, J = 7.9 Hz), 7.36-7.40 (1H, m), 7.58 (1H, d,
> J =137 Hz), 7.98 (1H, d, J = 13.8 Hz); °C NMR (101 MHz, CDCl3): 8 55.4,

114.0, 117.9, 121.7, 130.4, 131.3, 137.3, 139.0, 160.1; Spectroscopic data are according to those
]

©ﬁ&ﬂ“°z (133i): yellow sticky solid, 1.88 g, 70% yield; '"H NMR (400 MHz, CDCl5): & 3.86

(0]

reported in literature.”

Reduction of nitrostyrenes derivatives 133f-i.

To a stirred suspension of LiAlH, (30 mmol, 1.14 g, 3 equiv.) in THF (30 mL) at 0 °C, a solution of
nitrostyrene derivative 133f-i (10 mmol, 1 equiv.) in THF (10 mL) was added dropwise. The
mixture was allowed to reach room temperature and refluxed for 24 h. The mixture was cooled at 0
°C, diluted with Et,O (5 mL) and water (1.14 mL) was slowly added. After 15 minutes, 15% (w/w)
aqueous NaOH solution (1.14 mL) was added followed after further 15 minutes by addition of
water (3.42 mL). The resultant mixture was stirred at room temperature for 30 minutes, then MgSO4
was added and it was filtered through a Celite pad and it was washed with Et;O (20 mL). The
solvent was removed under reduced pressure to afford desired amine 128f-i that was used as such in

the next reaction steps.
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General Procedure for the synthesis of allenamide derivatives 131a-i.

Synthesis of formamide derivatives.

128e-i 129e-i

Amine 128e-i or 3,4-dimethoxyphenethylamine (10 mmol, 1 equiv.) was dissolved in ethyl formate
(20 mL) and the solution was refluxed for 24 h until complete conversion (monitored by 1HNMR).
The solvent was removed under reduced pressure and the crude residue was purified by column
chromatography on silica gel (cyclohexane/ethyl acetate from 8:2 to 1:1) to afford formamides

129e-i.

N (129e): yellow oil, 1.43 g, 86% yield; Spectroscopic data are according to

/O N Y H
~o o those reported in literature.™

(129f): yellow oil, 1.91 g, 53% yield; '"H NMR (400 MHz, CDCl;, 25
©\/°:©/VHTH °C) (two rotamers A:B, ratio 5.8:1): 8 2.70 (2Hg, t, J = 6.8 Hz), 2.72
©/\o © (2Ha, t, J = 6.8 Hz), 3.39 (2H3, q, J = 6.8 Hz), 3.48 (2Ha, q, J = 6.5
Hz), 5.16 (4HA+2Hg, s), 5.18 (2Hsp, s), 5.32 (1H4, bs), 5.50 (1Hp, bs),
6.68-6.75 (2HA+2Hpg, m), 6.89 (1HA+1Hp, d, J = 8.2 Hz), 7.30-7.46 (10HA+10Hg, m), 7.89 (1Hg, d,
J = 12Hz), 8.03 (1H,, s); °C NMR (101 MHz, CDCls): § 34.9, 39.2, 71.3, 71.4, 115.4, 115.8,
121.6, 127.4 (2C), 127.4 (20), 127.9, 127.9, 128.5 (4C), 132.0, 137.2, 137.3, 147.7, 148.8, 161.3;
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o v (129g): yellow oil, 888 mg, 46% yield; 'H NMR (400 MHz, CDCl3) (two
<Oj©/\/ \Lr rotamers A:B, ratio 4.9:1): 6 2.70-2.77 (2HA+2Hg, m), 3.38-3.45 (2Hg, m),
3.47-3.54 (2Ha, m), 5.92-5.94 (2HA+2Hg, m), 6.60-6.76 (3Hs+3Hg, m), 7.90 (1Hg, t, J = 11.7 Hz),
8.11 (1Ha, d, J = 7.3 Hz); °C NMR (101 MHz, CDCls): 8 35.0 (1Cy), 37.1 (1Cg), 39.4 (1C,), 43.3
(1Cg), 100.7 (1Cp), 100.8 (1Cp), 108.1 (1C,), 108.2 (1Cp) 108.9 (1Cx), 109.0 (1Cg), 121.5 (1Cp),
121.7 (1Cp), 131.5 (1Cp), 132.4 (1Cp), 146.0 (1Cy), 146.2 (1Cg), 147.6 (1C,), 147.7 (1Cp), 161.6
(1Ca), 164.8 (1Cp);

o (129h): yellow oil, 1.11 g 53% yield; 'H NMR (400 MHz, CDCl3) (two
/O\©/\/HTH rotamers A:B, ratio 1.1:1) : § 2.84 (2Hg, t, J = 6.7 Hz), 2.87 (2Ha, t, J = 6.7

© Hz), 3.48 (2Ha, pq, J = 6.2 Hz), 3.54 (2Hg, pq, J = 6.0 Hz), 3.85 (3Ha, s),
3.86 (3Hp, s), 3.88 (3HA + 3Hg, s), 6.77-6.80 (1Hs+1Hp, m), 6.82-6.85 (1Hs+1Hp, m), 7.00-7.05
(1Ha+1Hg, m), 8.11 (1Hx+1Hg, s); ?C NMR (101 MHz, CDCl5): 829.57 (1C,), 29.63 (1Cg), 39.0
(1Ca), 40.5 (1Cp), 55.6 (2Cyp), 60.5 (2Cg), 110.8 (1Cp), 110.9 (1Cy), 122.16 (1Cy), 122.17 (1Cs),
124.1 (1Cg), 124.2 (1Cy), 132.5 (1Cy), 132.8 (1Cg), 146.99 (1Cg), 147.01 (1Cyp), 152.57 (1Cp),
152.58 (1Cg), 161.6 (1Cy), 170.5 (1Cp);

i (129i): yellow oil, 1.22 g 68% yield; Spectroscopic data are according to those

N \n/ H
@N o reported in literature.’

_0

Preparation of compound 129a.

0 NH, TsCl o) N
~o DMAP, TEA
128 129a

To a solution of 3,4-dimethoxyphenethylamine (3 mmol, 543 mg, 1 equiv.) in DCM (10 mL), Et;N
(4.5 mmol, 0.624 mL, 1.5 equiv.) and DMAP (0.075 mmol, 9.15 mg, 0.025 equiv.) were added. To
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the resulting solution at 0 °C, tosyl chloride (3.6 mmol, 688 mg, 1.2 equiv.) was slowly added in
small portions. The mixture was allowed to reach room temperature and stirred for 24 h.
Subsequently, water (10 mL) was added, the organic phase was separated and the aqueous layer
was extracted with DCM (3 x 5 mL). The combined organic layers were washed with HC1 1M (10
mL), NaHCO; sat. sln. (10 mL) and brine (10 mL). The organic layers was dried with Na,SOs,
filtered and concentrated under reduced pressure to give pure 129a, that was used as such, without

further purification in the next steps.

(129a): yellow solid, 894 mg, 89% yield; m.p. 133-135°C; 'H NMR
/°:©/\/H\//S’/O (400 MHz, CDCl3): 6 2.43 (3H, s), 2.71 (2H, t, J = 6.7 Hz), 3.19 (2H,
o ° \©\ q, J = 6.4 Hz), 3.82 (3H, s), 3.86 (3H, s), 4.37 (1H, bs), 6.57 (1H, s),
6.63 (1H, d, J=8.5 Hz), 6.77 (1H, d, J = 8.5 Hz), 7.29 (2H, d, J = 7.6 Hz), 7.68 (2H, d, J = 7.8 Hz);

C NMR (101 MHz, CDCls): § 21.5, 35.3, 44.30, 55.7, 55.9, 111.3, 111.7, 120.7, 127.0 (2C), 129.6
(20), 130.1, 136.8, 144.3, 147.8, 149.0; EI-MS: m/z = 335 (60), 184 (14), 151 (100), 91 (84).

Preparation of compound 129b.

H
/OD/\/NHz PhCOCI 0 N\H/Ph
B ————————————
\o N82003 \O o)
CH,Cly, Hy0
128 129b

To a solution of 3,4-dimethoxyphenethylamine (3 mmol, 543 mg, 1 equiv.) and Na,CO3 (6 mmol,
636 mg, 2 equiv.), in H,O/DCM (1/1, 20 mL), PhCOCI (4.5 mmol, 0.521 mL, 1.5 equiv.) was
added dropwise. The mixture was stirred for 72 h, then water (10 mL) and DCM (10 mL) were
added. The organic phase was separated and the aqueous layer was extracted with Et;O (3 x 10
mL). The combined organic layers were washed with HC1 1M (15 mL), NaHCOs sat. sln. (15 mL)
and brine (15 mL). The organic layers was dried with Na,SOy, filtered and concentrated under
reduced pressure. The crude product was washed with n-hexane and then it was used such as,

without further purification in the next steps.
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(129b): white solid, 710 mg, 83% yield; m.p. 63-65°C; '"H NMR (400
O H\H/EJ MHz, CDCls): 6 2.71-2.78 (2H, m), 3.38 (2H, m), 3.84 (3H, s), 3.85 (3H,
\O:©/\/ © s), 6.71-6.81 (3H, m), 7.34 (5H, s);"°C NMR (101 MHz, CDCls): & 35.2
(1CA+1Cp), 41.3 (1CA+1Cg), 55.8 (1Ca+1Cp), 559 (1Ca+1Cg), 111.4 (1Ca+1Cp), 111.9
(1CA+1Cp), 120.6 (1CA+1Cp), 126.8 (2C2+2Cp), 128.4 (1Cp), 128.5 (2Ca+2Cp), 130.1 (1Cp),
131.3 (1Cp), 131.4 (1Cyp), 133.5 (1Cu), 134.5 (1Cp), 147.7 (1Cx+1Cp), 149.0 (1Co+1Cp), 167.6
(1CaA+1Cp); EI-MS: m/z = 285 (8), 164 (100), 105 (53), 77 (48).

Preparation of compound 129c.

H
/OD/\/NHz ArCOCI _O NTAV
\o Nach3 \O (0]
CH,Cly, H,0
128 Ar = 3,5-(CF3),-CgH3 129¢

To a solution of 3,4-dimethoxyphenethylamine (3 mmol, 543 mg, 1 equiv.) and Na,CO3 (6 mmol,
636 mg, 2 equiv.), in H,O/DCM (1/1, 20 mL), 3,5-(CF3),-CsH3-COCI (3.6 mmol, 0.637 mL, 1.2
equiv.) was added dropwise. The mixture was stirred for 72 h and then water (10 mL) and DCM (10
mL) were added.The organic phase was separated and the aqueous layer was extracted with Et;O (3
x 10 mL). The combined organic layers were washed with HCI 1M (15 mL), NaHCOj sat. sln. (15
mL) and brine (15 mL). The organic layers was dried with Na,SOy, filtered and concentrated under
reduced pressure. The crude product was washed with n-hexane and then it was used such as,

without further purification in the next steps.
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(129¢): white solid, 1.23 g, 97% yield; m.p. 99-101°C; '"H NMR

3 (400 MHz, CDCls): 6 2.93 (2H, t, J = 6.9 Hz), 3.75 (2H, q, J = 6.5
/O:©/\/H\”/©\CF3 Hz), 3.88 (3H, s), 3.89 (3H, s), 6.18 (1H, bs), 6.77-6.80 (2H, m),
© 6.85 (1H, d, J = 7.8 Hz), 8.00 (1H, s), 8.14 (2H, s); °C NMR (101

MHz, CDCl): 6 35.1, 41.6, 55.8, 55.9, 111.4, 111.8, 120.7, 122.7 (2C, q, Jc.r = 273.3 Hz), 124.9

(2C, t, Jc.r =4.1 Hz), 127.1 (2C, q, Jc.r = 3.4 Hz), 130.8, 132.4, 136.7, 148.0, 149.3, 164.5; EI-MS:
m/z =421 (25), 241 (46), 213 (36), 164 (100).

o

Preparation of compound 8d.1°!

/OD/\/NHZ Boc,0 _0O \H/O\{/
\O DMAP, TEA ~ D/\/ o)

CH,Cl, O

128 129d

To a solution of 3,4-dimethoxyphenethylamine (3 mmol, 543 mg, 1 equiv.) in DCM (10 mL), Etz:N
(4.5 mmol, 0.624 mL, 1.5 equiv.), DMAP (0.075 mmol, 9.15 mg, 0.025 equiv.) were added. To the
resulting solution at 0 °C, Boc,O (3.6 mmol, 785 mg, 1.2 equiv.) was slowly added in small
portions. The mixture was allowed to reach room temperature and stirred for 24 h. Subsequently,
water (10 mL) was added, the organic phase was separated and the aqueous layer was extracted
with Et;O (3 x 5 mL). The combined organic layers were washed with HCl 1M (10 mL), NaHCO3
sat. sln. (10 mL) and brine (10 mL). The organic layers was dried with Na;SO,, filtered and
concentrated under reduced pressure. The crude product was washed with n-hexane and then it was

used such as, without further purification in the next steps.

5 Ho o (129d): sticky yellow solid, 767 mg, 91% yield; '"H NMR (400 MHz,
g :@N bl CDClIs): 6 1.45 (9H, s), 2.75 (2H, t, J = 7.0 Hz), 3.33-3.38 (2H, m), 3.87
0 (3H, s), 3.88 (3H, s), 4.54 (1H, bs), 6.72-6.75 (2H, m), 6.82 (1H, d, J =
8.0 Hz); ?C NMR (101 MHz, CDCls): & 28.4 (3C), 35.7, 41.9, 55.8, 55.9,79.2, 111.3, 111.9, 120.6,
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131.5, 147.5, 148.9, 155.8; EI-MS: m/z =281 (129, 225 (14), 209 (13), 165 (58), 151 (100), 57 (63).

Spectroscopic proprieties are according to those reported in literature. '

General Procedure for the propargylation of amides.

R‘©/\ Br Nl Rm‘m
_N * /_
H e 4 THF/CH,Cl, |

t |
129a-i 130a-i

To a solution of 129a-i (5 mmol, 1 equiv.) in anhydrous THF (15 mL) and CH,Cl, (5 mL) at 0 °C,
NaH (6.5 mmol, 156 mg, 1.3 equiv.) was slowly added. After 20 minutes, propargyl bromide (6
mmol, 0.539 mL, 1.2 equiv.) was added at 0°C. The reaction mixture was allow to reach room
temperature and it was stirred for 24 h. Water (10 mL) was slowly added at 0 °C and organic
volatiles were removed under reduced pressure. The residue was extracted with AcOEt (3 x SmL).
The combined organic layers were dried over Na,SOs, filtered and concentrated under reduced
pressure. The crude mixture was purified by column chromatography on silica gel silica gel

(cyclohexane/EtOAc 7/3) to give the desired products 130a-i.

Z (130a): yellow solid, 1.66 g, 89% yield; m.p. 10-103°C; '"H NMR (400
/0:©/\/N\S//o MHz, CDCl3): 6 2.06 (1H, t, J = 2.4 Hz), 2.42 (3H, s), 2.86 2H, pt, J =
/7
~o © 7.6 Hz), 3.42 (2H, pt, J = 7.6 Hz), 3.87 (3H, s), 3.88 (3H, s), 4.08 (2H,

d, J=2.5Hz), 6.74 (1H, s), 6.75 (1H, d, J = 6.9 Hz), 6.80 (1H, d, J = 8.7 Hz), 7.28 (2H, d, J = 6.6
Hz), 7.71 (2H, d, J = 8.2 Hz); >C NMR (101 MHz, CDCls):  21.5, 34.3, 36.8, 48.0, 55.86, 55.87,
73.7,76.7, 111.3, 112.0, 120.7, 127.6 (2C), 129.4 (2C), 130.7, 135.9, 143.5, 147.7, 148.9; EI-MS:
m/z = 373 (42), 222 (100), 155 (95), 151 (86), 91 (75).
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= (130b): yellow oil, 291 mg, 18% yield; Although numerous attempts by
_O N changing solvent and temperature, it has never been possible to obtain a
:©/\/ © well resolved spectrum of the product; "H NMR (400 MHz, CDCls;, 25
°C):62.30 (2H, t, J = 2.5 Hz), 2.76 (1H, bs), 2.98 (1H, bs), 3.62 (1H, bs), 3.73 (1H, bs), 3.84 (6H,
bs), 4.42 (2H, bs), 6.41 (1H, bs), 6.75 (2H, bs), 7.20 (1H, bs), 7.39 (4H, bs); °C NMR (101 MHz,
CDCl3): 8 33.0 (1Cp), 34.2 (1Cy), 40.0 (1CA+1Cp), 47.3 (1Ca), 50.2 (1Cg), 55.8 (2Ca), 55.9 (2Cap),
72.4 (1Cya), 73.0 (1Cp), 78.8 (1Ca+1Cp), 113.3 (1C5+1Cp), 111.8 (1Cp), 112.0 (1Cy), 120.7
(2Ca+2Cp), 126.7 (2C7+2Cp), 128.4 (1CA+1Cp), 129.9 (1Cp), 130.2 (1Cx), 131.3 (1Cy), 131.4
(1Ca), 135.7 (1CA+1Cp), 147.7 (2Cpg), 148.9 (1Cy), 171.1 (1Ca+1Cp); EI-MS: m/z = 323 (4), 164
(100), 105 (89), 77 (64).

S (130c¢): yellow oil, 291 mg, 18% yield; Although numerous attempts
=
/ by changing solvent and temperature, it has never been possible to
(0] N
g j@m I CFs obtain a well resolved spectrum of the product; 'H NMR (400 MHz,
~

CDCls, 25 °C) (two rotamers A:B, ratio 1:1):8 2.73 (1Hs+1Hp, t, J =
2.5 Hz), 2.80 (2Ha, bs), 2.99 (2Hg, bs),3.60 (2H4, bs),3.75 (2HA+2H3, bs),3.84 (6HA+6Hg, bs),
4.47 (2Hg, bs), 6.44 (1Ha, bs),6.50 (1Hg, bs),6.74 (2Ha, bs),6.80 (2Hg, bs), 7.51 (1Hs+1Hg, bs),
7.87 (2Ha, bs), 7.96 (2Hg, bs); °C NMR (101 MHz, CDCl3): & 33.0 (1Cg), 33.6 (1C,), 34.2 (1C),
39.9 (1Cg), 47.7 (2Cpg), 50.3 (2Ca), 73.2 (1Cp), 73.8 (1Cp), 77.9 (1Cx+1Cp), 112.2 (1Ca+1Cp),
111.9 (1CA+1Cp), 120.7 (1C5+1Cp), 122.9 (2Ca+2Cs3, q, Jcr = 271.5 Hz), 123.3 (1Cy), 123.7
(1Cp), 124.1 (1Ca+1Cp), 127.0 (1CA+1Cp, bs), 129.3 (1Cg), 130.8 (1Ca), 131.2 (2C2+2Cp), 137.7
(1CA+1Cp), 147.9 (1Cp), 148.0 (1Cp), 149.1 (1CA+1Cp), 168.0 (1Cp), 168.5 (1Cx); EI-MS: m/z =
459 (9), 241 (88), 213 (67), 164 (100).

(130d): sticky white solid, 1.37 g, 86% yield; 'H NMR (400 MHz,
o N O\\/ CDCl3): 06 1.46 (9H, s), 2.22 (1H, s), 2.83 (2H, bs), 3.52 2H, pt, J =74
\OD/V \([)]/ Hz), 3.86 (3H, s), 3.88 (3H, s), 4.03 (2H, bs), 6.74-6.82 (3H, m); °C
NMR (101 MHz, CDCls): 6 28.3, 29.7, 30.9, 48.5, 55.8, 55.9, 71.5, 79.9, 80.1, 111.3, 111.0, 120.7,
131.7, 147.5, 148.9, 154.8; EI-MS: m/z = 319 (31), 246 (25), 151 (100), 57 (87).

=
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(130e): yellow oil, 469 mg, 38% yield; '"H NMR (400 MHz, CDCls) (two
o N rotamers A:B, ratio 2:1): & 2.28 (1Hp, t, J = 2.3 Hz), 2.34 (1Ha, t, J = 2.5
:Oj@m Hz), 2.85 (2H,, pt, J = 6.8 Hz), 2.86 (2Hs, pt, J = 6.4 Hz), 3.60 (2H,, pt, J =
6.8 Hz), 3.63 (2Hg, pt, J = 6.8 Hz), 3.86 (3H,, s), 3.87 (3HA+3Hp, s), 3.88
(3Hg, ), 4.18 (2HA+2Hg, d, J = 2.4 Hz), 6.67-6.83 (3HA+3Hg, m), 7.80 (1H,, bs), 8.10 (1Hg, bs);
C NMR (101 MHz, CDCl3): & 31.4 (1Ca), 32.8 (1Cg), 34.4 (1C,), 37.5 (1Cg), 43.9 (1Cp), 48.7
(1Ca), 55.8 (2Ca+ 2Cg), 72.5 (1C4), 73.6 (1Cg), 77.7 (1Cg), 78.0 (1C,), 111.3 (1Cp), 111.4 (1Cy),
111.8 (1Cg), 111.9 (1C,), 120.6 (1Cg), 120.8 (1Cy), 130.1 (1C,), 130.9 (1Cg), 147.6 (1Cg), 147.8
(1Cp), 148.9 (1Cg), 149.0 (1C,), 162.1 (1Cy), 162.1 (1Cg); ESI-MS: m/z = 248.2 [M+H]", 270.0
[M+Na]", 495.2 [2M+H]"; ESI-MS: m/z = 248.0 [M+H]", 270.0 [M+Na]", 495.2 [2M+H]".

A\

I

o=

= (130f): brown oil, 1.26 g, 63% yield;lH NMR (400 MHz, CDCl3)
©\/O N/H (two rotamers A:B, ratio 1.7:1): 6 2.23 (1Ha, t, J = 2.2 Hz), 2.29
:©/\/ \g/ (1Hg, t, J = 2.0 Hz), 2.78 (2Ha, t, J = 6.8 Hz), 2.80 (2Hp, t, J = 7.02
©/\O Hz), 3.49 (2Hg, t, J = 6.9 Hz), 3.52 (2Ha, t, J = 6.8 Hz), 3.68 (2Hp, d,
J=1.6 Hz), 4.13 (2Ha\, d, J = 2.2 Hz), 5.14 (2HA+2Hg, s), 5.16 (2H4, s), 5.18 (2Hp, s), 6.67 (1Ha,
d, J=8.3 Hz), 6.73 (1H,, s), 6.74 (1Hg, s), 6.80 (1Hp, s), 6.88 (1HA+1Hp, d, J = 8.0 Hz), 7.30-7.45
(10HA+10Hg, m), 7.71 (1H4, s), 8.00 (1Hg, s); BC NMR (101 MHz, CDCIl3) (two rotamers A:B,
ratio 6:1): & 31.4 (1Ca), 32.9 (1Cp), 34.3 (1Ca), 37.6 (1Cp), 44.1 (1Cp), 48.5 (1CA), 71.4 (1CB),
71.4 (1CA), 71.5 (1Cy), 73.5 (1Cp), 77.8 (1Cp), 78.0 (1Ca), 115.4 (1Cy), 115.5 (1Cp), 115.8 (1Cp),
116.0 (1Ca), 121.6 (1Cp), 121.8 (1Cyp), 127.3 (4Cyp), 127.4 (4Cp), 127.76 (2Cg), 127.80 (1Cp),
127.82 (1Cy), 128.44 (2Cp), 128.46 (2Cx), 128.48 (2Cp), 128.5 (2C,4), 131.0 (1Cp), 132.0 (1Cp),
137.2 (1C5+1Cp), 137.2 (1Ca +1Cp), 147.6 (1Cp), 147.9 (1Cyu), 148.9 (1Cp), 149.0 (1Cp), 162.1
(1Cp), 162.1 (1Cg); ESI-MS: m/z = 400.2 [M+H]", 422.2 [M+Na]", 799.4 [2M+H]".

~ (130g): yellow oil, 658 mg, 57% yield; '"H NMR (400 MHz, CDCls) (two

0 N\H/H rotamers A:B, ratio 1.9:1): & 2.28 (1Ha, t, J = 2.6 Hz), 2.34 (1Hp, t, J = 2.5
<oj©/\/ ©  Hz), 2.83 (2HaA+2Hg, t, J = 6.7 Hz), 3.58 (2Ha, t, J =7.5 Hz), 3.62 (2Hg, pt, J
=7.4 Hz), 3.90 (2Hg, d, J = 2.1 Hz), 4.19 (2H4, d, J = 2.2 Hz), 5.94 (2H3, s), 5.95 (2H4, s), 6.60-
6.76 (3HA+3Hg, m), 7.82 (1H,, s), 8.11 (1Hg, s); °C NMR (101 MHz, CDCls): § 31.2 (1Cy), 32.9
(1Cp), 34.4 (1Cp), 37.4 (1Cp), 44.1 (1Cp), 48.5 (1Cx),72.6 (1Cy), 73.7 (1Cp), 77.9 (1Cp), 78.0

(1Ca), 100.8 (1Cg), 100.9 (1Cx), 108.2 (1Cg), 108.3 (1C,), 108.9 (1Cx), 109.0 (1Cp), 121.5 (1Cp),

94



121.7 (1Cn), 131.3 (1Cp), 132.2 (1Cg), 146.0 (1Cg), 146.3 (1Cy), 147.6 (1Cg), 147.8 (1Cy), 162.0
(1Cp), 162.1 (1Cg); ESI-MS: m/z = 232.2 [M+H]", 254.0 [M+Na]*, 463.2 [2M+H]".

- /// (130h): yellow oi‘l, 630 mg, 51% yield;lH NMR (400 MHz, CDClIs) (two
/o\©/\/N\H/H rotamers A:B, ratio 2.2:1): 6 2.26 (1Ha, t, J = 2.6 Hz), 2.31 (1Hp, t, J = 2.5
o  Hz),2.91 (2Ha, t, J = 6.9Hz), 2.92 (2Hp, t, J = 7.0 Hz), 3.61 (2Ha, t, J=7.0
Hz), 3.67 (2Hg, t, J = 7.3 Hz), 3.85 (6Hsp, s), 3.87 (6Ha, s), 3.92 (2Hp, d, J = 2.5 Hz), 4.22 (2H,, d,
J=25Hz),6.72 (1H4, dd, J; = 7.7 Hz, J, = 1.4 Hz), 6.81-6.84 (1HA + 2Hp, m), 6.99 (1HA + 1Hg,
pt, J = 8.0 Hz), 7.82 (1H4, s), 8.10 (1Hg, s); °C NMR (101 MHz, CDCls): 827.6 (1Cg), 29.4 (1Cp),
31.1 (1Cy), 37.3 (1Cp), 43.0 (1Cp), 47.3 (1C4p), 55.50 (1Cp), 55.51 (1Cy), 60.4 (1C,), 60.6 (1Csp),
72.4 (1Cp), 73.5 (1Cp), 78.0 (1Cp), 78.1 (1Cp), 110.9 (1Cp), 111.3 (1Cy), 122.11 (1Cyp), 122.13
(1Cp), 123.9 (1Cp), 124.0 (1Cp), 131.2 (1Cp), 132.1 (1Cp), 147.15 (1Cyp), 147.23 (1Cp), 152.55
(1Cg), 152.62 (1Cp), 162.0 (1C,), 162.1 (1Cp); ESI-MS: m/z = 248.2 [M+H]", 270.0 [M+Na]",
494.2 [2M+H]".

(130i): yellow oil, 521 mg, 48% yield;lH NMR (400 MHz, CDCl;) (two
! rotamers A:B, ratio 1.8:1): 6 2.28 (1Ha, t, J = 2.5 Hz), 2.34 (1Hp, t, J = 2.5 Hz),
©/\/ 2.87-2.91 (2Ha+2Hg, m), 3.63 (2Ha, t, J = 7.1Hz), 3.68 (2Hs, t, J =7.5 Hz), 3.80

o (3Ha, s), 3.81 (3Hg, s), 3.88 (2H3p, d, J = 2.6 Hz), 4.20 (2Ha, d, J = 2.6 Hz), 6.72-
6.85 (3HA+3Hg, m), 7.21-7.26 (1HA+1Hg), 7.84 (1H,, s), 8.11 (1Hg, s); °C NMR (101 MHz,
CDCls): 6 31.3 (1Cyp), 33.3 (1Cp), 34.7 (1Cy), 37.4 (1Cp), 43.8 (1Cp), 48.3 (1C,), 55.01 (1Cp),
55.02 (1Ca), 72.6 (1Cu), 73.8 (1Cp), 77.9 (1Cp), 78.1 (1Cp), 111.88 (1Cg), 111.91 (1Cp), 114.3
(1Cp), 114.6 (1Cx), 120.96 (1C,), 120.98 (1Cg), 129.5 (1Cg), 129.7 (1Ca), 139.3 (1C,), 140.1
(1Cg), 159.7 (1Cg), 159.8 (1C,), 162.0 (1Cp), 162.3 (1C,); ESI-MS: m/z = 218.2 [M+H]", 240.2

[M+Na]", 435.2 [2M+H]".

A\

T

o=
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General Procedure for the isomerization to allenamide compounds 131a-i.

Rm NaH, tBuOK 30 mol% Rm\
“PG > PG
I THF/CH,Cl,
rt

130a-i 131a-i

To a solution of propargylic amide 130a-i (1.5 mmol, 1 equiv.) in THF (8 mL) at 0°C, rBuOK (0.3
mmol, 33.6 mg, 0.2 equiv.) and NaH (1.5 mmol, 36 mg, 1 equiv.) were added. The reaction was
stirred for 24 h at room temperature, and then it was quenched with water (5 mL) at 0 °C. THF was
removed under reduced pressure and the aqueous layer was extracted with ethyl acetate (3 x 5 mL).
The combined organic layers were dried over Na,SQO., filtered and concentrated under reduced
pressure. The crude mixture was purified by column chromatography on silica gel silica gel

(cyclohexane/EtOAc 7/3) to give the desired products 131a-i.

(131a): yellow oil, 509 mg, 91% yield;lH NMR (400 MHz, CDCls): &
o f? 2.42 (3H, s), 2.82 (2H, pt, J = 8.0 Hz), 3.32 (2H, pt, J = 8.0 Hz), 3.85
\ODN ¢ @\ (3H, s), 3.87 (3H, s), 5.39 (2H, d, J = 6.4 Hz), 6.70 (2H, bs), 6.77-6.79

(1H, m), 6.88 ( 1H, t, J = 6.2 Hz), 7.30 (2H, d, J = 7.8 Hz), 7.68 (2H,
d, J =7.80 Hz);°C NMR (101 MHz, CDCl3): & 21.4, 34.0, 48.1, 55.6, 55.7, 87.6, 100.0, 111.1,
112.0, 120.6, 126.9 (2C), 129.6 (2C), 130.8, 135.3, 143.6, 147.5, 148.7, 201.4; ESI-MS: m/z =
374.0 [M+H]", 396.0 [M+Na]", 769.0 [2M+H]".

\ (131b): brown oil, 49 mg, 64% yield; although numerous attempts by
0 N\H/© changing solvent and temperature, it has never been possible to obtain a
\o:©/\/ © well resolved spectrum of the product. '"H NMR (400 MHz, CDCls, 25
°C) (two rotamers A:B, ratio 2:1): 62.78 (2Hg, bs), 2.94 (2Ha, bs), 3.64 (2Hg, bs),3.77 (2Ha, bs),
3.89 (6Ha+6Hsp, bs), 5.40 (2H4, bs), 5.53 (2Hg, bs), 6.68 (3Hy, bs), 6.83 (3Ha, bs), 7.18 (1HA+1Hsp,

m), 7.46 (SHa+5Hg, bs); >*C NMR (50 MHz, CDCls): & 35.4 (1C4+1Cg), 41.3 (1C5+1Cg), 55.9
(1CA+1Cg), 56.0 (1CA+1Cg), 111.4 (1Cg), 111.5 (1Cg), 111.6 (1C,), 112.1 (1C,), 120.8 (1Cp),
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1209 (1C,p), 121.0 (2Cp), 1269 (2Ca+2Cp), 128.5 (1Ca+1Cg), 128.7 (2Ca+2Cp), 131.5
(1CaA+1Cp), 134.7 (1Ca+1Cp), 147.9 (1Cp), 149.0 (1Cp), 149.1 (1Cp), 149.2 (1Cyp), 151.1 (1Cp),
(1CA+1Cp), 167.5 (1CA+1Cg), 198.1 (1C5+1Cg); ESI-MS: m/z = 324.2 [M+H]".

CFs (131c): yellow oil, 185 mg, 27% yield; although numerous attempts
o \N \y(@\ by changing solvent and temperature, it has never been possible to
-
g :©/\/ I cFs obtain a well resolved spectrum of the product. "H NMR (400 MHz,
O

CDCls, 25 °C) (two rotamers A:B, ratio 3:1):6 2.77 (2Hg, bs), 2.93
(2Hg, t, J = 7.2 Hz), 2.80 (2Ha, bs),3.59 (2Hp, bs),3.75 (2Ha, bs), 3.84 (6HA+6Hp, bs), 5.40 (2H4,
d, J = 59 Hz),5.57 (2Hg, bs), 6.36-6.45 (IHx+1Hg, bs),6.71-6.80 (2HA+2Hpg, bs), 7.40 (2Ha,
bs),7.62 (2Hg, bs), 7.86 (2H,, bs),7.94 (2Hg, bs); °C NMR (101 MHz, CDCls): & 33.1, 46.4, 55.9
(20), 87.5, 101.4, 112.3, 113.2, 121.0 (2C), 122.3 (2C, q, Jcr = 272.4 Hz), 123.9 (1C, m), 128.3
(2C, bs), 131.9 (20), 137.4, 149.1, 151.1, 168.3, 198.1; ESI-MS: m/z = 460.2 [M+H]", 492.0
[M+Na]™.

\ (131d): yellow oil, 325 mg, 80% yield; Although numerous attempts by
/O:©/\/N\n/0 changing solvent and temperature, it has never been possible to obtain a
0 ° well resolved spectrum of the product; '"H NMR (200 MHz, CDCls;, 25
°C) (two rotamers A:B, ratio 1:1): 01.38 (9Ha, bs), 1.47(9Hp, bs), 2.73 (2Ha+2Hg, bs),3.52
(2HA+2Hg, bs),3.83 (3HA+3Hg, bs),3.84 (3HA+3Hg, bs), 5.37 (2HA+2Hp, bs), 6.65-6.78 (3HA+3Hp,
m), 6.98 (1HA, m),7.16 (1HA, m); ESI-MS: m/z = 319.1 [M+H]", 342.0 [M+Na]", 639.2 [2M+H]".

(131e): brown oil, 133 mg, 36% yield;lH NMR (400 MHz, CDCl;) (two
o N _H rotamers A:B, ratio 1.2:1): 8 2.77-2.83 (2Ha + 2Hg, m), 3.56 (2Ha, t, J = 6.6
\o:©/\/ ©  Hz), 3.63-3.67 (2Hg, m), 3.86 (6Hp,s), 3.87 (3Ha, s), 3.88 (3Ha, s), 5.48
(2Hp, d, J = 6.3 Hz), 5.51 (2HA, d, J = 6.6 Hz), 6.58 (1Ha, t, J = 6.3 Hz), 6.64-6.82 (3HA + 3Hg, m),
7.30 (1Hg, t, J = 6.4 Hz), 7.76 (1Hg, s), 8.20 (1H,, s);">°C NMR (101 MHz, CDCl3): & 32.8 (1Cg),
34.0 (1Cp), 43.5 (1Cp), 48.2 (1Cy), 55.8 (2Cg), 55.9 (2Cp), 87.3 (1Cyp), 87.9 (1Cp), 97.4 (1Cp),
100.4 (1Cg), 111.2 (1Cp), 111.4 (1Cp), 112.0 (1Cp), 112.0 (1Cy), 120.7 (1Cp), 120.9 (1C,), 130.4
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(1Cy), 131.0 (1Cg), 147.6 (1Cx), 147.9 (1Cg), 148.8 (1Cp), 149.0 (1Cy,), 160.3 (1Cg), 160.5 (1C,),
200.4 (1Cn), 202.2 (1Cp); ESI-MS: m/z = 248.0 [M+H]", 270.0 [M+Na]", 495.2 [2M+H]".

(131f): yellow oil, 479 mg, 80% yield; '"H NMR (400 MHz, CDCl3)
©\/o n. n (two rotamers A:B, ratio 1.7:1): 6 2.71-2.75 (2Ha+2Hg, m), 3.46-3.52
O:©N \([)l/ (2Ha, m), 3.59 (2Hg, t, J = 7.7 Hz), 5.14 (4Ha, s), 5.15 (2Hg, s), 5.17
©/\ (2Hp, s), 5.38 (2Hs, d, J = 6.2 Hz), 5.45 (2H4, d, J = 6.4 Hz), 6.45
(1Ha, t, J = 6.3 Hz), 6.64 (1Ha, d, J = 8.3 Hz), 6.69 (1Hg, s), 6.72 (1Hg, d, J = 8.3 Hz), 6.79 (1HA4,
s), 6.87 (1Ha+1Hg, d, J = 8.0 Hz), 7.25 (1Ha, t, J = 6.6 Hz), 7.30-7.47 (10HA+10Hp, m), 7.67 (1Ha,
s), 8.10 (1Hg, s); °C NMR (101 MHz, CDCls): § 32.7 (1Cg), 33.4 (1Cy), 43.4 (1Cp), 48.1 (1Cy),
71.2 (1Cn), 71.35 (1Cg), 71.40 (1Cp), 71.5 (1Ca), 87.2 (1Ca), 87.9 (1Cg), 95.4 (1C4), 100.4 (1Cp),
115.27 (1Cp), 115.31 (1Cyp), 115.9 (1Cp), 116.1 (1Cp), 121.7 (1Cp), 121.9 (1Cyp), 127.27 (2Cp),
127.31 (2Cg+2Cap), 127.3 (2Cy), 127.7 (1CaA+1Cp), 127.7 (1Cyp), 127.9 (1Cp), 128.44 (2Cp), 128.46
(2CA+2Cp), 128.49 (2Cp), 131.2 (1Cp), 131.9 (1Cyp), 137.3 (1CA+1Cp), 137.4 (1Co+1Cp), 147.6
(1Cg), 148.0 (1Cp), 148.8 (1Cp), 149.0 (1Cp), 160.3 (1Cp), 160.5 (1Cg), 200.3 (1Cy), 202.2 (1Cp);
ESI-MS: m/z = 400.0 [M+H]", 422.0 [M+Na]", 799.0 [2M+H]".

(131g): yellow oil, 208 mg, 60% yield; "H NMR (400 MHz, CDCl3) (two
<oj©/\/N\[rH rotamers A:B, ratio 1.1:1): 6 2.74-2.80 (2HA+2Hp, m), 3.54 (2Ha, t, J = 6.8
o ©  Hz), 3.62 (2Hg, pt, J = 7.8 Hz), 5.48 (2Hg, d, J = 6.2 Hz), 5.50 (2H,, d, J =
6.2 Hz), 5.93 (2Hp, s), 5.95 (2H4, s), 6.56-6.76 (3HaA+4Hp, m), 7.30 (1Ha, t, J = 6.3 Hz), 7.79 (1HA4,
s), 8.10 (1Hg, s);"°C NMR (101 MHz, CDCls): & 32.9 (1Cg), 34.1 (1Cy), 43.5 (1Cg), 48.2 (1Cy),
87.3 (1Ca), 88.0 (1Cg), 95.4 (1Cy), 100.4 (1Cp), 100.8 (1Cp), 100.9 (1C,), 108.2 (1Cp), 108.4
(1Ca), 109.0 (1Cp), 109.2 (1Cp), 121.7 (1Cg), 121.9 (1Cyp), 131.5 (1Cy), 132.1 (1Cp), 146.1 (1Cp),
146.4 (1Cp), 147.5 (1Cp), 147.8 (1Ca), 160.3 (1Cg), 160.5 (1C,), 200.24 (1Cg), 202.18 (1Cx); ESI-
MS: m/z =270.0 [M+Na]".
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(131h): yellow oil, 256 mg, 69% yield; '"H NMR (400 MHz, CDCl3) (two

/O\é/\/N H rotamers A:B, ratio 1.3:1): 6 2.86-2.90 (2Ha+2Hg, m), 3.59 (2Ha, t, J = 7.2

Ir Hz), 3.67 (2Hg, t, J = 7.7 Hz, 3.84-3.87 (6HA+6Hg, m), 5.43 (2Hg, d, J = 6.2

Hz), 5.50 (2Ha, d, J = 6.5 Hz), 6.56 (1Hg, t, J = 6.6 Hz), 6.68 (1H,, d, J = 7.5 Hz), 6.82 (1Hs+2Hp,

pt, J = 7.9 Hz), 6.98 (1Ho+1Hg, pt, J = 7.5 Hz), 7.26-7.29 (1H4, m), 7.83 (1H4, s ), 8.20 (1Hg, s);

*C NMR (101 MHz, CDCl3): & 27.8 (1Cg), 29.6 (1Ca), 42.5 (1Cg), 46.9 (1C,), 55.6 (1C4 + 1Cp),

60.6 (1C,), 60.7 (1Cg), 87.2 (1Cy), 87.9 (1Cg), 95.5 (1C4), 100.4 (1Cp), 110.9 (1Cg), 111.3 (1Cy),

122.4 (1Cp), 122.4 (1C,), 123.8 (1Cg), 124.1 (1Cp), 131.5 (1Cy), 132.3 (1Cp), 147.2 (1Cy), 147.5

(1Cp), 152.7 (1Cp), 152.8 (1C4), 160.4 (1Cg), 160.6 (1C,), 200.1 (1Cg), 200.2 (1C,); ESI-MS: m/z
=248.0 [M+H]", 270.0 [M+Na]*, 495.2 [2M+H]".

(131i): brown oil, 208 mg, 64% yield; 'H NMR (400 MHz, CDCl3) (two
N/H rotamers A:B, ratio 1.1:1): 6 2.80-2.86 (2HA+2Hpg, m), 3.58 (2Ha, t, J = 7.2 Hz),
©/\/ \g/ 3.67 (2Hp, pt, J = 7.8 Hz), 3.80 (3Ha, s), 3.81 (3Hs, ), 5.48 (2Hg, d, J = 6.5 Hz),
o 5.51 (2Ha, d, J =6.6 Hz), 6.58 (1Hp, t, J = 6.1 Hz) 6.68-6.83 (3HA+3Hp, m),
7.20-7.25 (1Ho+1Hg, m), 7.30 (1Ha, t, J = 6.5 Hz), 7.80 (1H4, s), 8.20 (1Hg, s); *C NMR (101
MHz, CDCls): 8 33.3 (1Cp), 34.5 (1Cy), 43.2 (1Cp), 47.9 (1Cx), 55.1 (1Cg), 55.1 (1C,), 87.3 (1C,p),
87.9 (1Cg), 95.4 (1Cu), 100.4 (1Cp), 111.8 (1Cg), 111.9 (1Cp), 114.5 (1Cy), 114.7 (1Cp), 121.10
(1Cp), 121.13 (1Ca), 129.4 (1Cp), 129.7 (1Ca), 139.5 (1Cp), 140.0 (1Ca), 159.6 (1Cp), 159.8 (1Cx),
160.3 (1Cg), 160.5 (1Ca), 200.3 (1Cp), 202.2 (1Ca); ESI-MS: m/z = 218.0 [M+H]", 240 [M+Na]".

~

General Procedure for the organocatalytic enantioselective cyclization of compounds 131a-i.

To a solution of allenammide (0.1 mmol, 1 equiv.) in trifluorotoluene (1 mL), Brgnsted acid (0.01

mmol, 0.1 equiv.) and MS 4A (0.05 g) were added and the reaction was stirred for 24h. The solvent
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was removed under reduced pressure and the crude was purified by flash chromatography on silica

gel (cyclohexane/ethyl acetate 3/7) to obtain the desired products.

0 (132a): sticky white solid, 23.5 mg, 63% yield, 21% ee; the ee was
\ODS)\I \//s/’o determined by HPLC analysis, Daicel Chiralpak® 1a column: hexane/i-

Z ° \©\ PrOH from 70:30, flow rate 1.0 mL/min, 40°C, A = 280 nm: 740 = 8.18
Min., Tminor = 6.98 min; "H NMR (400 MHz, CDCl5): & 2.38 (3H, s), 2.48-2.54 (1H, m), 2.65-2.74
(1H, m), 3.27-3.34 (1H, m), 3.82 (3H, s), 3.84 (3H, s), 3.85-3.89 (1H, m), 5.05 (1H, d, J = 17.14
Hz), 5.18 (1H, d, J = 10.20 Hz), 5.46 (1H, d, J = 5.98 Hz), 5.91 (1H, ddd, J = 5.72 Hz, J = 10.12
Hz, J=16.98 Hz), 6.47 (1H, s), 6.53 (1H, s), 7.20 (2H, d, J = 8.08 Hz), 7.67 (2H, d, J = 8.33 Hz);
C NMR (101 MHz, CDCl5): § 21.5, 27.2, 39.1, 55.8, 55.9, 57.7, 110.4, 111.3, 117.7, 125.4, 125.6,
127.1 (2C), 129.4 (2C), 137.3, 137.9, 143.9, 147.4, 148.0; EI-MS: m/z = 373 (12), 346 (84), 308
(75), 217 (82), 198 (87), 91 (100); ESI-MS: m/z = 374.0 [M+H]", 396.0 [M+Na]", 769.0 [2M+Na]";
HMRS caled for C;gH 9N: 373.13478; found 373.13486.

0 (132b): sticky white solid, 21.0 mg, 65% yield, 14% ee; the ee was
\OQENW/Q determined by HPLC analysis, Daicel Chiralpak® IA column: hexane/i-

N 0 PrOH from 60:40 , flow rate 0.50 mL/min, 40°C, A = 280 nm: Tgjor =
11.62 min., 7, = 16.86 min; Although numerous attempts by changing solvent and temperature,
it has never been possible to obtain a well resolved spectrum of the product; 'H NMR (400 MHz,
CDCl3, 25 °C) (two rotamers A:B, ratio 2:1): 6 2.61 (1Ha, bs), 2.89 (1Ha, bs), 3.22 (1Hg, bs), 3.40
(1Hsg, bs), 3.75 (2HA+2Hg, bs), 3.85 (6HA+6Hg, bs), 4.72-5.11 (2HA+2Hg, m), 5.26 (1Hs+1H3, bs),
6.07 (1HA+1Hg, bs), 6.17 (1Ha, bs), 6.36 (1Hp, bs), 6.61 (2Ha, bs), 6.67 (2Hg, bs),7.38 (SHA+5Hs5,
bs); *C NMR (101 MHz, CDCls): § 28.9 (1Cg), 29.7 (1C,), 41.2 (1CA+1Cg), 54.2 (1Co+1Cg), 55.8
(1CA+1Cp), 56.0 (1CA+1Cg), 111.4 (1Ca+1Cg), 117.4 (1Cx+1Cg), 120.6 (1Ca+1Cp), 126.0
(1CaA+1Cp), 126.7 (2C5+2Cp), 128.5 (2C2+2Cp), 129.2 (2Ca+2Cp), 131.4 (1Cx+1Cp), 136.3 (1Ca),
137.1 (1Cg), 147.6 (1C2+1Cp), 148.1 (1Ca+1Cp), 170.4 (1Cs+1Cg); ESI-MS: m/z = 323 (25), 308
(20), 280 (6), 264 (11), 218 (34), 105 (100), 77 (85); ESI-MS: m/z = 324.2 [M+H]", 346.0
[M+Na]", 669.2 [2M+Na]";
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CFs (132c¢): sticky yellow solid, 28.9 mg, 63% yield, 0% ee; the ee was
determined by HPLC analysis, Daicel Chiralpak® IA colum hexane/i-
PrOH from 90:10, flow rate 0.5 mL/min, 40°C, A = 285 nm: Tyugjor =

N
o CF,

~. O
14.66 min., 7,y = 16.76 min; Although numerous attempts by changing solvent and temperature,

it has never been possible to obtain a well resolved spectrum of the product; '"H NMR (400 MHz,
CDCls, 25 °C) (two rotamers A:B, ratio 2:1): 82.60 (1Hs+1Hg, bs), 2.89 (1HA+1Hjp, bs), 3.00 (2H4,
bs), 3.28 (1Hg, bs),3.53 (1Ha, bs),3.85 (6HA+6Hp, bs), 4.72-5.16 (2HA+2Hpg, m),5.34 (1HA+1Hp, d,
J =9.4 Hz),6.09 (1Ha, bs),6.37 (1Hg, bs),6.67 (2HA+2Hg, bs),7.45 (1HA+1Hg, bs),7.89 (2HA+2Hp,
bs); The presence of rotamers avoids the detection of some signals, that result too broad to be
identified from the noise; BC NMR (101 MHz, CDCl3): 6 34.2 (1Cp), 35.1 (1Cp), 41.6 (1Cp), 41.7
(1Cg), 55.9 (2Cy), 56.0 (1Cp), 77.2 (1C5+1Cp), 110.9 (1C5+1Cp), 111.4 (1C5+1Cp), 117.2 (1Cp),
118.3 (1Cp), 119.8 (2Cg, q, Jcr = 274.2 Hz), 122.8 (2Ca, q, Jor = 272.4 Hz), 123.6 (2CA+2Cp),
124.9 (1Cg), 125.1 (1Cp), 125.4 (1Cp), 125.6 (1Cp), 127.2 (1Cx+1Csg, bs), 136.5 (1Cyp), 136.8
(1Cp), 138.1 (1CA+1Cp), 147.9 (1Cx+1Cp), 148.4 (1Cs+1Cp); EI-MS: m/z = 459 (22), 430 (76),
241 (100), 213 (84); ESI-MS: m/z = 460.0 [M+H]", 482.0 [M+Na]", 941.0 [2M+Na]";

0 (132d): yellowish oil, 10.0 mg, 30% yield, 32% ee; the ee was determined
o N\[(O\~/ by HPLC analysis, Daicel Chiralpak®ia column: hexane/i-PrOH from

N © 90:10, flow rate 0.70 mL/min, 40°C, A = 280 nm: t,r= 11.80
Min., Tyinor = 18.4 min; "H NMR (400 MHz, CDCls, 25 °C): & 1.47 (9H, s), 2.60 (1H, dt,J = 3.4 Hz,
J =15.5 Hz), 2.71-2.77 (1H, m), 2.80-2.88 (1H, m), 3.13 (1H, bs), 3.83 (3H, s), 3.84 (3H, s), 3.85
(1H, dJ =4.0 Hz), 5.05 (1H, d,J = 17.0 Hz), 5.14 (1H, dt,J = 1.4 Hz, J = 10.2 Hz), 5.89-5.97 (1H,
m), 6.58 (s, 1H), 6.59 (s, 1H); Due to the presence of rotamers, it was not possible to obtain suitable
spectra performing a PC NMR experiment; the signals have been determined from gHSQC and
gHMBC experiments; °C NMR (101 MHz, CDCl;): & 28.9 (1CA+1Cg), 29.6 (3Ca), 32.5 (3Cg),
42.3 (1CA+1Cp), 56.0 (1CaA+1Cp), 56.5 (1Ca+1Cp), 57.3 (1CA+1Cp), 80.4 (1C4), 85.6 (1Cp), 111.4
(1Ca), 111.3 (1Cp), 111.6 (1Cp), 112.4 (1Cp), 116.8 (1C2+1Cp), 127.3 (1Cx), 128.7 (1Cp), 129.2
(1CA+1Cp), 148.3 (1Ca+1Cp), 148.8 (1C5+1Cp), 149.5 (1Ca+1Cp), 181.6 (1Ca+1Cg); ESI-MS:
m/z = 342.2 [M+Na]", 661.2 [2M+Na]";
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0 (132e): sticky white solid, 9.9 mg, 40% yield, 81% ee; to perform the HPLC
~o N\”/H analysis of product 132e, it was necessary to reduce the amide moiety to

Z % methyl group LiAlH, (1.5 equiv.) was added to 132e. After 2h, a few drops of
water were added, followed by MgSO4. The mixture was filtered and directly subjected to HPLC
analysis; Daicel Chiralpak® OD-H column: hexane/i-PrOH from 90:10, flow rate 0.70 mL/min,
40°C, A = 285 nm: Ty4jor = 7.87 min., Tyinor = 14.93 min; "H NMR (400 MHz, CDCl;) (two rotamers
A:B, ratio 1:1): 8 2.62-2.72 (2Hg, m), 2.78-2.91 (2H4, m), 3.13 (1Hg, ddd, J =4.7 Hz, J = 11.0 Hz,
J=15.6 Hz), 3.45 (1Ha, ddd, J = 4.2 Hz, J = 13.0 Hz, J = 13.0 Hz), 3.65 (1Ha, dd, J = 5.8 Hz, J =
13.2 Hz), 3.80 (3Ha, s), 3.81 (3H4 + 3Hp, bs), 3.82 (3Hg, s), 4.29 (1Hg, m), 5.02 (1Hp, d, J =5.7
Hz), 5.09 (1H4, d, J =17 Hz), 5.11 (1Hg, d, J = 17.0 Hz), 5.19 (1H4, d, J = 10.1 Hz), 5.20 (1Hp, d,
J=10.1 Hz), 5.78 (1Ha, d, J = 5.6 Hz), 5.86-5.99 (1HA +1Hg, m), 6.55 (1Ha, s), 6.56 (1Hs +1Hp,
bs), 6.59 (1Hg, s), 8.15 (1H4, s), 8.25 (1Hg, s);"*C NMR (101 MHz, CDCls): & 27.6 (1Cg), 29.2
(1Ca), 35.1 (1Cp), 40.2 (1Cyp), 52.7 (1Cp), 55.8 (1Cy), 55.8 (1C4x), 55.9 (1Cp), 56.0 (1Cp), 58.7
(1Cg), 110.1 (1Cp), 110.6 (1C4),111.3 (1Cyp), 111.5 (1Cp), 117.0 (1Cg), 117.3 (1Ca), 125.2 (1Cx +
1Cp), 125.4 (1Cp), 126.5 (1Cg), 136.4 (1C,), 138.0 (1Cg), 147.6 (1Cg), 147.7 (1Cy), 148.0 (1Chp),
148.3 (1Cg), 161.1 (1Cy), 161.6 (1Cg); ESI-MS: m/z = 248.2 [M+H]", 270.0 [M+Na]", 495.2
[2M+H]"; HMRS calcd for CigH;oN: 247.12084; found 247.12075.
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4. INTRODUCTION: ALLENOATES

Another type of heteroatom-substituted allenes is represented by allenoates where the amide group
of the allenamides is replaced with an ester group. One easy way to obtain allenoates consists of the
gold-catalysed [3,3]-sigmatropic rearrangement of propargylic carboxylates. Indeed, it is already
known that in gold catalysis these propargylic esters can undergo 1,2-acyloxy migration leading to a
gold vinyl carbenoid species or 1,3-acyloxy migration resulting in a gold allenic intermediate

(Scheme 1).

o~ O
Al carbene-type
%\‘y& reactivity
. . R
R? R? 1,2-migration

0/&0 [Au] o/(go H
R1\ R1J\,\\> R2

R? [Ad]\ R® [,3-migration )\

allene

3 . .
R activation

Scheme 1: Au-catalysed 1,2- or 1,3-acyloxy migration of propargylic carboxylates.

The intermediates obtained through the 1,2- or 1,3-migration are in equilibrium."! Recently, it was
reported a computation study to rationalize the rearrangement selectivity.m In particular, two

resonance structures models were associated to the selectivity of the cyclization (Figure 1).

R2 R2 R2
0" "o o’go 0/&0
UG — 1

A R NN R +

R3 N 3 Au N3

Au Au R R

J K

Figure 1: Resonance structure models.

Substrates are more likely to be stabilized to the resonance structure K and the C3 atom in more
likely to accept the electron from the ester group except for the substrates featuring hydrogen or

EWG for R?, which undergo the gold-catalysed 1,2-acyloxy migration.

The gold vinyl carbenoid species are principally employed in cyclopropanation reaction of alkenes
and dienes, as well as insertion into C—H bonds.” ™ On the contrary, the allenic intermediate can

follow two different routes:
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v’ the allenoates intermediate can undergo a gold-catalysed electrophilic activation and
subsequent nucleophilic trapping;

v" the allene moiety can act as nucleophilic reagent.

4.1 Electrophilic Activation

The first type of reactivity was used by Zhang in 2005 1 to develop an new efficient procedure to
prepare highly functionalized 2,3-indoline-fused cyclobutanes. In particular, in the presence of
gold(I) catalyst, the propargylic indole-3-acetates resulted after 2 hours in the corresponding

products in good yields (Scheme 2).

R2
O
// AuCI(PPh3)/AgSbFg
y © DCM, rt
N R’
R
134
(e}
Me
N
) )4
Me Me
135a 135b 135¢c 135d 135e
yield = 92% yield = 81% yield = 98% yield = 95% yield = 86%

(0]
Me
{ 0@
N
H Bu
1:4
135f 135¢g 135h
yield = 84% yield = 69% yield = 85%

Scheme 2: Scope of the Au-catalysed synthesis of 2,3-indoline-fused cyclobutanes.

In the proposed reaction mechanism reported in Scheme 3, the [3,3]-sigmatropic rearrangement
promoted by the catalyst, led to an allenoate intermediate that can be efficiently activated by the

gold(I) specie toward the subsequent nucleophilic attack by the C(3)-indole.
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Scheme 3: Proposed reaction mechanism.

The electrophilic activation followed by nucleophilic trapping can be also used to prepare
polysubstituted 2,5-dihydrofurans as reported by Gagosz.!”! The methodology proved to be flexible
and several substituted butynediol monobenzoates resulted in the corresponding products in the

presence of 2 mol% of (Ph;P)AuNTf, (Scheme 4).

Ph OBz

}—O OH (Ph3P)AUNTTf, /d
o —
R 2 DCM R1 o R?
136 137
OBz OBz OAc
_ B”O\/FX »
O () O
137a 137b 137c
yield = 92% yield = 99% yield = 82%

Scheme 4: Application in the synthesis of 2,5-dihydrofurans.

Also enantioenriched butyenediol monobenzoates were submitted under the same experimental
conditions and in most of these cases the desired products were isolated without loss of optical

purity. Also propargylic ester featuring three stereogenic centers was used as starting material by

106



providing the corresponding trans-2,5-disubstituted dihydrofuran in 99% yield and complete

transfer of the stereochemical information (Scheme 5).

OBz
BzQ, _ oH (PhsP)AUNTH, ﬁ
CsH1q DCM, 40 min CsHyq o '(

138 139, yield = 97%
dr 97:3, ee > 98% dr97:3, ee > 98% ee
BzO OH
— (PhsP)AUNT, OBz /~Z
CsHyq } —
_ DCM, 15 min
CsH1™ o7
140 141, yield = 99%
dr90:10, ee > 98% dr90:10, ee > 98%

Scheme 5: Complete transfer of optical purity using enantioenriched substrates.

Recently, Hashmi and co-workers employed the electrophilic activation of the in sifu formed
allenoates in order to prepare 3,4-disubstituted pyrrolidin-2-ones through tandem 1,3- and 1,5-
acyloxy migration.”® In particular, the substituted propargylic ester undergoes the [3,3]-sigmatropic
rearrangement resulting in the allenoate intermediate which is attacked by the olefin forming the

intermediate N. The final 1,5-acyloxy migration leads to the desired product (Scheme 6).

\N—'\ =" \N ":=?=I<R2
0 Au O{ Au
R! R!
nucleophilic N
trapping

\

N

formal 1,6-acyloxy migration o _
R R?

Oé/\Rs

Scheme 6: Tandem 1,3-1,5-acyloxy migration.

The large flexibility exhibited by the methodology makes this new route a useful and easy way to
prepare diastereomerically pure butyrolactams, which are important building blocks for the total
synthesis of various natural products and for the development of new compounds with

pharmaceutical activities™”! (Scheme 7).
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Scheme 7: Scope of the formal 1,6-acyloxy migration promoted by Au(I)-catalyst.
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4.2 Nucleophilic Activation

The presence of the oxygen directly bonded to the allene moiety in the allenoates, allows at the
allenoates undergoing nucleophilic activation. Toste and co-workers in 2006"'” used this type of
reactivity of the allenoates to develop a very efficient synthesis of aromatic ketones promoted by

transition metal, in particular silver- and gold-catalysts (Scheme 8).

AgSbFg (10 mol%)

PPh3 (4 mol%) fo)
MgO (1.5 eq)
145, yield = 84%
R=Me DCM, rt
OR’
N —
R
\\ t-BuzPAuUCI (5 mol%) 0
R =Ph AgSbFg (5 mol%)

144‘ R = Me, R1 =Ac 147, yled =71%
146, R = Ph, R" = Piv DCM/ CH4CN (1:1), rt

Scheme 8: Synthesis of aromatic ketones promoted by transition metal-catalysts.

The AgSbFg in the presence of PPh; was able to promote the reaction in good yield when acetyl
group was employed as ester and the terminal substituent of the propargylic acetate was a methyl
group, but no traces of the corresponding product were observed when pivalic ester 146 were used
instead of 144. To obtain the desired naphthylphenyl ketone 147 was developed a new catalyst-
system using gold(I) catalyst in a mixture of dichloromethane and acetonitrile as solvent. An ample
scope with ten differently substituted ketones isolated with good to excellent yields proved the
flexibility of the catalytic process promoted by silver catalyst. The gold(I)-catalytic system
demonstrated to be complementary to the silver-protocol because in all of the cases where the

silver-conditions failed, the gold(I)-catalytic system produced the desired products (Scheme 9).

t-BuzPAUCI (5 mol%) 0
y/ AgSbFg (5 mol%) Ts
\ AN ) N Me
e DCM/ CH3CN (1:1), rt °C \
\\ ’ Bu
Bu
148 149, yield = 58%
OAc
t-BuzPAuCI (5 mol%) o)
AgSbFg (5 mol%)
\\ M Me
e DCM/ CH3CN (1:1), 70 °C
\\ ’ Bu
Bu
150 151, yield = 55%

Scheme 9: Complementarity of the Au(I)-catalytic system with the Ag(I) ones.
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Mechanistically, as it is shown in Scheme 10, the formation of the allenoates promoted by the
metal-catalyst is followed by activation of the remaining alkyne which undergoes the nucleophilic

trapping from the allene moiety.
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xR ©
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Scheme 10: Proposed reaction mechanism.

An efficient method to prepare d-diketones through nucleophilic trapping by allenoate intermediates
was reported by Fensterbank and co-workers."!! In particular, the nucleophilic attack by the allene
moiety on the alkyne, resulted in an intermediate which undergoes 1,5-acyl migration and leads to

the desired product (Scheme 11).

L A
OAO Au] 00 “o_ R
— A, — WY
X R L
1 N
S R QU] A o’ )
X A (Al 5-exo-dig
R1
\ R
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~0® L 1,5-acyl migration

Scheme 11: Synthesis of 5-diketones through 1,5-acyloxy migration.
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Not only gold(I) catalyst could promote this reaction, but also complexes of Au™, Pt" and Pt" gave
the desired product in good to excellent yield. All the products isolated exhibited only the E
configuration for the exocyclic double bond. The DTF computational studies demonstrated that the
E configuration was the favourite and the formation of the Z stereoisomer was kinetically very
difficult to achieve. A scope with more than twenty diketones was obtained and the methodology
resulted to be very tolerant toward several functional groups; only one limitation related to the triple
bond was found: when substituted propargyl ester was employed, the second triple bond must

remain monosubstituted.

Above it was reported that the allenoate intermediates underwent nucleophilic trapping by
inactivated alkene in order to prepare disubstituted pyrrolidinone.”®! Subsequently, Chan and co-
workers demonstrated that the allene moiety can also react as nucleophile in a reaction with alkenes.
In particular, they developed a gold-catalysed tandem 1,3-migratory/[2,2] cycloaddition of

propargylic esters in order to prepare azabicyclo[4.2.O]oct—5—enes.[12]

RS R® \
O>=o\ O=<O . N
__—" 2
\ N R — \ :\z% —_— : X
N— - N/~ A, R® 0N
Oi Au Oi Au i/\R1 R?
- electrophilic - LO R® |
trapping
R nucleophilic
R\I&O R2 activation @i
R' = 1 R
o0& RO R'OQ
‘Au 3 R?
/R
R ONTR? TsN )
Ts /\/\R3 Au

Scheme 12: Au-catalysed tandem 1,3-migratory/[2,2] cycloaddition of propargylic esters.

Several 1,7-enyne benzoates, prepared from the opportune L-o-aminoacids, were submitted under
optimized reaction conditions resulting in a variety of highly substituted bicycles in good to
excellent yields. The reaction demonstrated efficient transfer of chirality from the enantiopure
substrates leading to the products. Moreover, when mixtures of diastereoisomers were employed as
starting materials the reactions exhibited highly stereoconvergence since the corresponding products

were isolated as single diastereoisomers.
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5. GOLD(I)-CATALYSED [3,3]-SIGMATROPIC REARRANGEMENT OF
PROPARGYLIC CARBOXYLATES

5.1 Catalvytic a-Allylation of Enones with Alcohols

The few examples reported above for the electrophilic trapping of the allenoates were limited to
studies of intramolecular process. Hashmi and co-workers in 2013 developed the first
intermolecular reaction involving nucleophilic gold allenic intermediates.!"! In particular, they
developed an efficient catalytic protocol able to prepare various isochromane derivatives which are

powerful building blocks for the synthesis of natural products (Scheme 1).

o Yo L R Ao [Aul ©
o]
RA\ ) _
S R3 > R'" R®
152 153 154

Scheme 1: Synthesis of isochromanes promoted by Au-catalysts.

Several gold(I) catalysts were tested in different solvents demonstrating that the
SPhosAuCl/AgNTf, in DCE was the best catalytic system for the process leading to the
corresponding product in 68% yield and with complete stereocontrol toward the formation of the Z
isomer. Moreover, it was also observed that the replacement of the acetate group with the pivalate
group increased the yield of the product up to 85%. Subsequently, the scope of the reaction was
investigated submitting under optimized reaction conditions differently substituted isochromane

acetal derivatives in combination with several propargylic pivalates (Scheme 2).

The large scope reported below shows the versatility of the protocol and its tolerance toward
different functional groups. Propargylic pivalates featuring aliphatic as well as aromatic groups
resulted in the corresponding products in good to excellent yields. In most of the cases the Z

1somers were isolated as single products or as major stereoisomer in a mixture with the E products.
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154ce 154ci 154cc 154ah 154bh 154ch
yield = 88% yield = 99% yield = 92% yield = 80% yield = 60% yield = 98%
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Scheme 2: Scope of the reaction.

Mechanistically, the oxocarbenium ion, resulted from the gold activation of the isochromane
acetate, underwent the nucleophilic attack by the allenoate intermediate, the latter generated by

gold-catalyzed 1,3-pivalate migration (Scheme 3). In order to support this pathway, the allenoate
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intermediate was isolated and submitted with the isochromane acetate under optimized reaction

conditions. The corresponding product was isolated in 85% yield.
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Scheme 3: Proposed reaction mechanism.

Inspired by this type of reactivity and considering our interest in the manipulation of allene-

[2-5]

derivatives'” ™, we envisioned the possibility to use this nucleophilic reactivity of the allenoates in

order to develop the direct a-allylation of enones using activated alcohols as alkylating agents.'®
We started our investigation considering the condensation between the easily accessible propargylic

acetate 155a and the activated alcohol 157a in the presence of different gold-catalysts (Table 1).

Interestingly, the carbene-gold catalyst’”! promoted moderately the reaction providing the desired
product in 40% yield (entry 1, Table 1). The phosphine-based complexes furnished not homogenous
results; in particular only the JohnPhosAuCl/AgNTf, provided the allylated product in satisfactory

yield and good cis-diastereoselectivity (entry 3, Table 1.1

The optimization continued evaluating
the effect of the counterion: weakly coordinating anions performed better the catalytic reaction than
that the more nucleophilic ones.”!” The obtained results elected the commercially available silver-
free [J othhosAu(CHgCN)Sde[1 L121 45 the best catalyst for the titled transformation furnishing the
corresponding a-allylated product in 74% yield and excellent diastereoselectivity (entry 10, Table
1). It was also demonstrated that the AgSbF¢ was not able to promote the catalytic reaction (entry 6,

Table 1). Moreover, the well-known attitude of pivalates as better 1,3-migrating group respect to

the acetate group, suggested us to replace the acetyl group with bulkier pivalate. Gratifyingly, under
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the latter conditions, the desired product was isolated in higher yield (86%) without loss of

diastereoselectivity (entry 11, Table 1).

OCOR o]
OH [Au]
+ —_— Ph
)\& Ph)\/\ ph  Toluene P
Ph reflux, 2h Ph Ph

Table 1: Optimization table.™!

155a R = CHj; 157a Z,E-158aa
156a R = t-Bu
Entry [Au] (2 mol%) 155a/156a Yield 158aa (%)™ Z:EY
1 [Au(IPr)NTf,] 155a 40 95:5
plel PPh;AuNTf, 155a 23 95:5
JohnPhosAuCl/AgNTf, 155a 65 97:3
44 JackiePhosAuNTf, 155a 12
5ldel Me-Dalphos-AuNTf, 155a 38 95:5
6 AgNTf, 155a n.r. ——i--
el JohnPhosAuOTs 155a 48 95:5
glel JohnPhosAuTFA 155a 45 95:5
glel JohnPhosAuBArF 155a 61 95:5
10 JohnPhosAu(ACN)SbFg 155a 74 97:3
11 JohnPhosAu(ACN)SbFg 156a 86 97:3
1211 JohnPhosAu(ACN)SbFg 156a 76 98:2

[a] All the reaction were carried out under nitrogen. Ratio 155a/156a:157a:[Au] = 1:1.5:0.02 unless otherwise
specified. All the reagents used and the products obtained should be considered as racemic mixtures. [b] Isolated
yield after flash chromatography. [c] Yield determined via GC-MS on the reaction crude. [d] Large amount of
unreacted acetate 155a was recovered. Reaction time 48 h. [e] the catalyst was prepared in sifu by treating
equimolar amounts of LAuCl and AgX. [f] A 156a:157a:[Au] = 1:1:0.02 ratio was utilized. n.r. = no reaction.

Subsequently, in order to further increase the yield and the diastereoselectivity, the reaction was
performed in different solvents. In particular, dichloromethane, benzene and trifluorotoluene proved
to be efficient in the reaction, but no significant improvement in term of yield or diastereoselectivity

was recorder.

With the optimized reaction conditions in our hand, we tested the scope and limitations of the
protocol submitted differently substituted activate alcohols with propargylic pivalate 156a in the
presence of JohnPhosAu(ACN)SbFs in Toluene at reflux (Scheme 4). All the corresponding
products were isolated in good to excellent yields demonstrating that the synthetic procedure was
tolerant toward different functional groups. Indeed, activated alcohols featuring electron-
withdrawing groups as well as moderate electron-donating groups resulted in the corresponding
allylated products in satisfactory yields. Only the strong electron-withdrawing group, such as OMe,

was not tolerated and no traces of the product were found after the reaction. In that case a
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disproportion of the alcohol to the corresponding chalcone and 1,3-diphenylpropene was
observed.""* Furthermore, the replacement of one or both the aromatic substituents of the alcohols

with hydrogen atom or alkylic substituents caused the failure of the reactions.

t-Bu
tBu I ®
/& 0 t-Bu—RP—AuN=C—-CHj3
o Xo OH JohnPhosAu(ACN)SbFg
+ Ph S
)\& R)\/\R Toluene _ Q Q SbFg
reflux, 2h R R
Ph JohnPhosAu(ACN)SbFg
156a 157 Z,E-158
(0] (0] (0] (0]
Ph - Ph - Ph = Ph =
. "o o, OoTC
F F Br Br
158ab 158ac 158ad 158ae
(Yield = 68%) (Yield = 80%) (Yield = 80%) (Yield = 95%)
o} 0 o 0
Pz
Ph = Ph Ph Ph
— = — —
U0 JOTR, R T R T
cl Cl Cl A B
158af (Yie’lldSB:gz%) | 159ah 159ah
(Yield = 83%) 159ah : 159ah' dr1.2:1
(Yield =38% Ar=2-Br-CgH,4
(0]
Ph =
0
MeO OMe
no reaction X =H or alkylic groups

no reaction

Scheme 4: Scope of the reaction with different activated alcohols.

When asymmetric alcohol 157f was employed in the reaction, a 1:1 mixture of regioisomers was

1solated; this evidence supports a Sy1-type mechanism reaction.

Furthermore, in several cases the formation of traces of trisubstituted dihydroindenyl compounds
was observed. It is noteworthy that the bicycle 159ah was isolated as major product in 1.2:1
mixture of diastereoisomers A:B. The formation of these compounds can be rationalized in term of
a cascade Friedel-Crafts-type alkylation by the aromatic ring to the f-position of the enone

intermediate (Scheme 5).

117



159ah
Diastereoselective
step
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Scheme 5: Cascade Friedel-Crafts-type alkylation.

Only two diastereoisomers were obtained and it was demonstrated by NMR studies that the

distereoselective protonation occurred always at the opposite face respect the styrene group. (Figure

1)

CH; (A)

CH; (B)

Hb (A) + Hb (B)

B A

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
Figure 1: Peak assignment of the products in 'HNMR spectrum.

After that, the NOE experiments have been carried out by irradiation of the Hb proton of both

diastereoisomers.
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As it can see in Figure 2, only the Ha of the diastereoisomer A (major diastereoisomer) is visible in
the spectrum as well as the Hc of both isomers. With these results it is easy to determinate that the
carbonyl group and the styrene group are always in cis position while the methyl group is in cis in

the major diastereoisomer (A) and anti in the minor one (B).

Irradiated signal Hb (A+B)
Observed signal | Intensity
Ha (A) 1.51
Hc (A) 2.29
CH; (A) 2.48
Hc (B) 3.70
CH; (B) 1.60

Ha (B) Ha (A)
Hb (A) + Hb (B)
Hc (B) Hc (A) l
) ) l AA N

Figure 2: 159ah and 159ah’ NOE experiments.

The same Michael-type-Friedel-Crafts alkylation was observed when tertiary allylic alcohol 160
was employed in the transformation with propargylic pivalates 156a in the presence of

JohnPhosAu(ACN)SbFs (Scheme 6).
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Scheme 6: Michael-type-Friedel-Crafts alkylation observed with tertiary allylic alcohol 160.

The bicycle 161 was isolated in moderate yield and high frans-diastereoselectivity; the

configuration of the dihydrobenzo[7]annulene was unambiguously determined through NMR

experiments.

Additionally, in order to further prove the flexibility of the synthetic protocol, differently

substituted propargylic pivalates were prepared and submitted under optimized reaction conditions

(Scheme 7).
tBu t-Bug
A R" O t-Bu—P—AUN=C—-CHj,
o o OH JohnPhosAu(ACN)SbFg
+ R2
RHK R3J\/\R3 Toluene _
2 reflux, 2h RS R3
R JohnPhosAu(ACN)SbFg
156 157 Z,E-158

0 0 0 cy 0 0
PR N ph AN PR N ph P N ph PR N ph

158ba 158bg (Ar = pCICgH,)

(Yield = 75%) (Yield = 74%)

158ca 158da
(Yield = 80%) (Yield = 67%)

o o) 0] o)
= = =
Ph Z Ph Ph Ph Ph Ph Ph Ph

158fa 158ga
(Yield = 57%)

(Yield = 84%)

158ha 158ia
(Yield = 73%)

Scheme 7: Scope of the reaction with different propargylic pivalates.
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Propargylic pivalates featuring aliphatic as well as aromatic groups as R' substituent resulted in the
desired products in good to excellent yields (up to 99%). Not only secondary, but also primary and
tertiary esters were employed in the reaction and the corresponding products were isolated in good
yields. Only modest yield was achieved when propargylic pivalate featuring aliphatic group as R*

substituent was used as starting material.

The structure of enone 158ag was determined by single crystal X-ray diffraction. In particular, the
data collected demonstrated that the enone unit adopts the Z configuration. The geometry of the
molecule in the crystal is influenced by high steric hindrance. Indeed, the enone moiety exhibits a
significant deviation from planarity forming a torsion angle of 52.3 (3)° between the C=C double
bond and the carbonyl group. This particular arrangement allows weak intermolecular n-7 stackings

among the phenyl groups linked to the carbonyl (Figure 3).

Figure 3: X-ray structure of 158ag.

The unexpected Z configuration of the enones was rationalized as shown in Scheme 8: in the
unfavoured approaching trajectory is present an interaction between the allyl moiety and the methyl
group in y position on the allenyl framework which is not present in the transition state that will

result in a Z configuration.
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Scheme 8: Favoured and unfavoured approaches in the transition state.

Finally, the role of the in situ formed pivalic acid was investigated. Some reactions were performed
in the presence of different organic and inorganic bases and no traces of product were observed. No
traces of product were observed even when a stoichiometric amount of pivalic acid was utilized in
the absence of the gold catalyst. These results demonstrated that the concomitant presence of the
gold catalyst and the Brgnsted acid is necessary for the success of the reaction. Moreover, it was
rationalized that the role of the gold-catalyst is the formation of the nucleophilic species through
[3,3]-sigmatropic rearrangement of the propargylic ester, while the pivalic acid actives the alcohol

toward the nucleophilic trapping (Scheme 9).

tBu

~

Bu

/& (0] tBu
[Au*] JQ
T ML gy e —
}
R1\ RA\/kRz R2 R'" O
R? [Au] L > Xy “g2z + PivOH
=
OH H* /\@/\ R® R
_— 3 > 3 e
X R R
R3 R3

Scheme 9: Proposed reaction mechanism.

In conclusion, an unprecedent gold(I)/H™ co-catalysed o-allylation of enones using activated
alcohols as electrophilic partner was developed. The catalytic protocol demonstrated to be tolerant
toward different functional groups furnishing all the desired products in good to excellent yields and
very high Z-stereocontrol. In some cases it was also possible to obtain fused bicycles in moderate

yields and good diastereoselectivity.
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5.1.1 Experimental Section

"H-NMR spectra were recorded on Varian 200 (200 MHz) or Varian 400 (400 MHz) spectrometers.
Chemical shifts are reported in ppm from TMS with the solvent resonance as the internal standard
(deuterochloroform: 7.27 ppm). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, p = pseudo, b = broad, m =
multiplet), coupling constants (Hz). BC-NMR spectra were recorded on a Varian 200 (50 MHz),
Varian 400 (100 MHz) spectrometers with complete proton decoupling. Chemical shifts are
reported in ppm from TMS with the solvent as the internal standard (deuterochloroform: 77.0 ppm).
GC-MS spectra were taken by El ionization at 70 eV on a Hewlett-Packard 5971 with GC injection.
They are reported as: m/z. LC-electrospray ionization mass spectra were obtained with Agilent
Technologies MSD1100 single-quadrupole mass spectrometer. Chromatographic purification was
done with 240-400 mesh silica gel. Anhydrous solvents were supplied by Fluka or Sigma Aldrich in
Sureseal® bottles and used without any further purification. Commercially available chemicals

were purchased from Sigma Aldrich, Stream and TCI and used without any further purification.

Synthesis of 4-phenylbut-3-yn-2-yl acetate (1)

OH AcCl o J

=Z 1) BuLi, THF -78 °C P Et;N DMAP
=
CH4CHO, -78 °C to rt DCM rt =

To a solution of alkyne phenylacetylene (5 mmol)) in THF (15 mL) under nitrogen atmosphere, n-

BuLi was added dropwise at -78 °C. The mixture was stirred at -78 °C for 2h and then acetaldehyde
(1 eq, 5 mmol) was added at the same temperature and then the mixture was allow to reach at room
temperature and stirred for 4h. Subsequently, brine (15 mL) was added and the aqueous layer was
extracted with AcOEt (3 x 10 mL). The combined layers were washed with brine (15 mL) and then
dried with Na,SQy, filtered and concentrated under reduced pressure. The crude product was used

such as, without further purification in the next step.

To a solution of 4-phenylbut-3yn-20l, Et;N (10eq, 50mmol, 7mL), and DMAP (5%, 0,25mmol, 31
mg) in DCM (10 mL) was added acetylchloride (1,2 eq, 6 mmol, 429 plL) and the mixture was

stirred at rt overnight. Then the mixture was quenched with water (10 mL) and the aqueous layer
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was extracted with DCM (3 x 10 mL). The combined organic layers were washed with brine (15
mL) and dried with Na,;SOy, filtered and concentrated under educed pressure. The crude product
was purificated by column chromatography on silica gel (ciclohexane:AcOEt 98:2) to give 4-

phenylbut-3-yn-2-yl acetate (155a).

0 155a Yellow oil; Y = 78%; Spectroscopic data are according to those reported
ok in literature; "' GC-MS (m/z): 188 (M).

=Z

General procedure for the synthesis of pivaloyl derivates (156a-h):

OH PivCl OPiv
~  1)Buli, THF -78 °C Et.N DMAP
TN ‘ // R? ° & R?
R R?CHO, -78 °C to rt R S DCM rt RN
| _— | P

To a solution of alkyne (5 mmol)) in THF (15 mL) under nitrogen atmosphere, n-BuLi was added
dropwise at -78 °C. The mixture was stirred at -78 °C for 2h and then the opportune aldehyde (1 eq,
5 mmol) was added and then the mixture was allow to reach at room temperature and stirred for 4h.
Subsequently, brine (15 mL) was added and the aqueous layer was extracted with AcOEt (3 x 10
mL). The combined layers were washed with brine (15 mL) and then dried with Na,;SOy,, filtered
and concentrated under reduced pressure. The crude product was used such as, without further

purification in the next step.

To a solution of propargyl acohol, Et;N (10eq, 50mmol, 7mL), and DMAP (5%, 0,25mmol, 31 mg)
in DCM (10 mL) was added trimethlyacetylchloride (1,2 eq, 6 mmol, 742 pL) and the mixture was

stirred at rt overnight. Then the mixture was quenched with water (10 mL) and the aqueous layer
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was extracted with DCM (3 x 10 mL). The combined organic layers were washed with brine (15
mL) and dried with Na2SO4, filtered and concentrated under educed pressure. The crude product
was purificated by column chromatography on silica gel (ciclohexane:AcOEt 98:2) to give the

desiderated product.

o 156a Yellow oil; Y = 76% (un-optimized yield); Spectroscopic data are

according to those reported in literature.”” GC-MS (m/z): 230 (M).

=
(0] 156b Yellow oil; Y = 73% (un-optimized yield); TH-NMR (400 MHz,
oj\g CDCI3), § 1.16 (s, 9H), 1.48 (d, 3H, ] = 6.7 Hz), 2.25 (s, 3H), 5.59 (q, 1H, J
=Z

= 6.6 Hz), 7.05 (d, 1H, J = 7.5 Hz), 7.11 (t, 1H, J = 7.5 Hz), 7.20-7.15 (m,
2H); 13C-NMR (100 MHz, CDCI3), ¢ 21.1, 21.3, 27.0 (3C), 38.6, 60.6,
84.4, 87.3, 122.2, 128.1, 128.8, 129.3, 132.4, 137.8, 177.3; GC-MS (m/z):

244 (M).

o} 156c¢ Yellow oil; Y = 77% (un-optimized yield); 1H-NMR (400 MHz,
>HJ\O CDCI3), 6 1.10-1.32 (m, 13H), 1.66-1.91 (m, 6H), 5,39 (d, 1H, J = 6.1 Hz),
= 7.24-7.29 (m, 3H), 7.40-7.43 (m, 2H); 13C-NMR (100 MHz, CDCI3), 6
25.8(20), 26.3, 27.1 (3C), 28.4, 28.5, 38.9, 42.1, 68.4, 85.4, 86.0, 122.6,
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128.2 (2C), 128.3, 131.8 (2C), 177.4. GC-MS (m/z): 298 (M)

) 156d White solid; Y = 68% (un-optimized yield); mp = 38 °C; 1H-NMR
O)K’< (400 MHz, CDCI3), 6 0.98 (d, 3H, J =4.5 Hz), 1.00 (d, 3H, J =4.4 Hz), 1.25
= (s, 9H), 1.93- 1.70 (m, 3H), 5.64 (t, 1H, J = 7.0 Hz), 7.31-7.29 (m, 3H),
7.45-7.43 (m, 2H); 13CNMR (100 MHz, CDCI3), 6 22.4, 22.5, 24.9, 27.0
(30), 38.7, 43.6, 63.0, 84.8, 87.0, 122.5, 128.2 (2C), 128.4, 131.8 (2C),
177.4; GC-MS (m/z): 272 (M).

156e White solid; Y = 78% (un-optimized yield); mp = 44 °C; spectroscopic
data are in accordance to those reported in literature. I GC-MS (m/z): 292

(M).

W,
\ o
O

156f Yellow oil; Y = 48% (un-optimized yield); IH-NMR (400 MHz, CDCIl3),
1.19 (s, 9H), 1.72 (s, 6H), 7.28-7.24 (m, 3H), 7.42-7.39 (m, 2H); 13C-NMR (100
MHz, CDCI3), 6 27.0 (3C), 28.9 (2C), 39.1, 72.0, 83.6, 90.4, 122.8, 128.1 (2C),
128.1, 131.8 (2C), 176.6. GC-MS (m/z): 244 (M)

\ XF

o} 156g Yellow oil; Y = 65% (un-optimized yield); Spectroscopic data are according
O to those reported in literature. 21 Ge-MsS (m/z): 216 (M).

AV
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O 156h White solid; Y = 71% (un-optimized yield); mp = 79 °C. 1H-
>HJ\O NMR (400 MHz, CDCI3), 6 1.26 (s, 9H), 6.85 (s, 1H), 7.35-7.32 (m,

= OO 3H), 7.54-7.49 (m, 4H), 7.68 (dd, 1H, J = 8.6 Hz, J = 1.5 Hz), 7.87-

O 7.86 (m, 1H), 7.90 (d, 2H, J = 8.8 Hz), 8.06 (s, 1H); 13C-NMR (100
MHz, CDCIl3), & 27.0 (3C), 38.8, 66.0, 85.0, 87.0, 122.3, 124.9, 126.3,

126.5, 127.8, 127.7, 128.2, 128.3, 128.5, 128.7, 131.9 (2C), 133.0, 133.3, 134.8, 177.2; GC-MS
(m/z): 342 (M).

0 156i Yellow oil; Y = 60% (un-optimized yield); Spectroscopic data are in

o accordance to those reported in literature.

e
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Gold-catalysed a-allylation of enons (158aa-fh)

OH (JohnPhos)Au(MeCN)SbFg

|
N RS N OR3 Toluene 110 °C R

Py
—|=

A dried two-necked round bottom flask was charged with anhydrous toluene (1 mL), the desired
carboxylate (155a, 156a-h) (0.1 mmol), the allylic alcohol (0.15 mmol) and the
[JohnPhosAu(ACN)]SbFg (2 mol%). The mixture was poured in a pre-heated oil bath (110 °C) and
the reaction left stirring at the same temperature for the indicated time. After cooling to room
temperature, the reaction crude was directly charged into a column for purification by flash

chromatography (cHex:AcOEt 98:2).

(Z,E)-158aa Yellow oil, Y = 77%. 1H-NMR (400 MHz, CDCI3), &
1.58 (dd, 3H, J = 7.1 Hz, J =1.3 Hz), 4.66 (dd, 1H, J = 7.9 Hz, J =1.0
Hz), 5.86 (dq, 1H, J = 7.1 Hz, J = 1.4 Hz), 6.39 (d, 1H, J = 15.9 Hz),
6.54 (dd, 1H, J = 15.8 Hz, J] = 7.9 Hz), 7.23-7.18 (m, 2H), 7.35-7.27
(m, 8H), 7.44-7.37 (m, 2H), 7.55-7.51 (m, 1H), 7.83-7.81 (m, 2H); 13C-NMR (100 MHz, CDCI3),
0 16.0, 53.0, 126.4 (2C), 126.9, 127.5, 128.5, 128.60 (2C), 128.64 (2C), 128.7 (2C), 128.8 (2C),
129.3 (2C), 130.7, 132.0, 133.1, 137.3, 137.7, 141.0, 143.3, 199.6; GC-MS (m/z): 338 (M); anal.
calcd for (C25H220: 338.17): C, 88.72; H, 6.55; found: C, 88.56, H, 6.64.

(Z,E)-158ab Yellow oil, Y = 68%. 1H-NMR (400 MHz, CDCIl3), §
1.55 (dd, 3H,J =7.2 Hz, J = 1.1 Hz), 2.29 (s, 3H), 2.30 (s, 3H), 4.59
(d, 1H, J =7.8 Hz), 5.82 (dq, 1H, J = 7.0 Hz, J = 1.2 Hz), 6.32 (d,
1H, J =159 Hz), 6.43 (dd, 1H,J = 15.8 Hz, ] = 7.8 Hz), 7.08 (t, 3H,
J=7.6 Hz), 7.24-7.15 (m, 5SH), 7.40 (t, 2H, J = 7.6 Hz), 7.50 (t, 1H,
J=7.4Hz), 7.82 (d, 2H, J = 7.3 Hz); 13C-NMR (100 MHz, CDCI3), & 15.8, 21.0, 52.4, 126.2 (2C),
128.1, 128.51 (2C), 128.54 (2C), 129.07, 129.09 (2C), 129.15 (2C), 129.17 (2C), 129.7, 131.4,
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132.9, 134.4, 136.2, 137.0, 137.5, 137.9, 143.4, 199.6; GC-MS (m/z): 366 (M); anal. calcd for
(C27H260: 366.20): C, 88.48; H, 7.15; found: C, 88.39, H, 7.11.

(Z,E)-158ac Yellow oil, Y = 80%. 1H-NMR (400 MHz, CDCI3), 6
1.59 (dd, 3H,J =7.2 H, J = 1.4 Hz), 2.20 (s, 3H), 2.34 (s, 3H), 4.97 (d,
1H, J =7.8 Hz), 5.79 (dq, 1H,J =7.1 Hz,J = 1.4 Hz), 6.34 (dd, 1H, J =
15.7 Hz), 7.25-7.08 (m, 6H), 7.47-7.36 (m, 4H), 7.55-7.51 (m, 1H),
7.86 (dd, 2H, J = 8.4 Hz, J = 1.3 Hz); 13C-NMR (100 MHz, CDCI3), ¢ 16.0, 19.5, 19.7, 48.8,
125.7, 125.9 (2C), 126.6, 127.2, 128.4, 128.5 (2C), 128.7, 129.1 (2C), 128.8, 130.1, 130.6, 131.6,
132.9, 135.3, 136.4, 136.5, 137.8, 139.0 142.6, 199.5; LC-ESI-MS: 367 [M+H+ ], 389 [M+Na];
anal. calcd for (C27H260: 366.20): C, 88.48; H, 7.15; found: C, 88.55, H, 7.26.

(Z,E)-158ad Yellow oil, Y = 80%. 1H-NMR (400 MHz, CDCIl3), 6

1.58 (d,3HJ = 7.1 Hz), 4.63 (d, 1H, J = 7.5 Hz), 5.86 (q, 1H, J =

7.1 Hz), 6.31 (d, 1H,J =159 Hz), 6.41 (dd, 1H,J =7.6 Hz, J = 15.8

Hz), 6.98 (dt, 4H, J = 8.6 Hz, J = 3.6 Hz), 7.30-7.23 (m, 4H), 7.43
F (t, 2H, J = 7.6 Hz), 7.56-7.52 (m, 1H), 7.81 (d, 2H, J = 7.9 Hz);
13C-NMR (100 MHz, CDCI3), 6 15.8, 52.0, 115.3 (d, 2C, J =21.0 Hz), 115.4 (d, 2C, ] = 21.0 Hz),
127.8 (d, 2C, J = 7.0 Hz), 128.5, 128.6 (2C), 129.1 (2C), 130.1 (d, 2C, J = 8.0 Hz), 130.1, 130.8,
133.1, 133.1 (d, 1C, J = 3.0 Hz), 136.4 (d, 1C, J = 4.0 Hz), 137.36, 142.9, 161.6 (d, 1C, J = 244.0
Hz), 162.2 (d, 1C, J = 244.0 Hz), 199.3; ESI-MS: 375 [M+H+ ], 395 [M+Na]; anal. calcd for
(C25H20F20: 374.15): C, 80.20; H, 5.38; found: C, 80.06, H, 5.15.
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(Z,E)-4ag White solid, Y = 92%. 1H-NMR (400 MHz, CDCl3), &

1.58 (dd, 3H, J =7.1 Hz,J = 1.0 Hz), 4.63 (d, 1H, J = 7.7 Hz), 5.86

(dq, 1H, J = 7.1 Hz, ] = 1.2 Hz), 6.30 (d, 1H, J = 15.7 Hz), 6.46

(dd, 1H,J = 7.8 Hz, J = 15.8 Hz), 7.21-7.30 (m, 9H), 7.43 (t, 2H, J
cl =7.7Hz), 7.49-7.60 (m, 2H), 7.81 (d, 2H, J = 7.1 Hz); 13C-NMR
(100 MHz, CDCI13), & 15.9, 52.2, 127.5 (2C), 128.63 (2C), 128.65 (2C), 128.68 (2C), 128.9, 129.1
(20), 130.0 (20), 130.7, 130.9, 132.6, 133.1, 133.2, 135.4, 137.3, 139.1, 142.4, 199.1; ESI-MS: 407
[M+H+ ], 429 [M+Na]; anal. calcd for (C25H20CI120: 406.09): C, 73.72; H, 4.95; found: C, 73.60,
H, 4.81.

(Z,E)-4ae White solid, Y = 95%. 1H-NMR (400 MHz, CDCI3), &

1.58 (d, 3H,J = 7.2 Hz), 4.61 (d, 1H, ] = 7.7 Hz), 5.86 (q, IH, J =

7.1 Hz), 6.28 (d, 1H, J = 15.8 Hz), 6.47 (dd, 1H, J = 7.8 Hz, J =

15.8 Hz), 7.17 (dd, 3H, J = 8.2 Hz, J = 5,1 Hz), 7.28-7.23 (m, 1H),
Br 7.45-7.40 (m, 5H), 7.56- 7.50 (m, 2H), 7.81 (d, 2H, J = 7.5 Hz);
13C-NMR (100 MHz, CDCI3), ¢ 15.9, 52.2, 120.8, 121.3, 127.8 (2C), 128.7 (2C), 129.1, 129.1
(20), 130.4 (20), 130.8, 131.0, 132.6 (2C), 131.7 (2C), 133.2, 135.8, 137.3, 139.6, 142.3, 199.0;
ESI-MS: 497 [M+H+ ], 519 [M+ Na]; anal. calcd for (C25H20Br20: 493.99): C, 60.51; H, 4.06;
found: C, 60.35, H, 3.85.

4af Yellow oil, Y = 83%. 1H-NMR (400 MHz, CDCI3), (two
regioisomers A:B, ratio 1.25:1), 8 1.54-1.57 (m, 3HA + 3HB), 4.62 (d,
IHA +1HB, J = 7.9 Hz), 5.78-5.89 (m, 1HA + 1HB), 6.29-6.35 (m,
1HA + 1HB), 6.52-6.43 (m, 1HA + 1HB), 7.32-7.20 (m, 9HA + 9HB),
7.35-7.43 (m, 2HA + 2HB), 7.48-7.54 (m, 1HA + 1HB), 7.78-7.80 (m,
2HA + 2HB); 13C-NMR (100 MHz, CDCI3), (two regioisomers A:B, ratio 1.25:1), 6 15.8 (1CA),
15.9 (1CB), 52.2 (1CB), 52.8 (1CA), 126.3 (2CB), 126.8 (1CA), 127.5 (2CA), 128.43 (1CA),
128.49 (2CB), 128.54 (2CA), 128.56 (4CA), 128.63 (4CB), 128.66 (2CA), 129.11 (2CA), 129.12

(4CB), 129.99 (2CB), 130.01 (2CB), 130.6 (2CA), 131.2 (1CA), 132.2 (1CB), 133.0 (1CA), 133.1
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(1CB), 135.6 (1CA), 136.9 (1CB), 137.4 (1CB), 137.5 (1CB), 139.4 (1CA), 140.6 (1CA), 142.6
(1CB), 142.9 (1CA), 199.2 (1CB), 199.4 (1CA); GC-MS (m/z): 372 (M)

159ah Yellow solid, Y = 38%. 1H-NMR (400 MHz, CDCI13), (as a mixture
of diastereoisomers A:B, ratio 1.2:1), diagnostic signals & 1.12 (d, 3HA, J =
7.0 Hz), 1.40 (d, 3HB, J = 7.1 Hz), 2.89-2.92 (m, IHA + 1HB), 3.23 (dt,
1HA,J=11.0J=7.0 Hz), 3.45 (dt, IHB,J =11.0J = 7.0 Hz), 4.35 (t, 1HB,
J =7.5 Hz), 4.84 (ddd, 1HA,J =69 HzJ =5.6 Hz J = 1.2 Hz), 6.33 (dd,
1HA,J =159 Hz J =7.2 Hz), 6.53 (dd, 1HB, J = 15.7 Hz J = 8.5 Hz), 6.68
(d, 1HA, J = 16.0 Hz), 6.73 (d, 1HB, J = 15.7 Hz); 13C-NMR (100 MHz,
CDCIl3), (two diastereoisomers A:B, ratio 1.2:1) ), diagnostic signals 6 20.4
(1CA), 20.7 (1CB), 36.1 (1CB), 39.2 (1CA), 47.4 (1CB), 49.0 (1CA), 59.0
(1CB), 59.4 (1CA), 140.6 (1CB), 141.3 (1CA), 157.8 (1CA), 158.0 (1CB),
205.4 (1CA), 205.8 (1CB); ESI-MS: 497 [M+H+ |, 519 [M+Na].

(Z,E)-158ba Yellow oil, Y = 75%. 1H-NMR (400 MHz, CDCIl3), &
1.55 (dd, 3H,J = 7.1 Hz, J = 1.3 Hz), 2.35 (s, 3H), 4.63 (d, 1H, J =
7.8 Hz),5.82 (q, 1H, J =7.1 Hz), 6.36 (d, 1H, J = 15.8 Hz), 6.52 (dd,
1H,J =79 H, J =15.8 Hz), 7.20-7.16 (m, 2H), 7.32-7.24 (m, 10H),
7.57-7.60 (m, 2H); 13C-NMR (100 MHz, CDCI3), & 15.8, 21.3, 52.8, 126.3 (2C), 126.6, 126.7,
127.3, 128.1, 128.4, 128.4 (2C), 128.5 (2C), 128.7 (2C), 129.5, 130.6, 131.8, 133.8, 137.2, 137.5,
138.3, 140.9, 143.4, 199.7; GC-MS (m/z): 352 (M); anal. calcd for (C26H340: 352.18): C, 88.60;
H, 6.86; found: C, 88.45, H, 6.71.
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(Z,E)-158bg Yellow oil, Y = 74%. 1H-NMR (400 MHz,
CDCI3), 6 1.58 (d, 3H, J =7.1 Hz), 2.38 (s, 3H), 4.62 (d, 1H, J =
7.7 Hz), 5.84 (q, 1H, J =7.1 Hz), 6.30 (d, 1H, J = 15.4 Hz), 6.46
(dd, 1H, J = 15.8 Hz, J = 7.7 Hz), 7.21-7.36 (m, 10H), 7.59 (d,
2H, J = 11.0 Hz); 13C-NMR (100 MHz, CDCI3), § 15.8, 21.3,
52.2, 126.5, 127.5 (2C), 127.9, 128.2, 128.5, 128.6 (2C), 128.7
(20), 128.7, 128.8, 129.4, 130.0, (2C), 130.8, 130.9, 134.0, 135.4, 138.5, 139.2, 142.6, 199.3; ESI-
MS: 421 [M+H+ ], 443 [M+Na]; anal. calcd for (C36H22CI120: 420.10): C, 74.11; H, 5.26; found:
C, 7391, H, 5.03.

Cl

(Z,E)-158ca Yellow oil, Y = 80%. 1H-NMR (400 MHz, CDCI3), 3
1.08- 0.96 (m, 4H), 1.28-1.21 (m, 2H), 1.63-1.50 (m, 4H), 1.97-1.88
(m, 1H), 4.55 (d, 1H, J =7.8 Hz), 5.55 (d, 1H, J = 10.4 Hz), 6.33 (d,
1H, J = 15.8 Hz), 6.48 (dd, 1H, J = 7.8 Hz, ] = 15.8 Hz), 7.21-7.15 (m,
2H), 7.32- 7.24 (m, 8H), 7.39 (t, 2H, J = 7.6 Hz), 7.50 (t, 1H, J = 7.4
Hz), 7.79 (d, 2H, J =7.7 Hz); 13C-NMR (100 MHz, CDCI3), § 25.3, 25.4, 25.7, 32.7, 32.8, 38.6,
52.6, 126.3 (2C), 126.7, 127.3, 128.3 (2C), 128.4 (4C), 128.7 (2C), 129.1 (2C), 130.7, 131.7, 132.9,
137.2, 137.6, 139.1, 140.2, 140.8, 199.5; GC-MS (m/z): 406 (M); anal. calcd for (C30H300:
406.23): C, 88.63; H, 7.44; found: C, 88.51, H, 7.28.

(Z,E)-158da Yellow oil, Y = 67%. 1H-NMR (400 MHz, CDCI3),
0.78 (d, 3H, J = 6.6 Hz), 0.79 (d, 3H, J = 6.6 Hz), 1.59 (ept, 1H, J = 6.7
Hz), 1.80 (t, 1H, J = 7.4 Hz), 4.62 (d, 1H, J = 7.8 Hz), 5.75 (dt, 1H, J =
7.6 Hz, J = 1.2 Hz), 6.37 (d, 1H, J = 15.8 Hz), 6.51 (dd, 1H, J = 7.8 Hz,
J = 15.8 Hz), 7.21-7.15 (m, 2H), 7.32-7.24 (m, 8H), 7.40-7.36 (m, 2H),
7.50 (t, 1H, J = 7.4 Hz), 7.80-7.78 (m, 2H); 13C-NMR (100 MHz,
CDCI3), § 22.3,22.3, 28.7, 38.7, 52.9, 126.3 (2C), 126.7, 128.4 (4C), 128.5 (2C), 128.7 (2C), 129.2
(20), 130.6, 131.8, 132.9, 132.95, 137.2, 137.5, 140.9, 142.8, 199.5; GC-MS: 380 (M); anal. calcd
for (C28H280: 380.21): C, 88.38; H, 7.42; found: C, 88.19, H, 7.39.
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158ea Yellow oil, Y = 99%. 1H-NMR (400 MHz, CDCI13), ¢ 4.81 (d,

1H,J=7.8 Hz), 6.44 (d, 1H, J = 15.8 Hz), 6.63 (dd, 1H,J =7.8 Hz, ] =

15.8 Hz), 6.81 (s, 1H), 7.05-7.11 (m, 3H), 7.14 (d, 2H, J = 6.6 Hz),

7.24-7.20 (m, 4H), 7.41-7.28 (m, 9H), 7.75 (d, 2H, J = 7.3 H); 13C-

© NMR (100 MHz, CDCI3), & 53.8, 126.4 (2C), 126.9, 1274, 127.7,

128.06 (2C), 128.14 (2C), 128.5 (2C), 128.6 (2C), 128.7 (2C), 128.8

(2C), 129.4 (2C), 130.1, 132.0, 132.4, 132.9, 135.6, 136.2, 137.1, 140.3, 143.3, 199.8; GCMS
(m/z): 400 (M); anal. calcd for (C28H280: 400.18): C, 89.97; H, 6.04; found: C, 89.81, H, 5.91.

158fa Yellow oil, Y = 73%. 1H-NMR (400 MHz, CDCI3), 6 4.86 (d,
1H,J=7.8 Hz), 6.47 (d, 1H, J = 15.8 Hz), 6.67 (dd, 1H,J=7.8 Hz, ] =
15.8 Hz), 6.96 (s, 1H), 7.13 (t, 3H, J = 7.7 Hz), 7.36-7.19 (m, 10H),
7.42-7-40 (m, 2H), 7.51 (d, 2H, J = 8.5 Hz), 7.64-7.59 (m, 3H), 7.77-
7.75 (m, 2H); 13C-NMR (100 MHz, CDCIl3), & 54.0, 126.1, 126.2,
126.2, 126.4 (2C), 127.0, 127.4, 127.5, 127.7, 128.0, 128.2 (2C), 128.5
(2C), 128.6, 128.6 (20), 128.9 (2C), 129.3 (2C), 130.1, 131.9, 132.5, 132.5, 132.9, 132.9, 133.1,
136.3, 137.1, 140.4, 143.6, 200.0; ESI-MS: 451 [M+H+ ], 473 [M+Na]; anal. calcd for (C34H260:
450.20): C, 90.63; H, 5.82; found: C, 90.51, H, 5.61.

158ga Yellow oil, Y = 84%. 1H-NMR (400 MHz, CDCI3), 6 1.60 (s,
3H), 1.90 (s, 3H), 4.81 (t, 1H, J = 3.6 Hz), 4.49 (s, 1H), 6.50 (d, 1H, J =
1.0 Hz), 7.20-7.26 (m, 6H), 7.33-7.36 (m, 5H), 7.43-7.48 (m, 2H),
7.79-7.82 (m, 2H); 13C-NMR (100 MHz, CDCI3), ¢ 20.5, 23.3, 50.4,
126.3, 126.3 (2C), 127.1, 128.20 (2C), 128.3 (2C), 128.3 (2C), 128.4
(20), 129.3 (2C), 130.5, 131.3, 132.7, 134.0, 135.6, 137.3, 138.1, 141.9, 200.6; ESIMS: 352 (M);
anal. calcd for (C26H240: 352.18): C, 88.60; H, 6.86; found: C, 88.45, H, 6.71.
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158ha Yellow oil, Y = 57%. 1H-NMR (400 MHz, CDCI3), ¢ 5.08 (d,
1H, J = 7.4 Hz), 5.81 (s, 1H), 5.87 (s, 1H), 6.40 (d, 1H, J = 15.9 Hz),
6.54 (dd, 1H, J = 7.4 Hz, J = 15.9 Hz), 7.22-7.18 (2H, m), 7.36-7.24
(8H, m), 7.41 (t, 2H, J =7.5 Hz), 7.51 (t, 1H, J = 7.4 Hz), 7.74 (d, 2H, J
= 7.3 Hz); 13CNMR (100 MHz, CDCI3), ¢ 49.6, 126.3 (2C), 126.4,
126.7, 127.4, 128.2 (2C), 128.5 (2C), 128.6 (2C), 128.7 (2C), 129.6 (2C), 130.5, 132.0, 132.3,
137.1, 137.5, 140.9, 150.2, 197.0; ESI-MS: 324 (M); anal. calcd for (C24H200: 324.15): C, 88.85;
H, 6.21; found: C, 88.51, H, 6.02.

158ia Yellow oil, Y = 40%. 1H-NMR (400 MHz, CDCI3), 6 0.59 (t,
3H,J =7.3Hz),0.92 (dd, 2H, J = 15.0 Hz, ] = 7.4 Hz), 1.83-1.91 (m,
2H), 2.04- 2.12 (m, 2H), 4.73 (d, 1H, J = 7.5 Hz), 6.35 (d, 1H, ] =
15.9 Hz), 6.56 (dd, 1H, J = 15.9 Hz, J = 7.5 Hz), 6.67 (s, 1H), 7-16-
7.38 (m, 15H); 13CNMR (100 MHz, CDCI3), ¢ 13.6, 21.7, 25.6,
43.5, 52.9, 126.3 (20), 127.0, 127.4, 128.0, 128.4 (2C), 128.5 (20),
128.5 (2C), 128.6 (2C), 128.8 (2C), 130.2, 130.7, 132.3, 136.3, 137.0, 140.2, 147.1, 200.0; HPLC-
MS: 381 [M+H+ ], 403 [M+Na]; anal. calcd for (C28H280: 380.21): C, 88.38; H, 7.42; Found: C,
88.49, H, 7.61.

(+/-)-trans-161 Yellow solid, Y = 35%; 1H-NMR (400 MHz, CDCI3), &
1.44 (d, 3H,J =7.0 Hz), 2.36 (dt, 1H, J = 8.7 Hz, J = 4.5 Hz), 2.49 (dt, 1H,
J =147 Hz, J = 8.1 =Hz), 2.78 (ddd, 1H,J = 14.7 Hz, ] =69 Hz, ] = 4.8
Hz), 3.04 (m, 1H), 6.15 (t, 1H, J = 7.4 Hz), 7.17-7.21 (m, 4H), 7.22-7.23
(m, 2H), 7.25-7.26 (m, 1H), 7.30-7.31 (m, 1H), 7.35-7.39 (m, 3H), 7.46 (d,
1H, J = 7.7 Hz), 7.60 (dt, 1H, J = 7.7 Hz, J = 1.0 Hz), 7.72 (d, 1H, J = 7.6 Hz); 13C-NMR (100
MHz, CDCI3), & 20.1, 30.2, 39.0, 56.5, 123.5, 124.9, 126.5, 127.0, 127.1, 127.2 (2C), 127.4, 128.1
(20), 128.3 (2C), 129.8 (2C), 134.9, 135.9, 139.8, 142.3, 143.4, 158.1, 207.1; ESI-MS: 339 [M+H+
], 355 [M+NH4], 361 [M+Na], 377 [M+K]; anal. calcd for (C25H220: 338.17): C, 88.72; H, 6.55;
found: C, 88.52, H, 6.31.
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Crystallographic Data Collection and Structure Determination for (Z,E)-158ag.

The X-ray intensity data were measured on a Bruker SMART Apex II CCD area detector
diffractometer. Cell dimensions and the orientation matrix were initially determined from a least-
squares refinement on reflections measured in three sets of 20 exposures, collected in three different
o regions, and eventually refined against all data. A full sphere of reciprocal space was scanned by
0.3° o steps. The software SMART™ was used for collecting frames of data, indexing reflections,
and determination of lattice parameters. The collected frames were then processed for integration by
the SAINT programw and an empirical absorption correction was applied using SADABS." The
structures were solved by direct methods (SIR 2004)"' and subsequent Fourier syntheses and
refined by full-matrix least-squares on F (SHELXTL)'"®!, using anisotropic thermal parameters for
all non-hydrogen atoms. All hydrogen atoms were added in calculated positions, included in the
final stage of refinement with isotropic thermal parameters, U(H) = 1.2 U(C) [UH) = 1.5 Ugy(C-
Me)], and allowed to ride on their carrier carbons. Crystal data and details of the data collection for

(Z,E)-158ag are reported in Table S1.

X-ray crystal structure of (Z,E)-158ag.

Figure S1. a) Molecular structure of (Z,E)-158ag.
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Table S1. Crystal data and structure refinement for (Z,E)-158ag.

(Z,E)-158ag

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group

Cell volume, A3
Z
Pc, Mg m’
n(Mo-K,), mm'!
F(000)
Crystal size mm
0 limits, °
Refl. collected, unique (R;,)
Goodness-of-fit-on F*
Ry(F)", wRy(F?) [1>26(D)]°
Largest diff. peak and hole, e. A

CasHCl,0
407.31
296 (2)
monoclinic
P 2]/71
6.1008(8)
13.366(2)
26.012(3)
90
90.785(2)
90
2121(5)
4
1.276
0.318
848
0.25 x0.10 x 0.07
1.566 to 24.978
13542 /3697 [R(int) = 0.0447]
1.019
R1=0.0502, wR2 =0.1186
0.462 and -0.384

IR = Z||Fo-[F|/Z|F|." R, = [EW(F,>-FH)Ew(E,))*]"* where w = 1/[c*(F,>) + (aP)*+ bP] where

P = (F,” + E)/3.
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6. INTRODUCTION: C-H ACTIVATION

In the past 10 years, C—H activation has emerged as a powerful alternative method to traditional
cross-coupling reactions, for the formation of new C—C or C—X bonds. The most attractive
advantage in this type of approach relies in the possibility to avoid the pre-activation of the
substrates, improving the atom- and step-economy, and the reduction of toxic wastes. In the past,
this type of reactions was promoted principally by 4d and 5d transition metals. Only recently, the
interest in the development of C—H activation catalysed by first-row transition-metals, increased
due to their high abundance in the Earth’s crust and their low costs. In particular, cobalt, nickel and

iron have received considerable interest while the interest in manganese has been increased only in

the last 3-5 years.

Manganese is the twelfth most abundant element in the Earth and the third transition metal only

after iron and titanium.

6.1 Stoichiometric Reaction

The first C—H activation promoted by manganese complex was developed by Stone and Bruce in

1970 using stoichiometric amount of MnMe(CO)s.

N N Ph
@[ + MnMe(CO)5
H light petroleum

reflux
162

N.. _Ph
Mn(CO),

163a, yield = 93%

Mn(CO), Mn(CO), O Mn(CO),

R Ph,
0 N~ Mn(CO)4 @[ E
Mn(CO), PN Mn(CO),

R = Me, NMe, E=0,NR, S, Se

X SMe Ph Me
P U sy P
(0C)sCr Mn(CO), (CO)4Mn----O0 Mn(CO),

gw

Ph,

CLCy
Mn(CO

E=0,NR, S, Se

X
L
(O 4Mn

E/N

E = 0, NMe,

@[O (OPh),
n(CO),

Me
Si

Ph, P’[Mn]‘PPh

Mn] =

Mn(CO),

Scheme 1: First C—H activation promoted by manganese complex.
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Under the optimized reaction conditions it was possible to isolate different five-membered

manganacycles in excellent yields (Scheme 1).

Subsequently, Nicholson and Main studied in depth the reactivity of these compounds. In particular
in 1987 they treated the manganacycle 164 with activated alkene in the presence of palladium
catalysts. Different products were isolated from the same substrates when different palladium
catalysts were employed in the reaction. Moreover, when manganacycle derived from 2-
acetylthiophene was submitted under the same conditions in the presence of methyl vinyl ketone or

allyl alcohol, the alkylated thiophene or allylic thiophene were achieved in good yields (Scheme 2).
PdCl, Me

LiCl
R=OMe [ o O‘ CO,Me
Me MeO

reflux

T
@9 + ZcoMe ——— 165, yield = 76%
R Mn(CO), Li,PdCl, Me
R=H LiCl o
1643, R = OMe W
164b, R = H e o
2

reflux

166, yield = 75%

Li,PdCl, /
LiCl
e T
S
Mn(CO)4 reflux Me 168, yield = 97%
S COMe
o} .
Me Li,PdCl,
167 \)LMe L tel . A o
MeOH s

reflux Me 169, yield = 60%

Scheme 2: Reactivity of the manganacycles.

Not only aromatic but also olefinic manganacycles can react with methyl acrylate resulting in the
corresponding products in good yields as reported by the same authors in 1995.°! Several
applications in the use of manganacycles with activated olefins were reported; for example,

Woodgate and co-workers!*!

developed a procedure using a manganacycle derived from
podocarpic acid, while Nicholson'®! employed a cyclomanganated triphenylphosphine chalgogenide

obtaining in both cases the corresponding products in satisfactory yields.

Moreover, the coupling of manganacycles with alkynes was investigated in order to extend the
applications of these compounds. In particular, Liebeskind and co-workers reported in 1989 the
annulation reaction of ketone-based mangacycles with differently substituted alkynes.'”! The desired

8
)[]

products were achieved when anhydrous trimethylamine N-oxide (TMANO)™ was added in the
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reaction. Several substituted alkynes were submitted in the reaction with manganacycle 164b in
acetonitrile and in the presence of TMANO resulting in the corresponding products in good yields
(Scheme 3). The procedure demonstrated to be tolerant toward different functional groups and the

reactions proceeded smoothly with terminal, internal, electron-rich as well as electron-deficient

alkynes.
Me HO Me
R2 MesNO O
X0 + = ’ R!
O, " e O
Mn(CO), R2
164b 170
HO 1o HO 1o HO 1o HO 1o HO 1o
Et Ph
170a, yield = 77% 170b, yield = 60% 170c, yield = 71% 170d, yield = 75% 170e, yield = 69%

HO HO Me HO

HO Me Me HO Me
Coza Ol ycom [ p-om Et
Me ' OEt OEt

170f, yield = 75% 1709, yield = 55% 170h, yield = 60% 170i, yield = 82% 170j, yield = 70%

Me
SiMe3

9

Scheme 3: Coupling with alkynes.

On the basis of the observed regiochemistry of the products, the authors rationalized that the
insertion of the alkyne into the Mn—C bond of the manganacycle has been controlled by steric
effects; indeed, the large alkyne substituent occupied the 2-position of the indenol, predominantly.
It was assumed that the desired products were achieved through the formation of seven-member
metallacycle intermediate generated by insertion of alkyne into the Mn—C bond and subsequently

the nucleophilic attack of the Mn—C bond to the carbonyl group led to the corresponding indenol.

The formation of the seven-member mangancycle was demonstrated by Nicholson and Main"'"!

one year later when they examined again the photochemical reaction of ortho-manganated
triphenylphosphite with diphenylacetylene reported the first time by Onaka and co-workers.""" In
that situation, they were able to isolate the seven-member manganacycle which was unambiguously
characterized by X-ray diffraction analysis (Scheme 4a). Subsequently, Sudrez and co-workers
reported the synthesis of the first N-containing seven-membered manganacycle achieved by

reaction of phenylimidazole-based manganacycle with diphenylacetylene (Scheme 4b)
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o. OPh O-p-OPh
~ et \
a) @[ P~opn Ph——"Ph Mn(CO),
Mn(CO)4 photolysis —
il Ph
[\ =\
Me—N N, L Me~N<~N-Mn(co),
b) Mn(cO), _ Ph—=—="Ph )—Ph
Toluene, reflux
Ph

Scheme 4: Isolation of the seven-membered manganacycle (a) and preparation of the first N-containing seven-

membered manganacycle (b).

6.2 Catalytic Reaction

Pioneering results in manganese-catalysed C—H activation were reported by Kuninobu and Takai in
2007 when they started to investigate the stoichiometric C—H bond activation of 1-methyl-2-
phenyl-1H-inidazole and consequent insertion of aldehydes promoted by MnBr(CO)s. In particular,
using benzaldehyde the authors were able to isolate the corresponding product in 52% yield

(Scheme 5).

1) Toluene, 100 °C, 5 min

Me~NN 2) PhCHO (1.0 eq), toluene, 115 °C, 10h Me~N N

OH
+  MnBr(CO)s
3) TBAF, rt,4 h Ph
(1.0 eq) (1.0 eq)
171 172 173, yield = 52%

Scheme 5: Stoichiometric C—H bond activation.

Unfortunately, when the manganese complex was used in catalytic amount, only traces of the
product have been produced. However, they detected a possible method to recycle the catalyst in
order to use only catalytic amount of manganese complex. In particular, they demonstrated that
adding 2.0 equivalent of triethylsilane in the reaction mixture from the beginning it was possible to
obtain the corresponding product in 93% yield. Subsequently, they proved the scope of the
methodology by submitting several aldehydes under optimized catalytic conditions. The protocol
revealed to be tolerant toward differently substituted aromatic as well as aliphatic aldehydes

resulting in the corresponding products in satisfactory yields (Scheme 6).
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= =
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1749, yield = 66% 174h, yield = 48%

Scheme 6: Scope of the Mn-catalysed C—H activation.

mechanism is illustrated in Scheme 7.

Me/N N

The authors investigated the mechanism through several experiments finding that the hydrosilane

promoted the reductive elimination of manganese by silylation of the alkoxy moiety; the proposed

OSiEt; Me—N /N
H2 +
[Mn]
HSiEts
/N /N

*[Mn]-H

/N /N~[|\/|n]

\

0

Scheme 7: Proposed reaction mechanism.

Subsequently in 2013, Chen and Wang reported a manganese-catalysed aromatic C-H
alkenylation.[m In particular, arylpiridines reacted with terminal alkynes in the presence of

MnBr(CO)s and dicyclohexylamine (Cy,NH) resulting in the corresponding E-alkenylated products.
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The protocol demonstrated high chemo-, regio- and stereoselectivity and the ample scope shows its

flexibility (Scheme 8).

AN AN
R MnBr(CO)5 (10 mol%) R!
~N Cy,NH (20 mol%) N
+ H—RS 3
Et,0, 80-100 °C xR
R2 6-12 h R?

40 examples
yield up to 86%

Scheme 8: Mn-catalysed aromatic C—H alkenylation

It is noteworthy that in stoichiometric reaction of MnBr(CO)s and 2-phenylpyridine only traces of
the product were observed in the absence of Cy,NH, while the rate reaction increased when the base
was used as an additive. This result has been rationalized considering the cooperation of the
manganese catalyst with the base in the C—H activation step (Scheme 9). In particular, using Cy,NH
the C—H bond cleavage resulted to be easier to achieve. This preliminary hypothesis has been

subsequently confirmed by deuterium-labeling experiments and DFT calculations.

B BE:
® N co
AN X

| | co | N, | .CO co
N MnBr(CO)s /N“'...N!n..m\CO ”Nin\co In.,\\\\co
H | \CO /\H CcO | \CO

co Cy,NH ! co

Cyzl‘\lH

| 3 manganese/am ine

synergetic C-H activation

Scheme 9: Base-assisted C—H activation.

Subsequently, Wang and co-worker increased the applications in manganese-catalysed C-H

activation reporting two different procedures for the dehydrogenative [4+2] annulation of N-H

[14] [15]

imines with alkynes' ™' and the C—H conjugate addition to a,f-unsatured carbonyl compounds

respectively.

The dehydrogenative [4+2] annulation of imines with alkynes is a useful protocol to prepare
differently substituted isoquinolines. The methodology demonstrated to be tolerant toward different
functional groups due to the mild reaction conditions which do not require any oxidants, external

ligands or additives.
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Scheme 10: Dehydrogenative [4+2] annulation of imines with alkynes and proposed reaction mechanism.

As it is shown in the catalytic cycle in Scheme 10, the production of H, and CO as by-products was

detected by analytical methods, confirming consequently the proposed reaction mechanism.

Continuing with their interest in manganese-catalysed C—H activation, the same authors reported an
alternative one-step catalysed-reaction'” for the stoichiometric methodology reported by Nicholson

and Main and above illustrated (Scheme 11).[2]
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Scheme 11: One-step catalysed-reaction for the stoichiometric methodology reported by Nicholson and Main.

Several 2-arylpyridines featuring electron-donating as well as electron-withdrawing groups were
submitted under optimized reaction conditions, furnishing the corresponding products in good
yields. The reaction showed high levels of regio-control when arylpyridines featuring two adjacent
C-H bonds were available for the activation favouring the addition of less sterically congested one.
Subsequently, it was further tested the scope of the reaction employing primary, secondary and also
tertiary alkylacrylates. The methodology revealed to be tolerant toward different functional groups
furnishing the corresponding products in good yields. Only styrene cannot be used as reagent
highlighting the importance of the carbonyl group. On the base of the experimental results obtained
it was proposed a hypothetical reaction mechanism which was then confirmed by DFT calculations.
Moreover, it was also demonstrated that the use of dicyclohexylamine increased the C—H bond

cleavage through its cooperation with manganese catalyst.

In 2015 Ackermann and co-workers developed a new powerful route to synthetize f-amino acid
derivatives from manganese-catalysed C—H activation of easily available imines.!"” The authors
started their investigation choosing the transformation of ketimine 175 with ethyl acrylate as model
reaction. The desired product was isolated in 94% yield when the reaction was promoted by

[Mn,(CO);0] in DCE at 120 °C (Scheme 12).

_PMP PMP

N Me, |
| o~ [Mn2(CO)40l wNH
Me t 7 COEt
DCE ICO,E
Me 120 °C, 18 h Me

PMP = para-methoxyphenyl
175 176, yield = 94%

Scheme 12: Synthetize f-amino acid derivatives from Mn-catalysed C—H activation.

The unusual cis-configuration exhibited by the obtained product was determined in unambiguous

way by bidimensional NMR studies.
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Subsequently, the scope of the reaction was investigated, by submitting differently substituted
ketimines and alkenes under optimized reaction conditions. All the corresponding products were

achieved in good to excellent yields (Scheme 13).

1 H
i [Mn(CO)1o] " Noa
3 ny 10 r
SNAT R NeoR? R~£>i>---cozR2
R DCE /
120 °C, 18 h Q3

20 examples
yield up to 97%

Scheme 13: Scope of the Mn-catalysed C—H activation of imines.

The methodology demonstrated to be tolerant toward different functional groups such as
cyclopropyl, ester and halogen substituents and moreover the reaction was not limited to terminal
alkenes but also internal alkenes resulted in the corresponding products in good yields. Finally,
several experiments were carried out in order to shed light on the reaction mechanism which is

illustrated in Scheme 14.

p
R \N \
SAr

R3
\
Mn(CO) C-H metalation
oo ¥co o
H O +H
@f y
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R ‘\N,M?(CO)‘; /
\ 0]
@-nl<
/ OR? 3
4 R _~
R3 \/\n/
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migratory
nucleophilic M\” (CO) insertion

addition

Scheme 14: Reaction mechanism.

Subsequently, it was also reported the first manganese(I)-catalysed intermolecular C—H allylation of

ketimines."'”! In particular, it was demonstrated that using [Mn(CO);o] and NaOAc as catalytic
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system it was possible using allyl-carbonate derivatives for the C—H allylation of ketimines

(Scheme 15).

R?2 [Mn,(CO)10] (5 Mol%) "
O. _Me NaOAc (20 mol%) + 2
\N/PMP + A< 4\n/ H3O R1 R .
R R® R* o 1,4-dioxane R
H 100 °C, 14 h

R4

21 examples
yield up to 91%

Scheme 15: Mn-catalysed intermolecular C—H of ketimines.

The methodology resulted to be tolerant toward several functional groups and all the corresponding
products were isolated in good to excellent yields. Subsequently, it was discovered that the
methodology was not limited to the use of arenes. Indeed, indole as well as pyrrole and thiophene
heterocycles can be employed in the transformation resulting in the desired products in good yields

(Scheme 16).

[Mn2(CO)4] (5 mol%)

NaOAc (20 1%
. Z O\[rMe aOAc (20 mol%)
R® R* o 1,4-dioxane
100 °C, 14 h
177 178
MeO F. Br
N N N N
Z>N Z>N Z>N Z>N
178a, yield = 96% 178b, yield =95% 178c, yield = 86% 178d, yield = 92%
|
T~ % s (e
N N
Z "N Z "N Z "N Z "N
A l N l o | |
178e, yield = 83% 178f, yield = 97% 178g, yield = 70% 178h, yield = 97%
E/Z = 3:1 Z/E = 3:1

Q@W A~ &
N =N

¢ e P~
| AN S

178i, yield = 58% 178j, yield =86% 178Kk, yield = 77% 178l, yield = 59%

Scheme 16: Scope of the Mn-catalysed C—H allylation.
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The authors investigated the reaction mechanism through several mechanistic experiments in order
to determinate the catalytic cycle which allows the formation of desired allylated products (Scheme

17).

AcOH

Scheme 17: Reaction mechanism.

In the same line, Ackermann and co-workers reported a highly efficient manganese-catalysed C—H
aminocarbonylation of heteroarenes.'® The authors were able to develop a method where
challenging sterically bulky alkyl isocyanates could be used and moreover the success of the

reaction was not dependent to the presence of additional ligands or additives.

A M
: \ o
L N MnBr(CO)s (10 mol%) °’Q\(
TR HN-R3
R 100 °C, 16 h el |
= NS

28 examples
yield up to 99%

Scheme 18: Mn-catalysed aminocarbonylation of heteroarenes.

The ample scope reveals the large flexibility of the protocol and the tolerance toward several

functional groups. Furthermore, intermolecular competition experiments demonstrated that
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electron-deficient isocyanates and electron-rich indoles were more reactive in the transformation.
These evidences can be rationalized considering the nucleophilic attack of the metallated indole on
the coordinated isocyanate the rate-determining step. Finally, through several experimental

mechanistic studies the authors proposed a mechanism reaction which is shown in Scheme 19.

s Q_L
| HN-R? /N\ H

ZY
) 2N
“~ |
MnBr(CO)s
HBr, CO \
co
/ \ Q/_&H
N
N
.MnBr(CO
SN- Mn(CO)4 = IN (GO
P X
A HBr
Crw
%\ N—R? N" “Mn(co),
/
N Min(CO); /IN
Z N AN
co N
37 Cy
R 0

Scheme 19: Proposed reaction mechanism.

The large benefit in manganese-catalysed C—H activation has been demonstrated by Ackermann in
2016 when with his co-workers developed a highly efficient hydroarylation of ketones with
heteroarenes.!"” They started their investigation considering the reaction of indole 179 with ketone

180 in the presence of different transition-metal-catalysts (Scheme 20).

H Q cFs
Catalyst (10 mol%)
NTH L CJ\”/OEt yst b) N\ N ok,
_ 3 1,4-dioxane ay CO4E
N o 100 °C, 16h a i
2
A |

179 180 181 182

Scheme 20: Hydroarylation of ketones.
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When the reaction was carried out in the presence of catalysts derived from palladium, ruthenium,
rhodium, iridium, rhenium, cobalt, nickel and iron, only the C3-functionalized indole 181 was
isolate in quantitative yields. Only manganese-catalysts were able to lead to the selective formation
of the C2-derivate 182 in excellent yield. In particular, Mn,(CO);o promoted the reaction furnishing
the desired product in 90% yield, while MnBr(CO)s provided the C2-adduct in 88% yield only
when NaOAc was used as additive. Subsequently the authors demonstrated that not only ketones
but also aldehydes and imines could be used in the reaction resulting in the corresponding products
in excellent yields. Moreover, the protocol demonstrated to be not limited to the indole scaffold and,
also pyrroles and thiophene derivatives were employed in the reaction resulting in the desired

products in satisfactory yields.

Continuing with the interest toward manganese-catalysed C—H activation, very recently Ackermann
and co-workers reported the first C—H cyanation of heteroarenes promoted by manganese(l)-
catalysts.[zo] They started the investigation studying the reaction between indole 183 and Beller’s
NCTS (N-cyano-N-phenyl-p-toluenesulfonamide) 184 in the presence of MnBr(CO)s.
Unfortunately, under these reaction conditions, only unsatisfactory yields of the desired products
were achieved. In contrast, when ZnCl, and HNCy, were added in the mixture as additive and base
respectively, the desired product was isolated in good yield. They also demonstrated that catalytic

amount of Zn(II) were enough to guarantee the success of the reaction (Scheme 21a).
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MnBr(CO)s (10 mol%)
ZnCl, (50 mol%)

CN HNCy, (20 mol%)
* N
a) Ph™ " Ts 1,4-dioxane
100°°C, 16h 17 examples
183 184 185 yield up to 95%
CO,R! CO,R!
MnBr(CO)s (10 mol%)
NR CN ZnCl, (50 mol%) NR
\ 2 & HNCy, (20 mol%) A\ 2
b) H + \TS CN
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F 100 °C, 24h

Cr

186 187 188
COQMe COZMe COan
NHAc NPhth NPhth
N—cN N—cN N—cN
N N N
N N N
188a, yield = 58% 188b, yield = 68% 188c, yield = 53%

Scheme 21: First C-H cyanation of heteroarenes promoted by Mn(I)-catalysts (a) and its application with tryptophan

derivatives (b).

The ample scope showed the large tolerance of the methodology toward different functional groups
and moreover, the authors were able to obtain the first manganese-catalysed C—H cyanation of
tryptophan derivatives in good yields and without racemization of the stereogenic centers (Scheme

21b).

This new heterobimetallic catalytic system for the C—H cyanation was deeply studied through DFT
calculations. In particular, it was demonstrated that the coordinative interaction of the Zn(II)

additive allowed a stabilizing effect on the cyclomanganated transition state of 30 kcal mol™ (Figure

1.

Ph Ph
Ts—N Ts—n Cl
\ \ Zln
:CQN ’C§N/ Cl
A\ L N L
N Mn(CO)s N Mn(CO)
N N
74 \ 4 \
46.7 kcal mol-1 10.7 kcal mol’!

Figure 1: Stabilizing effect of the Zn(II) additive on the cyclomanganated transition state.
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7. MANGANESE-CATALYSED C-H ACTIVATION

7.1 Mn-Catalysed C—H Alkynylation

During the third year of my PhD I spent five months in Goéttingen (Germany) where I joined in the
Ackermann’s group. In particular, in collaboration with Z. Ruan and N. Sauermann, the goal was
the development of a very efficient strategy for a manganese-catalysed C—H alkynylation of indoles.
Below, all the results obtained in this project to give a complete overview about the powerful

methodology will be described, highlighting the collaborative nature of the investigation.

We started to prepare differently substituted indole derivatives featuring the pyridine or pyrimidine
as directing group. To prepare the 1-(pyrimidin-2-yl)-1H-indoles and 1-(pyrimidin-2-yl)-1H-
pyrrole, the synthetic procedure already reported in literature was followed.""! In particular, the
indoles reacted smoothly with 2-chloropyrimidine in the presence of NaH in DMF at 130 °C after
24 h (Scheme 1).

c NaH (1.1 eq) RL@E\g
R - N

N
v DMF N)\N
0°C to 130 °C Q

24 h

oA
Iz
é’%

Scheme 1: Synthetic procedure for 1-(pyrimidin-2-yl)-1H-indoles.

The synthetic procedure for the preparation of the 1-(pyridine-2-yl)-1H-indole consists of a
coupling reaction between indole and 2-bromopyridine promoted by Cul in the presence of N,N -

dimethyl-ethylenediamine and K3POy4 (Scheme 2).11

Cul (10 mol%)
DMEDA (20 mol%)

Br
N\ K3POy4 (2.5 eq
+ AN N
N I
H

Toluene
R/\%

Scheme 2: Synthetic procedure for 1-(pyridine-2-yl)-1H-indoles.

Subsequently the bromoacetylenes were prepared using the already known procedure reported by

Bolm (Scheme 3).[2]
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CBry (2 eq) BnEt3NCI (0.88 eq)

0 PPh3 (4 eq) 3 Br KOH (46 eq)
X
3) I RN R3—=—8r
R3” OH DCM Br DCM
0°C,5h 0°C,5h
0]
AgNO3 (10 mol%)
b) Ri—=——H * N—Br R*——Br
acetone, rt, 5 h
0]

Scheme 3: Synthetic procedure for the bromoacetylenes from corresponding aldehydes (a) or from alkynes (b).

We started the investigation studying the condensation between indole 189a with silyl bromoalkyne

190a in the presence of MnBr(CO)s as catalyst and HNCy, as base. We evaluated the loading the

Mn(I) catalyst and the solvent of the reaction. It was demonstrated that using 1,4-dioxane as

solvent, the product 191aa has been isolated in excellent yield when 10 mol% of catalyst has been

used and 78% yield when the catalyst has been used in 5 mol% (Table 1).

Table 1: Optimization table for the catalyst loading."

=" MnBr(CO)s (x mol%) @[B%nps
m TIPS HNCy; (2 eq) N

N

/N Br Solvent /N
) T(°C), 16 h )
189a 190a 191aa
Entry MnBr(CO)s (x mol%) T (°C) Solvent Yield 191aa (%)™
1 10.0 120 1,4-dioxane 93
2 5.0 100 1,4-dioxane 78
3 5.0 80 DCE 85

[a] Reaction condition: 189a (0.5 mmol), 190a (0.75 mmol), MnBr(CO); (x mol%),
HNCy, (1.0 mmol), T (°C), 16 h. [b] Yield of isolated product. TIPS = triisopropylsilyl.

Subsequently, pyrimidine instead of pyridine was used as directing group and different bases were

tested in the transformation. The HNCy, led to the formation of the desired products in highest

yield. Finally, different solvents and temperatures were investigated and the product was isolated in

excellent yield using DCE as solvent at 80 °C (entry 9, Table 2).
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Table 2: Screening of bases, solvents, and temperatures. "’

A\ MnBr(CO)s (x mol%) > —
©\/’\>—H base ?2 eq) = TIPS

TIPS
+ =
72\ / N
\

Z

Y

Br Solvent

Ng T(°C), 16 h NQ

192a 190a 193aa
Entry  MnBr(CO)s (x mol%) Base Solvent T (°C)  Yield 193aaa (%)™
1 10.0 HNCy, 1,4-dioxane 120 94
2 5.0 HNCy, 1,4-dioxane 120 71
3 5.0 NaOAc 1,4-dioxane 120 411
4 5.0 Na,CO; 1,4-dioxane 120 33l
5 5.0 HNCy, TFE 120 15
6 5.0 HNCy, DCE 120 96
7 25 HNCy, DCE 120 71
8 5.0 HNCy, DCE 100 92
9 5.0 HNCy, DCE 80 95 (99) 4!
10 5.0 HNCy, DCE 60 711
11 5.0 HNCy, DCE 40 23l
12 - HNCy, DCE 80 0
13 5.0 - DCE 80 <5

[a] Reaction conditions: 192a (0.5 mmol), 190a (0.75 mmol), MnBr(CO)s (x mol%), HNCy, (1.0 mmol),
T (°C), 16 h. [b] Yield of isolated product. [c] Determined by GC conversion using n-dodecane as the
internal standard. [d] 190a (0.6 mmol). [e] Personal contribution. DCE = 1,2-dichloroethane, TFE = 2,2,2-
trifluoroethanol, TIPS = triisopropylsilyl.

With the optimal catalytic conditions in our hands, we proved the scope of the reaction by
submitting differently substituted indoles in the reaction with 190a in the presence of MnBr(CO)s
(Scheme 4).

The ample scope showed in Scheme 4 highlights the versatility of the methodology. Indoles
featuring electron-withdrawing groups as well as electron-donating groups resulted in the
corresponding products with comparable levels of yields. Sensitive groups such as bromo, ester and
cyano were fully tolerated in the transformations. Moreover, the methodology resulted to be not
limited to the use of indoles; indeed, pyrrole derivatives demonstrated to be suitable substrates for

the manganese-catalysed C—H alkynylation as well.
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JER I >
7N Br DCE, 80 °C, 16 h 7N
) W)
= &
189 X =CH, 190a 191 X =CH,
192 X=N 193 X =N
R
R N\ — ( Il y TIPS B TIPS
| = TIPS | S——=—TIPs N N
N
-~ \ 7N N
N
N7\ >N — N7
) ) _
= R
193ba, R = OMe, yield =78% 193fa, R = Me, yield = 82%@  191ba, R = Me, yield = 98% 193ja, yield = 79%!@
193ca, R=F, yield =88% 193ga, R =CN, yield = 70% 191ca, R = Br, yield = 73%
193da, R=Br, yield=91% 193ha, R = Ac, yield = 34%
193ea, R = NO,, yield =63% 193ia, R = CH,CO,Me, yield = 87%!2]
CO,Me o)
N\ AN A
| y ——TIPS | y ——TIPS TIPS 1ps N TIPS
= NZ N

N\Q) J

193ka, yield = 85%? 193la, yield = 96% 193ma, yield = 92% 193na, yield = 89%?

Scheme 4: Scope of the reaction with different indoles. [a] Personal contribution.

Subsequently, the scope of the reaction was further investigated by submitting different silyl
haloacetylenes under optimized catalytic conditions with indole 192a. Bromoacetylene as well as
chloroacetilene reacted smoothly with the 1-(pyrimidin-2-yl)-1H-indole allowing the formation of
the products in excellent yields. On the contrary, the iodoacetylene resulted in the desired product
only in moderate yield. Satisfyingly, all the bromoacetylenes featuring different silyl groups reacted
smoothly with the indole and all the corresponding products were isolated in quantitative yields

(Scheme 5).
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Hal = Br, yield = 86% Hal = Br, yield = 99% Hal = Br, yield = 98%

?T?

Scheme 5: Manganese-catalysed C—H alkynylation with different silyl haloalkynes. TMS = trimethylsilyl, TBS = tri-n-
butylsilyl, TBDMS = tert-butyldimethylsilyl, DPMS = diphenylmethylsilyl.

So far, all methodologies for the metal-catalysed C—H alkynylation were limited to the use of
activated alkynes featuring silyl groups. To overcome this limitation, we developed a new protocol
which allows the use of aryl, alkenyl and alkyl bromoacetylenes. We started the investigation by
analysing the results obtained carrying out the manganese-catalysed C—H alkynylation of indole
192a with phenylacetilene bromide in the presence of different additive (Table 3). Only the BPhs
gave promising results in the formation of the product 195aa. In particular, with a 5 mol% of
loading the desired product was isolated in 61% yield. In order to check that the concomitant
presence of the additive and the manganese catalyst was necessary for the success of the reaction,
two reaction were carried out with the only presence of manganese catalyst (entry 1, Table 3) and
with the only presence of BPhs (entry 3, Table 3) and both of them failed in the formation of the

product.
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Table 3: Screening of the additives."

MnBr(CO)s (5.0 mol%)
HNCy; (2eq) N———
H 2 ——Ph
©|\/I\>_ Ph additive (x mol%) l N

+ =
N\/\B Br/ DCE, 80 °C, 16 h N\)\\B

192a 194a 195aa
Entry Additive x mol% additive Yield 195aa (%)™
1 _ _ O[CJ
2 BPh; 5.0 61 (99) !¢
3 BPh; 5.0 oled
4 CuBr, 5.0 0'!
5 AlCl, 5.0 32
6 BBr; 5.0 56
7 ZnCl, 5.0 Trace
8 ZnBr, 5.0 Trace
9 Znl, 5.0 0
10 FeCl 2.5 0
11 MgCl, 5.0 0
12 BPh;, 0.05 92!l (95) le-el
13 BPh;, 0.05 g6le- 1l

[a] reaction conditions: 192a (0.5 mmol), 194a (0.6 mmol), MnBr(CO)s (5 mol%), HNCy,
(1.0 mmol), DCE (1 mL), 80 °C, 16 h. [b] Yield of isolated product. [c] Personal
contribution. [d] Without [Mn]. [e] 1 h. [f] [Mn] (2.5 mol%)

Surprisingly, when the loading of the additive was decreased up to 0.05 mol%, the yield of the
product increased up to 92% (entry 12, Table 3) and moreover, after 1 h we were able to isolate the
desired product in 95% yield. Since the great catalytic efficacy of the protocol we evaluated the
possibility to lower the manganese-catalyst loading and with 2.5 mol% of MnBr(CO)s and 0.05
mol% of BPhs, the product was obtained in 86% yield (entry13, Table 3).

With the optimized reaction conditions in our hands, we proved the flexibility of the new
methodology by testing bromoalkynes featuring different aryl, alkyl and alkenyl substituents
(Scheme 6). The methodology demonstrated to be tolerant toward different functional groups. The
corresponding products were isolated in good to excellent yields. Moreover, the protocol was
extended to more complex substrates. Indeed, the bromoalkynes featuring complex steroid motif
resulted in the corresponding product 195at in quantitative yield and aminoacid derivative from the

(S)-valine was converted in the product 195au without loss of enantiomeric excess.
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195ad, R = OMe, yield = 81%° 195ag, R = F, yield = 83% [ 195ak, R = Br, yield = 99% [

195ah, R = Br, yield = 80% !

N N N
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195al, yield = 79% [ 195am, yield = 73% 195an, R = Me, yield = 70% [
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ju o
\ _
.
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NG N N\\) Me
\§) = Me
195as, yield = 85% [ 195at, yield = 98% 195au, yield = 60%

Scheme 6: Manganese-catalysed C—H alkynylation with bromo alkynes featuring aryl, alkenyl and alkyl substituents.
[a] Personal contribution. [b] 1 h. [c] [Mn] (2.5 mol%).

Since the great result obtained with the aminoacid derivative in this transformation, we wanted to
test if the methodology could be used with more complex peptides as well, in order to develop an
efficient route for their diversification. We started to prepare different peptides through peptidic
coupling reaction of several enantiopure aminoacids including the tryptophan, where the nitrogen of

the indole moiety was protected with a pyrimidyl group. Satisfactory results were achieved when

161



these peptides were submitted under optimized reaction conditions with the silyl bromoacetilene

190a (Scheme 7).

N\ MnBr(CO)s (5.0 mol%) N —
©'\/Ng_” HNCy; (260) (I' N
Z

TIPS
.
7
)\N Br/ DCE, 80 °C, 16 h )\N
) )
196 190a 197

197da, yield = 69% 197ea, yield = 70%

M M M M
A0 A XA ik
BocHN : ” N - H/\ﬂ/ 1 BocHN : ” N - H/\n/N : OMe
O Me O O Me O yZ

N
| 3 | (@
S NN HN

N X
N4< TIPS N% TIPS
N N
\/// \///
197fa, yield = 53% 197ga, yield = 73%

Scheme 7: Mn-catalysed C—H alkynylation with peptide derivatives.

All the corresponding peptides were isolate in good to excellent yields. The presence of powerful
functional group such as the iodo- and the azido- groups could be exploited for further modification
of the alkynylated peptides. It was possible to be synthesized cyclic peptides through Sonogashira-

coupling and click chemistry respectively, after silyl deprotection of the opportune alkynes.
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Furthermore, we investigated the possibility to use the manganese-catalysed C—H alkynylation to
directly prepare cyclic peptide through intramolecular reaction. In particular, we prepared the
acyclic peptide 198 featuring a bromoalkynyl moiety which was submitted under optimized
catalytic conditions (Scheme 8). Gratefully, the corresponding 21-membered-macrocycle was

isolated in 53% yield.

Me

oMe MeH o OMe H Me
BocHN N fe) MnBr(CO)s (20 mol%)
I H = H H N
O Me O o

BPh; (0.05 mol%) °0

Y =
N~ H - DCE (0.01 M)
80 °C, 16 h

A By
N =
S O
198 199

yield = 53%

Scheme 8: Synthesis of cyclic peptide through intramolecular Mn-catalysed C—H alkynylation of indole.

In order to shed light on the mode of action of the manganese-catalysed C—H alkynylation,
mechanistic experiments were performed (Scheme 9). In particular, through experiments with a
mixture of DCE and DO in ratio 9:1 as solvent, it was revealed an major H/D scrambling at C2-
position with respect the C3-position which is even observed also in the absence of the metal-
catalyst due to its nucleophilic nature (Scheme 9a). Moreover, we were also able to demonstrate
that the organometallic complex is a key intermediate in the catalytic cycle. To do this, we prepared
the intermediate 200a (Scheme 9b) and subsequently it has been used as substrate in a
stoichiometric reaction with TIPS-bromoalkyne 190a and with bromophenylacetilene 194a
(Scheme 9c). Moreover, intermediate 200a was used as catalyst (5.0 mol%) in a catalytic reaction
with indole 192a and TIPS-bromoalkyne 190a (Scheme 9d). In both of the cases it was possible to

isolate the desired producst in good yields.
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(a) facile H/D exchange

13% D 26% D
190a ¥ yr
MnBr(CO)s H/D H/D
AN (5.0 mol %)
H
@E,}_ N—HD + N—=—TIPs
2-\pym CyzNH N\ » N\
DCE/D,0O (0.9/0.1 mL) 2-pym 61%D 2-pym
80°C, 3 h
192a [D],-192a: 72% [D],-193aa: 27%
(b) Synthesis of complex 200a
A\ H MnBr(CO)s A\
N HNCy, N, Mn(CO),
= N
NG N DCE NG N
Q 80 °C, 30 min Q
192a 200a, yield = 77%

(with cat. BPhg, yield = 74%)

(c) stoichiometric alkynylation with complex 200a

A\
©j|\>\ Mn(CO); _ 1o0ai9da %T|PS/Ph
_—_—
N
NQ\N DCE )
Q 80°C, 16 h -Pym
200a 193aa: 84%

195aa: 73%

(d) complex 200a as catalyst

190a
mH 200a (5.0 mol %) ©E\>%ﬂps
N N

Cy,NH, DCE 2-bym

80°C,16 h
192a 193aa: 99%

Scheme 9: Mechanistic experiments.

Studies with isotopically labeled substrate 192a revealed a minor kinetic isotope effect (KIE) which

is indicative of a fast C—H manganesation process (Scheme 10a) and intermolecular competition

experiments between indole featuring electron-donating group and electron-withdrawing group

demonstrated a slight preference toward the latter one (Scheme 10b).
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(a) KIE experiments

190a
MnBr(CO)s
0,
mH/D (5.0 mol %) o
N N
\ Cy,NH, DCE \
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(b) Intermolecular competition experiment
F
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N
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2-\pym
192da:35%

Scheme 10: KIE experiments and intermolecular competition experiments.

In stark contrast with the previously reported manganese-catalysed C—H activation” ", the catalytic
efficacy dropped down when the reaction was performed under air or in the presence of the radical

scavenger TEMPO (Scheme 11).

190a
MnBr(CO)s (5 mol %)

mH Cy,NH (2.0 equiv) N — TP
N DCE (IN

2-\pym 80°C,16 h 2-\pym
192a 193aa

---199%
Under air (1 atm): 53%
TEMPO (1.0 equiv): 9%

Scheme 11: Experiments performed under air or in the presence of TEMPO.

On the bases of the experimental collected data, a plausible catalytic cycle is shown in Scheme 12
starting with a fast and facile C—H metallation and formation of metallated intermediate 200a.
Subsequently, the seven-membered manganacycle was formed by migratory insertion of the
bromoalkyne derivatives in the compound 200a. Finally, f-Br elimination delivered the desired
alkynylated indole (Scheme 12). We proposed that in the presence of haloalkynes featuring aryl,
alkenyl and alkyl substituents, the rate of the S-Br elimination step, is increased by the BPhj
additive. However, an oxidative addition followed by reductive elimination mechanism cannot be

ruled out.
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Scheme 12: Proposed reaction mechanism.

Last, but not least, it was also demonstrated the easiness in the removal of the protecting groups. In
particular, the chemoselective removal of the silyl-group (Scheme 13a) or the concomitant removal

of both silyl-group and directing group (Scheme 13b) were achieved in good yields.

Br Br
N—=—TIPs TBAF N——=—H

] THF !
2-pym 25°C, 1h 2-pym

193da 201d: 76%

Br Br.
\ DMSO/MeOH (4/1) N
2-pym 60°C, 3 h H
193da 202d: 69%

Scheme 13: Removal of silyl group or concomitant removal of silyl group and directing group.

In conclusion the first manganese-catalysed C—H activation of indole derivatives to develop a new
C-H alkynylation protocol was reported. The methodology resulted to be tolerant toward differently
substituted indoles and silyl haloalkynes. Moreover the transformation revealed to be not limited to
the use of haloalkynes featuring silyl groups but can be extended to the less employed aryl, alkenyl
and alkyl moiety adding to the mixture sub-catalytic amount of BPh;. The protocol demonstrated to
be also suitable for functionalization of more complex substrates such as alkyne featuring steroids
or acyclic peptides. The corresponding alkynylated peptides were isolated without loss of chiral
purity. Finally, it was also illustrated the possibility to perform an intramolecular manganese-

catalysed C—H alkynylation to synthesize macrocycle.
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7.1.1 Experimental Section

Catalytic reactions were performed under N, atmosphere using pre-dried glassware and standard
Schlenk techniques. 1,4-Dioxane and toluene were dried with sodium and freshly distilled under N,
DCE and TFE were dried with CaH, and freshly distilled under N,. The substrates 189a-c 192a-
1n,“’2] [D];-192a, 21 190, 3. 4] 194, 351 196 2 61 and 198 > ® were synthesized according to
previously described methods. Other chemicals were obtained from commercial sources and were
used without further purification. Yields refer to isolated compounds, estimated to be >95% pure as
determined by "H-NMR and GC. TLC: Macherey-Nagel, TLC plates Alugram®Sil G/UV254.
Detection under UV light at 254 nm. Chromatography: Separations were carried out on Merck
Silica 60 (0.040-0.063 mm, 70-230 mesh ASTM). All IR spectra were recorded on a BRUKER
ALPHA-P spectrometer. MS: EI-MS: Finnigan MAT 95, 70eV; ESI-MS: Finnigan LCQ. High
resolution mass spectrometry (HRMS): APEX IV 7T FTICR, Bruker Daltonic. M. p. Stuart®
Melting Point Apparatus SMP3 melting point apparatus, values are uncorrected. 1H, 13C, 19F
NMR-spectra were recorded at 300 (‘H), 400 (‘H), 500 ('H), 600 ('H), 75, 100, 125 {"*C, APT
(Attached Proton Test)} and 283 MHz (19F), respectively, on Varian Unity-300 (600) and AMX 300

instruments in CDCls solutions. If not otherwise specified, chemical shifts (d) are given in ppm.

General Procedure for the manganese-catalysed C-H alkynylation

General Procedure A: To a solution of substrates 192 (0.5 mmol), MnBr(CO)s (6.9 mg, 5.0 mol
%) and Cy,NH (181 mg, 1.0 mmol) in DCE (1.0 mL), silyl bromoalkynes 190 (0.6 mmol) was
added. The mixture was stirred at 80 °C for 16 h. After completion of the reaction, CH,Cl, (3.0 mL)
was added at ambient temperature and the volatiles were removed in vacuo. Purification by

chromatography on silica gel afforded the desired product 193.

General Procedure B: To a solution of substrates 192 (0.5 mmol), MnBr(CO)s (6.9 mg, 5.0 mol
%), CyoNH (181 mg, 1.0 mmol) and BPh3 (25 pL, 0.05 mol %, 0.01 M stock solution in DCE) in
DCE (1 mL), aryl or alkyl bromoalkynes 194 (0.6 mmol) was added. The mixture was stirred at 80
°C for 16 h. After completion of the reaction, CH,Cl, (3 mL) was added at ambient temperature and
the volatiles were removed in vacuo. Purification by chromatography on silica gel afforded the

desired product 195.
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[r\ (193aa): The general procedure A was followed using substrate 192a (98
——TIPS

N mg, 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by column

N@ chromatography (n-hexane/EtOAc: 9/1) yielded 193aa (186 mg, 99%) as

= a colorless liquid. '"H NMR (400 MHz, CDCls) ¢ = 8.75 (d, J = 4.8 Hz,

2H), 8.30 (dd, J = 8.5, 0.9 Hz, 1H), 7.58 (dd, J = 8.0, 1.0 Hz, 1H), 7.34 (ddd, J = 8.5, 7.1, 1.3 Hz,
1H), 7.23 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 7.12 (t, J = 4.8 Hz, 1H), 7.10 (s, 1H), 1.15-1.14 (m, 21H).
*C NMR (100 MHz, CDCl3) 6 = 157.9 (CH), 157.2 (Cy), 136.1 (Cy), 128.4 (Cy), 124.7 (CH), 122.3
(CH), 120.8 (C,), 120.6 (CH), 117.5 (CH), 115.6 (CH), 114.0 (CH), 98.7 (Cy), 97.7 (Cy), 18.6
(CH3), 11.3 (CH). IR (neat): 2957, 2151, 1561, 1421, 1248, 839, 746 cm™. MS (EI) m/z (relative
intensity) 375 (30) [M'], 332 (100). HR-MS (ESI) m/z caled for C,3H3N3Si [M+H] 375.2131,

found 375.2125. The analytical data are in accordance with those previously published in the
[1]

literature.
Me \ (193fa): The general procedure A was followed using substrate 1f
[ I N>_—: TIPS (105 mg, 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by
" )\N column chromatography (n-pentane/EtOAc: 9/1) yielded 193fa (160
\
\§) mg, 82%) as a yellow liquid. '"H NMR (500 MHz, CDCl3) J = 8.74

(d, J=4.8 Hz, 2H), 8.32 (d, J = 8.4 Hz, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.31 (ddd, J = 8.4, 7.1, 1.0
Hz, 1H), 7.21 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 7.11 (t, J = 4.8 Hz, 1H), 2.45 (s, 3H), 1.13 (m, 21H).
C NMR (125 MHz, CDCl3) § = 157.9 (CH), 157.4 (Cy), 135.8 (Cy), 129.4 (Cy), 125.1 (Cy), 125.0
(CH), 121.9 (CH), 119.0 (CH), 118.7 (Cy), 117.0 (CH), 114.2 (CH), 100.7 (C,), 98.3 (Cy), 18.7
(CH3), 11.4 (CH), 9.9 (CH3). IR (neat): 2940, 2862, 2142, 1561, 1426, 728 cm™. MS (EI) m/z
(relative intensity) 389 (56) [M'], 346 (100), 330 (49). HR-MS (ESI) m/z calcd for C»4H3,N3Si
[M+H"] 390.2365, found 390.2360.

The analytical data are in accordance with those previously published in the literature.!"
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o] (193ha): The general procedure A was followed using substrate 192h (119

mg, 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by column

,: chromatography (n-Pentane/EtOAc : 9/1) yielded 193ha (70 mg, 34%) as

N)\[;j yellow oil. '"H NMR (300MHz, CDCls) § = 8.88 (d, J = 4.8 Hz, 2H), 8.47

\i) (dt, J = 6.3, 2.5 Hz, 1H), 7.83-7.78 (m, 1H), 7.37-7.29 (m, 3H), 2.86 (s,

3H), 1.06 (s, 18H), 1.04 (s, 3H). °C NMR (126 MHz, CDCl3) ¢ = 194.8 (Cq), 158.5 (CH), 156.7

(Cq), 136.0 (Cq), 126.2 Cq), 125.7 (CH), 124.7 (Cq), 124.1 (CH), 124.0 (Cq), 123.2 (CH), 119.2

(CH), 112.0 (CH), 107.3 (Cq), 97.6 (Cq), 30.8 (CH3), 18.6 (CH3), 11.3 (CH). IR (neat): 2942,

2864, 2149, 1651, 1563, 1419, 1384, 1193, 721 cm™; MS (EI) m/z (relative intensity) 417 (29)

[M'], 402 (9), 375 (100), 332 (77), 290 (76). HR-MS (EI) m/z calcd for CpsH3;N3;0Si [M]
417.2236, found 417.2231.

——TIPS

CH,CO,Me (193ia): The general procedure A was followed using substrate 192i (134
| N — Tips ME 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by column
N chromatography (n-pentane/EtOAc: 9/1) yielded 193ia (195 mg, 87%) as
N@ a yellow solid. M.p. = 68-70 °C. "H NMR (500 MHz, CDCl3) 0 = 8.75 (d,

J = 4.8 Hz, 2H), 8.34 (d, J = 8.5 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.33
(ddd, J = 8.4, 7.2, 1.1 Hz, 1H), 7.25-7.22 (m, 1H), 7.14 (t, J = 4.8 Hz, 1H), 3.96 (s, 2H), 3.65 (s,
3H), 1.13-1.12 (m, 21H). '*C NMR (125 MHz, CDCl3) 6§ = 171.1 (C,), 158.0 (CH), 157.3 (C,),
135.7 (Cy), 128.4 (Cy), 125.2 (CH), 122.4 (CH), 121.0 (Cy), 120.2 (C,), 119.3 (CH), 117.4 (CH),
114.4 (CH), 101.7 (Cy), 97.4 (Cy), 52.0 (CH3), 31.3 (CH,), 18.6 (CH3), 11.3 (CH). IR (neat): 2942,
2863, 2142, 1737, 1566, 1426, 655 cm™. MS (ESI) m/z (relative intensity) 470 [M+Na*] (100), 448
[M+H"] (60). HR-MS (ESI) m/z calcd for CagH3uN30,Si [M+H"] 448.2420, found 448.2415.

| A (193ja): The general procedure A was followed using substrate 192j (112
——TIPS

N mg, 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by column

Et N)/\ N chromatography (n-pentane/EtOAc: 9/1) yielded 193ja (160 mg, 79%) as

L

a yellow solid. M.p. = 74-76 °C. '"H NMR (500 MHz, CDCl3) ¢ = 8.85 (d,

J=4.7Hz,2H), 7.44 (d, J=7.6 Hz, 1H), 7.34 (t, J = 4.8 Hz, 1H), 7.13— 7.06 (m, 2H), 6.97 (s, 1H),
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2.29 (q, J = 7.4 Hz, 2H), 0.99-0.98 (m, 21H), 0.93 (t, J = 7.4 Hz, 3H). '*C NMR (125 MHz, CDCl5)
5 =158.9 (Cy), 158.3 (CH), 135.4 (C,), 128.7 (C,), 128.1 (Cy), 124.6 (CH), 122.8 (C,), 121.9 (CH),
119.7 (CH), 119.0 (CH), 112.4 (CH), 97.8 (Cy), 97.4 (C), 25.4 (CH,), 18.5 (CH3), 13.9 (CH;3), 11.2
(CH). IR (neat): 2940, 2864, 2146, 1560, 1420, 734, 669 cm™’. MS (EI) m/z (relative intensity) 403
(51) [M*], 360 (100), 332 (18), 318 (29). HR-MS (ESI) m/z caled for CosHyN3Si [M+H']
404.2522, found 404.2517.

The analytical data are in accordance with those previously published in the literature.""

(193na): The general procedure A was followed using substrate 1n

TIPS/KKTIPS (73 mg, 0.5 mmol) and 190a (261 mg, 1.0 mmol). Isolation by

N)\N column chromatography (n-pentane/EtOAc: 9/1) yielded 193na

v (225 mg, 89%) as a yellow solid. M.p. = 72-74 °C. 'H NMR (400

MHz, CDCl3) 6 = 8.76 (d, J = 4.8 Hz, 2H), 7.26 (t, J = 4.8 Hz, 1H), 6.51 (s, 2H), 0.99 (m, 42H). °C

NMR (100 MHz, CDCl3) 6 = 158.3 (CH), 156.5 (Cy), 119.4 (CH), 117.6 (CH), 117.3 (Cy), 97.7

(Cy), 95.2 (Cy), 18.5 (CH3), 11.2 (CH). IR (neat): 2941, 2863, 2146, 1563, 1422, 1014, 767, 653 cm’

I MS (ESI) m/z (relative intensity) 528 [M+Na'] (100), 506 [M+H"] (92). HR-MS (ESI) m/z calcd
for C3oH4sN3Si, [M+H"] 506.3387, found 506.3381.

The analytical data are in accordance with those previously published in the literature.'

CO,Me (193ka): The general procedure A was followed using substrate 192k (127
| )\ -4 0.5 mmol) and 190a (157 mg, 0.6 mmol). Isolation by column

N chromatography (n-pentane/EtOAc: 9/1) yielded 193ka (185 mg, 85%) as
N@ a white solid. M.p. = 140-142 °C. '"H NMR (500 MHz, CDCl;) 6§ = 8.79

(d, J = 4.8 Hz, 2H), 8.45 (d, J = 8.4 Hz, 1H), 7.96 (dd, J = 7.5, 1.0 Hz,
1H), 7.70 (s, 1H), 7.34 (dd, J = 8.1, 8.1 Hz, 1H), 7.21 (t, J = 4.8 Hz, 1H), 3.99 (s, 3H), 1.11 (m,
21H). *C NMR (125 MHz, CDCls) & = 167.4 (C,), 158.2 (CH), 157.1 (Cy), 136.7 (Cy), 128.3 (Cy),
125.5 (CH), 123.9 (CH), 122.9 (Cy), 121.5 (C), 118.6 (CH), 118.0 (CH), 116.1 (CH), 99.3 (C,),
98.3 (Cy), 51.9 (CHj), 18.6 (CH3), 11.3 (CH). IR (neat): 2943, 2865, 2143, 1705, 1567, 1414, 732
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cm’. MS (ESI) m/z (relative intensity) 456 [M+K'] (100), 434 [M+H"] (73). HR-MS (ESI) m/z
calcd for CosH3N30,Si [M+H'] 434.2264, found 434.2258.

(195aa): The general procedure B was followed using substrate 192a

AN __
| N — O (98 mg, 0.5 mmol) and 194a (108 mg, 0.6 mmol) for 1 h. Isolation by
N)\Rj column chromatography (n-pentane/EtOAc: 5/1) yielded 195aa (141
g mg, 95%) as a colorless oil. '"H NMR (500 MHz, CDCl3) 6 = 8.85 (d, J

= 4.9 Hz, 2H), 8.31 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.52-7.48 (m, 2H), 7.35-7.31 (m,
4H), 7.25-7.21 (m, 1H), 7.21 (t, J = 4.9 Hz, 1H), 7.08 (s, 1H). >*C NMR (125 MHz, CDCl3) 6 =
158.1 (CH), 157.4 (Cy), 136.4 (C,), 131.3 (CH), 128.8 (C,), 128.4 (CH), 128.3 (CH), 124.8 (CH),
123.3 (C,), 122.4 (CH), 120.9 (C,), 120.8 (CH), 117.7 (CH), 114.6 (CH), 114.1 (CH), 95.0 (C,),
82.5 (Cy). IR (neat): 3048, 2963, 2851, 1560, 1418, 1081, 741, 686, 521 cm™. MS (ESI) m/z
(relative intensity) 296 (5) [M*], 214 (11), 196 (100), 173 (20), 149 (15). HR-MS (ESI) m/z calcd
for CaoH4N3 [M+H'] 296.1182, found 296.1188.

‘f\| N\ — . Ve (195ab): The general procedure B was followed using substrate
N 192a (98 mg, 0.5 mmol) and 194b (117 mg, 0.6 mmol) for 1 h.

= yielded 195ab (153 mg, 99%) as a colorless solid. M.p. = 100-102
°C. '"H NMR (500 MHz, CDCl3) J = 8.84 (d, J = 4.8 Hz, 2H), 8.30 (d, J = 8.4 Hz, 1H), 7.59 (d, J =
7.8 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H), 7.32 (ddd, J = 8.3, 6.9, 1.0 Hz, 1H), 7.24-7.21 (m, 1H), 7.19
(t, J = 4.8 Hz, 1H), 7.14 (d, J = 7.9 Hz, 2H), 7.06 (s, 1H), 2.35 (s, 3H). °C NMR (125 MHz,
CDCl3) ¢ = 158.1 (CH), 157.4 (Cy), 138.5 (Cy), 136.3 (Cy), 131.2 (CH), 129.1 (CH), 128.8 (Cy),
124.6 (CH), 122.4 (CH), 121.0 (Cy), 120.7 (CH), 120.2 (Cy), 117.7 (CH), 114.3 (CH), 114.0 (CH),
95.1 (Cy), 81.8 (Cy), 21.5 (CH3). IR (neat): 3046, 2920, 2851, 1557, 1422, 800, 739, 526 cm™. MS
(ED) m/z (relative intensity) 309 (100) [M'], 294 (15). HR-MS (ESI) m/z caled for C,1H¢N3 [M+H"]
310.1344, found 310.1339.

Isolation by column chromatography (n-pentane/EtOAc: 9/1)
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(195ae): The general procedure B was followed using substrate 192a

A\
| N - O (98 mg, 0.5 mmol), 194e (117 mg, 0.6 mmol) and MnBr(CO)s (3.4
N)\N Me mg, 2.5 mol %). Isolation by column chromatography (n-

L

pentane/EtOAc: 8/2) yielded 195ae (100 mg, 65%) as a colorless
solid. M.p. = 111— 113 °C. "H NMR (300 MHz, CDCls) ¢ = 8.84 (d, J = 4.8 Hz, 2H), 8.31 (dd, J =
8.4, 0.9 Hz, 1H), 7.60 (d, J = 7.7 Hz, 1H), 7.36-7.28 (m, 3H), 7.25-7.18 (m, 3H), 7.13 (d, J = 7.7
Hz, 1H), 7.07 (s, 1H), 2.34 (s, 3H). >*C NMR (125 MHz, CDCls) 6 = 158.0 (CH), 157.3 (Cy), 137.9
(Cy), 136.3 (Cy), 131.8 (CH), 129.2 (CH), 128.7 (Cy), 128.3 (CH), 128.1 (CH), 124.6 (CH), 123.0
(Cy), 122.3 (CH), 120.9 (Cy), 120.7 (CH), 117.6 (CH), 114.5 (CH), 114.0 (CH), 95.1 (Cy), 82.1
(Cy), 21.3 (CH3). IR (neat): 3038, 2916, 2204, 1558, 1451, 1416, 810, 791, 746 cm™. MS (EI) m/z
(relative intensity) 309 (85), 308 (100), 294 (14). HR-MS (EI) m/z calcd for CyH sN; [M']
309.1266, found 309.1264.

(195af): The general procedure B was followed using substrate 192a

N
l N O (98 mg, 0.5 mmol) and 194f (164 mg, 0.6 mmol). Isolation by
N)\N OPh  column chromatography (n-pentane/EtOAc: 8/2) yielded 195af (146

L

mg, 75%) as a colorless oil. "H NMR (400 MHz, CDCl3) 0 = 8.75 (d,
J =5.7Hz, 2H), 8.31 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.38-7.27 (m, 4H), 7.23-7.21
(m, 2H), 7.16-7.13 (m, 2H), 7.09-7.03 (m, 4H), 6.99 (ddd, J = 8.2, 2.5, 1.1 Hz, 1H). *C NMR (100
MHz, CDCl3) ¢ = 158.1 (CH), 157.3 (Cy), 157.2 (C,), 156.6 (Cy), 136.4 (Cy), 129.9 (CH), 129.7
(CH), 128.7 (Cy), 126.0 (CH), 124.9 (CH), 124.7 (C,), 123.7 (CH), 122.5 (CH), 120.9 (CH), 120.8
(CH), 120.5 (Cy), 119.4 (CH), 119.0 (CH), 117.7 (CH), 114.8 (CH), 114.2 (CH), 94.4 (C,), 83.1
(Cy). IR (neat): 3039, 2205, 1734, 1562, 1421, 1238, 1212, 748 cm™. MS (ESI) m/z (relative
intensity) 410 [M+Na'] (78), 388 [M+H"] (100). HR-MS (ESI) m/z calcd for CysH sN3O [M+H']
388.1450, found 388.1444.
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(195ai): The general procedure B was followed using substrate 192a
(98 mg, 0.5 mmol) and 194i (149 mg, 0.6 mmol). Isolation by column
CF3 chromatography (n-pentane/EtOAc: 9/1) yielded 195ai (155 mg, 85%)

as a colorless oil. "H NMR (300 MHz, CDCls) 0 = 8.83 (d, J = 4.8 Hz,
2H), 8.36 (dd, J = 8.4, 0.6 Hz, 1Hz), 7.68-7.60 (m, 3H), 7.50 (dd, J = 7.4, 7.4 Hz, 1H), 7.40-7.33
(m, 2H), 7.26-7.17 (m, 3H). >C NMR (75 MHz, CDCl;) 6 = 158.2 (CH), 157.2 (Cy), 136.5 (Cy),
133.8 (CH), 131.3 (CH), 130.7 (q, “Jcr = 30.5 Hz, Cy), 128.7 (Cy), 127.8 (CH), 125.8 (q, Jep=5.1
Hz, CH), 125.1 (CH), 123.5 (q, "Jcr = 273.4 Hz, Cy), 122.5 (CH), 121.6 (q, Jer = 2.1 Hz, Co),
120.9 (CH), 120.2 (Cy), 117.6 (CH), 116.1 (CH), 114.3 (CH), 91.0 (Cy), 88.1 (Cy). F NMR (282
MHz, CDCls) 6 = —62.16. IR (neat): 3050, 2205, 1562, 1422, 1314, 1125, 744 cm™'. MS (EL) m/z
(relative intensity) 363 (100) [M'], 294 (28). HR-MS (ESI) m/z calcd for Co;H4F3N3 [M+H"]
364.1062, found 364.1056.

;

| N (195aj): The general procedure B was followed using substrate 192a
(98 mg, 0.5 mmol), 194j (135 mg, 0.6 mmol) and MnBr(CO)s (3.4 mg,
)\N OEt 2.5 mol %). Isolation by column chromatography (n-pentane/EtOAc:
8/2) yielded 195aj (168 mg, 99%) as a colorless oil. '"H NMR (400
MHz, CDCl3) 0 = 8.84 (d, J = 4.8 Hz, 2H), 8.29 (dd, J = 8.4, 0.9 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H),
7.45(dd, J=17.6,1.7 Hz, 1H), 7.31 (ddd, J=8.4, 7.1, 1.3 Hz, 1H), 7.27—-7.20 (m, 2H), 7.18 (dd, J =
4.8,4.8 Hz, 1H), 7.10 (s, 1H), 6.90 (ddd, /= 7.5, 7.5, 1.1 Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 4.11 (q,
J=7.0 Hz, 2H), 1.42 (t, J = 7.0 Hz, 3H). >C NMR (100 MHz, CDCl3) 6 = 159.4 (Cy), 158.1 (CH),
157.4 (Cy), 136.3 (Cy), 133.3 (CH), 129.7 (CH), 128.9 (C,), 124.6 (CH), 122.3 (CH), 121.3 (C,),
120.7 (CH), 120.4 (CH), 117.5 (CH), 114.5 (CH), 114.0 (CH), 113.1 (Cy), 112.3 (CH), 91.9 (C),
86.2 (Cy), 64.3 (CH»), 14.8 (CH3). IR (neat): 2979, 2928, 1733, 1421, 804, 746 cm™. MS (ESI) m/z
(relative intensity) 362 [M+Na'] (100), 340 [M+H" | (38). HR-MS (ESI) m/z calcd for C»,H;gN3;O
[M+H"] 340.1450, found 340.1444.
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(5195ak): The general procedure B was followed using substrate 192a

=
l N o (98 mg, 0.5 mmol) and 194k (156 mg, 0.6 mmol). Isolation by column
N)\'il Br chromatography (n-pentane/EtOAc:8/2) yielded 195ak (185 mg, 99%)
S8 as a colorless oil. '"H NMR (400 MHz, CDCls) 0 = 8.84 (d, J = 4.8 Hz,

2H), 8.34 (dd, J = 8.5, 0.9 Hz, 1H), 7.61 (dd, J = 7.9, 1.0 Hz, 1H), 7.57 (dd, J = 8.1, 1.2 Hz, 1H),
7.54 (dd, J = 7.7, 1.7 Hz, 1H), 7.35 (ddd, J = 8.4, 7.1, 1.3 Hz, 1H), 7.30-7.21 (m, 2H), 7.18 (t, J =
4.8 Hz, 1H), 7.17-7.12 (m, 2H). °C NMR (125 MHz, CDCl3) § = 158.1 (CH), 157.2 (C,), 136.4
(Cy), 133.2 (CH), 132.4 (CH), 129.2 (CH), 128.7 (C,), 126.9 (CH), 125.5 (C,), 124.9 (CH), 124.8
(Cy), 122.4 (CH), 120.8 (CH), 120.4 (C,), 117.6 (CH), 115.5 (CH), 114.2 (CH), 93.5 (C,), 86.9
(Cy). IR (neat): 3049, 2925, 2202, 1990, 1911, 1562, 1422, 1024, 745, 459 cm™. MS (EI) m/z
(relative intensity) 375 (79) [M*] (*'Br), 374, (100) [M—H'] (*'Br), 373 (79) [M*] (Br), 372 (88)
[M-H"] ("Br), 293 (50), 214 (22), 147 (28). HR-MS (EI) m/z calcd for CooH,BrN3 [M*] 373.0215
("Br), found 373.0199 ("Br).

| N (195al): The general procedure B was followed using substrate 192a
( IN: : : (98 mg, 0.5 mmol) and 1941 (111 mg, 0.6 mmol). Isolation by column
N)\Rj chromatography (n-pentane/EtOAc: 9/1) yielded 195al (118 mg, 79%)

= as a colorless oil. 'H NMR (300 MHz, CDCls) 0 = 8.81 (d, J = 4.8 Hz,

2H), 8.24 (dd, J = 8.4, 0.9 Hz, 1H), 7.55 (ddd, J = 7.8, 1.0, 1.0 Hz, 1H), 7.28 (ddd, J = 8.4, 7.2, 1.2
Hz, 1H), 7.21-7.16 (m, 2H), 6.94 (s, 1H), 6.18 (tt, J = 4.0, 1.8 Hz, 1H), 2.22-2.18 (m, 2H), 2.15—
2.11 (m, 2H), 1.68-1.57 (m, 4H). '*C NMR (125 MHz, CDCls) § = 158.0 (CH), 157.3 (Cy), 136.2
(C,), 135.3 (CH), 128.7 (Cy), 124.3 (CH), 122.2 (CH), 121.3 (Cy), 120.7 (Cy), 120.5 (CH), 117.5
(CH), 113.9 (CH), 113.7 (CH), 96.8 (Cy), 79.8 (C,), 28.8 (CH,), 25.9 (CH,), 22.3 (CH,), 21.6
(CHy). IR (neat): 2962, 2927, 1561, 1449, 1259, 1014, 796, 742 cm™'. MS (ESI) m/z (relative
intensity) 338 [M+K'] (41), 322 [M+Na'] (100), 300 [M+H ] (95). HR-MS (ESI) m/z caled for
C20H,sN3 [M+H'] 300.1501, found 300.1495.
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(195aq): The general procedure B was followed using substrate 192a
(98 mg, 0.5 mmol), 194q (139 mg, 0.6 mmol) and MnBr(CO)s (3.4 mg,
2.5 mol %). Isolation by column chromatography (n-Pentane/EtOAc :
9/1) yielded 195aq (66 mg, 38%) as brown oil. '"H NMR (400MHz,
CDCls) 0 =8.87 (d, J = 4.8 Hz, 2H), 8.55 (d, J = 8.1 Hz, 1H), 8.40 (d, / = 8.4 Hz, 1H), 7.84 (dd, J =
14.6, 7.9 Hz, 2H), 7.75 (d, J = 7.1 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.57-7.50 (m, 2H), 7.47-7.43
(m, 1H), 7.36 (ddd, J = 8.3, 6.9, 1.0 Hz, 1H), 7.27-7.20 (m, 3 H). >C NMR (101 MHz, CDCl3) 6 =
158.2 (CH), 157.5 (Cy), 136.5 (Cy), 133.4 (Cy), 133.2 (Cy), 130.2 (CH), 128.9 (C,), 128.7 (CH),
128.2 (CH), 126.6 (CH), 126.5 (CH), 126.4 (CH), 125.3 (CH), 124.9 (CH), 122.5 (CH), 121.1 (Cy),
121.0 (Cy), 120.8 (CH), 117.6 (CH), 115.1 (CH), 114.4 (CH), 93.5 (Cy), 87.4 (Cy). IR (neat): 3044,
2924, 2851, 1733, 1561, 1419, 798, 771, 744 cm™. HR-MS (ESI) m/z calcd for Co4HsN3 [M+H']
346.1344, found 346.1332.

CO,Me (195as): The general procedure B was followed using substrate 192a
‘ \/<| N\ . (133 mg, 0.5 mmol) and 194s (109 mg, 0.6 mmol). Isolation by column
N chromatography (n-pentane/EtOAc:8/2) yielded 195as (157 mg, 85%)
N@ as a brown solid. M.p. = 135-137 °C. '"H NMR (300 MHz, CDCl3) ¢ =

= 8.83 (d, J = 4.8 Hz, 1H), 8.82 (d, J = 4.8 Hz, 1H), 8.37 (d, J = 8.4 Hz,

1H), 7.61 (d, J=7.8 Hz, 1H), 7.55-7.50 (m, 2H), 7.38-7.30 (m, 4H), 7.29-7.22 (m, 1H), 7.18 (dd, J
= 4.8, 4.8 Hz, 1H), 4.02 (s, 2H), 3.69 (s, 3H). °C NMR (125 MHz, CDCl3) & = 171.0 (Cy), 157.9
(CH), 157.2 (Cy), 136.0 (Cy), 131.2 (CH), 128.5 (Cy), 128.3 (CH), 128.2 (CH), 125.1 (CH), 123.2
(Cy), 122.4 (CH), 119.9 (Cy), 119.8 (Cy), 119.1 (CH), 117.5 (CH), 114.4 (CH), 98.6 (C,), 81.2 (Cy),
52.1 (CH3), 31.4 (CH,). IR (neat): 3048, 2953, 2848, 2197, 1730, 1561, 745, 691 cm™. MS (EI) m/z

(relative intensity) 367 (47), 352, (5), 308 (100). HR-MS (EI) m/z calcd for C,3H;7N30, [M']
367.1321, found 367.1305.
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8. CONCLUSIONS

In conclusion, in this work it was reported different employments of allene-derivatives in organic
chemistry. In particular, it was reported the first metal-free enantioselective dearomatization of

indoles using allenamides.

N(R3)EWG
R J
(R)-VIl (10 mol%) ;
(D \g\ , + 7 NRIEWG R
N~ R Benzene, rt, 16 h A2
H N R

24 examples
yield up to 98% ee up to 94%

Figure 1: First metal-free enantioselective dearomatization of indoles.

The methodology resulted to be tolerant toward several functional groups. The indolenines were
isolated in good to excellent yields and very high enantiomeric excesses. Moreover, it was also
developed a one-pot three-component reaction for the dearomatization/hydrogenation cascade
reaction that involving indoles, allenamides and a Hantzsch ester. The corresponding indolines were

obtained in moderate yields and excellent diastereoisomeric ratios as well as enantiomeric excesses.

Inspired by these satisfactory results obtained in electrophilic activation of allenamides promoted by
BINOL-based phosphoric acids, we developed an enantioselective Friedel-Crafts reaction of

allenamides in order to prepare 1-vinyl tetrahydroisoquinolines.

MeO MeO
m (R)-I1 (10 mol%) j@@
MeO m - Nj

! 4 AMS, DCM, rt MeO E
/ O
SiPhs yield = 40%, ee = 81%
‘ ! 0.0
= p?
cat o “oH
l : SiPhs

Figure 2: Enantioselective synthesis of 1-vinyl tetrahydroisoquinolines from electrophilic activation of allenamides

promoted by chiral BINOL-based phosphoric acids.

The tetrahydroisoquinolines obtained with this methodology present a vinyl group in 1 position

which is a powerful building block for further functionalizations.
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Not only allenamides but also allenoates were considered in this work. Indeed, it was also reported
an efficient a-allylation of enones promoted by gold(I)/H" co-catalyst. In particular the allenoate
intermediates generated by [3,3]-sigmatropic rearrangements of propargylic pivalates underwent

electrophilic trapping by activated allylic alcohols.

OH
Ar'J\/\Ar'
[Au()/H*
co-catalysis
OPiv
R
~Z R

Ar

Figure 3: Gold(I)/H" co-catalysed a-allylation of enones with activated alcohols.

The transformation demonstrated large flexibility in the employment of different functional groups,
and the corresponding a-allylated enones were obtained in good to excellent yields. In some of the
cases it was possible to isolate bicycles compound delivered by an allylic alkylation/Michael-type

Friedel-Crafts alkylation.

Finally, the Mn-catalysed C—H alkynylation of indoles was reported. The methodology resulted to
be tolerant toward several functional groups. Several silyl haloalkynes as well as aryl, alkenyl and
alkyl bromoacetylenes resulted in the corresponding products in good to excellent yields. Moreover,
the protocol is suitable for the functionalization of more complex substrates such as peptides
without loss of chiral purity. It is also reported the possibility to perform an intramolecular Mn-

catalysed C—H alkynylation to synthetize macrocycles.
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Figure 4: Mn-catalysed C—H alkynylation of indoles.
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