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Synthesis and reactivity of propargylamines in organic chemistry

Kate Lauder, Anita Toscani, Nicolo Scalacci, and Daniele Castagnolo*

School of Cancer and Pharmaceutical Sciences, King's College London, Franklin-Wilkins Building, 150

Stamford Street, London, SEI 9NH, United Kingdom.

ABSTRACT

Propargylamines are a versatile class of compounds which find broad application in many
fields of chemistry. This review aims to describe the different strategies developed so far for
the synthesis of propargylamines and their derivatives as well as to highlight their reactivity
and use as building blocks in the synthesis of chemically relevant organic compounds. In the
first part of the review, the different synthetic approaches to synthesize propargylamines,
such as A® couplings and C-H functionalization of alkynes, have been described and
organized on the basis of the catalysts employed in the syntheses. Both racemic and
enantioselective approaches have been reported. In the second part, an overview of the
transformations of propargylamines into heterocyclic compounds such as pyrroles, pyridines,

thiazoles and oxazoles, as well as other relevant organic derivatives, is presented.
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1. INTRODUCTION

Propargylamines are a versatile class of compounds whose application in pharmacological
and pharmaceutical chemistry has soared. A number of propargylamine derivatives such as
pargyline,! rasagyline? and selegiline,> have found direct application in the treatment of
neurodegenerative diseases, such Parkinson’s* and Alzheimer’s diseases.’ Propargylamines
are useful synthetic precursors in the manufacturing of different organic substrates, natural

products and drugs as shown by the high number of papers reported in the literature.®!

16-18 and since then

The first papers on the use of propargylamines go back to the 1940s-1950s
these unique organic compounds have been widely used as substrates in the synthesis of

aliphatic and aromatic organic molecules, including a large number of heterocycles such as
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oxazoles, imidazoles, pyrazoles and quinolines, through metal-catalyzed and cycloaddition
reactions.

The versatility of this class of compounds is due to its unique structure comprized of an
amine group in P-position to an alkyne moiety. Compounds with a carbon-carbon triple bond
have characteristic reactivity and can behave both as electrophilic substrates and also as a
source of electrons in nucleophilic reactions.!” In addition, the amine moiety of the
propargylamine can undergo nucleophilic reactions, thus making this class of substrates
susceptible to a variety of chemical transformations.

Despite the extensive use of propargylamines in organic synthesis, to the best of our
knowledge, no comprehensive review describing both the synthesis and the reactivity of these
interesting substrates has been reported in the literature so far. Therefore, a systematic review
that clearly and exhaustively describes the different synthetic approaches as well as the
reactivity of propargylamines in organic chemistry is highly desirable. This review covers the
works reported in the last two decades and it is divided into two main parts, describing 1) the
methods for the synthesis of propargylamines, and 2) the reactivity of propargylamines and

their use as building blocks in the manufacturing of different organic compounds.

2. SYNTHESIS OF PROPARGYLAMINES

Structurally simple propargylamines can usually be synthesized by simple alkylation
reactions such as amination of propargylic halides,?® propargylic phosphates or propargylic
triflates.?!">3 Alternatively, commercially available propargylamines and their N-substituted
derivatives can be further functionalized through alkylation with a variety of alkyl halides as
shown in the synthesis of many organic compounds and drugs, such as monoamine oxidase
B (MAO-B) inhibitors?* or inhibitors of Lysine Specific Demethylase 1 (LSD1).% Finally,

another popular method for the functionalization of propargylamines is represented by
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reductive amination reactions using aldehydes and ketones in the presence of both NaCNBH3
or Na(AcO)3BH as reducing agents.?

Despite the high number of works reported in the literature on the synthesis of
propargylamines via alkylation or amination reactions (Scheme 1. reactions a-c), these
approaches will not be covered by this review, which will instead focus on more original,
challenging and stereoselective synthetic methods. These include multicomponent reactions,
metal-catalyzed enantioselective reactions, and oxidation reactions of tertiary amines. The
main approaches that have been developed so far for the synthesis of propargylamines are
summarized in Scheme 1 (reactions d-h). One of the most popular methods is represented by
the stoichiometric addition of alkynyl nucleophiles to imines or enamines (reaction d).”’
Alkynyl nucleophiles are generally generated through the reaction of alkynes with metals (Li
or Mg) and often require harsh reaction conditions (anhydrous conditions, low temperatures).
In the last decades, the transition metal-catalyzed addition of alkynes to imines has become a
more popular approach to synthesize propargylamines (reactions e and f). These methods
proceed well through the use of a catalytic amount of a metal catalyst (i.e. Cu, Zn, Ag, Au
etc.) under mild reaction conditions and green solvents.”® Moreover, the development of
multicomponent A3-coupling reactions (path f) allows the efficient assembly of
propargylamines in a single step from a variety of aldehydes, amines and alkynes.? Finally,
other popular approaches for the synthesis of propargylamines are the transition metal-
catalyzed oxidative functionalization of tertiary amines (reaction g) and the metal catalyzed
C-H and C-Hal functionalization of alkynes and alkyl halides (reaction h). These latter
methods are less developed than the A3 coupling reactions, but found application in the
synthesis of structurally simple propargylamines unsubstituted at C1. Within this review, the

different methods used for the synthesis of propargylamines will be divided on the basis of



the metal catalyst used. Finally, other metal-free synthetic approaches as well as
organocatalytic and biocatalytic methods will be described.

Scheme 1. Different approaches for the synthesis of propargylamines

Alkylation and reductive amination
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2.1. Nucleophilic addition of lithium acetylide to imines, oximes and nitrones

2.1.1 Synthesis of racemic propargylamines from lithium acetylides. The addition of
lithium acetylide to imines is one of the most direct approaches to access racemic
propargylamines bearing different substituents. The main limitation of this approach is
generally represented by the harsh reaction conditions. These reactions often need to be

carried out at low temperatures (-78 °C), and anhydrous solvents and inert atmosphere are



essential. Moreover, the lower reactivity of imine electrophiles, when compared to
corresponding aldehydes/ketones, and the difficulties in the preparation and handling of
lithium acetylides represent further limitations for this approach. Nevertheless, the use of
lithium acetylides sometimes represents a valid method to access propargylamines and their
derivatives. As an example, the addition of lithium acetylides 1 and 5 to oximes 2 and

3132 35 shown in Scheme 2. The

nitrones 4 has been reported by Rodriques*® and Merino
desired propargylamine derivatives 3 and 6 were obtained in high yields due to the high
reactivity of the oxime and nitrone substrates being more electrophilic than imines.
Furthermore, the reaction of 4 with 5 showed high stereoselectivity and the hydroxylamine 6
was obtained mainly as the syn isomer. More recently, a similar approach for the synthesis of
4-ethynyl-N-hydroxy-2-imidazolidinones through the addition of lithium acetylides to oximes
was reported by Pyerin and coworkers.>® Despite the lack of selectivity of the one-pot
addition/cyclization reaction, this study offers a good methodology for the synthesis of

interesting alkynyl-substituted N-hydroxy-imidazolidinones.

Scheme 2. Addition of lithium acetylides to oximes and nitrones

Rodriques et al.

o« + 0 BFERO TN
A N.
Li o HN
1 2 3 ‘o@

Merino et al. TIPS
\_-O THF Al/o 4
\)—\\ + Li——R 5
(0] N 5 -80 °C 0] N—-Bn
4 O/ R = TIPS or COOMe 6 HO
syn/anti 95 : 5

In general, an imine is a poor electophile for the attack of lithium acetylides. However,

electron deficient imines bearing electron withdrawing groups can be easily converted into
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propargylamines by treatment with alkynyl lithium reagents. As an example, Burger and co-
workers reported the synthesis of difluoro- and trifluoro-propargylamine derivatives as
precursors in the synthesis of the fluorinated ornithine analogue 10. The N,N-
bis(trimethylsilyl)aminomethyl acetylide 8 was added to Boc- or Cbz-protected imines 7 in
THF at low temperature to afford the desired compounds 9 in high yields (Scheme 3). In this
case, the electrophilicity of the imine group was enhanced by its proximity to the electron
withdrawing CF3 and ester groups.’* A similar approach has been later used by other authors
for the synthesis of fluorinated arginine derivatives’ and fluorine-containing a-alkynyl
amino esters.> Magueur et al. also reported the synthesis of CF3-propargylamines 13 via the
addition of alkynyl lithiums to CF3-substituted aldimines 11 (Scheme 3),%” whilst Chen et al.
described the synthesis of a-difluoromethyl a-propargylamines by adding lithium acetylides
to fluorinated N-tert-butanesulfinyl ketimines.*®

Scheme 3. Addition of lithium acetylides to CF3-substituted imines.

Osipov et al.
1) THF CF, CF3
MeOOCYCF3 Li———\ 78 °C MeOOC Y A NH, HOOC NH
Nl + N-TMS — = - 2
R T™S 2) HCl HN\R NH,
7 8 9 10
R =Boc or Cbz

Magueur et al.

R1
CF3
-78 °C G
||/ + Li——Ry ———— F3C/ R = Bn, PMP
N. Toluene

R HN. R'=Bu, Ph, TMS
11 12 13 R

Organolithium reactions can be dramatically accelerated by adding BF3-Et20O to the reaction
mixture. This also applies to the 1,2-additions of lithium acetylides to imines. In fact, Collum
and co-workers investigated the BF3-mediated additions of lithium phenylacetylide to the N-
(n-butyl)imine 14.>° As shown in Scheme 4 the presence of BF3-Et20 has a dramatic effect

on the outcome of the reaction leading to 15 in 70% yield. Importantly, yields are often much



higher if BF3-Et20 is added to the substrate/organolithium solution or if the organolithium is
added to a substrate/BF3-Et20 solution, whilst premixing of BF3-Et2O and the organolithium
is often, but not always, detrimental. Moreover, it has been demonstrated that the use of
complexes like BF3-nBusN may offer considerable advantages over BF3-Et2O by precluding
the aging effects associated with many BF3-mediated organolithium reactions.

Scheme 4. BF3-Mediated addition of lithium acetylides to imines.

N/\/\ HN SN
| o ) THF
., Ph—1Li S
-85 °C Ph
14 15

Without BF3-Et,O No reaction
With BF;-Et,0 70% Yield

N 1) BF4/THF .NH’PF
S—pn
2) Ph—=—1Li
16 -85°C 18

BFs
NY
17

crystal structure

Subsequent studies on the BF3-mediated addition of lithium acetylides to imines showed that
BFs3- imine complexes are formed during the reaction and may be an important determinant
of reactivity and selectivity. The crystal structure of the BF3-imine intermediate 17 in the
synthesis of the propargylamine 18 (Scheme 4) has been reported.* Interestingly, from the
stereochemical results and the crystal structures of the BF3-imine complexes reported in the
literature, it seems that the allylic strain may strongly influence the reactivity of these
substrates and therefore have an effect on the selectivity of the reaction. A similar example of
alkynylation of imines in the presence of BF3-Et20 was later reported by Wee and Zhang.*!

In order to overcome the poor reactivity of imines toward lithium acetylide addition, in 2005
Katritzky reported an interesting approach to access quaternary propargylamines through a

lithium-mediated aminoalkylation of ketones.*” Treatment of a series of ketones 19 with
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secondary amines 20 led to enamines 21. Since these enamines 21 are poorly reactive
towards the nucleophilic addition of lithium acetylides, they were treated with benzotriazole
and converted into the benzotriazole adducts 22. Since benzotriazole is a good leaving group
that can be easily displaced by alkynyl lithium species, the treatment of the latter with an
alkynyl lithium led finally to quaternary amines 23 in 30-98% yields (Scheme 5).

Scheme 5. Benzotriazole as leaving group in the synthesis of propargylamines

. by 20 N
R)J\(R EE—— R&/R1
R? 2
19 21 R

R? R!

N\
N
N
e "
~, Li
N \ (N>
R = Ph
/bph R/bN\
7 VRt N=N

23 22

R and R? = Me, Et, Pr, -(CHy),-, -(CHy)3-
R'=H, Me
Amine = Morpholine, piperidine, pyrrolidine

An alternative strategy to make the imine substrates more electrophilic is to bind an electron
withdrawing group to the nitrogen. As an example, Qi et al. recently reported the synthesis of
y-amino-propargylamines 26 via the addition of lithiated ynamides to aryl imines 25 bearing
a tosyl group on the nitrogen.** The presence of the electron withdrawing group on the imine
nitrogen allows the substrate to be more electrophilic and therefore reactive towards the
lithium nucleophile. The ynamide 24 was deprotonated with lithium hexamethyldisilazide
(LHMDS) at -50 °C and the resulting acetylide was added in situ to the appropriate imine 25
to afford products 26 in excellent yields (Scheme 6).

Scheme 6. Addition of lithiated ynamides to N-tosyl-aryl imines.

Bn, LHMDS, -50 °C Bn, NHTs
/N—E N——
Ts Ar  NTs T’ Ar
24 2 26

Yields 61-84%
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An interesting and different approach to propargylamines has been developed by Huang et al.
who reported the one-pot transformation of secondary amides into secondary amines,
including propargylamines. The one-pot treatment of the secondary amide 27 led to
propargylamine 30 in 79% yield. The reaction proceeds according to Scheme 7. The reaction
of TH20 with the amide leads to the formation of a highly electrophilic nitrilium ion
intermediate 28. The lithium alkyne reacts with CeCls3 leading to an alkynylcerium
intermediate which in turn reacts with 28 leading to the ketamine 29. Reduction of 29 with
NaBHys leads finally to the propargylamine 30.

Scheme 7. CeCl; mediated one-pot transformation of secondary amides into

propargylamines.
Ph
1) TH,0
o /O 2) Ph—==—Li, CeCl, f /O
ph)J\N 3) NaBH,4 Ph N
H H
27 30
CeCly + Li—==—Ph NaBH,
Tf,0

/_\ ¢

Ph
Cl,Ce—==—Ph
Ph I

TfO‘N Ph N

28 29

Later, the same authors reported a cerium-free modified approach to propargylamine 35. The
amide 31 was treated with Tf20 affording the intermediate 32 which was immediately
reduced in situ into the imine 33 by treatment with Et3SiH. The formed imine was then
activated by BF3-Et2O and reacted in situ with lithium acetylide to produce propargylamine

35 in good yields. Scheme 8.
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Scheme 8. Cerium-free transformation of secondary amides into propargylamines

/O Tf,0, 2-F-Py
©)\ Et3S|H Ph

BF3 EtZO
Li
Tf,0 ‘
TfO™
O Et;SiH BF3 EtZO
=N* _— P _ N
o S0 O

34

The authors applied this methodology also to the synthesis of non-aromatic amides retaining
high yields.*

Lithium mediated syntheses of propargylamines are generally based on the addition of
stoichiometric amounts of lithium acetylides to imines. Within this context, it is worth
mentioning a catalytic approach developed by Jeong and co-workers for the synthesis of
propargylamines via a three-component coupling reaction of aldehydes, secondary alicyclic
amines and alkynes (A* coupling). The multicomponent reaction was performed under
solvent-free open air conditions with lithium triflate (LiOTf) used as catalyst. The authors
postulated that the A® coupling reaction proceeds through the formation of a lithium acetylide
intermediate by terminal alkyne 38 C—H bond activation. The formed lithium acetylide would
then react with the iminium ion formed in situ from the coupling of the aldehyde 37 and the
amine 36 leading to the corresponding propargylamine 39 and the releases of the LiOTf
catalyst for further reactions.*® Scheme 9. To date, no further investigations on the use of
LiOTf in A® coupling reactions have been reported.

Scheme 9. Synthesis of propargylamine 39 using catalytic LiOTT.

O ©Ao LIOTF 20 mol% N

+ + =

: e
36 37 38 3

9
Yields >80%
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2.1.2 Stereoselective addition of lithium acetylides to imines. Although most of the
stereoselective approaches for the synthesis of propargylamines rely on the C-H activation of
alkynes with a catalytic amount of metal and their addition on imines/iminium ions, a few
methods to access enantioenriched propargylamines using alkynyl lithiums have also been
reported in the literature. One of the most used strategies is to exploit enantiomerically pure
alkyl-N-sulfinyl imines (Ellman sulfinamides) as substrates.*’** These imines possess high
stereoselective reactivity due to the presence of the chiral electron-withdrawing N-sulfinyl
group which exerts a powerful and predictable stereodirecting effect, resulting in high levels
of asymmetric induction. Moreover, the N-sulfinyl group can be easily removed under acidic
hydrolysis affording the corresponding unsubstituted propargylamines. As an example, Hou
and co-workers first reported the synthesis of a variety of N-tert-
butylsulfinylpropargylamines 42 in high yields and high diastereoselectivity through the
addition of alkynyl lithium reagents, generated in situ by treatment of alkyne 41 with
LiHMDS, on the enantiopure imine 40.* Scheme 10. Harried et al. later exploited this
approach to stereoselectively synthesize a set of propargylamines as precursors of 3-amino-
1,2-epoxides.’® Ellman finally used a modified approach to access amines 45, using Me3Al as
ligand.’!>2 Scheme 10. Although Me3Al appears to only have a modest effect on the
diastereoselectivity of the reaction, a significant drop in the yield was observed when MesAl

was not used. In all cases the syn diasteroisomers were obtained as the major products.

14



Scheme 10. Stereoselective addition of lithium acetylides to Ellman sulfinamides.
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Another example of stereoselective synthesis of polyhydroxylated propargylamines 48
through alkynylation of enantiopure imines 46 derived from (R)-glyceraldehyde was reported
by Galvez and co-workers.>® In this case, the imine does not bear any chiral electron
withdrawing sulfoxide group and the diastereoselectivity is induced by the close proximity of
the stereocentre to the imine moiety. Interestingly, the authors reported that the syn/anti
diastereoselectivity of the addition reaction can be controlled and reversed by the appropriate
use of Lewis acids as imine precomplexing agents (Table 1). When the lithium acetylide 47
was added to imine 46, the syn product syn-48 was obtained as the major isomer (entry I).
Similarly, the same diastereomeric ratio (dr) was observed when the reaction was carried out
at the same temperature and in the presence of Et2AlICl (entry 2). Interestingly, the addition of
BF3-Et20 led to the formation of the other anti propargylamine isomer anti-48 (entry 3).

Table 1. Addition of lithium acetylides to enantiopure imines 46.

#O TBSO Lewis acid %O %O
o] + = | »~ O o~ OTBS . O\)\/\OTBS
| Temperature :
46 N
R

47 HN.  Syn-48 HN. _ anti-48
R R

Entry Lewis acid Temperature syn/anti ratio
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1 - -30°C 91:9
2 Et,AICI -30 °C 91:9

3 BF;-Et.O -30°C 12:88

The stereochemistry of compound 48, obtained in the absence of the Lewis acid or with the
use of EtAICI as a precomplexing agent, presumably arises as a result of the chelation
control which leads to the preferential formation of the transition state A as shown in Scheme
11. On the other hand, the formation of the anti isomer in the presence of BF3-Et2O can be
justified by the formation of a Felkin—Anh-type intermediate B.

Scheme 11. Distinguished stereoselectivity of the addition of 47 to imine 46.

ML, F3B o\é
g X R
ooNF f ¥ o
re-face si-face
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H
A o chelate Felkin-Anh B
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Chiral N-phosphonylimines 49 have been employed by Li and Pan in the stereoselective
synthesis of a variety of substituted chiral propargylamines 51 through reaction with lithium
aryl/alkyl acetylides. These latter species were generated in situ by treatment of terminal
alkynes with LDA. The alkynyl lithium was then reacted with the chiral N-phosphonylimines
49 leading to propargyl derivatives 50 in high diastereomeric ratio. Acidic removal of the
).54

phosphonyl group leads to propargylamines/amides 51 (Scheme 12

Scheme 12. Addition of lithium acetylides to chiral N-phosphonylimines.

. N
LDA (or BulLi CPL
i LT e

= R -
NP0 THF, -78 °C : 2) Ac,0 R/\ 1
|

dr =>98:2

16



More recently, Poisson and co-workers described the addition of lithiated ynol ethers 53 to
chiral N-sulfinyl imines 54 to afford chiral propargylamines 55 and 56 in high yield and
diastereoselectivity. The lithium alkoxyalkynes 53 were generated in situ from
dichloroenolethers 52 upon treatment with two equivalents of n-BuLi. Addition of the
lithiated alkynes to 54 led to N-sulfinyl amine 55. Interestingly, when the N-sulfinyl imines
54 were precomplexed with BF3-Et2O a complete inversion of selectivity was observed and
amines 56 were obtained as major product (Scheme 13).>> The chirality of the C1
stereocentre is reversed when BF3-Et20 is used, in agreement with the work of Galvez.>?

Scheme 13. Addition of lithiated ynol ethers to chiral N-sulfinyl imines.

0 o
é v
)'N/ “Bu Hn-S By
cl . 54 -
nBuLi (2 e R
- 2ed) | pig—= Li] R/\ :
R'O Cl 55 OR
52 53

(0] O
S $
JN/S”BU HN""Bu
54
R R \\
56 OR!
BF3Et,0

dr = 30:70 - 2:98
Similarly, Turlington reported a highly stereoselective addition of lithiated chloroacetylene
58, derived in situ from cis-1,2-dichloroethene 57 and methyl lithium, to chiral N-tert-
butanesulfinyl imines 59. The reaction, shown in Scheme 14, led to 60 in high yield (up to
98%) and with excellent diastereoselectivity (up to >20:1) from a variety of aryl,
heteroaromatic, alkyl, and a,B-unsaturated imine substrates. MeLi was found to be the best

lithiating agent for the generation of the lithium acetylide 58.%°
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Scheme 14. Addition of chloroacetylene to chiral N-sulfinyl imines.
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Finally, a noteworthy approach to cyclic N-methoxy propargylamines 63 has been described
by Helmchen and co-workers, who reported the addition of lithium acetylides on N-methoxy
lactams 62 followed by hydride reduction. The addition of the lithium acetylides on the
amide leads to the formation of a hemiaminal intermediate, which is reduced in situ using
NaCNBH3 or NaBHa4 to afford compounds 63 with a high degree of stereoselectivity (Scheme
15).%7

Scheme 15. Addition of lithium acetylides on N-MeO-lactams.

OMe OMe T™S
RUN_O Li—=—TMs R. N. Z
U then NaBH4 or NaCNBH;
62 63
R=06H13, Ph dr=UptO 10:1

2.2. Synthesis of propargylamines using organomagnesium reagents

In a similar way to the addition of lithium acetylides to electrophilic imines, propargylamines
can be also synthesized using Grignard reagents as nucleophiles in place of organolithiums.
Grignard reagents are strong nucleophiles which may offer some advantages compared to the
lithium nucleophiles concerning the reaction preparation, conditions, and storage of the
reagents themselves. Most of the methods shown in the previous section can in principle be
carried out successfully using an alkynylmagnesium halide in place of the lithium acetylide.
For example, Burger and Sewald reported the synthesis of a series of amino acid derivatives

with a propargylamine backbone by addition of alkylmagnesium chlorides to the imines 64.
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As previously shown, in order to have the nucleophilic attack of an organo-metal reagent on
an imine substrate, the electrophilicity of the imines needs to be increased by the presence of
an electron-withdrawing substituent, in this case the CF3 and the methyl ester, on the C=N
carbon (Scheme 16).%® Similarly, electrophilic sulfinimines (Ellman sulfinimines) can be used
as substrates for the synthesis of enantioenriched trifluoromethylpropargylamines 67, through
the addition of Grignard reagents to enantiopure sulfinimines 66, as shown by Zanda and co-
workers.” Kuduk et al. also used sulfinimines as substrates for Grignard additions. The
authors described the synthesis of enantioenriched propargylamines 69 through the addition
of propynylmagnesium bromide to 2-pyridyl tert-butyl sulfinimines 68 (Scheme 16).
Interestingly, the propargylamine anti-69 was obtained as major isomer, showing opposite
selectivity in respect to the one observed in the addition of other organometallic reagents,
such as BuLi.®® The opposite stereoselctivity could be due to the formation of a complex
between the magnesium, the sulfoxide and the pyridine ring, leading to a 6-membered
transition state which drives the nuclephilic addition of the alkyne.

Scheme 16. Addition of Grignard reagents to imines.
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A highly diastereoselective addition of alkynylmagnesium halides to N-fert-butanesulfinyl

aldimines has been reported more recently by Chen et al. A number of aldimines 70 were

synthesized and sequentially treated with different alkynylmagnesium bromides affording the

corresponding propargylamides 71 in high yields and excellent dr (>99:1 in most cases).

Some examples are reported in Table 2.%! The sulfoxide group can then be easily removed to

result in the corresponding propargylamine. Aryl sulfinylimines seem to be less reactive

towards Grignard reagents (entries 5-6 and 9-14) and the corresponding amides 71 were

obtained in lower yields.

Table 2. Addition of Grignard reagents to chiral N-tert-butanesulfinyl aldimines.

o
/(éj 2-3eq. R'-==—MgBr HN/SK
707< DCM -78 °C to rt R 7 x R
Entry R R! Yield (%) dr

1 iPr Ph 88 >99:1
2 iPr TMS 87 >99:1
3 iPr nPr 88 >99:1
4 tert-Bu nBu 78 >99:1
5 Ph TMS 46 >99:1
6 Ph nPr 45 >99:1
7 TBDPSOCH; Ph 76 >99:1
8 TBDPSOCH: TMS 73 >99:1
9 p-Cl-Ph Ph 60 20:1
10 p-Cl-Ph nBu 79 13:1
11 p-NO»-Ph TMS 33 >99:1
12 Furanyl TMS 45 >99:1
13 Furanyl nBu 70 25:1
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14 Thiophenyl Ph 30 >99:1

A similar approach has been used by Zhang for the synthesis of chiral propargylamide
precursors of azetidin-3-ones.®> As well as sulfinimines, alkynyl Grignard reagents can be
added to nitrones as shown by Murga and Goti in the synthesis of a number of N-hydroxy-
propargylamines. As previously shown with organolithiums, nitrones represent good
electrophilic substrates for the nucleophilic addition of organometallic reagents.53-64

In order to make an imine more electrophilic, another possibility is to functionalize the C=N
group with an electron withdrawing pyridine. Katritzky reported the synthesis of the
propargylamine 75 through the addition of a Grignard reagent to a solid supported aldimine
73. The 4-pyridine-carboxaldehyde 72 was condensed with Rink amine resin in trimethyl
orthoformate to give polymer-bound aldimine 73. The electron withdrawing effect of the
pyridine ring makes the C=N bond more electrophilic and suitable for the nucleophilic
addition of a Grignard reagent. The resin-immobilized aldimine 73 was reacted with phenyl-
ethynylmagnesium bromide at 60 °C affording the corresponding supported propargylamine

74, which was in turn converted into 75 after the cleavage with TFA (Scheme 17).%

Scheme 17. Solid supported synthesis of propargylamine 75 with Grignard reagents

Q—\H; + o\/O SO, O—N/_C

Rink resin 73
Ph—=——MgBr
60 °C
NH2
74

An interesting approach using Grignard reagents to synthesize the propargylamine 78, a
precursor of the orally-active Gpllb/Illa antagonist FR184764, was reported by Yamanka
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(Scheme 18).°6 The commercially available protected-hemiaminal 4-acetoxy-2-azetidinone
76 was used as the electrophilic substrate. Treatment of 76 with a Grignard reagent led to the
cyclic propargyl lactam 77 which was then converted into the enantiomerically pure amine 78
through enzymatic kinetic resolution.

Scheme 18. Addition of Grignard reagents on hemiaminal 4-acetoxy-2-azetidinone.
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l

FR184764
Nakamura et al. developed a general methodology for the synthesis of enantioenriched
secondary amines through the nucleophilic addition of Grignard reagents to 2-
pyridinesulfonylimines in the presence of chiral auxiliaries or appropriate Lewis acids
(Scheme 19). Propargylamide 81 was synthesized through the addition of
phenylethynylmagnesium bromide to 79 in the presence of the bisoxazoline 80. The sulfonyl
protecting group was then removed upon treatment with Mg in MeOH and the resulting
propargylamine 82 was obtained with 78% enantiomeric excess (ee).®’

Scheme 19. Stereoselective synthesis of 81 with bisoxazoline chiral ligand.
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Very recently, a different approach to access propargylamines using Grignard reagents was
reported by Maruoka. Grignard acetylenes were reacted with electrophilic N-Boc-aminals 83

at -20 °C, to afford propargylamines in high yields as shown in Table 3.5 Interestingly, the
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authors also tried to synthesize the propargylamine 87 from the alkynyl aminal 85. However,
the treatment of 85 with isopropylmagnesium chloride led to the corresponding amine in low
yield and the N-Boc-imine intermediate 86 was reduced during the reaction. On the other
hand, the addition of ZnCl2 proved to be effective in suppressing this side reaction, leading to
a significantly increased yield. Finally, the authors demonstrated that propargylamines can
also be oxidized with MnO2 and converted into the corresponding ketimines. These latters
can be further treated with organolithium reagents leading to quaternary propargylamine

derivatives.

Table 3. Addition of Grignard reagents to electrophilic N-Boc-aminals.

NHBo i — o NHBoc
R83 NHBoc — ooc . o X .
NHBoc >—MgCI NBoc NHBoc
Ph 7 85 e 22%%% Ph 486 —>Ph 487
R R! Yield (%)
Bu 78
Ph 82
Ph——%
COOEt 74
TMS 81
_/_§ Ph 84
d T™S 71
or o, Ph 84
=/ TMS 85

Finally, the work of Murai et al., in which an alternative approach to propargylamines via

sequential reactions of in situ generated thioiminium salts with organolithium and
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organomagnesium reagents was reported, is noteworthy.® The authors found that it was
possible to generate a thioiminium salt 89 through the reaction of a thioamide and MeOTH.
The substrate 89 can be considered as a highly electrophilic acyl equivalent and is thus able
to react with strong nucleophiles like organolithium and Grignard reagents. The treatment of
the thioiminum with an alkynyl lithium and then an alkynyl Grignard reagent, afforded the
propargylamine 91, as shown in Scheme 20. Several propargylamines were obtained in 61-
98% yields. It is interesting to note that if the thioiminium 89 is treated with the Grignard
reagent first, no reaction occurs. Also the treatment of the propargylamine intermediate 90
with another equivalent of organolithium did not lead to the formation of any product. Thus,
the only sequence which allows the formation of the propargylamine 91 is the addition of the
organolithium followed by the Grignard reagent.

Scheme 20. Addition of lithium acetylides and Grignard reagents to thioiminium salts.
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2.3 Synthesis of propargylamines using aluminum acetylides

Although aluminum acetylides are less popular than organolithiums or Grignard reagents,
they have been used by some authors in the synthesis of propargylamines. Aluminum
acetylides offer some advantages leading to desired products often in higher yields and
reversed diastereoselectivities. In 1998, Katritzky and co-workers were the first to describe an

interesting approach to propargylamines using sodium dialkynyl-diethylaluminates 93. The
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derivative 92 was used as electrophilic substrate due to the good leaving properties of the
benzotriazole group. Reaction of 92 with different alkynylaluminates in toluene at room
temperature afforded the corresponding propargylamines 94 in high yields as shown in Table
4,70

Table 4. Addition of dialkynyl-diethylaluminates to benzotriazole derivatives 92

R
/
N R Et— / Na R
(NjN %Rr:w Et{\'%\Rs Rs\(i:‘w
92 94 R
Entry R R R’ R®  Yield (%)
1 Ph Me H Ph 91
2 Ph Me H H 81
3 Et Et H CsHiy 90
4 (CH:CH,):0 H Ph 90
5 Ph Me Ph Ph 78
6 Ph Me Ph H 60
7 (CH:CH,),0 Ph Ph 96
8 (CH,CH,),0 Ph H 82
9 H Ph Me Ph 80

Later, the research group of Royer developed another approach to enantioenriched
propargylamines exploiting aluminum acetylides. The authors compared the reactivity of
standard lithium and magnesium acetylides with aluminum acetylides in the nucleophilic
addition to sulfinimines.”' As shown in Table 5, excellent diastereoselectivity was obtained
when alkynyldimethylaluminum reagents were used. Compound 97 was isolated in high yield

and with excellent dr = 0.5:99.5 when the reaction was carried out at 0 °C in DCM (entry 7).
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On the other hand, when Grignard or lithium acetylides were used under the same reaction
conditions, only poor diastereomeric ratios were observed (entries 1-4). Remarkably, a
complete reversal of diastereoselectivity was observed when aluminum acetylides were used
in place of magnesium or lithium acetylides.

Table 5. Synthesis of enantioenriched propargylamines with aluminum acetylides.

Ph
o Ph—=——M l
S\\@ 96 g
=~ JON
H
95 97
Entry M (Metal) Conditions Yield (%) dr
1 MgBr DCM, -78 °C to rt 65 65:35
2 MgBr Toluene, -78 °C to rt 51 51:49
3 Li DCM, -78 °C to rt 86 76:24
4 Li Toluene, -78 °C to rt 86 82:18
5 Al(Me), DCM, rt 7 -
6 Al(Me), Toluene, rt 43 5:95
7 Al(Me), DCM, 0 °C 86 0.5:99.5
8 Al(Me), Toluene, 0 °C 85 2:98

The “alane model” of addition proposed by the authors is in accordance with the observed
stereoselectivity, which is the reverse of the Ellman model for lithium acetylides. In the case
of the alane addition, several equivalents (4 equiv. was optimum) of aluminum reagent need
to be used. The mechanism suggested by the authors indicates that two different molecules of
the organoaluminum reagent are chelated by both the nitrogen and the oxygen of the
sulfinimines. Thus, an antiperiplanar disposition of these groups should result and explain the

addition of a third reagent molecule on the less hindered Si face (Scheme 21). As a result of
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this approach, several propargylamine derivatives have been synthesized and, in all cases, the
anti diastereoisomer (S,R) was obtained as the major product with dr > 99:1.

Scheme 21. Alane model illustrating stereoselective addition to sulfinimines
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More recently, the same research group developed a new approach to enantioenriched
propargylamines through the diastereoselective alkynylation of chiral phosphinoylimines.”
The enantiopure (S)-methylphenylphosphinamide 98 was reacted with a series of aldehydes
to afford the chiral phosphinoylimines 99. Subsequent treatment with alkynyl alanes led to
the desired propargylamines 100 with a dr > 90:10. Under the same reaction conditions and
in the presence of lithium or magnesium acetylides, the compounds 100 were obtained in a

lower dr. Table 6. The mechanism of the reaction was suggested to follow the “alane model”.

Table 6. Alkynylation of chiral phosphinoylimines

Ph
Q "1 ;_R Pl Ph—=—M Ph |
I-Fi):cé'IP\NHz - HsC‘IP\NA@—R — H3C‘P\H [ 1k
98 99 = 100 7
Entry M (Metal) Conditions Yield (%) dr
1 MgBr Toluene, rt 70 50:50
2 Li Toluene, rt - -
3 Al(Me) Toluene , 1 h, rt 70 90:10
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Another interesting diastereoselective approach to alkoxy-propargylamines using
ethynylaluminum reagents has been recently described by Poisson and co-workers.”? In this
work, the 1,2-dichloroenolethers 101 were converted into the corresponding lithium
organometallics 102 upon treatment with BuLi at -78 °C, and 102 was in turn converted into
the lithium derivative 103 upon heating to -40 °C. The lithiated intermediate 103 was
subsequently transmetallated by reaction with dialkylaluminium chloride at low temperature
(=78 °C) to generate in situ the dialkylaluminium alkoxyacetylide 104. The latter was finally
reacted with Ellman’s sulfinylimines under mild reaction conditions (THF, 0 °C) affording a
set of alkoxypropargylamines 106 in high dr. A six membered transition state, in which the
imine is activated by complexation with two equivalents of aluminium acetylide, was
proposed as shown in Scheme 22.

Scheme 22. Synthesis of alkoxy-propargylamines using ethynylaluminum reagents
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2.4. Copper catalyzed synthesis of propargylamines

Copper-facilitated reactions have a long history in organometallic chemistry, with new
reactions continuing to be discovered and developed.”*”” Copper salts can act as catalytic
cross-coupling agents, Lewis acids, and oxidizing agents. The relatively low cost of copper

and the possibility to use it in catalytic amounts in many chemical transformations, makes it
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an attractive reagent. Copper has a high affinity for n-bonds, in particular for alkynes, and
promotes a variety of reactions such as addition reactions of heteroatoms to triple bonds,
[3+2]-cycloadditions, and the addition of copper acetylides to electrophilic carbons.”® Copper
acetylides play an important role in the synthesis of a wide range of substrates and represent
probably the most used method for the synthesis of propargylamines. The first copper

acetylide Cu2Cz (Cu-C=C-Cu) was proposed 1859, and since then, a plethora of copper

alkynide and alkyne compounds and intermediates have appeared in the literature. Both Cu(l)
and Cu(II) salts and copper complexes have been used for the synthesis of propargylamines.

2.4.1 Copper(I) catalyzed alkynylation of imines and A® coupling reactions. The Cu(I)
catalyzed alkynylation of imines was introduced by Li and co-workers in 2002,%° and
represents a general and efficient strategy for the synthesis of propargylamines.' The authors
treated easily accessible imines, generated in situ from the condensation of appropriate
aldehydes with anilines and phenylacetylenes (A* coupling), with a Ru/Cu catalytic system.
Initially, it was observed that different copper sources were able to promote the addition of
alkyne 109 on imines 111 in moderate yield. Among the different copper sources tested, the
CuBr led to the desired products 110 with the best yields. Next, the authors found that the
addition of a catalytic amount of RuCl3 (3 mol%) to the reaction mixture led to a dramatic
increase in the yield (from 30% to 90%). The scope of the Ru/Cu-catalyzed reaction was then
investigated by using a variety of imine substrates bearing aryl, naphthyl and ters-butyl
substituents. The proposed mechanism shown in Scheme 23 illustrates the activation of the
alkyne system by the Ru(IIl) salt. It has been hypothesised that the nucleophilic species is a
Ru-acetylide rather than a copper acatylide. However, copper seems to have a key role in the
reaction as it activates the imine and thus allows the nucleophilic attack of the Ru-alkynyl
intermediate.

Scheme 23. Cu(I)-catalyzed A3 coupling
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In parallel, Li also developed an enantioselective version of this reaction through the copper
catalyzed addition of alkynes to imines (selected examples reported in Table 7). A PyBOX
ligand 113 was used in combination with CuOTf to induce the stereoselectivity. In general,
CuOTTf proved to be a better copper source than CuBr, leading to >80% ee when the reaction
was carried out in water. As shown in Table 7, higher ee were observed when the same
reaction was carried out in toluene. Although it is noteworthy that no RuCls was needed for
the reaction to occur, the scope of this reaction seems limited to the use of substrates bearing
aromatic substituents only. In this occasion, the PyBOX ligand forms a complex with Cu(l)
which in turn activates the alkyne presumably leading to the formation of a copper acetylide
intermediate.3?%? The ee were determined by HPLC analysis whilst the absolute configuration
of one of the products was established by X-ray crystallographic analysis. Consequently, the
absolute configuration of other products was correlated using the optical rotation direction
and similar order of HPLC elution.

Table 7. Enantioselective A® coupling with PyBOX ligand 113

| X
T
| |
o 3/“ 13 N~ NHAr
) 1 Ph Ph .
+ ArNH, + R'-—=—H R™ X
R CuOTf (10 mol%) g
H,0 or Toluene 114
Entr R Ar Solvent Yield (%) ee (%)

Yy

30



1 Ph Ph H.O 71 84

2 Ph Ph Toluene 78 96
3 4-Me-Ph Ph H>O 86 81
4 4-Me-Ph Ph Toluene 85 92
5 4-Cl-Ph Ph H>O 70 87
6 4-Cl-Ph Ph Toluene 85 94
7 2-Naph Ph H>O 57 86
8 2-Naph Ph Toluene 63 88

Later, the coupling of alkynes with N-acylimines and N-acyliminium ions mediated by Cu(I)
in water to generate propargyl amide derivatives was reported.’*

Following the initial work of Li and co-workers, several authors optimized the
enantioselectivity of the copper-catalyzed addition reactions and expanded the substrate
scope, using a Cu(l) complex of i-Pr-PyBOX-diPh ligand and Cu-(MeCN)4PF¢ as copper
source,® or a solid supported PyBOX catalyst.’® The asymmetric alkynylation of imino esters
115 using CuOT(-0.5CcHe/PyBOX ligand (10 mol%) was described by Chan, who obtained
propargylamine derivatives 117 with high ee up to 91% (Scheme 24).%” It has been
hypothesized that an intermediate A, in which the substrate 115 acts as the base in the
formation of active Cu(l) alkynilide and as an electrophile through the activation by the Cu(l)
ion and the terminal hydrogen of alkyne, is formed. Intermediate A is then converted into B
via intramolecular proton and alkyne transfer. Subsequent decomplexation of B leads to the
formation of final product 117. The absolute configuration of these substrates was

determined after reduction of the triple bond of 117 by comparison with known compounds.
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Scheme 24. Alkynylation of imino esters using CuOTf:0.5CsHes/pybox ligand
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Benaglia et al. investigated a set of binaphthyl ligands 120-122 for the synthesis of the
propargylamine 119.% Table 8. The ligand 121 and 122 prove to be ineffective in catalyzing
the synthesis of 119, whilst ligands 120a-c led to propargylamines with good ee and high
yields. In particular, the ligand 120c, bearing a pentafluoro-substituted phenyl ring, afforded
119 with 81% ee. The same group later expanded the scope of the reaction investigating
different alkynes other than phenylacetylene. However, poor ee, determined by HPLC
analysis, were observed when alkynes bearing non-aromatic substituents were used.**° The
absolute configuration was assigned by comparison with literature data.®?

Table 8. Cu(I)-catalyzed synthesis of propargylamines with binaphthyl ligands

-Ph NHPh

J‘ _ CuOTf (1-5 mol%)
pn” * Ph—H Ligand

118
Ligands

=
N r@
o OO N/ OO

120a Ar = Ph,
120b Ar = 2,6-diCI-Ph,
120c Ar = pentaF-Ph

Entry Ligand Solvent Yield (%) ee (%)

1 120a Toluene 98 77
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2 120b Toluene 97 63

3 120c Toluene 98 81
4 121 Toluene - -
5 122 Toluene 80 7

The copper-catalyzed synthesis of non-racemic propargylamines has been widely
investigated and optimized by the research group of Knochel who reported first the addition
of copper acetylides to enamines.! The authors screened several metal and copper salts for
their ability to promote the addition of metal acetylides to enamines, finding CuBr to be the
most promising. The enantioselective version of the reaction was then investigated using (+)-
QUINAP 125 (5 mol%) as a chiral ligand. A wide variety of substituted enamines 124 and
alkynes 123 were used as shown in Table 9, leading to propargylamines 126 in excellent
yields and high ee.

Table 9. Knochel's approach to enantiopure propargylamines

N
_N
PPh,
R.-R
R OO 125 N

_ N. 2
R112? ' RZ/E: ) CuBr (5 mol%) R\Tze\w
Entry R! R? R? Yield (%) ee (%)
1 Ph Pr Bn 78 83
2 CH,OMe Pr Bn 76 55
3 1-c-Hexenyl Pr Bn 84 74
4 CH,CH3CN Pr Bn 50 54
5 CH:CH;Cl Pr Bn 58 60
6 CH,OTBDPS  Pr Bn 85 72
7 TMS Pr Bn 73 86
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8 Ph Pr Allyl 99 77

9 3-pyridyl ~ Pr  Bn 57 70

The reaction occurs through the formation of a [BrCu(QUINAP)]> complex, which has been
isolated and the structure determined by X-ray crystallography. The dimeric complex is
supposed to dissociate into species 127 which, after successive complexation of alkyne 123
and enamine 124, led to the zwitterionic intermediate 128. The copper-complexed product
129 is then formed and the subsequent decomplexation produces the liberation of the
propargylamine 126 and the regeneration of the catalyst. Scheme 25.

Scheme 25. Mechanism of Cu(I)-QUINAP catalyzed synthesis of 126.
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Later, a multicomponent variant of the copper catalyzed propargylamine synthesis, where

iminium intermediates were generated in situ by the reaction of aldehydes and secondary
amines and then reacted with copper acetylides, was described. Chiral propargylamines 129
were synthesized from a broad range of aldehydes, amines and ketones in the presence of the
chiral auxiliary (R)-QUINAP 125 in high yields and with good-excellent ee, determined by
chiral HPLC analysis.®? The alkyne and the aldehyde can bear both aryl or alkyl substituents
and were reacted with diallyl- or dibenzylamines (Table 10).
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Table 10. Cu(I)-QUINAP catalyzed A® coupling

N
N

PPh,
Sl
R ﬁ R. R 125 R
— + + N7 2
R2 : R \

CuBr (5 mol%) 130 R!
Entry R! R? R? Yield (%) ee (%)
1 Ph iBu Bn 98 86
2 nBu iBu Bn 85 82
3 Ph iPr Bn 60 84
4 T™S iPr Bn 87 92
5 TMS c-Hex Bn 99 92
6 Ph Ph Allyl 91 70
7 Ph p-MeOPh Allyl 76 60
8 Ph p-CF:Ph Allyl 43 63
9 c-Hex  3-Benzothiophenyl Allyl 61 74
10 Ph Furyl Allyl 55 64

Mechanistic investigations carried out by the authors suggested that the dimeric Cu/QUINAP
complex 131 is the catalytically active species. The proposed mechanism, illustrated in
Scheme 26, envisages the reaction of the chiral copper/QUINAP complex with the alkyne
123 leading to the intermediate 132, which in turn reacts with the hemiaminal 133 formed by
the condensation of the amine and the aldehyde. The alkyne deprotonation leads to the
formation of the copper acetylide 134, which then selectively attacks the imine intermediate
135 leading to the generation of the enantioenriched propargylamine 130 and the regeneration

of the copper/QUINAP catalyst.
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Scheme 26. Mechanism of the Cu(I)-QUINAP A?® coupling
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Following this work, a Cu/QUINAP catalyzed approach for the asymmetric one-pot three-
component synthesis of propargylamines using the 2-phenallyl as a versatile protecting group
of primary amines was also reported by Knochel. Propargylamines were obtained with ee of
<96%. The 2-phenallyl protecting group can be removed with a Pd(0)-catalyzed allylic

substitution using 1,3-dimethyl-barbituric acid as a nucleophile.”>** A

similar approach to
enantioenriched propargylamines was also adopted by Carreira and co-workers, who
replaced the QUINAP ligand with biaryl-P,N ligands (PINAP).”> The authors observed that
the Cu(I) complexes bearing the ligands 136a and 136b catalyze the formation of the N-
dibenzyl propargylic amines 137 in 90-99% ee. Specifically, the ligand 136b led to the
formation of the (R)-enantiomer whilst the (S)-enantiomer was obtained when ligand 136a
was used (Scheme 27). The absolute configuration of 136a was assigned unambiguously by

X-ray structure analysis, whilst the absolute configuration of the products was compared with

literature data.
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Scheme 27. Carreira's approach to propargylamines using PINAP ligands
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_N ZN
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136a 136b
More recently, Carreira introduced the use of the 4-piperidinone fragment as a protecting
group in the preparation of primary propargylamines. Trimethylsilylacetylene, aldehydes and
4-piperidone hydrochloride hydrate were mixed with CuBr—(R,R)-PINAP affording
enantioenriched propargylamines 138 in high yields and with excellent ee, determined by
chiral GC or HPLC. Finally, the selective cleavage of the piperidinone protecting group,
using the polymer-supported scavenger amine 139, allowed the production and purification of
the terminal primary propargylamines 140 through simple filtration (Scheme 28).°° The use
of 4-piperidone is original and allows the synthesis of primary propargylamines in a very
efficient way. In fact, one of the limitation of many A® coupling reactions is represented by
the need of secondary amine reagents, like dibenzylamines, to allow the formation of an
elecrophilic iminium intermediate. These couplings lead to N-dilakyl propargylamine
products which cannot be easily converted into primary amines by standard cleavage (i.e.
H»/Pd) without affecting the triple bond. On the other hand, the method developed by
Carreira proved to be effective in affording primary propargylamines 140 under mild reaction
conditions and in high ee, especially when n-alkyl aldehydes were used as substrates.
Nevertheless, when benzaldehyde was used as substrate, no satisfactory results were
obtained, even under prolonged stirring, and the corresponding proaprgylamine was obtained

in only 22% yield after 48 h.
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Scheme 28. Synthesis of propargylamines using 4-piperidinone fragment as a protecting

group
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Another A* coupling synthesis using a PINAP analogue was later developed by Aponik and
co-workers. The authors reported the synthesis and use of the imidazole-based chiral biaryl
P,N-ligand 141 for the asymmetric synthesis of propargylamines 142. The new ligand was
designed with the aim to increase the rotational barrier in biaryl systems and was used in

combination with CuBr in A® coupling reactions (Scheme 29).%’

The method proved to be
very efficient and represents an improvement of previous PINAP mediated approaches as it
allows also the synthesis of a variety of alkyl and aryl propargylamines. Interestingly, both
aryl aldehydes bearing electron donating or electronwithdrawing substituents were converted

into propargylamines in high yields and excellent ee.

Scheme 29. Aponik's PINAP ligand for the synthesis of 142.
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Chan and co-workers described another enantioselective approach to propargylamines by

using the chiral N-tosylatedaminoimine ligand 143.”® The results are summarized in Table 11.
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Table 11. Synthesis of propargylamines using the ligand 143.

Ph/’ Ph
A A

CuOTf, Ligand HN TsHN N

Ar - Ligand =
Additive Ar/\ HO tBu

\=2

144 145 R 143
tBu
Entry Ar Ar! R Additive  Yield (%) ee (%)
1 Ph Ph Ph - 41 63
2 Ph Ph Ph MeONa 10 0
3 Ph Ph Ph tBuOK 47 29
4 Ph Ph Ph nBuLi 12 25
5 Ph Ph Ph Et:N 32 42
6 Ph Ph Ph Zn(Me) 76 85
7 4-MeOPh Ph Ph Zn(Me); 68 83
8  4-NO,-Ph Ph Ph  Zn(Me) 73 87
9 4-Cl-Ph 4-Cl1-Ph Ph Zn(Me), 65 91
10 4-MeO-Ph  4-MeO-Ph Ph Zn(Me), 63 83

The reaction of imine 144 with phenylacetylene led to the propargylamines 145 in low yield
and ee (63%, entry 1). Some factors governing the enantioselectivities of the reaction were
examined. The ee values obtained by the authors were found to be sensitive to the choice of
solvent and temperature. Overall, the use of toluene at room temperature gave the best ee
values. The use of an additive was also explored showing a dramatic increase of ee values
when Zn(Me)2 was added in stoichiometric amount to the reaction mixture. This significant
increase is not accidental as the use of lower amounts of Zn(Me): led to lower ee values.
Several arylimines 144 were used as substrates which led to a variety of aryl-
propargylamines 145 with 83-91% ee (entries 6-10). As clearly shown in Table 11, the scope

of this reaction seems to be restricted to substrates bearing aromatic substituents. However,
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the same authors later reported a copper-catalyzed alkynylation of o-imino esters with
phenylacetylene using PyBOX ligand which led to propargylamine products in good yields
with 67-74% ee.”

A copper catalyzed approach for the synthesis of enantiopure propargylamines combining a
Cu(I) catalyst with amino acid ligands was later described by Arndtsen. The idea behind this
approach was that amino acids could bind the copper catalyst through hydrogen bonds and
form an enantiopure metal complex. This latter provides an easy route for inducing both
enantioselectivity in the chemical process (via the amino acid) and tunability which is often
required in order to obtain high selectivity. Several imines 146 were thus reacted with
phenylacetylene in the presence of a Cu(l) source, an amino acid and a ligand. The N-Boc-
proline was found as the best amino acid for this reaction and CuPFs was chosen as Cu(I)
source. Moreover, a variety of ligands were found to influence the enantioselectivity of the
reaction, likely by changing the steric bulk of the copper catalyst. Overall, the use of the
phosphine ligand P(o-tolyl)s in combination with N-Boc-proline leads to propargylamines
147 with the highest yields (Scheme 30).!®

Scheme 30. Arndtsen's approach to propargylamines using N-Boc-proline

2.5% CuPFg(MeCN), NHR
N’R 5% P(o-tolyl)3
/- R?——H : RSN
R 10% N-Boc-proline R2
146 147
R = Aryl (Ph, 4-NO,-Ph, 4-CI-Ph, 4-MeO-Ph ... etc) Yields = 65-92%

= 80.0R9
R' = Ph, p-Tolyl, Napht, 'Bu ee = 89-96%

R? = Ph, nBu, TMS, c-hexenyl

Nakamura and co-workers developed a three-component approach to propargylamines using
the bis(imidazoline) PYBIM ligand 148 bearing two hydrophobic substituents. The
multicomponent reaction of an aldehyde, an alkyne and PMP-NH2 was carried out in water in
the presence of CuOTf as catalyst and the sodium dodecyl sulfate (SDS) as surfactant. The
use of SDS proved to be crucial for the yield and ee of the reactions. A series of
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propargylamines, mainly bearing an aryl substituent at C1, was synthesized in excellent
yields and with high ee using this approach. Curiosly, the method also works when tap water
or seawater were used as solvent. In both cases excellent ee were also observed.!®' The
mechanism is illustrated in Scheme 31. The substituent on the nitrogen atom of the
imidazoline ligand 148 plays an essential role in influencing the yield of the products. In
particular, the hydrophobic effect of the substituents on the imidazoline ligand and the copper
salt are important for the formation of a colloidal dispersion and the enhancement of their
reactivity. According to standard models adopted to explain the enantioselective alkynylation
of imines by using a Cu(I) salt, it has been hypothesized that a copper—acetylide adduct is
formed, which attacks the imine from the Si face to provide the (R)-propargylamine 149.

Scheme 31. Nakamura's approach using a hydrophobic chiral catalyst 148.
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Following all of the above-mentioned studies, several authors reported variants of the copper-
catalyzed alkynylation of imines. McDonagh et al. described the synthesis of N-aryl-
propargylamines using a series of Cu(I) and Cu(ll) complexes of two

bis(oxazolinyl)pyridines immobilized on silica via electrostatic interactions. The immobilized

41



catalysts showed an efficacy similar to that of their homogeneous catalyst equivalents leading
to propargylamines with <85% ee when Cu(Il) was used. Lower ee were observed with Cu(l)
catalyst. The main advantage of the method is that the catalysts can be recycled several times
whilst retaining their activity.!> Another asymmetric synthesis of propargylamines using a
thioether-based Cu(I) Schiff base complex as a catalyst was carried out by Naeimi and
Moradian. However, in spite of the high yields, the desired products were obtained with low
ee values.'® Seidel and co-workers described an enantioselective approach to
propargylamines 151 via an A’ coupling reaction with a Cu(I)/acid—thiourea catalyst
combination. The authors developed a new type of chiral Brgnsted acid catalyst 152
containing both a carboxylic acid and a thiourea subunit.!®!%> This catalyst series was
designed with the notion that the thiourea moiety would function as an anion receptor,
serving to stabilize the catalyst’s conjugate base and thus increasing its Bronsted acidity. In
particular, catalyst 152 emerged as a powerful cocatalyst of Cul in the A* coupling reactions
of alkynes, aldehydes and secondary amines, representing an efficient alternative to the
QUINAP and PINAP approaches developed by Knochel and Carreira. A plethora of
enantioenriched propargylamines 151 were synthesized in 80-95% ee (Table 12).!% The
authors observed that, in order to have optimal enantioselectivity, the use of 5 A molecular
sieves was absolutely vital, as reactions performed in the absence of either molecular sieves
or other dehydrating agents gave inferior results. Moreover, higher selectivities were obtained
when Cul was used in slight excess over the cocatalyst 152. The absolute configuration of
compound 151 bearing a naphthyl group at C1 and a 4-Br-Ph substituent on the triple bond
(entry 12) was assigned by X-ray analysis whilst the configuration of all other compounds

was assigned by analogy.
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Table 12. A® coupling reaction with Cu(I)/acid—thiourea catalyst 152.

Br

(@n Cul (4 mol%) Zg : f CFs
TN

R' H cocatalyst (3mol%) /\
o]
DCM, 0°C COOH Acid-thiourea

5A Mol Sieves cocatalyst

=0

R— +

Entry R R! Amine Yield (%) ee (%)
1 Ph Ph Pyrrolidine 92 92
2 Ph 4-Cl-Ph Pyrrolidine 90 92
3 Ph 4-MeO-Ph Pyrrolidine 90 96
4 Ph Naphtyl Pyrrolidine 96 94
5 Ph nButyl Pyrrolidine 96 73
6 4-F-Ph Ph Pyrrolidine 86 93
7 '‘Butyl Ph Pyrrolidine 80 88
8 nOctyl Ph Pyrrolidine 91 92
9 Ph Ph Cycloheptylamine 80 88
10 Ph Ph Piperidine 95 68

11 Ph Ph Tetrahydro isoquinoline 95 61
12 4-Br-Ph Naphtyl Pyrrolidine 94 94

Periasamy and co-workers developed a CuBr-promoted diastereoselective synthesis of chiral
propargylamine  derivatives  using 1-alkynes, aldehydes  and  enantiopure
dialkylaminomethylpyrrolidine 153. The propargylamines 156 were obtained in good yields
and with excellent diastereoselectivity.'?” It has been hypothesized that the chiral diamine
153 would initially form a dimeric copper complex with CuBr, which would then react with
I-alkyne 155 to give a copper acetylide intermediate a shown in Scheme 32. The pyrrolidine

nitrogen would form also iminium ion in sifu by reaction with aldehyde 154. Finally, the
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alkyne would attack the iminium carbon on the opposite face of the pyrrolidine substituent
affording 156 with high ee.

Scheme 32. CuBr-promoted synthesis of propargylamine from
dialkylaminomethylpyrrolidine.
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Alternative approaches to propargylamines include a copper-catalyzed three-component
coupling of aldehydes and alkynes using hydroxylamines as nitrogen substrates!®® and A3
coupling reactions using CuCl as catalyst to access propargylamine precursors of natural
alkaloids.'” An easy approach to propargylamines via a Cul-catalyzed three-component
coupling reaction with succinic acid as an additive was reported by Ren et al.. The authors
hypothesized that the A® coupling reaction is driven by the formation of a succinic acid
complex with the Cu(I). Several dicarboxylic acids were screened as additives showing a
correlation between the length of the dicarboxylic acid chains and the yield of the reaction.'!”
Chen and Liao reported the preparation of a dicopper(I) complex called Cux(pip)2 (pip = (2-
picolyliminomethyl)pyrrole anion) that was used for the synthesis of propargylamines via A*
coupling reactions. A variety of propargylamines were synthesized with a low catalyst

loading of 0.4 mol% and in high yields.'!"!
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An interesting alternative approach to propargylamines has been recently developed by Lee
and co-workers (Scheme 33),''? who used the aryl alkynyl carboxylic acids 157 as alkyne
source. In the presence of Cul, 157 is decarboxylated leading to the formation of COz and the
copper acetylide 162. The latter reacts with the iminium species 161 formed in situ by
premixing appropriate aldehydes and amines. This protocol leads to the preparation of the
propargylamines 160 in high yields.

Scheme 33. Synthesis of propargylamines from alkynyl carboxylic acids.
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2.4.1.1 Mannich reactions. When the aldehyde used in the A3 coupling is formaldehyde, or a
Schiff base is pre-formed as intermediate, it is possible to refer to these reactions as Mannich
reactions. A non-catalytic early example to access propargylamines via Mannich reaction was
reported by Youngman et al. in 1997.!13-1* The authors developed a solid-phase copper-
mediated synthesis of propargylamines 166 using a resin-bound piperazine substrate 164. The
commercially available 2-chlorotrityl chloride resin 163 was treated with piperazine and
converted into 164. The Ilatter was reacted with different aldehydes, including

paraformaldehyde, and aryl alkynes in the presence of CuCl. The alkynes behaved as the
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"hydrogen-active" Mannich partners when reacted in the presence of CuCl. The solid support
was finally cleaved with TFA yielding the desired propargylamines 166 (Scheme 34).

Scheme 34. Solid-phase copper-mediated synthesis of propargylamines.
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In 2004, Bieber reported a Mannich reaction catalyzed by Cul for the synthesis of a variety of
propargylamines 167. Several amines were reacted with different alkynes and formaldehyde
to afford compounds 167 in excellent yields (Table 13). Several Cu(l) salts were also
screened and Cul was found to be the best catalyst.''

Table 13. Cul catalyzed Mannich reaction.

R-R
O R..R'" __ Cul
HJ\H+ e R R2¢ 167
Entry R R! R? Yield (%)
1 Me Me Ph 95
2 (CHa)4 Ph 92
3 (CHy)s Ph 98
4 Ph Me Ph 93
5 Bn H Ph 72
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6 Me Me nBu 86

7 (CH2)4 nBu 96
8 Et Et CH.OH 87
9 (CH2)4 CH,OH 70
10 Me Me TMS 71

Additional works have been reported by Matsubara and co-workers who demonstrated that
the use of a catalytic amount of an imidazole ligand could be beneficial in improving the
yield of copper-catalyzed Mannich reactions,'!® and by Wu and co-workers who reported the
CuCl catalyzed synthesis of macrocyclic compounds possessing propargylamine skeletons.'!”
2.4.1.2 A’ coupling reactions in ionic liquids and other solvents. Tonic liquids are widely
used in organic chemistry due to their numerous attractive properties, such as chemical and
thermal stability, non-flammability, high ionic conductivity, and a wide electrochemical
potential window. They have been extensively employed as solvents or, in some cases, as co-
catalysts in various reactions including organic catalysis, inorganic synthesis, and
polymerization processes. Ionic liquids have also been used in the development of efficient
methods for the synthesis of propargylamines. Yadav et al. first reported the one-pot coupling
of aldehydes, amines and alkynes using Cu(I) bromide immobilized in [bmim]PFs ionic
liquid. It is worth noting that the reaction was also successful when primary amines, usually
less reactive than secondary amines, were used as substrates yielding a series of secondary
propargylamines in >80% yields.'!®
Later, Park and Alper described an efficient copper catalyzed synthesis of propargylamines
via an A® coupling in ionic liquids.!" The authors used [bmim]PFs as a solvent and screened
several copper catalysts (Cul, CuBr, CuCl, CuCN, Cu(OAc)2 as well as Cu powder. Cul and

CuCN showed similar catalytic activity and, noteworthy, the catalysts were recycled and
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reused for five or ten runs with only a slight drop in activity. A plethora of propargylamines
were synthesized using this approach in excellent yields.
Finally, PEG-400 has also been employed by Zhang et al. as a solvent in A* coupling
reactions for the synthesis of propargylamines with Cul as catalyst. A wide range of
propargylamines with yields ranging from moderate to excellent was obtained and the
catalyst system was recovered and reused several times without evident loss in activity.'?°
2.4.1.3 Microwave assisted A’ coupling reactions. An interesting example of microwave-
assisted three-component A® coupling to generate propargylamines 168 was reported by Tu
and co-workers in 2004. The coupling reaction was performed in water and Cul was used as
catalyst as shown in Scheme 35.!?! Products 168 were obtained in a few minutes and high
yields.

Scheme 35. Microwave assisted copper catalyzed synthesis of propargylamines 236.
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Microwave (MW) irradiation had a dramatic effect in accelerating the rate of the reaction.
Under conventional heating conditions and without microwave irradiation, the three
component A3 coupling required more than five days to reach completion, whilst the two-
component coupling of phenylacetylene with the pre-made iminium intermediate 169 in the

presence of 15 mol% Cul took six days. These facts indicated that MW irradiation is
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necessary for speeding up both the A* coupling and the separate formation of alkynylcopper
intermediate 170 and iminium 169.

An additional microwave approach to yield propargylamines has been recently reported by
Van der Eycken who described the efficient three-component reaction between an aldehyde,
a primary amine and an alkyne using different copper catalysts. Propargylamines 171 were
first synthesized in high yields via A® coupling at 100 °C in toluene using CuBr 20 mol%.
The reaction proved to be fast and was completed in only 25 minutes.'** Later, the same
group developed a greener approach where propargylamines 171 were synthesized using an
cheaper Cu(I)/Cu(II) catalytic system in water. The combination of Cu(l) and Cu(Il) catalysts
gave higher yields than the single catalysts and the propargylamines were obtained in high
yields at 110 °C (Scheme 36). Van der Eycken’s approach is particularly noteworthy as it
represents one of the few examples to access secondary propargylamines via A* coupling.'?

Scheme 36. Microwave assisted A3 and KA? coupling reactions.
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Interestingly, Var der Eycken and co-workers also described the multicomponent coupling of
a ketone with a primary amine and an alkyne (KA? coupling) catalyzed by Cul in absence of
solvent under microwave irradiation, to obtain a series of spiro-propargylamines 172
(Scheme 36). When cyclohexanone was reacted with PMP-NH2 and phenylacetylene under

conventional heating, the corresponding propargylamine was obtained in 59% yield after 20
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hours. On the contrary, the same reaction carried out under microwave irradiation led to the
same product after only 25 minutes and in 76% yield.'?*
Finally, a microwave assisted synthesis of fluorinated propargylamines via A* coupling of
arylaldehydes, phenylacetylene and anilines with CuCl as catalyst has been described by the
research group of Zhang. The reaction proceeds under solvent free conditions and the
propargylamines were synthesized in 5-15 minutes in good yields.!>>12¢

2.4.2 Copper(Il) catalyzed alkynylation of imines and A3 coupling reactions. In
addition to the standard Cu(I)-catalyzed three components reactions, some authors have
explored the use of Cu(ll) catalysts to access propargylamine derivatives. The use of Cu(Il)
over Cu(l) catalysts may offer some advantages, mainly due to its higher stability to air
oxidation and lower cost. In 2007, Yamamoto described the synthesis of propargylamino acid
derivatives through the A® coupling of alkynes, ethylglyoxalate and N-benzylallylamine in
the presence of CuBr2. The reaction proceeds in toluene at room temperature and led to
propargylamine derivatives which were further transformed into polycyclic pyrrole-2-
carboxylates via iridium-catalyzed cycloisomerization / Diels—Alder cycloaddition /
dehydrogenation sequence under conventional and microwave heating conditions.'?’
More recently, Larsen and co-workers deeply investigated the use of Cu(ll) catalysts to
access propargylamines. In an effort to find a suitable method to generate N-tosyl-
propargylamines, Larsen envisaged that Cu(Il) catalysts, such Cu(OTf)2, could activate the
Ts-imine 173 towards the addition of 1-octyne via copper acetylide intermediate. The Ts-
imine substrates can also be generated in situ from appropriate aldehydes 176 and
sulfonamides 177. The scope of the reaction was then extended to aryl-aldehydes and to
primary and secondary amines, leading to the synthesis of a variety of propargylamines 178

in high yields.'”® Larsen also reported an eco-friendly solvent-free KA? reaction of

cyclohexanone 179 with primary and secondary amines catalyzed by CuClz to access spiro-
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propargylamines 180.'%° The KA? coupling can be considered as a variant reaction analogous
to the A® coupling, in which a ketone is used in place of the aldehyde. In this work, several
Cu(I) and Cu(Il) catalysts were screened. The reaction proceeds through the formation of a
ketimine intermediate followed by the attack of the copper acetylide formed in situ as shown
in Scheme 37. However, despite being an efficient method for the synthesis of
propargylamines, the KA? three-component couplings involving ketones, amines and alkynes
have been poorly investigated because of the extremely low reactivity of the ketone
substrates. '3

Scheme 37. Synthesis of propargylamines via Cu(II)-catalyzed A3 and KA? couplings
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In fact, when the authors tried to replace the cyclohexanone 179 with 2-butanone, neither the
ketimine intermediate nor the desired propargylamine product were observed under identical
reaction conditions. Ketones are known to be less electrophilic than aldehydes and this
explains the unsuccessful use of these substrates in the three-component coupling reactions.
The use of higher temperatures, microwave conditions or standard drying agents did not
improve the reaction. Thus, in order to overcome this synthetic challenge, Larsen and co-
workers proposed the use of a Lewis acid additive to lower the energy barrier for the in situ
ketimine formation and to activate the less reactive ketimines for subsequent acetylide attack.
According to Ellman’s work on the formation of aldimines using Lewis acid dehydrating
agents,"*! Ti(EtO)s was found as the best catalyst for the formation of ketimine intermediates.
The propargylamines 181 were synthesized in high yields combining Ti(EtO)4 and CuClz in a
KA? coupling reaction of ketones, amines and alkynes (Table 14).13 It is noteworthy that
both cyclic amines and dialkyl amines can be used as substrates.

Table 14. Cu(II) and Ti(EtO)4 co-catalyzed KA? coupling.

CuCl, 5 mol% R® R4
0 R Ti(EtO), 50 mol% N
R1J]\R2 + NH o+ = R® 5 y
v 110 °C HAN 5
181 R
Entry R! R? R? R* R® Yield (%)
1 Et Me morpholine nHex 84
2 cyclopropyl Me piperidine nHex 71
3 iPr Me morpholine nHex 75
4 Et Me piperidine Ph 70
5 Et Me piperidine (CH»)sCl 91
6 Et Me piperidine ‘Bu 90
7 Et Me H CH:-Napth ‘Bu 73
8 Et Me nPr CHz-cyclopropyl ‘Bu 73
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9 Et Me Me Benzyl ‘Bu 81

Ma and co-workers further investigated the KA? coupling of alkynes and secondary amines
with aromatic ketones. In fact, when aromatic ketones were used as substrates, Larsen's
approach using a combination of CuClz and Ti(EtO)4 failed. Thus, Ma developed a highly
efficient method for the synthesis of propargylamine 185 using a combination of CuBr2 and
sodium ascorbate catalyst system able to favor the coupling of aromatic ketone 182,
pyrrolidine 183 and alkyne 184 (Scheme 38). Mechanistic studies were carried out with X-
ray photoelectron spectroscopy (XPS) in order to understand the real catalytic species of this
reaction. It was shown that CuBr2 is reduced in situ to Cu(I) by sodium ascorbate and that
Cu(I) is the real catalyst of the reaction. However, sodium ascorbate seems to act not only as
a reducing reagent but also as a sort of co-catalyst, although the precise mechanism by which
it operates remains unidentified.!*’

Scheme 38. KA? coupling in the presence of Na-ascorbate.

0 CuBr;, 10 mol% L)
)]\ D - Ti(EtO), 2 eq N
Ph Tyt =Fh
H

Na-ascorbate (20mol%) Ph A
182 183 184 Toluene 100 °C 185 Ph

CuBr, + Na-ascorbate Cu(l) salt

It is worth mentioning the work of Tajbaksh et al., who described a three-component
coupling reaction for the synthesis of propargylamines using of a Cu(Il) salen complex as

catalyst,'3

as well as the asymmetric Cu(Il)-catalyzed approach recently developed by Su
and co-workers.!* Su reported a highly enantioselective synthesis of chiral propargylamines
via the solvent-free three-component asymmetric coupling of aldehydes, alkynes and amines
using Cu(OTf)2/Ph-PyBOX as a catalyst. Interestingly, the reaction was carried out under

high-vibration ball-milling and the products were obtained in high yields and excellent ee

when silica gel was used as a grinding auxiliary.
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Finally, a microwave-accelerated preparation of propargylamines using CuPy2Cl» as catalyst
was reported later by Madhav et al. Several aryl aldehydes were combined with
phenylacetylene and secondary amines (morpholine, N-methylpiperazine, diethylamine,
piperidine) under microwave irradiation and in the presence of CuPy2Clz, affording
propargylamines in good yields. The reaction is solvent-free and the catalyst CuPy2Cl2 is
stable in air and water, soluble in water, immiscible in common organic solvents and
recyclable.!3¢

2.4.3 Copper catalyzed alkynylation of alkylamines. An alternative approach to
standard A® coupling reactions in the synthesis of propargylamines has been proposed in
2004 by Li, who reported the CuBr-catalyzed alkynylation of sp® C-H bond adjacent to a
nitrogen atom.'¥” When the tertiary aniline 186 was reacted with different alkynes at 100 °C
in the presence of CuBr and '‘BuOOH, propargylamines 188 were obtained in 12—82% yield.
A proposed mechanism for this reaction is reported in Scheme 39. The copper catalyst and
'BuOOH catalyze the oxidation and formation of an iminium-type intermediate 189
(coordinated to copper) through activation of the sp® C-H adjacent to the nitrogen. The

transition metal catalyst activates the terminal alkyne, which is subsequently coupled with the

imine leading to the desired propargylamines 188 and enables regeneration of the catalyst.
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Scheme 39. Synthesis of propargylamines via CuBr-catalyzed alkynylation of sp® C-H

bond
/ 'BUOOH, CuBr /— R
Ph—N + =R —N
\ 100 °C \
186 187 188
R = Ar, CH,OH, CH,COOEt, CH;0CO, Bu Yields = 12-82%
[Cu]-O'Bu
<¥N+/ [Cu——=—R
186 Ph
/ 189
Ph—N
+ N =R
'BUOOH 187
[Cu] [Cu]
/—E—R
Ph—N\ 188

In 2008, Fu and co-workers proposed a similar approach to propargylamines 191 through the
copper-catalyzed coupling of tertiary amines with terminal alkynes via NBS-mediated C-H
activation. Amines 190 were reacted with different alkynes in the presence of a CuBr/NBS
system, where the NBS acted as free radical initiator of the coupling reaction as shown in
Scheme 40. It has been proposed that NBS firstly yields a succinimide and bromine free
radical 192, whilst the alkyne reacts with CuBr to form the Cu(I) acetylide 193. Then, the
tertiary aliphatic amine 190 reacts with the free radical species producing a new free radical
194. The removal of a hydrogen radical gives the iminium ion intermediate 195, which
undergoes nucleophilic attack by the copper-activated acetylide complex 196 leading to the
target product 191. The scope of the reaction was investigated and several propargylamines
191 were obtained in good yields (Table 15).!38

Table 15. Copper catalyzed NBS-mediated C-H activation.

R? NBS, CuBr R'" ,——RS3
N o+ =R N
(o]
190 ) CH5CN, 80°C 2 191
R2
Entry R! R? R? Yield (%)
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1 Ph H
2 Ph H
3 Ph H
4 Ph H
5 Ph H
6 CHz-(CH2)io H
7 Ph CH3

Ph
4-MeO-Ph
4-NO»-Ph

4-Me-Ph
Naphtyl
4-Me-Ph

4-Me-Ph

52

65

40

61

53

44

43

Scheme 40. Alkynylation of tertiary amines with CuBr/NBS catalytic system.
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As evolution of the previous works, an original approach to propargylamines has been

proposed in 2011 by Yu and Bao, who described the synthesis of 197 and 198 by exploiting

the Cu(lII)-catalyzed oxidative alkynylation reaction of trialkylamine N-oxides with alkynes

in the absence of an external oxidant.' In this work, the terminal alkynes and the

trialkylamine N-oxides were reacted in the presence of 10 mol% Cu(acac)2in DME at 110 °C

affording several propargylamines 197 and 198 in excellent yields (>70%). The use of

different Cu(I) catalysts was also explored by the authors. Interestingly, no product formation

was recorded when Cul was used as catalyst whereas CuBr led to propargylamine products in
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only 48% yield. A possible mechanism for the direct oxidative alkynylation of tertiary amine
N-oxides 1s shown in Scheme 41.

Scheme 41. Cu(Il)-catalyzed oxidative alkynylation reaction of trialkylamine N-oxides.
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The reaction of the N-oxide with the Cu(Il) catalyst produces the iminium ion intermediate
199 coordinated to copper hydroxide. This intermediate can then react with the terminal
alkyne to generate the iminium ion intermediate 200 coordinated to the copper acetylide.
Subsequent nucleophilic attack of the copper acetylide on the iminium ion yields the desired
products 197 and regenerates the Cu(Il) catalyst. The reactions of the less acidic aliphatic
alkynes also proceeded efficiently to give the corresponding products in satisfactory yields,
probably due to the strong basicity of the [Cu]-OH adduct generated in situ.

2.4.4 Copper catalyzed propargylic amination of propargyl esters. In 1994, Murahashi
and co-workers found that propargylamines could be obtained via the copper-catalyzed

propargylic amination of propargylic esters with various amines. The methodology proved to
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be very efficient and led to the synthesis of both a-tertiary and a-secondary propargylamines
202 in good yields using 5 mol% of CuCl as catalyst. Both propargyl acetates and
propargylphosphates proved to be good substrates, and both primary and secondary amines
can be used (Table 16).!4°

Table 16. Cu(I)-catalyzed propargylic amination of propargyl esters.

R R!
R/ . R cucismo R\‘/
_CuClomole
H

OX g2~ Nega
201 201
X = Ac, OP(O)(OEt),
Entry X R R! R? R? Yield (%)
1 OP(O)(OEt), Me H H Ph 85
2 OP(O)(OEt), Me H Bn Allyl 60
3 OP(O)(OEt), Ph H Pyrrolidine 75
4 OP(O)(OEt), Me H OH Bn 95
5 Ac CsHy, H 2-Me-piperidine 72
6 Ac Me Me H Bn 62

The reaction proceeds as shown in Scheme 42. The catalyst CuCl reacts with the terminal
alkyne 201 to afford the Cu-acetylide 203. Elimination of the ester group leads to the
formation of the zwitterion 204 and/or the carbene 205. These latter react with the amine to

afford the desired propargylamine 202.
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Scheme 42. Mechanism of reaction for the propargylic amination of propargyl esters.
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Starting from this seminal work, in 2008, van Maarseveen and co-workers'*' and
Nishibayashi and co-workers'** independently reported the first copper-catalyzed asymmetric
propargylic amination of propargylic acetates with primary amines and secondary amines,
respectively. A series of copper—pyridine-2,6-bisoxazoline (PyBOX) complexes was
investigated by van Maarseveen, who eventually found that ligand 207 and Cul comprized
the best catalyst complex. On the other hand, Nishibayashi used CuOT{(CesHe)o.s and the
chiral ligand (R)-Cl-MeO-BIPHEP 209 to obtain propargylamines 210 with high ee, as
determined by HPLC analysis (Scheme 43). The absolute configuration of 210 was
established by analogy converting the appropriate propargylamine into the corresponding N-

methyl-N-(1-phenylpropyl)aniline.
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Scheme 43. Copper-catalyzed asymmetric propargylic amination of propargylic
acetates.

van Maarseveen |

o o
Phn--</] N \\)--IPh
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1 =
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R<, R® = Alkyl, Aryl ee = 80-89%

For both reactions the mechanism can be described as reported in Scheme 44.'** In the first
step, the copper complex probably forms a m complex with the alkyne. Deprotonation with a
base gives the copper acetylide 211. It is important to note that the reaction does not work
with internal alkynes since no proton extraction and consequent formation of the copper
acetylide is possible. The intermediate 211 loses the acetate group through an Sn1-type
mechanism and the resulting electrophilic intermediate 212 is stabilized by resonance
involving the Cu complex. Finally, the copper complex 212 is attacked by the amine
nucleophile and, after proteolysis, the propargylamine 208 is released to complete the
catalytic cycle. The regio- and enantioselectivity of the reaction is most probably determined
during the attack of the amine on the copper-ligand complex 212. Nishibayashi and co-
workers later confirmed, using density functional theory (DFT) calculation on the model
reaction, that a copper-allenylidene complex 213 is formed and the attack of amines to the y-

carbon atom of the allenylidene is the key step of the reaction. To explain the
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enantioselectivity of the reaction a transition state consisting of copper-allenylidene complex
bearing a chiral ligand BIPHEP has been proposed as shown in Scheme 44. The
amine/aniline attacks the copper-allenylidene complex from the Re face, where edge-to-face
aromatic interaction between the two phenyl groups is considered to play an important role in
achieving the high enantioselectivity. It is interesting to note that the CH moiety at the ortho-
position in the benzene ring of propargylic acetate is necessary to achieve the high
enantioselectivity. In fact, when the catalytic amination of propargylic acetate bearing a 2,6-
dimethylphenyl moiety was carried out, no enantioselectivity was observed due to the lack of
a CH moiety able to coordinate the benzene ring.

Scheme 44. Mechanism of the asymmetric propargylic amination reaction of

propargylic acetates.
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This methodology was later used by van Maarseveen and co-workers for the total synthesis of

(+)-Anisomycin and (-)-Cytoxazone.'** Similar approaches, using different chiral ligands,
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have then been used by other research groups (Table 17). Nishibayashi and co-workers
reported the synthesis of enantioenriched propargylamines using (R)-BINAP as chiral ligand
and CuOTf.1/2CsHs (entry 1).!* Hu and co-workers used the chiral tridentate P,N,N ligand
216 together with CuCl (entry 2).!*¢ Finally, Mino and co-workers described the copper-
catalyzed asymmetric propargylic amination of propargylic acetates with amines using
BICMAP as chiral ligand (entry 3).!*” The models for the enantioinduction of different
ligands arereported in Table 17, and are based on the model of the transition state (TS)
143

proposed earlier by Nishibayashi.

Table 17. Chiral ligands for the asymmetric propargylic amination reaction.

gz

,

Rl F R® R? Ligand R\.//
+ N _—

oxX H Copper  pa-Nogo
214 215

Re face __
unfavorable

R
| Si face
3NH favorable H

R-BINAP TS 216-TS R-BICMAP TS

Entry Ligand Copper ee (%)

DO
1 OO PPh, CuOTf1/2CsHg up to 99

R-BINAP

72
pph, N7\
Sy

2 N= CuCl up to 97
Fe 216

62



0 PPh,
3 0 O PPh; CuOTf1/2CsHs up to 90

R-BICMAP

An interesting approach using carbamates as substrates has been recently developed by Hu
and co-workers.!*® The authors described the asymmetric synthesis of propargylamines 219
via the decarboxylative propargylic amination of propargyl carbamates 217 using a Cu-
tridentate ketamine P,N,N-complex 218 as shown in Scheme 45. The copper-ligand catalyst
is supposed to react with the alkyne and form a copper-allenylidene complex 221, as
described by Nishibayashi. The subsequent elimination of the carbamic acid 220 and the
following decarboxylation allows the free amine to react with the allenylidene, forming the
desired propargylamine 219. The reaction is performed under mild conditions and affords a
large variety of substituted propargylamines.

Scheme 45. Decarboxylative propargylic amination of propargyl carbamates.
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Finally, a closely related approach to tertiary propargylamines 224 exploiting the formation

of a copper-allenylidene complex intermediate was also developed by Nishibayashi and co-
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workers in 2009. The opening of the epoxide 222 with different amines in the presence of
Cu(OTf)2 and (R)-DTBM-MeO-BIPHEP 223 ligand was described. A variety of
propargylamines 224 with ee up to 94% were synthesized.'* Theoretical studies indicate that
a copper-allenylidene complex like 225 may be formed as a key intermediate which drives
the enantioselectivity of the amination reaction (Scheme 46).

Scheme 46. Synthesis of tertiary propargylamines 224 from epoxide 222.

MeO l PAr?
MeO PAr?
0 7
// < 223 O 5mol% Ph/
Ph + NH, ‘

o Cu(OTf), 2mol% HO— R,NH
222 224
R = Aryl ee up to 94%

Ar = 3,5-Bu,-4-MeOCgH,

CuL* CulL* CuL* CuL*
// DIPEAH" // //
Ph —> Ph — > Ph-g Ph
o} O*—H O—H O—H
225

2.4.5 Copper catalyzed hydroamination reactions. The hydroamination reaction is the
direct addition of nitrogen and hydrogen on carbon—carbon multiple bonds. Despite
hydroamination reactions pose a significant synthetic challenge due to the repulsion between
the nitrogen lone pair and the alkyne © system as well as in the control of the regioselectivity,
some methods to obatin propargylamines have been developed. In 2008, Jiang and Li firstly
reported the synthesis of propargylamino acids via a copper-catalyzed amine-alkyne-alkyne
addition reaction. Diallylamine, phenylacetylene and ethyl propiolate were reacted in toluene
at 100 °C in the presence of CuBry, affording propargylamino derivatives 226 in good yields
(Scheme 47).'3° Different copper catalysts were screened. The reaction afforded the desired
products 226 in high yields also when CuBr was used as a catalyst. However, the cheaper

CuBr2 was preferred for the development of the methodology. A plausible mechanism for the
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three component reaction is shown in Scheme 47. First, a copper-catalyzed hydroamination
of the electron-deficient propiolate by a secondary amine occurs, leading to the formation of
the intermediate 227. Subsequent reaction of 227 with an alkyne results in intermediate 228,
which tautomerizes into the iminium intermediate 229. Finally, the intramolecular transfer of
the alkyne moiety to the iminium ion produces the propargylamino acid derivative 226 and
regenerates the copper catalyst. As Cu(I) and Cu(Il) generated similar results, the active
catalyst is most likely to be Cu(I) as Cu(Il) can be converted into Cu(l) readily by reacting
with the enolate, the terminal alkyne, or the amine.

Scheme 47. Copper catalyzed amine-alkyne-alkyne addition reaction.
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Later, the same authors described a tandem anti-Markovnikov hydroamination and alkyne
addition reaction catalyzed by both Cu(I) or Cu(Il) catalysts (Scheme 48). Au or Ag catalysts
were also screened but proved to be inefficient and no propargylamine products were
obtained. Various propargylamines 230 were obtained in moderate to good yields when CuBr
was used as catalyst.'>! According to Scheme 48, the reaction proceeds first through the
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hydroamination of the alkyne followed by the addition of the alkyne (or copper acetylide) on
the formed enamine/iminium intermediate. The terminal alkyne is activated by CuBr and
reacts with a secondary amine to give the hydroamination product 231. This latter
tautomerizes into iminium 232. Subsequently, an intramolecular transfer of the alkyne moiety
to the iminium ion 232 produces propargylamine 230 and regenerates the copper catalyst.

Scheme 48. Tandem anti-Markovnikov hydroamination and alkyne addition reaction.
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2.4.6 Copper catalyzed retro-Mannich and deselenative C-H insertion reactions.

An interesting approach to propargylamines via a retro-Mannich synthesis has been described
by Zhu et al.. The authors developed a copper-catalyzed coupling of phenylacetylenes with
Mannich bases generated in sifu through a chlorine(1+) ion-initiated retro-Mannich-type
fragmentation. Treatment of the Mannich base 233 with phenylacetylene in the presence of
CuClz, N-chloro succinimide (NCS) and NaHCOs3 affords the propargylamine 234 in 82%
yield (Scheme 49). Different Mannich bases were investigated and compound 233 was found
to afford propargylamines with better yields. Several oxidants were also screened (NCS,
NBS, Iz, ‘BuOOH, PhI(OAc)2) and the best conversion was obtained when NCS was used in

the presence of NaHCO3. According to the proposed mechanism, the Mannich base 233 is
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firstly chlorinated by NCS affording 235, which by fragmentation is converted into the
product 236 and iminium ion 237. The phenylacetylene reacts with CuClz-H20 yielding the
copper acetylide intermediate via C-H activation, which then reacts with the in situ formed
237 leading to propargylamine 234.'%

Scheme 49. Retro-Mannich approach to propargylamines.
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In 2009, Ogawa and Mitamura reported an alternative and interesting approach to
propargylamines based on the Cu(0)-induced deselenative insertion of selenoamides into
acetylenic C-H bond. Selenoamides are a class of unusual compounds in organic synthesis
but they are relatively stable and retain unique reactivity. The authors found that
selenoamides show carbenoid-like reactivity when treated with Cu(0) powder.!> Starting
from this discovery, a deselenative C-H insertion reaction leading to propargylamines was
developed. A series of propargylamines 239 was synthesized efficiently in high yields from a
range of selenoamides 238 (Table 18).!* The reaction proceeds at 110 °C without any solvent

and in the presence of an excess of Cu(0) powder. The precise mechanism of the reaction has
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not been fully elucidated. However, experiments carried out with deuterated alkynes confirm
that a C-H(D) insertion reaction occurs.

Table 18. Synthesis of propargylamines via deselenative C-H insertion.

R
i I
|'| Cu(0)
N M LN
O g0
238 239

Entry R? Yield (%)
1 Ph 99
2 4-MeO-Ph 99
3 4-Pent-Ph 99
4 4-Cl1-Ph 84
5 CH,OMe 44
6 CH,N(Me), 59

2.4.7. Heterogeneous catalysis: solid-supported copper catalysts and copper
nanoparticles. A large number of examples of propargylamine syntheses via A* coupling
reactions using heterogeneous catalysts have been reported in the literature and more methods
will likely be developed in the future. The main advantage in using supported catalysts or
nanoparticles arises from the possibility to recycle the catalysts and to re-use them several
times, thus making the approach cheaper and more environmentally friendly.

A silica-gel anchored CuCl heterogeneous catalyst was developed in 2007 by Sreedhar et al.
and used for the synthesis of propargylamines via a standard copper-catalyzed A3 coupling of
an amine, aldehyde and alkyne. The catalyst was recovered almost quantitatively by simple

filtration and reused several times.'>?
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Fodor et al. later developed an interesting method to synthesize propargylamine derivatives
using a heterogeneous 4A molecular sieve-supported Cu(Il) catalyst. This catalyst was used
successfully in the A3 coupling under solvent-free conditions or in refluxing toluene to afford
a great number of propargylamines in high yields. The catalyst was easily prepared by mixing
4A molecular sieves and CuCl2-2H20 in deionized water and can be easily recovered and
reused several times without loss of t catalytic activity.'>® More recently, Mandapati and co-
workers developed the polymer-anchored Cu(Il) complex 240 that was employed as efficient
and reusable catalyst for the synthesis of propargylamines via A® coupling reactions (Scheme
50).157

Scheme 50. Polymer anchored copper complex 240 and Cu(I)-N2S;-salen type complex

241.
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Silica solid support
A Cu(I)-N2Sz-salen type complex 241 covalently anchored onto MCM-41 silica was
developed by Naeimi et al. and used in A* couplings to synthesize a set of propargylamines
(Scheme 50).'38
Luz et al. described the use of a Cu-MOFs solid catalyst for the three-component synthesis of
propargylamines 242 (Scheme 51)." MOFs (Metal-Organic Frameworks) are a type of

coordination polymers where metal nodes are connected by organic linkers through strong
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coordination bonds in a tridimensional net, forming crystalline, hybrid microporous
materials. In this work, different Cu-MOFs were screened and Cu(2-pymo)2 proved to be able
to catalyze an A’ coupling to obtain propargylamines in good yields and with a reasonable
scope. Their activity proved to be similar to that reported when other solid catalysts and
homogeneous Cu catalysts were used. A similar protocol is also described by Li et al..'*

Phan and co-workers recently described the use of a Cu-MOF catalyst (MOF-199) for the
synthesis of propargylamines 243 via the direct oxidative C-C coupling reaction between
N,N-dimethylanilines and terminal alkynes.!®! Later, the same authors reported the synthesis
of propargylamines 243 via sequential methylation and C-H functionalization of N-
methylanilines and terminal alkynes under MOF Cu2(BDC)2(DABCO) catalysis. The tert-
).162

butyl hydroperoxide was used in the reaction as the methylating reagent (Scheme 51).

Scheme 51. Synthesis of propargylamines with heterogeneous catalysts.
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Graphene oxide-supported CuClz has recently been used as an efficient, green and practical

catalyst to synthesize propargylamines via a multicomponent A® coupling reaction. The

propargylamines have been readily obtained in good to excellent yields (85-96%) and under
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MW irradiation. The catalyst is easily recoverable through filtration and can be recycled at
least five with no decrease in yield.'®

Finally, Bosica and Gabarretta described an Amberlyst A-21 supported Cul heterogeneous
catalyst for the A coupling under solvent-free conditions. The catalyst was easily prepared,
recovered and reused for several times, without any appreciable loss in its activity.!6*

Copper nanoparticles have been developed and largely used by several research groups as
catalysts in the synthesis of propargylamines. Kantman and co-workers reported the synthesis
of both aliphatic and aromatic propargylamines via A* coupling using nanocrystalline CuO as
recyclable catalyst.!®> In addition, copper ferrite (CuFe204) nanoparticles have been used by
Kantam et al. to catalyze the three-component coupling of aldehydes, amines and alkynes to
afford propargylamines.'®® Other authors reported the synthesis of propargylamines via A’
coupling reactions catalyzed by Cu-MCM-41 nanoparticles,'®” Cu-Ni bimetallic catalysts,'®
CuO nanoparticles supported on graphene oxide (Fe3O4 NPs/GO-CuO NPs),'% copper oxide
nanoparticles (CuO NPs) prepared according to a simple and effective protocol that involves
the use of the Anthemis nobilis flowers extract as both reducing and stabilizing agent,'”® and,
finally, by lanthanum loaded CuO nanoparticles prepared from CuO and La(NO3)3.!"!

Further examples of propargylamine synthesis using heterogeneous copper catalysis include

the use of Cu@SiO2 nanocatalyst formed by supporting Cu nanoparticles onto a silica

172 173
1, ),

aeroge coppersilicate catalyst (CuSBA-15 nanoporous CuO,'”* superparamagnetic
CuFe204 nanoparticles,'”” and nano magnetite functionalized 2,20-biimidazole complexes of

Cu(I).'7

2.5 Zinc catalyzed synthesis of propargylamines
Zinc is known for its ability to activate alkynes and form zinc acetylides, which can be

exploited in the synthesis of propargylamines. The first synthesis of propargylamine
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derivatives using zinc catalysts has been reported in 1999 by Carreira and co-workers who
described the synthesis of a series of N-hydroxy-propargylamine derivatives 246 in good to
excellent yields. Different alkynes were treated with Zn(OTf)2 in the presence of DIPEA and
reacted with aromatic and aliphatic nitrones 245. Higher yields were observed when aliphatic
nitrones were used.!”” The proposed mechanism of the reaction is illustrated in Scheme 52.
The zinc forms a complex with the terminal alkyne 244 which is in turn deprotonated by
DIPEA affording the zinc alkynylide 247. The latter reacts with the nitrone 245 to form the
intermediate 248 which is converted into the final product 246 by action of DIPEA-OTf
leading finally to the regeneration of the Zn(OTf): catalyst.

Scheme 52. Zinc-catalyzed synthesis of N-hydroxy-propargylamines 246
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Later, a chiral version of the same reaction was described by the same authors using
enantiopure nitrone derivatives as substrates.!”® An extension of this work where ZnCl> was
used as catalyst in place of Zn(OTf)2 was also reported.!” Recently, Downey demonstrated
that the reaction of zinc acetylides, catalytically generated with ZnBr2, with N-phenyl

nitrones can be accelerated by the addition of TMSOTT.!3°
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In 2002, Vallee and co-workers described the synthesis of N-hydroxy-propargylamines 249
via the addition of terminal alkynes to aryl and alkyl nitrones in the presence of Et2Zn.!3! The
reaction proceeds under mild conditions (toluene, 20 °C) and without the presence of any
base. In order to elucidate the mechanism of the reaction, the authors carried out different
experiments using Me2Zn as a catalyst. In an initiation step, a MeZn complex 252 is
generated by the reaction of alkynyl-methylzinc 250 with a nitrone. Alternatively, the
complex 253 can be formed by the reaction of Me2Zn with the nitrone first and the alkyne
later. In the end, the complex 253 would be converted into 252. This latter can dimerize
affording 254 by reaction with free hydroxylamine 256 and then the reaction can proceed
through the cycle as reported in the Scheme 53.

Scheme 53. Synthesis of N-hydroxy-propargylamines 249.
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Following the initial work of Carreira on nitrones, other zinc-mediated addition reactions of
alkynes to imines were then investigated (Scheme 54). Imines are known to be poor
electrophiles and poorly reactive towards metal acetylides. To overcome this, Jiang and Si
used TMSCI to activate the imine 257 towards the addition of zinc-acetylides. Thus, a series
of terminal alkynes were added to imines 257 in the presence of catalytic ZnClz, EtsN and
TMSCI leading to propargylamines 258 in good yields. Also, chiral substrates were used
leading to corresponding propargylamines with good dr.'8?

A similar strategy to perform the addition of alkynylzinc reagents to imines was reported by
Carreira and coworkers. N-Aryl and N-alkylimines 260 were treated with an acyl chloride
leading to the formation of the acyl-iminium intermediate 261. The latter is more
electrophilic than the parent imine and it then undergoes addition with zinc-acetylide 259 to
afford the propargylamides 262 in good yields.'® It is noteworthy that diphenylphosphinoyl

chloride can be used in place of acyl chlorides to generate the iminium ion intermediates.

Scheme 54. Zinc-catalyzed addition of alkynes to imines.
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As further extension of these works, Kim and co-workers reported the addition of zinc
alkynylides to N-activated imines, namely imines bearing an electron-withdrawing group

such as a tosyl or a mesyl. The zinc alkynylide was generated in situ through the reaction of
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terminal alkynes with ZnBr2 in the presence of DIPEA (Scheme 55). The propargylamines
263 were generally obtained in high yields, superior to those reported by Carreira, 84183

Later, Bolm and co-workers reported a similar approach to propargylamines 264 using a
stoichiometric amount of Me2Zn. In addition, the authors also described the one pot synthesis
of propargylamines 265 through a formal A® coupling where different aldehydes were reacted
with o-methoxyaniline and alkynes in an excess of Me2Zn. The resulting zinc alkynilyde is
then formed and it undergoes nucleophilic addition on the in situ formed o-methoxy-imine,

leading to the desired propargylamine in good-excellent yields (Scheme 55).!86

Scheme 55. Zinc-mediated addition of alkynes to N-activated imines.
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Ramu et al. reported the synthesis of a series of propargylamines via a multicomponent
coupling of aldehydes, alkynes and cyclic secondary amines using Zn(OAc)2>"H20 as catalyst.
The reactions were carried out in the presence of air, and led to the desired amines in
excellent yields.'s” Similarly, Kantam and co-workers described the one-pot synthesis of
propargylamines via the A? coupling of aldehydes, amines and alkynes catalyzed by zinc
dust. It has been assumed that Zn(0) could form a zinc acetylide intermediate by the C—H

bond activation of the alkyne.!'®®
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Zinc catalyzed asymmetric syntheses of propargylamines have been also reported in the
literature. Wei et al. reported a zinc-mediated asymmetric synthesis of N-hydroxy-
propargylamines through the reaction of alkynylzinc reagents, prepared in situ from terminal
alkynes and Me2Zn, with nitrones using di-(ferz-butyl)zinc tartrate as a chiral auxiliary.
Propargyl N-hydroxylamines were obtained with up to 95% ee.'®

More recently, Zhang and co-workers described the enantioselective synthesis of optically
pure quaternary propargylamines 267, 269, and 270 through a highly enantioselective
zinc/BINOL-catalyzed alkynylation of ketoimines (Scheme 56). Several propargylamines
were obtained in excellent yields and high ee. Both the electronic and steric effects of
substituents at the 3,3’-positions of the BINOL-type ligands 271-273 proved to be critical for
the enantioselectivity of the reaction. The BINOL 271, bearing a Tf at the 3,3’ positions,
proved to be the best ligand for the zinc when ketimines 266 were reacted with different
alkynes. On the other hand, the same ligand proved to be less efficient when 268 was treated
with phenylacetylene. In this case, the BINOL 272 proved to be the best ligand, leading to
propargylamine 269 with 94% ee. Notably, both enantiomers 269 and 270 can be
enantioselectively obtained by tuning the electronic properties of the BINOL-type ligand or
the reaction temperature. In fact, when 268 and phenylacetylene were reacted with Zn(Me)2
in the presence of ligand 272 at room temperature, the propargylamine 269 was obtained,
whilst, when the same reaction was carried out at 0-5 °C, the opposite enantiomer 270 was
recovered with 44% ee. Similarly, when 268 was reacted at room temperature with
phenylacetylene and in the presence of the ligand 273 the enantiomer 270 was obtained with
83% ee.!”® The absolute configuration of propargylamines was determined by X ray analysis

of crystallized samples.
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Scheme 56. Zinc/BINOL-catalyzed alkynylation of ketoimines.
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Recently, Periasamy described the synthesis of a series of propargyl-piperazine derivatives
via a ZnClz catalyzed addition of alkynes to iminium intermediates. A set of chiral piperazine
derivatives 275-277 were reacted with appropriate alkynes and aldehydes in the presence of
ZnCl2 in toluene at 100 °C, affording the corresponding propargylamines 274 in high yields
and with excellent dr (>98:2). Similar to the mechanism proposed by Carreira, the ZnClz is
supposed to form a complex with the alkyne at first. The piperazine substrate then
deprotonates the alkyne leading to the formation of an alkynylzinc intermediate which in turn

reacts with the in situ formed piperzinyliminium to afford the propargylamines 274."°!

(Scheme 57).
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Scheme 57. ZnCl; catalyzed synthesis of propargyl-piperazine derivatives.
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Finally, it is noteworthy to mention an original approach developed by Nakamura where
propargylamines 279 were synthesized via a zinc-catalyzed redox cross-dehydrogenative
coupling of other propargylamines 278 and terminal alkynes (Scheme 58). In this reaction, a
C(sp)—C(sp’) bond is formed between the carbon adjacent to the nitrogen atom in the
propargylamine and the terminal carbon of the alkyne with reduction of the C—C triple bond
of the starting propargylamine, which acts as an internal oxidant. The authors suggest that a
zinc alkynylide species is generated from the terminal alkyne. Next, the multiple bond of
propargylamine substrate 278 would be coordinated by Zn(Il) to give a zinc-complex which,
in turn, would afford an iminium intermediate via a 1,5-hydride shift. Finally, the attack of
the zinc alkynylide to the iminium ion furnishes the 1,6-enyne 279. The reaction is interesting
as it allows the alkynylation of alkyne 278 at the carbon adjacent to the nitrogen atom to
generate an allyl group.'®?

Scheme 58. Zn(Il)-catalyzed redox cross-dehydrogenative coupling of propargylamines

and terminal alkynes.
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2.6 Gold catalyzed synthesis of propargylamines

Gold catalysis has acquired enormous popularity in the last decades mainly due to the ability
of gold catalysts to complex triple bonds and promote a variety of chemical transformations.
Among them, gold catalysts have also been used to promote the addition of alkynes to imines
and iminium ions leading to the synthesis of propargylamines in a similar fashion to Cu or Zn
catalysts. The first gold-catalyzed synthesis of propargylamines has been reported in 2003 by
Li and Wei, who described a standard A* coupling reaction in which a gold acetylide, formed
in situ by the reaction of a terminal alkyne with a gold salt, was added to an iminium ion
generated by the condensation of an aldehyde with a secondary amine (Scheme 59).
Interestingly, the reaction led to the desired propargylamines 280 in high yields (>99%) when
both Au** (AuBr3, AuCls) or Au* (Aul, AuCl) were used as catalysts, whilst no conversion
was observed with Au’. Water proved to be best solvent. On the other hand, when the
reaction was carried out in organic solvents (THF, toluene, DMF) the yield drop down to 55-
78%. The proposed mechanism of the reaction is reported in Scheme 59. Au(I) activates the
C-H of the alkyne leading to the formation of a gold acetylide 282, which in turn adds on the
iminium ion 281 formed by the condensation of the aldehyde and piperidine. In the case of
Au(IIl) catalysts, it has been hypothesized that the Au(I) was generated by the reduction in

situ of the Au(III) by the alkyne.'?
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Scheme 59. Gold-catalyzed A3 coupling reaction.
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More recently Srinivas and Koketsu reported the synthesis of indole-2-, 3-, or 5-substituted
propargylamines using the same Au(Ill)-catalyzed three-component coupling described by
Wei and Li. Indole-propargylamines were obtained in water and with excellent yields.!*

Wong and Che reported a stereoselective version of the gold catalyzed A® coupling synthesis
of propargylamines using Au(IIl) salen complexes. Firstly, the authors investigated the
efficacy of the gold salen complexes 283 and 284 in the coupling of benzaldehyde,
phenylacetylene and piperidine. Interestingly, the reaction led to the desired propargylamine
in better yields under mild reaction conditions than those reported by Li and coworkers (40
°C instead of 100 °C). Then, the same reaction using chiral proline derivatives as substrates
was investigated, leading to propargylamines 287 with excellent dr (<99:1).!> The same
authors later described a new Au(Ill) complex [Au(CAN)Cl2] 285 for the synthesis of
propargylamines under the same reaction conditions.'”® More recently, Wong reported a

novel stable bis-cyclometallated Au(Ill) complex 286 which was successfully used in the

synthesis of a variety of propargylamines.'®’ (Scheme 60)
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Scheme 60. Au(IlI)-complexes for the synthesis of propargylamines
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The same three-component reaction using a heterogeneous gold catalyst, namely a layered
double hydroxide-supported gold tetrachloride (LDH-AuCls), was reported by Kantam et al.;
propargylamines were obtained with up to 93% yield and the main advantage of this method
comes from the possibility to recover and reuse the catalyst several times without losing the
catalytic activity.!”® Many other authors reported the synthesis of propargylamines using gold
nanoparticles. Recyclable AuNPs have been employed in the synthesis of propargylamines by
Kidwai and co-workers (Scheme 61). A series of propargylamines 290 were synthesized in
THF at 75-80 °C with excellent yields. The reaction is supposed to proceed through C—H
bond activation of the terminal alkyne. The alkynyl-NP intermediate 289 reacts with the
iminium ion 288 generated in situ from an aldehyde and piperidine to give the corresponding

propargylamine and regenerates the Au-nanoparticles for further reactions.'*’
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Scheme 61. Synthesis of propargylamines using gold nanoparticles.
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Kantam and co-workers later reported a simple and elegant synthesis of gold nanoparticles
via counter-ion stabilization of AuCls4 on nanocrystalline magnesium oxide support followed
by reduction using NaBH4. These nanoparticles NAP-Mg-Au(0) were used as a catalyst for
the synthesis of propargylamines via A® coupling reactions. The catalyst contains an ultra-
low loading of gold (0.236 mol%) and it can be isolated by simple centrifugation and reused
for four cycles.2%

More recently, Bejar and Scaiano developed an interesting ‘“green” approach to
propargylamines using AuNPs supported on ZnO. The selective plasmon excitation of these
nanoparticles achieved by LED irradiation in the presence of an aldehyde, amine and alkyne
led to propargylamine 292 in 2-3 hours in good to excellent yields. The mechanism proposed
is shown in Scheme 62 and it could involve both redox and photothermal components after

AuNPs excitation.?"!
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Scheme 62. Synthesis of propargylamines by plasmon mediated catalysis with gold

nanoparticles on ZnO.
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Lili et al. described the synthesis of gold functionalized IRMOF-3 catalysts for the one-pot

N Yleld 95%

292

synthesis of structurally divergent propargylamines via A® coupling without any additives or
an inert atmosphere. All the Au/IRMOF-3 catalysts can be easily recycled and used
repetitively for at least 5 cycles, while also leading to a variety of propargylamines in good-
high yields.?*?

GroB et al. investigated the A3-coupling reaction of different aldehydes, alkynes and amines
under heterogeneous catalysis in a two-step micro flow-through system. The authors used a
combination of Montmorillonite K-10 (MM K-10) to promote the initial formation of the
aldimine and AuNPs on an alumina support (Au-NP@AI:03) to catalyze the second
aminoalkylation step. The use of aliphatic aldehydes as well as acyclic aliphatic amines in the
flow reaction system led to the desired propargylamines in good to excellent yields.?%
Supported Au(IIl) on poly(ionic liquid)-coated magnetic nanoparticles (MNP @PILAu) have
been recently prepared by Moghaddam et al. and used for the synthesis of propargylamines in
water by way of an A* coupling reaction.?%*

Additional literature describing the synthesis of propargylamines via A3 coupling reaction

using AuNPs as catalysts includes the works of Panwar and co-workers,?’> Corma et al. who

used gold on Ce02,2% Feiz and Bazgir who developed gold nanoparticles supported on
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mercaptoethanol directly bonded to MCM-412%7 and Borah et al. who used gold nanocrystals
stabilized on montmorillonite.?*

Finally, the work of Aguilar ef al. is of significance, in which the one-pot synthesis of
propargylamines 293 from terminal alkynes and amines in chlorinated solvents via C-H and
C-CI activation catalyzed by gold compounds and nanoparticles was described.”” The
plausible mechanism is illustrated in Scheme 63. The AuNP reacts with the alkyne leading to
intermediate 294. Oxidative addition of CH2Cl» leads to 295 which by reductive elimination
should afford the intermediate 296. The latter finally reacts with the amine to yield the
propargylamine product 293. Alternatively, the propargylchloride 296 could give further
oxidative addition to Au species, leading to an aurum-complex intermediate which, after

addition to the amine and reductive elimination, should afford propargylamine 293.

Scheme 63. Gold catalyzed synthesis of propargylamines via C-H and C-Cl activation.
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2.7 Silver catalyzed synthesis of propargylamines

As an evolution of their previous work and in an attempt to identify different metal catalysts,
Li and co-workers investigated a silver catalyzed A® coupling of aldehydes, alkyne and
secondary cyclic amines, such as pyrrolidines and piperidines, to obtain the corresponding

propargylamines 297. The authors screened several silver catalysts and identified Agl (1.5-3
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mol%) as the best to carry out the coupling reaction. A series of propargylamines was
obtained in high yields and the reaction carried out in water. The mechanism of the reaction
resembles that of the gold-catalyzed A® coupling reactions; in this case, the alkyne reacts with
Ag* to form a silver acetylide, which in turn attacks the iminium ion formed in sifu from the
coupling of the amine and the aldehyde (Scheme 64).%1°

Chan and co-workers later reported the synthesis of propargylamine esters 298 via a silver-
catalyzed alkynylation of a-iminoesters. Various silver salts were screened, from which
AgOTf was found to be the best. Several alkynes were added to N-PMP protected a-

iminoethyl glyoxalate affording the propargylamines 298 in 79-93% yields (Scheme 64).2!!

Scheme 64. Silver catalyzed synthesis of propargylamines 297 and 298.
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Snapper and Hoveyda described the synthesis of propargylamines using a variety of salts,
including silver salts, as catalysts. The authors reported the enantioselective synthesis of
propargylamino esters 302 through an Ag-catalyzed asymmetric Mannich reaction of
silylketene acetals 300 and alkynyl imines 299, as summarized in Table 19. The Ag-catalyzed
transformation requires a chiral phosphine ligand 301 that can be easily prepared from
commercially available materials. Moreover, the enantioselective reaction can be carried out

in air without the need for purified solvents. As a result of this approach, a series of
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propargylamine derivatives 302 has been synthesized in high yields and obtained with
excellent ee, as determined by chiral HPLC analysis.?!>2!3

Table 19. Enantioselective synthesis of propargylamino esters through an Ag-catalyzed

asymmetric Mannich reaction.

Me Et
H
N N
Me0:© NI”/ \©\ OMe
o]
N OTMS iy PPhy (o, OMe ©:NH o
| . =
= OPh AgOAc 5 mol%, 1 eq iPrOH /\)J\OPh
R 299 300 R 302
Entry R Yield (%) ee (%)
1 TMS 84 92
2 Ph 91 94
3 PMP 61 92
4 1-Napth 87 92
5 Cyclopropyl 91 90

Another interesting silver-catalyzed approach to enantioenriched propargylamines has been
developed in 2007 by Rueping and co-workers who used a combination of a chiral
phosphoric acid 303 and Ag(l) catalyst.?'* The authors investigated the alkynylation of .-
imino esters via a dual catalysis procedure, in which an enantioselective activation, catalyzed
by a Brgnsted acid 303, is combined with a metal-catalyzed alkynylation. The
propargylamino acid products 304 were isolated in good yields and with excellent er (<96:4).
Different metal catalysts (both Ag and Cu) were screened and the best catalyst proved to be
AgOAc. Furthermore, the best chiral acid was found to be 303 bearing a 9-phenanthryl group

on the naphthyl rings. Scheme 65.
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Scheme 65.
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The proposed mechanism of the reaction is illustrated in Scheme 65. Chiral BINOL hydrogen

phosphates 303 are excellent Brgnsted acid catalysts for chiral ion-pair catalysis. Thus, it is

likely that the chiral acid forms a chiral ion-pair imine 305, which in turn reacts with the

silver acetylide 306. However, the authors hypothesized that an exchange of the metal

counter-ion could indeed occur, hence leading to the formation of a chiral silver complex

307. More recently, Wang and co-workers reported the synthesis of enantioenriched cyclic

propargylamines following the Rueping's approach.

h 215

A noteworthy procedure for the synthesis of propargylamines has been recently developed by

Yin and co-workers via the coupling of terminal alkynes with dichloromethane and tertiary
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amines in the presence of AgOAc (Scheme 66). The method is simple and allows the
synthesis of a variety of tertiary propargylamines 308 in excellent yields. The best catalyst for
the reaction was found to be AgOAc, although excellent conversions were obtained when the
reaction was performed in the presence of AgBF4, AgOS0:2CsF9 or AgCl. The reaction
proceeds in dioxane at 120 °C in the presence of an excess of CH2Cl2 (1-15 eq) and a tertiary
amine (3 eq). Several tertiary amines were used, leading in all cases to the successful
formation of the corresponding alkynylamines. The authors proposed the mechanism outlined
in Scheme 66. The methaniminium chloride 309 is formed by the reaction of the tertiary
amine with CH2Cl2 and then decomposes via R!Cl dissociation to produce
methyleneammonium chloride 311. The latter can behave as a Mannich-reaction intermediate
and reacts with the silver acetylide 312 to give the corresponding propargylamine 308.
Experiments using CD2Cl2 instead of CH2Cl2 as the substrate confirmed that the two protons
of the methylene group of dichloromethane are unaffected during the reaction.?'®

Scheme 66. Silver catalyzed coupling of terminal alkynes with dichloromethane and

tertiary amines.
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A polymer-supported N-heterocyclic carbene (NHC) silver complex 314 has been described
by Cai and co-workers as an efficient and recyclable catalyst for the synthesis of
propargylamines 315. The NHC-silver complex catalyst has been prepared via a ‘click
chemistry’ approach, as illustrated in Scheme 67. The complex 314 efficiently catalyzes the
A® coupling at room temperature and can be readily recovered and reused for several rounds
without significant loss in catalytic activity.?!’

Scheme 67. Synthesis of propargylamines with polymer-supported N-heterocyclic

carbene (NHC) silver complex 314.
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Silver heterogeneous catalytic systems have been developed to synthesize propargylamines.
With the aim to develop an environmentally sustainable methodology for the preparation of
substituted propargylamines, Maggi and co-workers reported a three-component A® coupling
between aldehydes, terminal alkynes, and secondary amines catalyzed by AgY zeolite. The
catalyst can be easily recovered and reused for at least four cycles without significant
decrease in either yield or selectivity.?'® Another green approach to propargylamines has been
recently reported by Sun and co-workers who described the three-component coupling
reaction of aldehydes, amines and alkynes catalyzed by silver oxide nanoparticles.
Propargylamines were obtained in moderate to high yield under mild aerobic conditions at
room temperature.?!’ Recently, Pitchumani and co-workers reported the use of Ag(I)-
exchanged MM-KI10 clay as an efficient heterogeneous catalyst for the one-pot three-

component A® coupling of terminal alkynes, amines, and aldehydes (formaldehyde and
89



benzaldehyde) to yield corresponding propargylamines 316 in water (Scheme 68). The
Agl-K10 clay proved to be an efficient and better catalyst in A® coupling reactions than other
cation-exchanged K10 clays and zeolites. A series of propargylamines was synthesized in
high to excellent yields. Moreover, the solid catalyst can be readily recovered by filtration
and reused several times without any significant decay in its activity. The proposed
mechanism is shown in Scheme 68. The Agl-K10 clay interacts with phenylacetylene by
generating an initial Ag(I)—acetylide intermediate 317, which undergoes subsequent cleavage
from one of the oxobridges in clay, affording 318. The Ag(I)—acetylide intermediate 318 adds
to the iminium ion 319 to give the corresponding propargylamine 316 and to regenerate the
Agl-K10 catalyst for a further sequence of reactions.**

Scheme 68. Synthesis of propargylamines using Ag(I)-exchanged K10 montmorillonite

clay.
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Finally, Movahedi and co-workers described the development of silver nanoparticles
immobilized on ionic liquid modified zinc oxide nanoparticles. This combination led to a
ZnO-IL/Ag NPs catalyst, which exhibits high catalytic performance in the synthesis of
propargylamines through A® coupling reaction in water. The catalyst is more efficient when
the reaction is carried out in refluxing water and propargylamines can be obtained in

excellent yields (>70%).%*!

2.8 Iridium and rhodium catalyzed synthesis of propargylamines

The first example of iridium catalyzed synthesis of propargylamines was described by Fisher
and Carreira in 2001. The authors reported that the addition of TMS-acetylene to aldimines
catalyzed by [IrCI(COD)]2 led to propargylamines 320 in 54-85% yield (Scheme 69).?%
Later, the same authors found that the addition of 2-4 mol% of Mgl. was beneficial to the
reaction conversion. In fact, when Mgl is used as additive, the [IrCI(COD)]2 catalyst loading
can be reduced to 0.5 mol%.?** On a seminal work aimed at the investigation of the iridium
catalyzed three-component coupling reaction of aldehydes, amines and alkynes, Ishii and co-
workers reported the synthesis of the propargylamine 321 via [IrCl(COD)]z-catalyzed A3
coupling reaction of butyraldehyde and nBuNH:2 with TMS-acetylene (Scheme 69). It is
likely that the reaction proceeds through the oxidative addition of the Ir(I) complex to the
terminal C-H bond of TMS-acetylene, followed by insertion of the imine to the resulting Ir-H

complex.??*
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Scheme 69. Iridium catalyzed synthesis of propargylamines 320 and 321.
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Recently, Oro and co-workers developed a new bimetallic Ir(II) complex 323 as a catalyst for
the hydroalkynylation of imines and the synthesis of propargylamines 322 (Scheme 70). A set
of propargylamines were synthesized in 59-97% yields. Experimental studies suggested that
an unprecedented Ir(IT)-based mechanism, also confirmed by DFT calculations, is responsible
for the success of this methodology. Firstly, the C—H bond of the alkyne undergoes oxidative
addition to one of the Ir centers, with concomitant protonation of the imine. Then, following
the binding of the Ir-complex to the protonated imine, the migratory insertion of the imine
into the Ir-C(alkynyl) bond takes place. Finally, the desired product is obtained through the
dissociation of the propargylamine whilst the bimetallic catalyst is regenerated.??

Scheme 70. Ir- and Rh-catalyzed approaches to propargylamines 322 and 324.
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In addition, the same research group also described a rhodium catalyzed A® coupling of
aldehydes, anilines and alkynes that leads to the synthesis of secondary N-aryl-
propargylamines 324. In this work, the catalysts [{Rh(m-Cl)(H)2(IPr)}2] 325 was used and

compounds 324 were obtained in excellent yields of up to 98% (Scheme 70).%*

2.9 Indium and zirconium catalyzed synthesis of propargylamines

In(III) salts have attracted a great interest in organic synthesis in the last few decades due to
their multiple advantages in terms of water stability, recyclability, operational simplicity, and
their strong tolerance to oxygen- and nitrogen-containing substrates and functional groups
when compared to other conventional Lewis acids.

The first example of an indium-catalyzed synthesis of propargylamines has been reported in
2005 by Sakai and Konakahara, who successfully reported the reaction of terminal alkynes
with N,O- or N,S-acetals 326 leading to propargylic amines 327 (Scheme 71). It has been
hypothesized that the indium catalyst plays a dual role, firstly in coordinating to the alkyne 7-
bond to facilitate the abstraction of a terminal hydrogen and subsequently activating the
acetals to favor the attack and formation of the propargylamines 327.%%

Scheme 71. Indium catalyzed alkynylation of N,0- or N,S-acetals.

) NEt,  |nBry, Et;N NEt
R'— + —_—
X OR? = ®
326 R 327
X = OMe, SPh
R1 - Ph, TMS, tBU, C6H13 Yield = 24-94%

R? = Ph, 3-Py, 2-Furyl, 2-Thienyl

In 2009, Wang and co-workers described the A® coupling of an aldehyde, a secondary amine
and an alkyne catalyzed by InCls. A number of In(III) and In(I) salts was screened and InCls
was shown to be the best catalyst for A® coupling reactions. InCl also proved to be an

excellent catalyst in the synthesis of propargylamines via the A* coupling reaction. However,
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the authors preferred to use the InCls since it is more cost effective compared with InCl.
Different solvents were also investigated and the best conversion was observed when toluene
was used. A variety of propargylamines 328 were synthesized in 68-99% yields (Table 20).22
The proposed mechanism is illustrated in Scheme 72.

Table 20. In-catalyzed A coupling.

R? _R?
S
R_— (IJ) R% N _ R2 |I'IC|3 1)\
— + _—
TR H Toluene R A
328 R
Entry R R! NHR’R? Yield (%)
1 Ph iPr NHBn, 98
2 p-Me-Ph iPr NHBn; 99
3 p-F-Ph iPr NHBn; 97
4 p-CI-Ph iPr NHBn; 98
5 n-CsHy7 iPr NHBn; 89
6 n—C6H13 iPr NHan 87
7 Ph Ph NHBn; 99
8 Ph p-Me-Ph NHBn; 97
9 Ph H NHiPr; 78
10 Ph Ph Piperidine 96

The catalyst InCl3 first reacts with the terminal alkyne to form a stable In(III)-acetylide 329.
In the first step, the plausible release of HCI seems to accelerate the formation of the iminium
salt intermediate 330 formed from the reaction of the aldehyde and the secondary amine.
Subsequently, the indium-acetylide intermediate reacts with the iminium salt generated in situ

to give the corresponding propargylamine 328 and regenerates the In(II) catalyst.
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Scheme 72. Mechanism of the In-catalyzed A3 coupling reaction.
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In parallel, Yadav et al. reported a similar approach to propargylamines using InBr3 as a
catalyst. The reactions proceed smoothly in toluene at 80 °C, using both aromatic and
aliphatic aldehydes as substrates and afforded propargylamines in 70-95% yields.?*
Ji and Xu used InBr3 as the catalyst in the synthesis of N-hydroxy-propargylamines through
the alkynylation of nitrones with terminal alkynes. The reaction was performed under mild
conditions in the presence of DIPEA as an external base and using 25 mol% of the catalyst.
In this manner, N-hydroxy-propargyl amines were obtained with up to 95% yields.**°
More recently, Schneider and co-workers described the synthesis and the use of a silica-
xerogel-supported indium(III) composite (In/SiO2) in the synthesis of propargylamines via an
A? coupling. The In(III) ion was tethered to the silica matrix surface, forming a Si-O-InClx
structure (x = 1 or 2). The In/SiO2 composite showed a specific surface area and porosity that
allowed its application as heterogeneous catalyst in one-pot multicomponent A3 coupling
reactions under solvent-free conditions with both conventional and microwave heating. A
range of propargylamines were synthesized using this approach in 58-94% yields.**!
Nano indium oxide has also been used by Rahman et al. as a catalyst for the synthesis of
propargylamines 331 via C—H and C—CI bond activation of alkynes and dichloromethane

respectively. The reaction proceeds in DMSO at 65 °C and in the presence of DABCO as

shown in Scheme 73.23?
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Scheme 73. Synthesis of propargylamines 331 with nano In;Os.
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Zirconium has found less applications in the preparation of propargylamines and generally in
organic synthesis. However, the work reported in 2003 by Snapper and Hoveyda is
noteworthy, in which a Zr-catalyzed method for the synthesis of enantiomerically enriched
propargylamines 334 with up to 90% ee was described (Table 21). The method consists of the
enantioselective addition of a range of mixed alkynylzinc reagents to various arylimines 332,
promoted by the peptidic chiral ligand 333 complexed with a zirconium salt, Zr(Oi-Pr)s- HOi-
Pr. The combination of these led to the in situ formation of the real catalyst of the reaction,
which allowed a variety of N-O-anisidyl-propargylamines 334 to be synthesized in 69-82%
233

yields.

Table 21. Zr-catalyzed synthesis of propargylamines 334.

CC oyt e
OH 333 10mo|°)°h
MeO r(O-i-Pr)4"HOI-Pr 11 mol% MeO _

N HN/
3321 Zn(%SiM%)z zn{ > sivey), 334 )

Toluene, 22 °C

SiM63

Entry R Yield (%) ee (%)
1 Ph 83 90
2 4-CI-Ph 90 81
3 4-Br-Ph 84 69
4 4-MeO-Ph 69 86
5 1-naph 77 86
6 2-naph 85 81
7 2-Furyl 72 82
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In parallel, the same authors reported a similar Zr-catalyzed protocol for the enantioselective
synthesis of propargylamines 335 which, in contrast to the previous approach, involves the
addition of alkylmetal reagents (e.g. dialkyl-zinc) to alkynylimines. The reaction of a series
of aldehydes and anilines with different dilakylzinc reagents afforded propargylamines 335 in
high yields and with high ee (Scheme 74).%3

Scheme 74. Zr-catalyzed synthesis of propargylamines 335.
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2.10 Various metal catalyzed synthesis of propargylamines: nickel, iron, cobalt,
bismuth, manganese

As shown in the previous sections, the alkyne C-H bond can be activated by various
homogeneous and heterogeneous metal catalysts, which leads to the formation of metal
acetylides that can be exploited in the synthesis of propargylamines. Methods using metal
catalysts such as Ni, Fe, Bi, Co and Mn, which are rather unusual in the synthesis of
propargylamines, have been also described in the literature.

A three-component A® coupling of aldehydes, alkynes and secondary amines catalyzed by
BiCl3 has been reported by Teimouri et al. in 2012. The propargylamine products 336 were
obtained in high yields and in relatively short reaction time (<100 min). Different Bi(III) salts

were also investigated, although lower yields were generally recorded (Scheme 75).2%
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Scheme 75. BiCl; catalyzed A coupling reaction
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A cobalt-catalyzed A’ coupling using terminal alkynes has been described by Li and co-
workers, leading to the synthesis of a wide range of propargylamines in high yields. The
authors screened several Co salts and generally obtained propargylamines in low yields.
Interestingly, when the reaction was performed in the presence of PPhs, an improvement in
the yield was observed. Better yields were also obtained when the complex CoCl2(PPh3)2 was
used as a catalyst. Two plausible mechanisms of actions have been proposed, one involving a
Co(I)-Co(III)~Co(I) catalytic cycle in which a C-H insertion of Co(I) generated in situ from
Co(II) occurs, leading to the formation of an alkynyl-Co(IlI)-hydride complex, and the other
where Co(lI) forms a Co(Il)-acetylide intermediate without any change in the cobalt
valency.?*

Zhou and co-workers developed a cobalt-catalyzed alkyne—dihalomethane—amine coupling as
an efficient protocol to access propargylamines 337. The method is based on the dual
activation of the alkyne C—H bond and the dihalomethane C-Hal bond, as shown in Scheme
76. CoBr2 was found to be the best catalyst, whilst CH2Cl2, CH2Br2 and CH:zI2 proved to be
all good coupling partners affording the propargylamine products in high yields. A plausible
mechanism involving a Co(I)-Co(III)~Co(I) catalytic cycle was proposed by the authors.
Initially, the Co(I) catalyst is generated in situ from Co(II), which might be reduced by
alkynes or bases. The insertion of Co(I) into the C—H bond of the terminal alkyne gives
alkynyl-cobalt complex 338. Oxidative addition of CH2Cl: to intermediate 338 forms Co(III)

species 339, which subsequently undergoes reductive elimination to afford propargylchloride
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340 regenerating the Co(I) catalyst. The reaction of propargylchloride with an amine finally
gives the corresponding propargylamines 337.%7 Scheme 76.

A similar protocol was developed earlier by He and co-workers who described a FeCls
catalyzed coupling of alkynes, dichloromethane and a secondary amine for the synthesis of
propargylamines (Scheme 76). The authors carried out the reaction at 100°C in MeCN using
1,1,3,3-tetramethylguanidine (TMG) as a base. The proposed mechanism proceeds by the in
situ formation of the Fe(II) catalyst from Fe(III).?*

Later, Bhanage and co-workers reported the same three-component reaction for the synthesis
of propargylamines 337 using Ni(py)4Cl2 as a catalyst and bipyridine as a base (Scheme
76).2%

Scheme 76. Co-, Fe- and Ni-catalyzed synthesis of propargylamines via C-H and C-Cl

activation.
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Recently, the preparation of superparamagnetic Fe3Os4 nanoparticles (NPs), which exhibit
excellent catalytic efficiency in A® coupling for the preparation of propargylamines, has been

described by Bhalla and co-workers. A series of propargylamines 343 was synthesized
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efficiently from a range of aldehydes, including p-NO2-benzaldehyde which in general reacts
slowly in A3 couplings. In addition, the authors also explored the catalytic efficiency of
generated Fe3Os4 NPs in the aldehyde-free synthesis of propargylamines 344 from N-
dimethylanilines. A plausible mechanism for this transformation is illustrated in Scheme 77.
The Fe3Os4 NPs is envisaged to be able to activate both the alkyne and the dimethyl-
arylamine. The latter would be converted into the electrophilic iminium 346, which is
attacked by the Fe3Os-NPs-alkyne complex and thus leads to the formation of the
propargylamine 344.24

Scheme 77. Synthesis of propargylamines using superparamagnetic Fe3O4

nanoparticles.
Do r@ e
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Co0304 Nanoparticles have been also prepared and used in the A® coupling of alkynes, amines
and aldehydes by Bhatte et al. affording propargylamines in good yields. The catalyst can be
recycled up to ten times and reused without any loss of catalytic activity.?*!
Sharma et al. developed an efficient heterogeneous silica nanosphere-supported iron catalyst
(Si02@APTES @DAFO-Fe) which was used in the synthesis of propargylamines via a one-

pot three-component coupling reaction of terminal alkynes, dihalomethane and secondary

amines.?*> The efficacy of Si02@APTES@DAFO-Fe was compared with the performance
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reported catalysts. The Si02@APTES @DAFO-Fe catalyst exhibited much better results in
terms of catalytic activity, reaction conditions and superior reusability when compared with
the approach from He and co-workers.>*® This may be due to the higher surface to volume
ratio of the nano-catalyst in contrast with other bulk catalytic systems.

Finally, the synthesis of propargylamines via an A’ coupling reaction in the presence of
MnCl: as a catalyst was reported by Afraj et al.. This methodology is efficient for reactions
involving aromatic, aliphatic, and heterocyclic aldehydes and provides access to

propargylamines 347 in good yields (Table 22).%*

More recently, the same authors also
developed a SnCl2 catalyzed A® coupling synthesis of propargylamines.***

Table 22. Mn-catalyzed A3 coupling reaction.

D

Rj) . Q . r— MnCl, 10mol% N
H Sol;gnot (Iree R347 SN .
Entry R R! Amine Yield (%)

1 Ph Ph Piperidine 98
2 Ph Ph Morpholine 90
3 iPr Ph Morpholine 96
4 3-Thienyl Ph Morpholine 93
b} Ph p-MeO-Ph  Piperidine 97
6 c-hexyl Ph Piperidine 95
7 Et Ph Piperidine 96
8 p-Cl-Ph Ph Piperidine 96
9 1-Naphthyl Ph Piperidine 96
10 Pent Ph Piperidine 97
11 Hex Ph Piperidine 96

2.11 Synthesis of propargylamines using boronic acids and alkylboronates
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Boronic acids and alkylboronates have been widely used in the synthesis of allylamines and
homoallylamines, whilst only a few examples describing their use in the synthesis of
propargylamines have been reported. Wu and Chong reported that binaphthol-based
alkynylboronates 349 were able to perform the enantioselective alkynylation of N-
acylaldimines 348. Exploiting the structural similarity between N-acylimines and enones, the
authors reacted 348 with alkynylboronates 349 through a 1,4-addition obtaining
enantioenriched propargyl amides 350 in high yields and with high ee, as highlighted in
Table 23. The enantioselectivity of the reaction, determined by chiral HPLC, was explained
by assuming that the reaction proceeds through two possible cyclic six-membered chair
transition states. As shown in Scheme 78, it is evident that the Ph substituents on the
binaphthol have a key role in destabilizing transition state A in favor of the six-membered
ring transition state B.>* The methodology has then been applied for the total synthesis of (-)-
N-acetylcolchinol. The absolute configuration of the propargylamines was determined by
analogy with (-)-N-acetylcolchinol.

Table 23. Asymmetric synthesis of propargylamides with alkynylboronates 349.

RYN \[420 DCM, -78°C to rt. 24h c
H R , ort. R
348 350 R
Entry R R! R? Yield (%) ee (%)
1 Ph n-CeHis Me 75 92
2 4-Cl-Ph n-CeHis Me 72 91
3 4-MeO-Ph n-Ce¢His Me 81 92
4 4-Me-Ph n-CeHis Me 76 92
5 2-Me-Ph n-CeHi3 Me 78 99
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6  1-Naphthyl n-CeHizs  Me 70 99

7 PhCH=CH  n-CeHi3 Me 75 67
8 Ph Ph Me 85 92
9 4-Br-Ph Ph Me 75 92
10 PhCH=CH Ph Me 80 93
11 Ph n-CgHiz Ph 84 64
12 Ph n-CeHis OBn 85 67

Scheme 78. Transition state in the alkynylation of N-acylimines with alkynylboronates.
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An interesting example on the use of enantiopure alkynyl boranes 352 as alkynylating agents
has been reported by Soderquist and co-workers in the synthesis of propargylamines 354. The
authors treated the enantiopure 10-substituted-9-borabicyclo[3.3.2]decane (10-R-9-BBDs)
351 with different alkynyl-Grignard reagents leading to alkynyl boranes 352. These latters
were then added to N-acylimines 353 affording, in the presence of pseudoephedrine as a

ligand, the (R)-propargylamines 354 as the major products with 56-99% ee (Scheme79).24¢
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Scheme 79. Addition of alkynyl boranes 352 to N-acylimines.
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More recently, Sun and co-workers described a catalyst-free Petasis/decarboxylative domino

reaction using boronic acids as substrates. The authors reacted primary amines in a Petasis

reaction with formaldehyde and a boronic acid to form a reactive amine in situ, followed by a

metal-free decarboxylative A? coupling reaction with propiolic acid. As shown in Scheme 80,

the amine first reacts with formaldehyde giving rise to the iminium intermediate 356. This

latter is then alkylated by reaction with the boronic acid, leading to the corresponding alcohol

357. Subsequent protonation and dehydration of 357 in the presence of propiolic acid results

in the iminium intermediate 358 which finally reacts with the propiolate leading to the

expected propargylamine 355 through final decarboxylation. In this manner, several

propargylamines were synthesized chemoselectively in high yields.?*” A similar approach

was also described later by Wang et al..?*82%
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Scheme 80. Synthesis of propargylamines via Petasis/decarboxylative domino reaction

with boronic acids.
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Finally, Jiang et al. reported the one-pot synthesis of N-aryl propargylamines through the
reaction of aromatic boronic acid with aqueous ammonia and propargyl bromide under
microwave-assisted conditions. The copper catalyst Cu2O was also used to promote the
coupling of aromatic boronic acids with aqueous ammonia and the following propargylation

by propargyl bromide.?°

2.12 Synthesis of propargylamines through metal-free reactions

Although propargylamines are generally synthesized via metal-catalyzed reactions, a few
metal-free approaches have been recently developed. A metal-free synthesis of
propargylamines offers undeniable advantages, such as a reduction in cost, in addition to
obvious environmental benefits from a synthetic perspective. Sreedhar and co-workers
recently found that the standard synthesis of propargylamines via three-component coupling
reaction of methylene chloride, alkynes and amines could be performed without a metal
catalyst or any additional base (Scheme 81).2! The authors suggested that the operative

temperature of 70 °C is sufficient to allow the piperidine to displace one of the two chlorines
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from DCM and to form a chloromethylpiperidine intermediate. The following nucleophilic
substitution of the halide by an alkyne and subsequent deprotonation would then lead to the
propargylamine product 360.

Similarly, Lee and co-workers found that phenyl propiolic acid can be decarboxylated to
produce phenyl acetylene in the absence of metal when reacted with an amine and
formaldehyde at 65 °C, to also afford 360 as shown in Scheme 81.%2

Scheme 81. Metal free syntheses of propargylamines 360.
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More recently, the Lee’s group implemented this reaction to a continuous-flow reaction
system. Propargylamines were synthesized in high yields using the above described method
in water at 140 °C.>3

Basu and co-workers reported a metal free A* coupling of salicylaldehyde with amines and
alkynes to afford 1-aryl-propargylamines. In this work, the authors investigated the effect of
the hydroxy group of the salicylaldehyde in A3 coupling reactions which seems able to
activate the Csp—H bond of the terminal alkyne in place of a metal catalyst. According to
their hypothesis, the salicylaldehyde reacts with a secondary amine, leading to the formation

of the iminium intermediate 363. After the formation of the iminium ion 363, the hydroxy
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group in the ortho position may undergo deprotonation to form an unstable o-quinonoid
intermediate 364, which presumably activates the sp carbon (C—H) of the alkyne via H-bond
formation. This makes the alkyne more nucleophilic and thus able to attack the electrophilic
iminium carbon, leading to the formation of the A® coupling propargylamine products 365
(Scheme 82). To confirm this hypothesis, the authors carried out parallel experiments. For
example, the inability of the o-methoxybenzaldehyde and p-hydroxybenzaldehyde to undergo
a similar reaction under metal—free conditions could be explained by this mechanism. The p-
hydroxybenzaldehyde might give rise to the corresponding p-quinonoid species but does not
activate the sp carbon (C—H) of the alkyne. Moreover, as the reaction does not occur in protic
solvents like ethanol, it seems feasible that the hydroxy group of salicylaldehyde can form a
hydrogen bond with the protic ethanol solvent. In this manner, the possibility of activating the
sp carbon (C-H) of the alkyne is remarkably reduced. Furthermore, the fact that reactions
with primary amines, like cyclohexylamine and benzylamine, produced only the imine and
not the A3-coupled product, shows that imines are less efficient than the iminium species
254

when reacting with terminal alkyne under the reaction conditions.

Scheme 82. Metal free A® coupling of salicylaldehyde with amines and alkynes.
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2.13 Synthesis of propargylamines via aldehyde to alkyne homologation

Among the different methods known for the synthesis of alkynes, the Corey-Fuchs reaction,
namely the homologation of an aldehyde to a terminal alkyne, represents one of the most
widely used approaches. An example of Corey-Fuchs reaction used for the synthesis of
propargylamines was reported by Boys in 1998. The azetidinone aldehyde 366 was prepared
from L-aspartic acid and then treated under standard Corey-Fuchs conditions with
CuBr4/PPhs and BuLi affording the alkynyl derivative 368. Treatment of 368 with hydrogen
chloride in ethanol gave finally the desired propargylamino derivative 369 (Scheme 83).%>°
More recently, He and Yudin reported the synthesis of strained propargylamines via
aldehyde-alkyne homologation. The aziridine aldehyde dimer 370 exists in equilibrium with
the aldehyde 371, which can be used as a substrate for the Corey-Fuchs reaction. However,
the use of BuLi led to the decomposition of the material, as no formation of the alkynyl
aziridine 373 was observed. On the other hand, treatment of 371 with the Bestmann—Ohira
reagent 372 in anhydrous methanol in the presence of K2COs3 led to the aziridine 373 (namely
).256

a cyclic propargylamine) in excellent yields (Scheme 83).

Scheme 83. Aldehyde to alkyne homologation reactions.
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2.14 Organocatalyzed synthesis of propargylamines.
Relatively few examples for the synthesis of propargylamines using organocatalytic methods
have been described in the literature. These approaches resemble the Ag-catalyzed reaction

212213 wwhere propargylamines are synthesized

previously developed by Hoveyda and Snapper
through the addition of carbon nucleophiles to alkynyl imines. Maruoka and co-workers
developed a stereoselective Mannich-type reaction of in situ generated C-alkynyl imines 380
with acetylacetone®’>*® and aliphatic aldehydes® catalyzed by chiral Brgnsted acids 376
(Scheme 84). Interestingly, a racemic version of the reaction can be performed in the
presence of Cu(OTf)2 in place of the Brgnsted acid catalyst. Mechanistic investigations
revealed that the Mannich-type reaction of aminal 374 proceeds through the reversible and
gradual generation of imines intermediate 380 (or the corresponding iminium salt) by acid-
catalyzed elimination of BocNH2 and the subsequent carbon—carbon bond formation. In these

processes, the acid catalyst played a double role, favoring the imine generation as well as the

acceleration of the Mannich-type reaction.
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Scheme 84. Synthesis of propargylamines with chiral Brgnsted acids.
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Another similar organocatalytic approach to propargylamines has been developed by Palomo
and co-workers, who combined a proline-based catalyst and a Brgnsted acid to promote the
Mannich reaction of aldehydes with inactivated alkynyl imines (Table 24). The
dialkylprolinol ether 381 was found as the best organocatalyst and when combined with p-
nitrobenzoic acid (PNBA) led, after reduction of the aldehyde, to propargylamines 382 with
good yields (typically 70-75%). Propargylamines were obtained with anti:syn ratios greater
than 90:10 and ee values typically above 95%.2%° A rationale for the observed stereochemistry
of catalytic reaction was hypothesized on the basis of previously proposed models for
enamine mediated asymmetric Mannich reactions. The plausible transition state models TS-
anti and TS-syn (Table 24) were proposed to account for the formation of the corresponding

Mannich adducts anti and syn 382. The preference for anti product over syn might be
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explained assuming unfavourable interactions in TS-syrn between the bulky substituents on
the pyrrolidine ring and both the aromatic ring of benzoic acid and the alkynyl moiety of the
imine.

Table 24. Synthesis of propargylamines with the proline catalyst 381.

NO,
: o
Ph 381 : o O,N v
N Osi(Bu), . I\ 2 7iPh< @
0 NR' 1) NHR P L) Ph—y R!
2 +K PNBA HO : S P Phﬁ N M (‘Bu)3SiO LN
: . .
R2 S e X\R E(Bu):sSIO R1+-N — . %4)%5
2) NaBH, 382 : 7 R?
: R?
TS-anti TS-syn
Entry R R! R? Yield (%) anti:syn ee (%)
1 Ph Ph CH; 72 90:10 96
2 Ph 3-Cl-Ph CH; 80 93:7 97
3 Ph 3-MeO-Ph CH; 90 90:10 96
4 c-CeHi1 4-MeO-Ph CH; 60 90:10 97
5 Ph 4-MeO-Ph CH;Bn 72 92:8 98
6 TMS 4-MeO-Ph CH,CH=CH, 77 90:10 97
7 Ph 4-Cl-Ph Et 65 90:10 99

Wang et al. recently described the asymmetric synthesis of syn-propargylamines using a
Brgnsted base organocatalyst. The N-Boc-N,0-acetals 383, prepared from ynals by treatment
with BocNH: in the presence of Ti(OEt)4, was reacted under mild conditions with malonate
(thio)esters, malonate esters and [-keto-esters in the presence of different organocatalysts
388-389. When the acetal 383 was reacted with the malonate (thio)ester 384 in the presence

of catalyst 388, the propargylamine 385 was obtained with excellent ee but poor dr. On the
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other hand, when 383 was reacted with the 3-keto-ester 386 in the presence of catalyst 389,
both excellent ee and dr were observed (Scheme 85).2%!

Scheme 85. Synthesis of propargylamines using Brgnsted base organocatalysts
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The authors hypothesized that a mild non-covalent hydrogen bond could simply promote the
cleavage of the C-O bond of N,0-acetals 383 and also stabilize the resulting N-Boc-C-
alkynyl imines, as shown in Scheme 86. The in situ formed alkynyl imine 390 then reacts
with the malonate thioester or -keto-ester to afford the desired propargylamine. It is likely
that the Brgnsted catalyst could play a role also in the activation of the ketone reagents.

Scheme 86. Mechanism of the Bregnsted base organocatalyzed synthesis of

propargylamines.
Catalysts 388-389 /_\
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N-A I
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Another interesting organocatalytic approach to optically active propargylic amines consists
of the kinetic resolution (KR) of the corresponding racemic amines. The first example has
been reported by Seidel and co-workers, who used a dual catalytic approach involving a
chiral thiourea-acylpyridinium catalyst 393 to afford enantiopure propargylamines 392 with
high selectivity factor (s-factor). Scheme 87. The concept behind the KR approach relies on
the formation of a chiral ion pair. A simple achiral acyl pyridinium salt (ion pair I) is first
formed in situ from DMAP and an acylating reagent (benzoic anhydride). The binding of the
associated anion X" to a chiral thiourea compound makes the ion pair II to become chiral. The
authors identified proper reaction conditions under which the primary propargylamines react
predominantly with ion pair II over ion pair I or a free acylating reagent. This approach
enables the KR of racemic propargylamine 391.26>

Scheme 87. Organocatalytic kinetic resolution of propargylamines.
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More recently Cossy and co-workers reported a similar approach to propargylamines using
the chiral catalyst 394 (Scheme 88). The latter also brings an acetyl group which is

transferred to the propargylamine 395 in the KR reaction.?®?
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Scheme 88. Organocatalytic kinetic resolution using catalysts 394.
WNHTF
o i
NH, 394 j\ Hl;lJ\
= R1 0 : R1
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2.15 Biocatalyzed synthesis of propargylamines

Enzymatic reactions represent a green way for the synthesis of enantiomerically pure
compounds, including propargylamines. The first enzymatic synthesis of enantiopure 1-aryl-
propargylamines has been reported in 1999 by Messina et al. who described the enzymatic
kinetic resolution of racemic amines 397 using Candida antarctica lipase B (CAL-B). A set
of 1-aryl-propargylamines 397 was synthesized from the corresponding propargylic alcohols
396 via Ritter reaction followed by acidic hydrolysis. The racemic propargylamines were
then treated with CAL-B and the enantiomers (5)-397 and (R)-397 were obtained with
excellent ee (>88%). Table 25. Ethyl acetate was used as acetyl group donor. Interestingly,
the substituents on the aryl ring influence the enzymatic resolution and the compounds
bearing a substituent in ortho position on the phenyl ring were recovered with only 22% and
57% ee respectively (entry 6).2* The absolute configuration was determined by analogy with
that of the corresponding 1-aryl-propylamines. The enzymatic methodology was used later by
Castagnolo et al. to convert the enantiopure propargylamine (R)-397 into the paclitaxel side

chain.?%
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Table 25. Enzymatic Kineti resolution of propargylamines with CAL-B.

CH3CN
2304 CAL B 4 4
2) HCI AcOEt E

(S)N :927 R
- 1=
HCl Qi}:_”:; =H
(8)-397 (R)-397
Entry R
Yield (%) ee (%) Yield (%) ee (%)

1 4-H 40 97 45 >98
2 4-Cl 40 98 43 >98
3 4-F 40 88 38 98
4 3-F 46 93 38 >98
5 3-Me 32 98 40 98
6 2-Me ND 22 ND 57

Earlier, in 1997, Cossy et al. reported a semi-enzymatic approach to 3-propargylamino acids,
as precursors of a platelet aggregator inhibitor 402. The [-keto ester 399 was selectively
reduced to propargylic alcohol 400 (ee 94%) using Baker’s yeast (Scheme 89). The alcohol
was then converted into enantioenriched propargylamine 401 via Mitsunobu reaction with

HN3, DEAD and PPhs followed by aqueous hydrolysis.?*
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Scheme 89. Enzymatic synthesis of propargylamines with Baker’s yeast and PGA.
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Penicillin G amidohydrolase (PGA) has been also used by Landis for the selective
amidation/amide hydrolysis of the propargylamine derivatives (Scheme 89).267-268

A recent and interesting biocatalytic approach to propargylamines has been reported by
Kroutil and co-workers. Prochiral aromatic propargyl ketones 405 were converted into
propargylamines using o-transaminases (®-TA). Both the (R) and the (S) enantiomers were
synthesized employing either (R)-selective -transaminases (®-TAs) originating from
Arthrobacter sp. and Aspergillus terreus or an (S)-selective ®-transaminase from
Chromobacterium violaceum (Scheme 90). The resulting propargylamines 406 were obtained
with high conversions (up to 99%) and excellent ee (>99%). Alanine was used as the source

of nitrogen and alanine dehydrogenase (AlaDH) was used as recycling enzyme.?®
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Scheme 90. Synthesis of propargylamines using w-transaminases
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Finally, an interesting biocatalytic approach to propargylamines has been reported very

recently by Turner and co-workers. The authors identified and developed an NADP(H)-

dependent reductive aminase from Aspergillus oryzae (AspRedAm) able to catalyze the

reductive coupling of a broad set of carbonyl compounds with a variety of primary and

secondary amines. A number of propargylamines derivatives 408 were obtained with up to

>98% conversion and >98% ee (Table 26).2’° The carbonyl and the amine can in some cases

be used in a 1:1 ratio leading to amine products with up to 94% conversion. The AspRedAm

formally catalyzes a reductive amination reaction, allowing the formation of an imine

intermediate as well as its reduction to afford 408. Crystal structures of AspRedAm in

complex with NADP(H) and also with both NADP(H) and the pharmaceutical ingredient (R)-

rasagiline were reported.

Table 26. Synthesis of propargylamines using AspRedAm

(0]

Lo Jl AspRedAm HN*/\

R; R? HN R" "R?

07 NADPH NADP* 408

Gluconolactone \ / Glucose
GDH

Entry Propargylamine 408  Conv. (%) ee (%)

HN N
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3. REACTIVITY OF PROPARGYLAMINES

Propargylamines have been used as versatile building blocks for the manufacturing of a wide
range of different aromatic nitrogen heterocycles due to their unique chemical structure
which consists of a nucleophilic amine and an acetylene moiety on the same backbone. This
unique characteristic allows the propargylamine compounds to act both as electrophilic and
nucleophilic substrate in chemical transformations. There are various approaches to
synthesize heterocyclic organic compounds from propargylamines and are generally
catalyzed by transition metal catalysts such Au, Cu, and Pd. In addition, metal-free methods
to synthesize heterocycles from propargylamines have been also described. In this section, an
overview of the reactions and chemical processes available to convert propargylamine

substrates into heterocyclic compounds and other useful synthetic scaffolds is shown.

3.1 Synthesis of pyrroles from N-propargylamines
Pyrroles represent an important class of aromatic compounds which find broad application in

pharmaceutical chemistry and constitute the core of many natural compounds. Several
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methods for the synthesis of pyrroles from propargylamines have been reported in the
literature.

3.1.1 Metal-catalyzed synthesis of pyrroles. Palladium catalysts have a great affinity for
triple bonds and thus can be exploited for the activation and conversion of propargylamines
into interesting heterocycles, including pyrroles. In 1996, Gleiter and Ritter described an
efficient Pd-catalyzed synthesis of N,N’-dialkyl-3,3’-bispyrroles 410 from cyclic N-
propargylamine 409. The substrate 409 was treated with Pd/C 5 mol% in methanol at 140 °C
leading to the formation of 410 as the main reaction product. The authors hypothesized that
the Pd catalyst can coordinate to both of the triple bonds with the support of the nitrogen lone
pair as shown in Scheme 91. The complex should then favor the formation of the
0.271

metallocyclic intermediate 412 which in turn yields the final product 410.

Scheme 91. Synthesis of bispyrrole 410.
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Muller and co-workers later proposed an interesting one-pot synthesis of 2,4-substituted
pyrroles. The authors developed a Pd/Cu-catalyzed one-pot three-component reaction for the
synthesis of 2-substituted N-Boc-4-iodopyrroles 416 from N-Boc-protected propargylamine
413 through reaction with an acid chloride 414 followed by a cyclization in the presence of

Nal and PTSA. Scheme 92. First, a Sonogashira cross-coupling reaction of 413 and 414 in
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the presence of PdCl2(PPh)s and Cul occurs, leading to the formation of an alkynone
intermediate 415. This is in turn converted in good yields to the 2-substituted N-Boc-4-
iodopyrroles 416 through reaction with Nal in the presence of p-toluenesulfonic acid (PTSA).
Finally, pyrrole 416 was converted to 4-alkynyl-N-Boc-pyrroles 417 in situ by addition of a
272

terminal alkyne to the reaction mixture in the presence of Cs2COs.

Scheme 92. Pd/Cu catalyzed synthesis of pyrroles 416 and 417.

R1
Il 1) PACl,(PPhs), (2 mol%), ' //
L O Cul (4 mol%), Et;N (1 equiv) M\ =R,
B
6c  CI” R 2) Nal (5 eq.), R N 70°C, Cs,CO;4 |
H 414 PTSA*H,0 (2 eq.) 416 BOC R™N
413 rt., 1h, -BuOH, 417 Boc

Sonogashira R cyclization

The synthesis of 1,4,5-trisubstituted pyrroles from propargylamines and bromobenzenes via
a Pd(II)-catalyzed coupling/cycloisomerization reaction was described by Meng et al. in
2009. Bromobenzenes 418 were reacted with propargylamine 419 at 140 °C in DMF in the
presence of Pd(OAc)2/PPhs and (n-Bu)sN as base, which led to the formation of pyrroles 420
in good yields.?”® The reaction outcome is strictly related to the electronic character of the
aryl halides. Bromobenzenes bearing electron-donating substituents in meta and para
positions afforded the corresponding pyrroles in good to high yields, whilst the presence of
electron-withdrawing substituents on the aryl moiety was not tolerated. It is noteworthy that
when the phenyl substituent of 419 was replaced with a methyl group, as in 421, the

formation of the pyrroline derivative 422 rather than the pyrrole was observed. (Scheme 93).
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Scheme 93. Pd(Il)-catalyzed coupling/cycloisomerization reaction of propargylamines

with bromobenzenes.
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In 2011, Trost et al. reported the synthesis of 2,4-disubstituted pyrroles 425 through a
cascade reaction of a propargylamine derivative 423 with an array of alkynes 424 catalyzed
by Pd(OAc)2 (Table 27).2"* The reaction proceeds through the addition of alkyne 424 to 423
followed by a 5-endo-dig-cyclization and tautomerization of the ynenoate intermediate into
the desired pyrrole 425. Interestingly, the electronic character of the substituents of 424 had
no effect on the outcome of the reaction, allowing for all of the substrates to be converted
efficiently to the corresponding pyrroles under optimized condition.

Table 27. Pd-catalyzed cascade reaction of propargylamines and alkynes

NHBoc 1) Pd(OAc), TDMPP, CO:Me
H  toluene, 6-24 h, r.t.
o F o+ = R =
R 2) Pd(OTFA),, toluene, N
_0O 423 424 6-24 h, r.t. 425 poc
Entry R Yield (%)
1 Ph 80
2 p-n-Bu-Ph 97
3 m-F-Ph 89
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4 m-Br-Ph 75

5 p-Br-Ph 86
6 p-CHO-Ph 90
7 p-CH30-Ph 81
8 m-CH30-Ph 99
9 m-NH2-Ph 82
10 1-Cyclohexene 96
11 n-Bu 97
12 -Bu 60
13 i-Pr-OH 70
14 CH20Ac 74
15 CHPhOH 70
16 BDMS 68

In addition to palladium, copper catalysts have also been used for the synthesis of pyrroles
from propargylamines. Sakai and co-workers described the copper-catalyzed synthesis of
1,2,5-substituted pyrroles 428 through the reaction of N-propargylamines 426 with N,O-
acetyls 427 in the presence of CuClz. The reaction was found to be versatile; the desired
pyrroles were afforded through a [4+1]-annulation mechanism. The copper catalyst activates
the N,O-acetal 427 to yield the iminium intermediate 429. Then, the nitrogen atom on
propargylamine 426 attacks the iminium leading to the formation of the N,N-aminal
intermediate 430. This latter then reacts with the copper catalyst to generate the copper
enolate intermediate 431. Finally, intramolecular 5-endo-dig cyclization followed by

aromatization led to the pyrrole 428. Both primary and secondary propargylamines were used
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as substrates as well as a variety of N, O-acetals bearing an enolizable substituent adjacent to

the central sp-carbon (Scheme 94).27

Scheme 94. Copper catalyzed synthesis of pyrroles from propargylamines 426.

gz 2 3
R = R\N/R CuCl; (5 mol %) /D—COOMe R = alkyl, aryl, heteroaryl
* > N 1
HN. toluene, R \ R" = alkyl, aryl
R' ~ MeO™ COMe g0, 2n R’ R? R? =alkyl, aryl
426 427 428

- | _N.__NR?R?
MeO” “CO,Me kc;OZMe RO
127 42 430 COOMe
CUC|2
Z
XCu._ NRR® R/‘CuClz
D—COOMe aromatization picoorvle 5-endo-dig | \mors
N - N - R1
R \ R \ |
R’ R
XCu—0" “OMe
428 432 431

Wang and co-workers described a two-step approach to pyrroles from N-protected-N-vinyl-
propargylamines 433 through a Cu(Il)-mediated electrophilic cyclization reaction. Treatment
of 433 with CuCl:2 at room temperature led to the formation of the 3-pyrrolines 434, which
were in turn easily converted into the corresponding tri-substituted pyrroles 435 by treatment
with NaCl (Scheme 95).%7°

Scheme 95. Cu(Il)-catalyzed synthesis of pyrroles
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Other metal catalysts have been also used to convert propargylamines into pyrroles. In 2009,
Zhao and co-workers reported the synthesis of pyrroles 437 from substituted N-
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propargylamines 436 via an Au(Ill)-catalyzed hydroamination (5-endo-dig cyclization)
reaction. The reaction afforded N-substituted pyrroles decorated at C-2 position with an
aminomethyl group in good yields. (Scheme 96).2”’

Later, Saito et al. investigated the possibility of obtaining pyrroles 440 via an Au-catalyzed
amino-Claisen rearrangement of N-propargylamine derivatives. Polysubstituted pyrroles 440
bearing an ester moiety at C-3 position were efficiently obtained from N-
vinylpropargylamines 438 when treated with [(IPr)Au(MeCN)]BF4 as a catalyst at room
temperature. The reaction proceeds through an amino-Claisen rearrangement as shown in
Scheme 96.27

An interesting iridium catalysed approach to polycyclic pyrrole 445 was described earlier by
Yamamoto and co-workers. The authors synthesized a series of N-allyl-propargylamines 441
via a standard A* coupling reaction using CuBr2 as catalyst. Amines 441 were then treated
with [IrCl(cod)2] catalyst to yield dienes 442 via a cycloisomerization reaction. A subsequent
Diels—Alder reaction with the dienophile 443 followed by dehydrogenative aromatization led

to desired pyrrole (Scheme 96).2”
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Scheme 96. Au- and Ir-catalyzed synthesis of pyrroles from propargylamines.

Zhao
HN-R
// AuCls (3 equiv.) | N\
_

N

HN DCM \
; R

R _NH

436 R 437

R = alkyl, aryl, Ts, Boc, Cbz, Bz

Saito
Ph
o}
Q | | (6] Ph Ph
Au(l X R
XJ\LL pu1 | )le\/\ le\/\g_/
1 1N
RENR RONH R RYA
Ts + Ts
X = Ph, OEt s
438 439 440
Yamamoto
Bn = B,
NN [IrCl(cod),] (3 mol%) N
o
EtOzC\ AcOH (12 mol%) \
441 R toluene Bt R 442
OxX
X = N-Ph,0, 1,2-CgHy \I\;):o
S
443
0
Bn—N X He N | X
— B —
EtO R O E o)
5 0, R
445 444

35-74% yield
A rhodium catalyzed hydroformylation-cyclization reaction leading to aryl-pyrroles from
propargylamines was described by Campi et al. in which propargylamines were treated with
[Rh(OAC):]2/PPh3 catalyst under CO/H2 atmosphere, affording the desired aryl-pyrroles in
good yields.?

Enyne metathesis, namely the reaction between an alkyne and an alkene catalyzed by
ruthenium catalysts, has become a popular method for the synthesis of many heterocyclic
compounds, both in its intramolecular (ring-closing enyne metathesis — RCEYM) and

intermolecular (enyne cross-metathesis — EYCM) form. Relatively few methods have been

developed recently to access pyrroles from propargylamine substrates via enyne metathesis
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reactions. Stevens and co-workers first reported the synthesis of 2-phosphono pyrroles 449
via a one pot intramolecular RCEYM. The N-allyl-propargylamine 446 was treated with
Grubbs’ catalyst 2™ generation GII, in the presence of TCQ which behaves as an oxidizing
agent, to afford pyrrole 449 in a single step (Scheme 97). GII promotes the metathesis step to
lead to a pyrroline intermediate which is in turn oxidized into the pyrrole by TCQ.?%!

Scheme 97. RCEYM approach to pyrroles from propargylamines
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More recently, our research group developed a EYCM approach for the direct synthesis of
1,2,3-substituted pyrroles 452 from propargylamines.’®> A set of propargylamines 450 was
reacted under microwave irradiation with EVE in the presence of GII and CuSOs4 to afford a
wide range of substituted pyrroles 452 in minutes. The EVE is supposed to act as a synthetic
equivalent of acetaldehyde as previously reported by us.?®* The reaction is supposed to occur
through the formation of the EYCM diene product 451 first. Then, the coordination of the
CuSO4 to the ethoxy moiety can favor the collapsing of the nitrogen atom on the enol carbon
and promote the cyclization step. The presence of the CuSO4 proved to be crucial for the
reaction. In fact, when the reaction was carried out without any copper additive, only the
diene 451 was obtained. The replacement of CuSO4 with other copper salts such as CuBrz,

Cul or Cu(OTf)2, resulted in lower or comparable yields The method proved to be a versatile
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means of synthesizing a variety of pyrroles 452 substituted on C-2 with both aromatic and
aliphatic groups as well as bearing a variety of aromatic and EWG-substituents on the
nitrogen (Table 28).

Table 28. EYCM synthesis of pyrroles from propargylamines.

P o ST 2 AT
NHR! ! (9eqa.) Toluene, MW NW Y
450 120°C 451 452
Entry R R! Yield (%)
1 Ph Ac 70
2 4-Cl-Ph Ac 72
3 3-F-Ph Ac 76
4 2,4-CI-Ph Ac 38
5 4-Ph-Ph Ac 59
6 Ph Ts 38
7 4-CI-Ph Boc 50
8 4-Cl-Ph Bz 64
9 Ph Ph Traces

10 2-Furyl Ts 76
11 Cyclohexyl Ts 43
12 i-Pr Ts 71
13 i-Bu Ts 69

3.1.2 Miscellaneous metal free synthesis of pyrroles. Several authors described the
synthesis of pyrroles from propargylamines using metal-free approaches such as
cycloaddition reactions, aza-Claisen rearrangements and base-promoted cyclizations.

In 1994, Lee and co-workers reported the synthesis of bicyclic pyrrole 455 from Boc-
protected furfuryl propargylamine 453. When treated with ‘BuOK, propargylamine 453
undergoes a spontaneous intramolecular Diels—Alder reaction leading to the intermediate 454
which affords the bicyclic pyrrole 64 in 63% yield via an in situ ring opening reaction

catalyzed by the base itself (Scheme 98).2%4
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Scheme 98. Synthesis of bicyclic pyrroles from propargylamine 453.

tBuO™
/ : -
N BocN t-BUOK (5 equiv.) N_BOC /@N—Boc
D_/ t-BuOH, 30 min = HO
O 453 454 455

An interesting approach for the synthesis of pyrroles 458 via thermal rearrangement of N-
vinyl-propargylamines 456 was described by Cossy in 1996. Various annulated[b]pyrroles
458 were obtained in moderate to good yields via a tandem aza-Claisen rearrangement—
cyclization reaction as shown in Scheme 99.2%

Bremner and Organ later reported a combinatorial approach for the synthesis of pyrroles 463
through the reaction of N-propargylamines 459 with aldehydes 460 in DMF at 200 °C under
microwave irradiation. The reaction afforded substituted pyrroles bearing alkyl, aryl, and
heteroaryl groups on the ring in high yields. The proposed mechanism of the reaction
involves a condensation reaction first leading to enynamine 461. The latter is in turn
converted into imino allene intermediate 462 via a [3,3]-pericyclic rearrangement. Finally,
cyclization of 462 led to pyrrole 463 (Scheme 99).%8¢

A similar approach has been recently reported by Cacchi et al. who described the synthesis of
2,3,4-trisubstituted pyrroles 465 from N-vinylpropargylamines 464 via an intramolecular
cyclization—protonation—isomerization cascade. The reaction is promoted simply by Cs2CO3

at room temperature and led to pyrroles 465 in good yields (Scheme 99).2%
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Scheme 99. Metal-free syntheses of pyrroles from propargylamines.
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An interesting approach for the synthesis of 2,3,4-substituted pyrroles from propargylamines
through a base catalyzed [2+3]-cycloaddition reaction has been reported in 2012 by Zhao and
co-workers. The authors reacted a series of N-propargylamines 466 with o-acylketene
dithioacetals 467 in DMF and pyrroles 468 were obtained in high-excellent yields (Scheme
100).28% The proposed mechanism of the reaction involves a 1,4-Michael addition between
466 and 467 leading first to the intermediate 469 which is in equilibrium with 470. In

presence of a base, the imine 470 undergoes intramolecular 5-exo-dig cyclization affording
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the intermediate 471 which is converted into the desired pyrroles 468 via a deacetylation and
aromatization sequence.

Scheme 100. Synthesis of pyrroles via base catalyzed [2+3]-cycloaddition.
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The same authors later expanded the scope of this methodology toward the synthesis of
1,2,3,4-tetrasubstituted pyrroles 474 and 47S. It is noteworthy that the presence of a base
affects the outcome of the reaction. When the reaction was performed in the presence of
K2COs, pyrroles 474 bearing a carbonyl group in position C2 were selectively formed, whilst

in absence of a base the formation of 2-EtS-pyrroles 475 was favored (Scheme 100).2%°
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Another efficient synthesis of 1,2,3,5-tetrasubstituted pyrroles 478 has been described by
Wan and co-workers in 2013. Imines 476 were treated with N-propargylamines 477 in
presence of LIHMDS as base and PMDTA as the additive in THF affording pyrroles 478 in
good yields (Scheme 101). In this case, the nitrogen of the pyrrole 478 comes from the imine
476, whilst the nitrogen of the propargylamine acts as a leaving group to allow the
aromatization of the pyrrole.?

Recently, Jin and co-workers reported an efficient protocol for the synthesis of
polysubstituted (tri-, tetra-, and penta-substituted) pyrroles 481 through the reaction of
alkynes 479 with primary and secondary N-propargylamines 480 in the presence of K3PO4 as
catalyst. The reaction was carried out in DMSO and led to the desired pyrrole via a Michael

addition/aza-Claisen rearrangement/cyclization sequential process (Scheme 101).%!

Scheme 101. Synthesis of pyrroles 478 and 481.
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Finally, Meng et al. reported an interesting approach for the synthesis of pyrroles 483 through
a base-catalyzed intramolecular cyclization reaction of N-cyanopropargylamines 482. The
authors showed that N-cyanopropargylamine 482 in the presence of NaH and DMF at 130 °C

underwent a cyclization—decyanation—aromatization cascade reaction leading to the
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corresponding pyrroles 483 in good yields. It is noteworthy that pyrrole 483 is obtained as the
only product when the reaction is carried out at 130 °C whilst at 110 °C the 2-cyano
substituted pyrrole 484 is formed as the major compound in 70% yield. (Scheme 102). The
scope of the reaction is limited to internal alkynes only. The corresponding terminal alkynes
485 afforded the corresponding 2-pyrrolines 486 when treated under the same reaction
292

conditions.

Scheme 102. Cyclization of N-cyanopropargylamines.
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3.2 Synthesis of pyrrolines from propargylamines

Pyrrolines, and in particular 3-pyrrolines, are an important class of compound which found
extensive use in medicinal chemistry as starting materials and intermediates in the synthesis
of various natural products including pyrrole derivatives. An early method to synthesize 3-
pyrrolines from N-aryl-propargylamines 487 has been reported in 1999 by Balasubramanian
and co-workers via a formylation-cyclization reaction using Cul as catalyst. N-
Propargylanilines 487 were reacted with formaldehyde and DIPA in the presence of Cul to
give 3-pyrrolines 488 in good yields (Scheme 103).2°3 The authors hypothesized two possible

reaction mechanisms. In both cases an allene intermediate 490 is formed. The allene can a)
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undergo an 1,3-homosigmatropic shift leading to aziridine 491 and then to 3-pyrroline 488, or
alternatively b) cyclize after complexation with Cu(I). Interestingly, when the same reaction
was carried out in ethylene glycol at reflux, the corresponding pyrrole derivatives were
obtained.

Scheme 103. Copper catalyzed synthesis of 3-pyrrolines.
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3.2.1 Enyne metathesis reactions. Enyne metathesis reactions represent probably the
most widely used approach to synthesize 3-pyrrolines from N-allyl-propargylamines.?®* In
particular, the intramolecular variant of the enyne metathesis is a popular method to
synthesize 3-pyrrolines from propargylamines. Different Ru-carbene catalysts (Grubbs' 1%
GI, 2" GII and 3™ GIII generation catalysts, Hoveyda HG and Blechert BG catalysts) have
been used to promote the enyne metathesis reactions.
The first example of enyne metathesis applied to the synthesis of nitrogen heterocycles was
reported by Mori et al. who described the synthesis of a series of 3-pyrrolines 494 from

propargylamine substrates 493 using 1 mol% GII (Scheme 104).2%
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Interestingly, the terminal propargylamine 493 (R = H) led to 494a in poor yield whilst
higher conversion was observed for amine 494b (R = Me), which bears an internal triple
bond. It was hypothesized that the terminal alkene of 494a could further react with the Ru-
catalyst leading to the intermediate 495 where the Ru is stabilized by the pyrroline double
bond. The interaction between the substrate and the catalyst decreases the catalytic activity
and accounts for the low yields observed. The presence of a methyl substituent on the double
bond of the diene 494b makes it less reactive toward additional side metathesis reactions,
mainly due to steric factors. To overcome this issue, the same reaction was carried out under
ethylene gas, which resulted in a dramatic increase of the yield of 494a to 90%. This
phenomenon is due to the continuous reaction of the ethylene gas with the Ru-intermediate
495 allowing, via alkene cross metathesis, the regeneration of the substrate 494a via olefin
296

cross metathesis.

Scheme 104. Mori’s approach to 3-pyrrolines from 493.
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Following the pioneering work of Mori, other authors reported the synthesis of a variety of 3-
pyrroline compounds from N-allyl-propargylamines via RCEYM reactions. Yiang et al.
described the synthesis of a series of pyrrolines 497 via RCEYM using 5 mol% of GI,*’
whilst Nolan and co-workers reported the use of a series of phosphabicyclononane (Phoban)-

containing ruthenium-based catalysts 500 and 501 (Scheme 105) for the synthesis of 3-

pyrrolines 499.2%8
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Scheme 105. RCEYM using GI and Phoban-Ru catalysts.
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In 2010, Zhu and Shi reported an elegant metathesis cascade reaction to access
polysubstituted 3-pyrroline substrates 503.2*° The reaction exploits a series of sequential
metathesis reactions as shown in Scheme 106. The 1,6-cyclopropene-yne 502 reacts with GI
catalysts to yield the intermediate 506 through an enyne RCM, which in turn reacts with an

external alkene in a cross-metathesis reaction leading to the final pyrroline 504. Several

compounds have been synthesized by this method in variable yields (35-78%).
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Scheme 106. Metathesis cascade reaction of propargylamine 502.
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Finally, Snapper and co-workers reported a series of tandem enyne
metathesis/hydrovinylation reactions on a variety of enyne substrates, yielding, amongst
others, pyrroline derivatives.>*

The intermolecular variant of the enyne metathesis is the EYCM of an alkyne with an alkene
in the presence of a Ru-carbene which leads to the formation of a 1,3-diene product.
Comparably few examples of the synthesis of 3-pyrroline compounds via enyne cross-
metathesis have been developed. Mori and co-workers described an elegant approach to
synthesise the 3-pyrroline 510 through a metathesis cascade from the propargylamine 507.3!
Compound 507 undergoes EYCM with ethylene leading to the Ru-carbene intermediate 508.
This further reacts with the double bond of the cyclohexene moiety leading, through a ring-

opening metathesis (ROM) reaction, to the final pyrroline 510 (Scheme 107).
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Scheme 107. EYCM approaches to 3-pyrrolines.

Mori

) oo f Q%“ dr{

Ts cross-metathesis

507 Gl 508 51 0

Blechert
TsN / AN
Ts Ts GI 10 mol%
="~
H2C=CH2
511 TsN \ =
515
EYCM
HzC=CH2 CM
H,C=CH,

Ts Ts
Q\/N\Q/N ROM N RCEYM
_>\/
J b oS jf&k
512

An elegant approach for the synthesis of pyrroline 515 from bis-propargylamine 511 through
a cascade metathesis sequence was reported by Blechert and co-workers in 2002.>%> The
reaction of 511 with ethylene leads in the first instance to the formation of the Ru-carbene
intermediate 512. This latter undergoes a ring-opening metathesis (ROM) on the
cyclopentene ring, allowing for the formation of the first pyrroline nucleus. The formed
carbene 513 then reacts with the terminal alkyne to afford the intermediate 514 which finally
reacts with ethylene gas leading to product 515 (Scheme 107).

3.2.2 Other approaches to pyrrolines. Other methods to synthesize pyrrolines have been
recently described. In 2012 Polindara-Garcia and Miranda reported an interesting approach to
synthesize 2-pyrrolines 517 from propargylamine 516 by treatment with ‘BuOK in THF at
room temperature. The propargylamine 516 was obtained via an indium catalyzed Ugi four-
component reaction with commercial propargylamine (Scheme 108).3%

Kang and co-workers developed the synthesis of 3-pyrroline derivatives through a copper-

catalyzed domino homologation and cycloisomerization reaction of propargylamines 518.
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Treatment of 518 with formaldehyde, CuBr and cyclohexylamine under microwave
irradiation at 180 °C led to a series of pyrrolines 519 in variable yields (19-95%).3* The
reaction is supposed to proceed through the copper mediated homologation of the alkyne
group with the iminium intermediate 520 and formation of the allene intermediate 522. Cu(I)-
catalyzed 5-endo cycloisomerization of 522 and subsequent demetalation leads to the
pyrroline product 519 (Scheme 108).

Scheme 108. Synthesis of 2- and 3-pyrrolines 517 and 519.
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Wang and co-workers described an interesting synthesis of propargylamine derivative 525
via iodine(III)-mediated oxidative cross-coupling of the enamine 524 with propargylamine
523. Derivative 525 was then promptly cyclized into pyrrolines 526 through electrophilic
cyclization using different Cu(II) catalysts (Scheme 109).>7®

Yamada and co-workers reported an elegant approach to pyrrolinones 528 via a silver-
catalyzed CO: incorporation reaction into propargylamine 527 followed by intramolecular
rearrangement.’® A number of pyrrolinones 528 were synthesized in excellent yields and the

method was used by the authors for the synthesis of tetramic acid derivatives (Scheme 109).
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Scheme 109. Synthesis of 3-pyrrolines 526 and pyrrolinones 528.
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Finally, it is worth mentioning the work of Kanurakar and co-workers who reported a gold(I)
catalyzed reaction of propargylamine derivatives with arynes to synthesize 3-methylene-1-

pyrrolines.3*

3.3 Synthesis of pyrrolidines from propargylamines

A number of approaches to synthesize pyrrolidine derivatives from propargylamines have
been described in the literature. In 1999, Balme and co-workers described an efficient
approach for the synthesis of highly substituted pyrrolidine derivatives through a tandem
reaction of lithiated N-substituted propargylamine 529 with various Michael acceptors 530 in
the presence of Cul (3 mol%) and n-BuLi in THF at room temperature.**” According to the
proposed mechanism, the propargylamine nitrogen is activated by BuLi allowing the addition
of the lithiated amine to the malonate. Then a copper-promoted cycloisomerization leads to
the formation of the desired product 531. As shown in Table 29 the Cu-catalyzed reaction

affords the corresponding pyrrolidines in good yields.

139



Table 29. Synthesis of pyrrolidines 531.

R3
= R2_R3 n-BuLi R2
. \[ Cul (3 mol%)

r-NH R 20°C in THF R Nh
529 530 531
Entry R R! R? R3 Yield (%)

1 Me Ph CO:Et  CO:2Et 89
2 Me Ph CN CO:2Et 78
3 Me Me CO2Et  CO2Et 19
4 Me Cyclohexyl CO2Et CO:2Et 48
5 Me Ph NO2 Me 64
6 Bn Ph CO:Et  COzEt 73
7 Bn Ph CO:2Et CN 79
8 Bn Ph CN CN 73
9 Ts Ph CO:Et  COzEt 84
10 Boc Ph COEt  CO:Et ND
11 Me Ph CN CN ND

Later, the same research group developed a Pd-catalyzed three component approach toward
the synthesis of stereodefined pyrrolidines 532 (Scheme 110).2%-3% This one-pot process is
initiated by the conjugate addition of a propargylamine to a gem-diactivated olefin followed
by a carbopalladation involving an aryl halide (or vinyl triflate).?!° The reaction is carried out
in a THF-DMSO mixture in the presence of NaH and 5 mol% PdCl2(PPh3): at room
temperature and the expected pyrrolidines 532 were obtained in good yield.

Scheme 110. Synthesis of pyrrolidines 532.
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In 2006, Morikawa et al. reported a similar approach to synthesize functionalized

methylenepyrrolidines from propargylamines through both zinc- and indium-promoted
140



conjugate addition-cyclization reactions.’!! The reaction can be carried out both in the
presence of a stoichiometric amount of ZnBr2 or InBr3 at room temperature or with a catalytic
amount of InBr3-Et:N at 80°C.

Radical cyclization of N-allyl-propargylamines using radical transfer agents is a versatile
method for constructing substituted heterocycles.>'? A variety of radical transfer agents can
be utilized to achieve the radical chain process. Hosomi and co-workers demonstrated that
allylstannanes 534 are good radical transfer agents for the radical cyclization of 1,6-enynes to
highly functionalized carbocycles. This cyclization reaction was also applied to the synthesis
of pyrrolidines 535 starting from allyl-propargylamines 533. According to the proposed
mechanism of reaction, propargylamines 533 react with the stannyl radical generated by the
action of AIBN on the allyl stannane 534 to provide pyrrolidines 535 in good yields (Scheme
111).313

Scheme 111. Radical cyclization reactions of N-allyl-propargylamines.

Hosomi R

|| =
L J)\ R AIBN (5 mol %)
N sn(B (Bu)sSn™ X\
’}l }\/ n( U)3

benzene, reflux

Ts N
533 534 535 Ts
R = H, Me, SiMej, Ph, CO,Me, CN Yields = 35-77%
Crich
Q/PO(Ph)z
O,N BusSnH H

AIBN (5 mol %)

5 N Yield 64%

\\\/ benzene reflux e.e71%
NH
536 537

Later, in 2003, Crich and co-workers reported a similar process. They developed a
stereoselective cyclization process for the synthesis of functionalized pyrrolidines 537 from
B-nitrophosphate radical cation precursors 536 by treatment with BusSnH and AIBN in

benzene at reflux.’'*
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An interesting approach to synthesize substituted five-membered ring nitrogen heterocycles
has been described by Ojima and co-workers in 2002 who reported a rhodium catalyzed
carbonylative silylcarbocyclization reaction of enynes.>'> The reaction was carried out in the
presence of Rh4(CO)12 as a catalyst, Me2PhSiH and P(OEt)s, at 105°C and 20 atm of CO and
led to the formation of the desired pyrrolidine 539 in 86% yield. The authors proposed a
mechanism of the reaction as shown in Scheme 112.

Scheme 112. Rhodium catalyzed carbonylative silylcarbocyclization reaction of enynes.
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Finally, it is worth mentioning the protocol developed by Kushwaha et al. in which an
indium(III)-catalyzed tandem synthesis of 2-alkynyl-3,3-dichloropyrrolidines led to the in
situ formation of propargylamines which readily transform to pyrrolidines.'® The reaction
proceeds in a single synthetic step via an addition of acetylenes to a,a,y—trichloroaldimines
leading to the in situ production of trichloropropargylamines which spontaneously cyclize to

afford the desired pyrrolidine in good yields.
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3.4 Synthesis of indoles and indole derivatives from propargylamines

Indoles represent an important class of compound with many applications in medicinal and
material chemistry. Despite many different approaches having been developed to access this
class of compounds, only a small number use propargylamines as starting materials. An early
and interesting approach to indole derivatives has been described in 1989 by Yasukouchi and
Kanematsu. The authors reported the synthesis of 546 from the propargylamine derivative
543 through an allene intramolecular Diels-Alder reaction. Propargylamine 543 was
converted into the allene intermediate 544 by treatment with HCHO, DIPA and CuBr as
catalysts in refluxing dioxane. Under these reaction conditions, the allene spontaneously
cyclizes into indoline 545 which is finally converted into indole 546 by treatment with
)317

chloranil in refluxing toluene (Scheme 113).

Scheme 113. Synthesis of indole derivative 543.
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More recently, Kazmaier and Lin described an interesting two-step hydrostannation-
cyclization reaction of propargylamines which led to the formation of indole derivatives 549.
Propargylamines 547 were treated with BusSnH and MoBIs in the presence of hydroquinone,
to suppress radical hydrostannations, and CO, to prolong the lifetime of the catalyst;
affording stannane derivatives 548 in good yields. These latters were treated with 2 mol% of
[(ally)PdCI2] and PPhs (4 mol%), affording indoline derivatives 549a in variable amounts

alongside the indole 549b.3'® Table 30.
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Table 30. Hydrostannation-cyclization of propargylamines.

BusSnH 1 y R’ R’
' s S (O e I
R2©/ CO, THF, 50°C 2 6o°c N R
547 548 549a 549b
Entry R! R? Time (h) Yield (%)
549a 549b
1 COOQOEt H 4 84 Traces
2 Ac Me 2 86 7
3 Ac Br 4 56 26
4 Ac Br 20 8 82
5 COOEt H 48 58 0

Beller reported an efficient approach to 3-amidoindoles 552 from commercially available
arylhydrazines 550 and propargylamines 551 through a zinc mediated one-pot procedure.
Indoles 552 were obtained in excellent regioselectivity and up to 94% yields. Either ZnCl2 or
ZnBr2 were used as catalysts depending on the substrate (Scheme 114). The indoles
synthesized with this approach were finally evaluated as potential GSK-3 inhibitors.*"?

Wang and co-workers reported an interesting Pd-Catalyzed domino cyclization reaction for
the synthesis of indoline derivatives 555 from propargylamines 554.3?° Indolines 555 were
obtained in good-excellent yields up to 99% (Scheme 114). The mechanism of the reaction
was also investigated and the authors speculated that a Pd-catalyzed Sonogashira coupling
should occur first, followed by indole cyclization, regio- and chemoselective N-1-acylation

and, finally, a 1,4-Michael addition reaction.
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Scheme 114. Zn- and Pd-catalyzed synthesis of indoles and indolines.
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Finally, Nishibayashi and co-workers described an interesting tandem amination-

cycloaddition of propargylic acetates to yield 1,2-disubstituted tetrahydroisoindoles using

(E)-2,4-pentadienylamine 557.%*! Treatment of the propargylic acetate 556 with 557 in the

presence of CuOTf(CsHe)os and the chiral ligand (R)-CI-MeO-BIPHEP led to the formation

of the bicyclic amine 558 in a single step. The propargylation reaction of the amine 556 leads

first to the diene intermediate 559 which, under the same reaction conditions spontaneously

gives a Diels-Alder reaction, to afford the desired tetrahydroisoindole 558 in good yields

(Scheme 115).

Scheme 115. Tandem amination - cycloaddition reaction.
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3.5 Synthesis of pyrazines and pyrazoles from propargylamines.



Only a few synthetic examples of the production of pyrazine derivatives from
propargylamines have been reported in the literature. In 2014, Alcade and co-workers
described the synthesis of pyrazine derivatives 560 from commercial propargylamine. The
treatment of different aldehydes with propargylamine in the presence of [(PPh3)AuNTf2] as
catalyst led to pyrazine derivatives 560 high yields (Scheme 116). Interestingly, it has been
shown that the addition of 5 equivalents of H20 accelerates the gold-catalyzed reaction.**

Scheme 116. Gold-catalyzed synthesis of pyrazines 560.
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Although the gold catalyzed transformation tolerates a large variety of substituents on the
aromatic aldehyde ring, the reaction does not work well when it is carried out with aliphatic
aldehydes and secondary propargylamines. DFT calculations have been carried out in order
to elucidate the mechanism of the reaction. The authors suggested that the gold catalyst may

have a dual role; in the activation of the propargylamine to favor the intermolecular
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hydroamination step and the 6-exo-dig iminoauration step leading to 563, as well as in the
activation of the aldehyde leading to the formation of intermediate 566. These options are
illustrated in Scheme 116.

In 2015, a similar work describing a gold-catalyzed cascade annulation reaction of
propargylamine with aldehydes was reported by Hua and co-workers. The reaction leads to
the synthesis of 3-substituted 2,5-dimethylpyrazines 569 in high yields. The authors proposed
a reaction mechanism which is slightly different from that proposed by Alcaide. They
suggested that the propargylamine undergoes a gold catalyzed dimerization reaction to afford
the a-amino enamine 570 which in turn isomerizes to 571. This latter undergoes an aldol
addition with an aldehyde, affording a-amino imine intermediate 572 which in turn leads to
the formation of the desired pyrazine 569 through a gold catalyzed intramolecular
hydroamination and dehydration/isomerization (Scheme 117).3%

Scheme 117. Au-catalyzed synthesis of pyrazines 569.

o) Il Au(PPhQCy
g T f
R CH3CN 60 °C

HoN
i 0]
NH intermolecular J\/NHZ Hﬂm
Z/NHZ hydroamination HN [1.3] H shift N . RJ\H
+ _—
570

dehydratation/ intermolecular
): < isomerization ; hydroamlna‘uon

Chen and co-workers recently described the synthesis of pyrazole derivatives 575 from
propargylamines 574. Compounds 574 were first reacted with m-CPBA and hydrazines and
the pyrazoles 575 were obtained in good yields. The reaction proceeds through the oxidation
of the propargylamine 574 nitrogen followed, possibly, by the formation of an isoxazolinium

intermediate. This latter is in turn converted into the pyrazole 575 by reaction with the
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hydrazine (Scheme 118). Interestingly, when azides, hydroxylamine or amidines were used in
place of hydrazides, the corresponding triazole, isoxazole and pyrimidine products were
d.324

obtaine

Scheme 118. Synthesis of pyrazoles 575 from propargylamines.
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3.6. Synthesis of pyridines and pyridine derivatives from propargylamines
Propargylamines have been widely used as substrates for the synthesis of pyridines as well as
poly-hydropyridines through a variety of different approaches.

3.6.1 Synthesis of pyridines. An early example of synthesis of pyridines from
propargylamines was reported by Cacchi et al. in 2008. The authors described the synthesis
of pyridines 577 from N-propargylic-B-enaminones 576 through a copper catalyzed 6-endo-
dig cyclization as shown in Scheme 119. The propargylamine derivative 576 is supposed to
form a complex with copper followed by intramolecular cyclization to afford intermediate
578. Finally, the dihydropyridine 579 is formed and immediately oxidized into the pyridine

577 with concomitant regeneration of the copper catalyst.?%
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Scheme 119. Copper catalyzed cyclization of propargylamines into pyridines.
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A similar approach was later described by Wan and co-workers who reported the synthesis of
pyridine derivatives 581 via an aza-Claisen rearrangement/6m-electrocyclization/elimination
cascade of N-sulfonyl-N-propargylic-B-enaminones 580. The mechanism of the reaction is
described in Scheme 120. The substrate 581 gives an aza-Claisen rearrangement to afford 582
which is in turn converted to 583 by 1,3-H shift. The dihydropyridine 584 is then formed via
6m-electrocyclization. Finally, elimination of sulfonic acid led to the formation of pyridine
581.3% Interestingly, the same authors also described a method to convert the substrate 580
into the dihydropyridine 585 or the iodo derivative 586 by simply changing the reaction

conditions.3%¢
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Scheme 120. Synthesis of pyridines via aza-Claisen rearrangement/67-

electrocyclization/elimination cascade.
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Similarly, Zora and co-workers described the synthesis of iodo-pyridine derivatives 588 from
N-propargylic-B-enaminones 587. The reaction of 587 with 12 proceeds under relatively mild
conditions and in the presence of the weak base NaHCOs. Several pyridines 588 were
synthesized with variable yields up to 85%. The author suggested that iodine should first
attack the triple bond leading to the iodonium ion intermediate 589, which is converted into
590 via a 6-endo-dig cyclization. Deprotonation of the latter compound leads to

dihydropyridine 591 which is converted into 588 by oxidation with I> or O2 (Scheme 121).%7
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Scheme 121. Synthesis of iodo-pyridine derivatives 588.
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An interesting approach to pyridine from N-propargylic enaminones has been recently
described by Cheng and co-workers. Treatment of the enaminone 592 with various
heterocyclic nucleophiles such as indoles, pyrroles, imidazoles or pyrazoles in the presence of
NaOH led to the formation of a series of substituted pyridines 593 in short reaction times.
The proposed mechanism is illustrated in Scheme 122. An initial propargyl—allenyl
isomerization-enolization cascade reaction leads to iminoenolate intermediate 594. The
intramolecular 7-exo-dig cyclization of 594 provides the 1,4-oxazepines 595, which
subsequently isomerize to give the epoxide intermediate 597 via a 6m-electrocyclization/walk
rearrangement cascade. Epoxide ring opening with N-heterocycle nucleophiles proceeds via
SN2 substitution, generating trans-2,3-dihydropyridine intermediate 598. Finally, the

dehydrative aromatization leads to the final pyridine 593.32%
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Scheme 122. Synthesis of pyridines 593.
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Commercial propargylamine has been used by Abbiati et al. as a substrate for the synthesis of
a series of pyridine derivatives.’® Propargylamine was reacted with different ketones in the
presence of NaAuCla2H20 as a catalyst and led to the synthesis of a series of pyridine
derivatives 600 in good yields. The formation of pyridines 600 was suggested to occur
through the sequential amination of carbonyl compounds followed by a regioselective 6-
endo-dig cyclization of the N-propargylenamine intermediate 599 and subsequent
aromatization (Scheme 123). Au(Ill) salts proved to be the most efficient and selective
catalysts. However, the reaction was also shown to work well in the presence of
Cu(NO3)23H20 as catalyst.

Finally, propargylamine has been used as building block by Wei et al. for the synthesis of

pyridines through the direct condensation with cinnamaldehyde in the presence of DBU as a
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base.*** The reaction proceeds through a 6m-3-azatriene electrocyclization reaction and a [1,3]
hydrogen shift sequence as shown in Scheme 123.

Scheme 123. Synthesis of pyridines 600 and 601 from propargylamine.

Abbiati
(Au]
b NH R!
o NaAuCl,2H,0 z ]\/j
R1\)J\R2+ HZN/\\\ = 2 R2 R? N/
1
509 1 600
Yields = 50-96%
Wei

A
N
|

0
| DBU
N + H2N/\\\ =
100 °C 601
_ \ 1,3-H shift‘ ~

///\ |N /)CIN ?n—t3-aza|t.rietr_1e XN
electrocyclization
e g
602 603 604

3.6.2 Synthesis of dihydropyridines. As shown in the previous section, N-propargyl-f3-
enaminones can be used as precursors for the synthesis of pyridines. Generally, these
substrates are first converted into dihydropyridines which, after aromatization, afford the
corresponding pyridines. In addition to previous methods, several other examples of metal
catalyzed cyclization of N-propargyl-B-enaminones to selectively yield dihydropyridines
have been reported in recent literature.

Saito and coworkers first described the synthesis of the 1,2-dihydropyridine 606 from the
propargylamine derivative 605 through a 6-endo-dig cyclization process using
[(IP)Au(MeCN)]BF4 as catalyst. Interestingly, the reaction worked as planned when CH2Cl2
was used as solvent whilst when hexafluoroisopropanol (HFIP) was used as co-solvent, a five

membered pyrrole analogue was formed as the major cyclization product (Scheme 124).278
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A similar gold-catalyzed approach has been reported by Fafianas and co-workers who
synthesized a series of 2,5-dihydropyridines from in situ generated N-propargyl-p3-
enaminones in the presence of NaAuCls as catalyst. ™!

Other metal catalysts such as AgNO3*? and [Cu(Xantphos)(CH3CN)|PFs** were later
employed by other authors to synthesize dihydropyridine derivatives under similar reaction
conditions (Scheme 124).

Scheme 124. Metal catalyzed syntheses of dihydropyridines 606.
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Dihydropyridines can be also synthesized from vinyl-propargylamines through a metal
catalyzed cycloisomerization as shown by Kim and Lee in 2006. The substrate 607 was
treated with [Rh(C2H2)2Cl]2 as catalyst in the presence of a phosphine ligand P(4-F-CsHa)3
and a stoichiometric amount of DABCO, leading to the desired dihydropyridine 608.
Interestingly, the same protocol was also used for the synthesis of bicyclic pyridine
derivatives (Scheme 125).3%*

Vinyl-propargylamines have been also used as substrates for the synthesis of dihydropyridine
by the research group of Menon. Treatment of compound 609 with the
(JohnPhos)Au(CH3CN)SbFs catalyst led to the five membered pyrrole ring 610 as the main
reaction product. However, when the authors performed the same reaction using AgSbFs as

co-catalysts with gold catalyst, the dihydropyridine 611 was obtained as the sole reaction
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product. Optimization studies were carried out and the best catalyst system was found to be
Ph3PAuCl-AgSbFs. Several dihydropyridines 611 were then synthesized with yields of up to
98%. The proposed mechanism of the reaction involves a metal-mediated propargyl-Claisen
rearrangement which leads to intermediate 612. This latter can be converted into the pyrrole
610 by gold-mediated 5-exo-dig cyclization and subsequent aromatization, whilst the
dihydropyridine 611 was formed through the tautomerization of 612 into the aza-triene 613

335

followed by a 6m-aza-electrocyclization (Scheme 125). A similar approach to

dihydropyridines has been also described recently by Wang and co-workers.*®
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Scheme 125. Rh- and Au-catalyzed synthesis of dihydropyridines.
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An alternative strategy to synthesize dihydropyridine derivatives has been recently developed
by Li and co-workers via an Au-catalyzed cascade reaction of N-propargylamines and
alkynes. When propargylamine derivatives 614 were treated with ethyl propriolate in the
presence of AuPPh3Cl as catalyst and EtsN at 80 °C, dihydropyridines 616 were obtained in
good yields. The authors proposed the mechanism illustrated in Scheme 126, in which the
gold catalyst acts both by binding the propargylamine nitrogen, as well as by forming a

complex with the triple bond which in turn favors the cyclization reaction.*’
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Scheme 126. Au-catalyzed cascade reaction of N-propargylamines and alkynes.
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3.6.3 Synthesis of tetrahydropiperidines. Tetrahydropyridines (THPs) can be obtained

from propargylamines through intramolecular RCEYM reactions. Takahata reported the

asymmetric synthesis of 2-propylisofagomine®®* and isophagomine®*® from the THP 618

which was in turn obtained through RCEYM of the propargylamine 617. The enyne 617 was

treated with Grubb's 1°' gen. catalyst GI (4 mol%) leading to the formation of 618 in good

yields (Table 31). Interestingly, the presence of the free hydroxyl group proved to be crucial

to accelerate and improve the yield of the metathesis reaction. In addition, the presence of

ethylene atmosphere proved to be beneficial for the outcome of the reaction, leading to

product 618 in 96% yield, compared to 30% under argon atmosphere.

Table 31. Synthesis of THPs via RCEYM.

|
Rig JH Gl (4 mol%) Rh)
N N

Boc Boc
617 618
Entry R? Atmosphere  THP Yield (%)
1 H Argon 32
2 H Ethylene 96
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3 OH Argon >99
4 OBn Argon 44

5 OTBDPS Argon 7

Other examples of synthesizing THPs via enyne metathesis reaction have been described by
Kotha et al. who reported the synthesis of 620 as precursor of tetraisoquinoline-3-carboxylic
acids (Tics) 621,* and by Katritzky and co-workers who synthesized the vinyl THP 623 via
RCEYM by treatment of propargylamine 622 with GI.>*! Scheme 127.

Scheme 127. RCEYM approaches to THPs 620 and 623.

Kotha
1) toluene, reflux COOMe
X COOEt G 50mol% | COOEt MeOOC—==—COOMe MeOOC COOEt
NN _ >
oS NT:
\/NTS toluene, reflux NN NTs 2) DDQ, toluen, reflux s
619 620 621
Katritzky
0]
A | o L7
(0] /=
L Gl 10mol% = = 0= R
j‘\ R DCM, reflux N R toluene, reflux N\n/OMe
622 623 624

3.6.4 Synthesis of piperidines. An elegant example of the synthesis of piperidine
substrates from propargylamines has been reported in 2009 by Kerr through a zinc catalyzed
tandem cyclopropane ring-opening/Conia-ene cyclization reaction. The authors reasoned that
a 1,1-cyclopropane diester could be opened with a propargylamine, to provide a substrate
intermediate suitable for Conia-ene cyclization, which is finally able to yield a piperidine
product. Cyclopropane substrates 625 were thus reacted with benzylpropargylamine in the
presence of Zn(NTf2)2 in refluxing benzene, affording piperidine derivatives 626 in excellent

yields of up to 99%. The authors proposed the mechanism illustrated in Scheme 128. Initial
158



coordination of the diesters by zinc facilitates the nucleophilic attack of the propargylamine
and the cyclopropane ring opening. Subsequent coordination of the alkyne allows the
malonate addition and ring closure via Conia-ene cyclization.>*

Scheme 128. Tandem cyclopropane ring-opening/Conia-ene cyclization reaction.
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3.7 Synthesis of quinolines and quinoline derivatives from propargylamines
Several approaches for the synthesis of quinoline derivatives from propargylamine substrates
have been reported in the literature. Most of these methods relies on the metal catalyzed
hydroarylation of N-aryl-propargylamines through the insertion of the alkyne triple bond into
an aromatic C-H bond to form a new C(sp?)-C(sp?) bond.

3.7.1 Synthesis of quinolines. The first approach to quinolines from N-aryl-
propargylamines was reported in 2002 by Huma et al. who discovered that treatment of
propargylamine derivative 630 with CuCl in refluxing THF afforded the corresponding
quinoline 633 in good yield (Scheme 129). The authors suggested that 630 undergoes an
allenyl isomerization into 631. Then, coordination of Cu(I) to the terminal bond of the allene
would give intermediate 632 which will trigger an intramolecular nucleophilic attack to form

the quinoline 633 after a 1,2-shift, proton transfer and hydride transfer (oxidative process).>*
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It is noteworthy that the authors also obtained the quinoline product when they performed the
A® coupling reaction between PMP-NHa2, an alkyne and benzaldehyde under the same
reaction conditions and in the presence of CuCl.

Scheme 129. Copper catalyzed cyclization of propargylamines into quinolines.
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Following this preliminary work, the conversion of N-aryl-propargylamines into quinoline
derivatives has since been widely investigated by several research groups. In 2008, Wang and
co-workers described the synthesis of a variety of quinolines by treating the propargylamines
634 with AuClz in MeOH at room temperature.’** Later, Fu expanded the scope of the
reaction using a PhsPAuCl/AgOTTf system in refluxing toluene,** whilst Litinas described the
synthesis of quinolines using an Au/TiO> catalytic systems.**® In all cases, a gold-n-alkyne
complex is supposed to be formed. Then a 6-endo-dig cyclization occurs, leading to the
formation of a dihydroquinoline intermediate 636 which is in turn converted into quinoline

635 by oxidation with air as shown in Scheme 130.
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Scheme 130. Mechanism of the Au-catalyzed synthesis of quinolines.
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Other metal catalysts have been used to synthesize quinolines from propargylamines. An
interesting approach has been described by Roy and co-workers who synthesized quinolines
639 via an intramolecular cyclization and concomitant detosylation of N-aryl-N-tosyl-
propargylamines 637 using stoichiometric amounts of FeCls as catalyst. The detosylation step
is promoted by FeCls leading to the aromatization of the ring.’*’ Schéfberger and co-workers
reported a similar approach to quinolines 642 and 645 using SnCl2H20 or In(0) as catalysts
in the presence of 3M HCIL.*® It is noteworthy that the internal alkyne 640 led to the
quinoline 642 whilst the quinoxaline 645 was obtained as the only reaction product when the
same reaction was performed on the terminal alkyne 643 (Scheme 131). Mechanistic studies
were carried out by the authors and it was found that a hydration step of the alkyne should
occur in the early phases of the reaction leading to a ketone intermediate. This is in
agreement with literature where tin and indium are known to be able to facilitate hydration

reactions of alkynes to generate ketones.
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Scheme 131. Fe-, Sn- and In-catalyzed synthesis of quinolines.
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As previously mentioned, quinolines can be accessed directly via the A® coupling reaction of
alkynes, aldehydes and anilines. Several examples of this reaction have been reported in the
literature. The reaction is supposed to proceed through the formation of a propargylamine
intermediate which in turn, under metal catalysis, is converted into the quinoline product
through a mechanism similar to those shown above. The reaction can be catalyzed by several
metal catalysts such as CuCL>** AuCl3+CuBr2,*** Cu(OTf)2,>*-3% FeCl3,*! YCl3,°? as well
as CuCl-modified montmorillonite,'?® B(C¢Fs)3,%? montmorillonite K10,** HCIOs-modified

355 and Fe3O4 nanoparticles.?*’

montmorillonite
An interesting approach to quinolines from propargylamines has been reported by Tang and
co-workers. The N-propargylanilines 646 were reacted with sulfonylhydrazides in the
presence of tert-butyl hydroperoxide (TBHP) as oxidant in DCE at 90 °C leading to a variety
of quinoline derivatives 647 in good-excellent yields. Other oxidants were screened, however
TBHP was found to be the best. The mechanism of the reaction is illustrated in Scheme 132.

The sulfonylhydrazide reacts with TBHP and generates a sulfonyl radical. This radical

species reacts with the propargylamine triple bond to produce an alkenyl radical 648. The
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intramolecular attack of the radical 648 on the pendant benzene ring provides the radical
intermediate 649. Finally, the oxidation of 649 followed by deprotonation leads to the
sulfonated 1,2-dihydroquinoline 650 which ultimately aromatizes in the presence of TBHP.?%

Scheme 132. Radical cyclization of propargylamines into quinolines.
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Finally, Larock and co-workers developed a noteworthy strategy to access quinolines from N-

A 0 SOLAr
ArSO,NHNH, + TBHP — Ar-S~ —— P, ©\
648

aryl-propargylamines 651. These latter can be easily converted into quinolines 652 by
electrophilic cyclization induced by electrophilic reagents such as I2, Br2, ICl, NBS, and
PhSeBr. Treatment of 651 with Iz in the presence of NaHCOs3 at room temperature led to
iodo-quinolines 652a in high yields in several minutes. Similarly, 651 can be reacted with
other electrophilic reagents leading to bromo- and seleno-quinolines 652b-¢. The mechanism

illustrated in Scheme 133 has been proposed for this reaction.?’
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Scheme 133. Electrophilic cyclization of propargylamines.
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3.7.2 Synthesis of dihydroquinolines. Dihydroquinolines are often intermediates in the
synthesis of quinolines. However, selective synthetic approaches to this class of compounds
from propargylamines have been also developed. The first general and practical approach for
the synthesis of 1,2-dihydroquinolines from N-aryl-propargylamines has been reported by
Williamson ef al. in 1995. The authors described the synthesis of 656 from 1,1-disubstituted-
propargylaniline 655 through an intramolecular cyclization catalyzed by 10 wt% CuCl. The
method is similar to the standard copper catalyzed syntheses of quinolines, but the presence
of two substituents on the propargylamine scaffold prevents the final aromatization step.
Several dihydroquinoline derivatives 656, were synthesized using this methodology in good
yields (Table 32). Moreover, the same authors converted these compounds in the
corresponding 3-, 4- and 3,4-functionalized tetraquinoline derivatives via chlorination,

bromination, and epoxidation of the double bond of 656.33-3°
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Table 32. Copper catalyzed synthesis of dihydroquinolines.

R
J< CuCl (10 wt%) N )
R

“reflux toluene N R
655 656

Entry R R! R? Yield (%)
1 Me Me Me 75
2 COOEt Me Me 56
3 OMe Me Me 50
4 Br Me Me 43
5 OTMS Me Me 54
6 NHAc Me Me 82
7 Me CH:OMe nBu 63
8 OMe CH:0Me nBu 60

Similar approaches using different metal catalysts have been reported by other authors. N-
Tosylated-1,2-dihydroquinolines have been synthesized by the group of Komeyama using
Fe(OTf)3 as catalyst,*® whilst Lee and coworkers used a FeCl3-AgOTf co-catalytic system.*®!
Ryu and co-workers reported the synthesis of enantiomerically pure N-mesyl-1,2-
dihydroquinolines using PtCls as catalyst in DCE at 70 °C,*? whilst the gold catalyst
IPrAuNTf and the Pd(OAc)2-CuBr: catalytic system have been used by the research groups

3 and Perumal®®* respectively to convert N-arylpropargylamines into 1,2-

of Gonzalez®
dihydroquinolines.
Finally, an original approach to functionalized dihydroquinolines from propargylamines 657

through a FeCls-catalyzed intramolecular alkyne—carbonyl metathesis reaction has been

recently developed by Jana and co-workers. The method tolerates a wide variety of functional
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groups but is not efficient when terminal alkynes are used. The FeCls catalyst promotes first a
carbonyl-alkyne [2+2]-cycloaddition leading to the intermediate 658, which is then converted
into the final dihydroquinoline 659 through a [2+2]-cycloreversion reaction (Scheme 134).36

Scheme 134. FeCl3-Catalyzed intramolecular alkyne—carbonyl metathesis.
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3.7.3 Synthesis of polycyclic quinoline derivatives. Propargylamines and
propargylanilines have been used as substrates for the synthesis of polycyclic systems
containing a quinoline or a hydroquinoline core. Examples of these syntheses are reported in
Scheme 135. Yu and co-workers developed the synthesis of 5-tosyl-6,7-dihydro-5H-
indeno[2,1-c]quinolines 661 through the reaction of N-aryl-propargylamine 660 with
aromatic aldehyde acetals in the presence of a FeCls catalyst. The use of an excess of FeCl3
led to the one-pot formation of the aromatic derivative 662.°°¢ Chu and co-workers reported
the synthesis of luotonin A and its derivatives through the Yb catalyzed reaction of the
propargylamide 663 with glyoxal and anilines. An imine intermediate 665, supposed to be
formed in the early phases of the reaction, undergoes cyclization, followed by an
intramolecular aza-Diels—Alder reaction/dehydrogenation/aromatization sequence leading to
the pentacyclic product 664.%¢
Finally, Arumugam and co-workers described the synthesis of pyrrolo[3,4-b]quinolines 670
via a Lewis acid catalyzed reaction of N-propargylamine aldehyde 667 with anilines. The

reaction proceeds via a condensation/cyclization/aromatization sequential mechanism. 3%
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Scheme 135. Synthesis of polycyclic systems containing a quinoline or a hydroquinoline.
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3.8. Synthesis of oxazoles, oxazolidinones and isoxazoles

Oxazoles and their derivatives are a useful member of the azole family, and hold a significant
role in the synthetic world, with the group found in a plethora of pharmaceutical drugs such
as madumycin II, the antibacterial agent streptogramin, and (-)-hennoxazole A, an effective

anti-viral treatment for herpes. They can be also found repeatedly in the natural world, for
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example, in the Caribbean sea sponges as neopeltolide alkaloids endowed with antitumor
activity.

3.8.1 Base catalyzed synthesis of oxazoles. Propargylamines, and its derivative

propargylamides, are an advantageous starting point for the synthesis of substituted oxazoles,
with a number of researchers having developed robust and telescoped methods which
concede high yields.
The research group of Bogentoft first reported the oxazole formation from propargylamides.
The authors treated propargylamides 671 with potassium tert-butoxide and discovered that
the oxazole fragment 673 had been produced in 25-30% yield.>® The reaction also generated
a dihydroquinazoline by-product 674 formed by the migration of the propargylamide group to
a neighboring sp®> carbon (Scheme 136). The finding of the oxazole synthesis showed
potential for the process, although demonstrated low conversion and a lack of selectivity for
this particular base and substrate combination since a by-product was generated.

Scheme 136. Base catalyzed synthesis of oxazole from propargylamide 671.
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However, this discovery paved the way to inspire a number of researchers to continue to
experiment with conditions and reagents for the synthesis of oxazoles from various
propargylamides. Nilsson and Hacksell explored new methods for producing oxazoles from
propargylamides (Scheme 137). Two bases, NaH and K2COs3, were investigated to promote
the conversion of propargylamides 675 into oxazoles 676. The latter were obtained with 54-

93% and 95-97% yields respectively in regards to the base used.?”°
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Hacksell’s group also found that compound 677 could be converted into oxazole 678 when
treated with KOH in THF and in the presence of BuNBrs. Allene 679 was also isolated from
the reaction in 3% yield.*"!

Scheme 137. Base-catalyzed cyclization of N -propargylamides to oxazoles.
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Later, Wipf et al. reported the treatment of propargylamide 680 with the non-nucleophilic
base NaHMDS at -78 °C finding that these reaction conditions facilitated the formation of the
corresponding oxazole 683 in 82-86% yield. Interestingly, the propargylamide 680 has
specific stereochemistry with two chiral centers. Only the single diastereoisomer product 683
was detected, suggesting that the cycloelimination reaction does not interfere with the non-
participating stereocenters. Presumably the reaction proceeds as described in Scheme 138
1372

through the formation of the cumulene intermediate 681.

Scheme 138. NaHMDS catalyzed cyclization of propargylamine 680.
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More recently, Yu et al. described an interesting approach for the synthesis of oxazoles 687
from propargylamides 684. The authors found that the treatment of the N-tosyl-
propargylamine 684 with catalytic amount of DBU (10 mol%) led to oxazole 687 through a
cyclization-sulfonyl migration sequence. A number of oxazoles were obtained with this
methodology in excellent yields (83-99%). The proposed reaction mechanism is illustrated in
Scheme 139. Deprotonation and cyclization of the propargylamide leads to the formation of
the zwitterionic intermediate 685. Then DBU is supposed to facilitate the removal of the tosyl
group and its migration to afford the final product 687. However, the role of DBU in the
d.373

overall process was not fully understoo

Scheme 139. DBU-catalyzed synthesis of oxazole 687.
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3.8.2 Metal catalyzed synthesis of oxazoles. Several metal catalysts have been found to
promote the cyclization of propargylamides into oxazoles. Hg(Il) acetate in acetic acid has
previously been used as catalyst to cyclize propargylamides to oxazoles in 57% yield.
However, this method has a limited application in current times with mercury being
carcinogenic and damaging to the environment.*’*

Arcadi et al. were the first to describe the synthesis of the oxazole 689 from propargylamide
688 through a Pd2(dba); catalyzed Sonogashira coupling reaction with iodobenzene. The
authors explored a variety of different reaction conditions and reagent proportions, although

often encountered a mixture of products, namely the Sonogashira alkyne coupling product
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and the oxazole. Changing the solvent of the reaction, the ligand and the substituents of the
propargylamide or aryl iodide had a significant impact on the ratio of desired oxazole product
over the Sonogashira coupled alkyne product. They experienced the highest yield of 75% of
the desired oxazole 689 with no other side product using Pdz(dba); with P(2-furyl); as a
ligand (Scheme 140).37

Scheme 140. Pd-catalyzed synthesis of oxazoles from propargylamides.
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Bacchi et al. later developed an interesting palladium catalyzed method to yield substituted-
methylene-3-oxazolines 693. The reactions took place in methanol with CO and air to enable
the oxidative carbonylation, leading to a mixture of £ and Z isomers. A palladium complex is
first formed with propargylamine 690 followed by cyclization to give 691. Carbonylation and
methanol insertion led to the final product 693 with regeneration of the palladium catalyst
(Scheme 140).376

Beccalli et al. described an interesting PdCl2(MeCN)2-CuClz2 co-catalyzed synthesis of
oxazoles 695 in 37-61% yields from propargylamides 694. A Pd cyclisation mechanism was
proposed as shown in Scheme 141. The palladium coordinates to the alkyne, making it

susceptible to attack from the amide group to form a 5-exo-dig cyclisation product 696. The
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next few steps have not been confirmed by NMR, but the authors proposed that water
hydrolyses the Pd and tautomerization results in the formation of the aldehyde 698b. The re-
oxidation of Pd(0) by CuClz encourages the loss of water from the oxazoline 698b to yield
the carbaldehyde oxazole 695.37

Scheme 141. Pd-catalyzed synthesis of 695.
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Saito et al. described the synthesis of oxazoles 701 using Pd2(dba)s as palladium catalyst and
CysP as ligand through a cycloisomerization—allylation reaction of N-propargylamides 699
with allyl carbonates 700. The authors introduced Cs2COs3 as base, finding it to greatly
increase the yield of the desired allylated product with yields of up to 89% (Scheme 142).378
Yasuhara et al. developed a cyclization-carbonylation-cyclization (CCC) coupling reaction
using [Pd"(box)] complexes. This complex first favors the cyclization of a propargylamide
molecule 702, which is in turn carbonylated and coupled with a second propargylamide
molecule 702, leading, after further cyclization, to yield bis-oxazolic ketones 703. This
method supported both internal and terminal propargylamines with moderate to excellent

yields.?”
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Scheme 142. Pd-catalyzed synthesis of oxazoles 701 and 703.
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More recently, Mali et al. described the selective synthesis of oxazoles 710, or
dihydrooxazoles 706, from commercially available propargylamine upon treatment with an
acyl chloride in the presence of Pd(OAc).. The authors observed that when the reaction was
carried out in the presence of Et3N the dihydrooxazole 706 was obtained in good to excellent
yields (45-92%), while in the presence of acetic acid the oxazole 710 was formed as the only
3380

product in 40-90% yields. The mechanism proposed is shown in Scheme 143.

Scheme 143. Pd-catalyzed selective synthesis of oxazoles 710 and dihydrooxazoles 706.
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Gold has become an increasingly popular choice as a cyclization catalyst in the synthesis of
oxazoles from propargylamines, since it can operate under mild conditions without the need

for an inert nitrogen atmosphere and in addition also tolerates a range of functional groups.
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The first instance of Au(IIl) being used as a propargylamine cyclization facilitator to yield
oxazoles was in 2004 by Uemura and coworkers. The authors described the cyclization of
propargylamides 711 with 5 mol% of AuCls into the corresponding oxazoles 712 with 91%
yield. Gold is supposed to form a complex with the triple bond leading to an allene
intermediate. Subsequent cyclization leads to the oxazole product (Scheme 144).°8! The
mechanistic conversion of propargylamides to either oxazoles or oxazolines under AuCl3s
catalysis was then examined by Hashmi using quantum mechanical calculations coupled with
deuterium experiments.%?

Based on this promising initial data and the provision of mild reaction conditions, a number
of groups were inspired to further explore gold catalysis for propargylamine cyclization to
oxazoles. Verniest and Padwa carried out the cyclization of 713 using AuCl; to obtain
oxazoles 714 in 59-77%. Interestingly, for 713 which has an additional alkyne present, a
second cyclisation was observed on the oxazole. This 6-exo-dig ring closure was facilitated
by the presence of water. In fact, when aqueous acetonitrile was used, a 3:2 mixture of the

desired oxazole 714 and cyclized product 715 was found. On the other hand, when anhydrous

acetonitrile was used, only the oxazole 714 was formed in 77% yield (Scheme 144).383
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Scheme 144. Gold catalyzed cyclization of propargylamides.
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Additional examples of oxazole synthesis from propargylamides were reported by Weyrauch
et al. who used different gold catalysts (AuCls, [PPh3Au]NTf2, [PPh3Au]OTs) to promote the
cyclization reaction. Interestingly, the authors found that when the cyclization reaction was
carried out with AuCls, the oxazole ring 718 was formed as the only product, whilst in the
presence of [PPhsAu]NTf2 or [PPh3Au]OTs the corresponding methylenedihydrooxazole 719
was obtained (Scheme 144).38

Tran-Dubé et al. looked into the use of Au(Ill) catalysts to develop a one-pot two-step
reaction of propargylamines with acyl chlorides to yield tri-alkyl substituted oxazoles. The
scope of the reaction was substantiated by reacting a variety of acid chlorides with

propargylamines in the presence of EtsN to first result in the in situ formation of
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propargylamides. These latter then readily cyclized to yield the corresponding oxazoles
following the addition of AuCl3 at 45 °C.3

Propargylamides have also been converted into oxazoles via Au(Ill) catalysis, as recently
reported by Timoshenko et al. in 2014%%¢ and Shen et al. the following year.?®’

Au(I) catalysts were also used in the synthesis of oxazoles by a number of research groups.
Curiously, in all cases, the formation of oxazole products was only successful when a silver
co-catalyst (AgOTs,*®® AgSbFs*® or AgOTf**°) was used. Mechanistic experiments on Au(l)
catalyzed cyclizations showed that the gold catalysts only become activated when they are
coordinated to silver to form bimetallic catalysts.*!

While silver has been found to be essential for Au(I) catalysis, it has also been found to be a
valuable catalyst in its own right. Hu ez al. found that AgBF4 in toluene at 80 °C led to the
conversion of a wide range of tosyl-protected N-propargylamides 720 into oxazoles 724.
Interestingly, the tosyl group is removed from the amide following the cyclization. A
mechanism was hypothesized for this occurrence as shown in Scheme 145. Substrates where
both R groups were aromatic resulted in moderate to good yields (53-90%), although alkyl

groups such as methoxy, cyclopentyl or furanyl groups led to no conversion whatsoever.>*>
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Scheme 145. Ag-catalyzed synthesis of oxazoles.

R'. o
b

(0] | |

N 6-endo-dig
Ay |9
JLRZ\
|

R%(o RN
(@] JL Ts
[o) 1
R ITIJ\Rz
Ts

R\Iéo

o)
720 lAgh Ao
0] P
R™N R2

Ts

leo 721
o o]
R1JJ\O o Ag /
jI »—R? R o
RN 723 &N)\Rz
Ts 'i'
S
sulfonyl 722
migration
o}
RN~
Wi
R N
Ts 724

Zinc and iron have also found application as catalysts in the synthesis of oxazoles 729 and
733 from propargylamides 725. Wang and coworkers treated 725 with both Znl> and FeCls,
finding that Znl> tended to favor the cyclisation to oxazolines 729 in 75-97% yields whilst
FeCls led to the formation of the oxazoles 733 in 65-100% yields. They argued that, while
both are Lewis acids, FeCls is much stronger than Znlz, and therefore is able to coordinate to
the amide as opposed to the alkyne. The authors proposed the reaction mechanism shown in

Scheme 146.3%3
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Scheme 146. Zn- and Fe-catalyzed synthesis of oxazolines and oxazoles
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Xu’s group then continued looking at Zn(Il) as a cyclization mediator, in the form of
Zn(OTf)2. The group found that Zn(OTf)2 was able to successfully catalyze the allylic
alkylation of oxazoline 729 to yield oxazoles 734 in 47-94% yield. As shown in Scheme 146,
Zn(OT1)2 is able to perform as the catalyst for both the cyclization and allylation processes. It
was shown above that Zn(Il) is only able to convert the propargylamide 725 into the
oxazoline 729. However, Zn(Il) is also able to coordinate with the alkene and alcohol moiety
of the allylic alcohol 735, converting it into an allylcarbenium ion 737. This reactive specie
then promptly couples with the oxazoline 729 to afford the alkynated oxazole 734.%%*

Finally, an original approach to yield oxazoles by exploiting propargylamine substrates 738

was developed by Zhu and coworkers. In this case the propargylamine is not incorporated in

the final oxazole backbone but acts as the synthetic equivalent of a vinyl cation. A possible
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reaction mechanism for this transformation is reported in Scheme 147. It is clearly shown that
the nitrogen of the propargylamide 738 is actually eliminated as an allylamine, and it is the
nitrogen from the a-isocyanoacetamide 739 that forms the oxazole heteroatom. The authors
also reported that Zn is known for forming complexes with oxazoles, and therefore argued
that the catalyst was inactivated by the product formation. Thus, they used a stoichiometric
395

amount of the catalyst, thereby reducing the environmental efficiency of the reaction.

Scheme 147. Zn-promoted coupling of propargylamines with a-isocyanoacetamides.
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3.8.3 Various approaches for the synthesis of oxazoles. Lewis acids have been used to

promote the cyclization of propargylamides and carbamates into oxazole or oxazoline

179



derivatives. Examples of using B(CsFs)3*® or polyphosphoric acid (PPA)*7 as Lewis acid
mediators have been recently described by Melen and Vovk respectively.

Bartoli et al. found that stoichiometric amounts of CeCl37H20 was able to promote the
conversion of propargylamides 745 into oxazoles 746. The authors observed that 745 were
converted in moderate yield into 746 when treated with CeCl37H20 and Nal and thus they
further investigated and developed a more efficient method for this transformation. The most
favorable conditions were found to be 1.3 equiv. of CeCl37H20, and 0.25 equiv. of Nal and
I2 respectively under microwave irradiation at 110 °C. Under these condition a set of
oxazoles 746 was synthesized in good yields as summarized in Table 33.3%

Table 33. CeCl37H20 mediated synthesis of oxazoles.

)k CeCl37H,0 R
)\ ACNNa|1 1|g °C R/(Z\N\
MW 45 min +46
Entry R R! R? Yield (%)
1 Me COOEt Ph 95
2 Ph Ph Ph 79
3 NHPh Ph Ph 30
2.,4-Me>-
4 Me H 75
Ph
5 Ph H H 91
6 4-CN-Ph iPr H 93
7 CHs H COOEt 15

Dry silica gel has also surprisingly been highlighted as a cycloisomerization mediator,

allowing the synthesis of oxazoles from propargylamides. There are a number of advantages
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for the use of silica gel as a cycloisomerization agent such as the low cost and ease of
removal.>”

Saito et al. reported an interesting approach to cyclize propargylamides 747 using
hypervalent  iodine  catalysts. = Propargylamides @ 747  were  treated  with
phenyliodine(Ill)diacetate (PIDA) in a range of solvents to ascertain the optimal conditions
for their cyclization into oxazoles 753. It was found that fluorinated alcohols, and HFIP in
particular, were crucial for the synthesis of methyl acetylated oxazoles 753. As a result, two
methods were developed: the first comprised PIDA dissolved in AcOH at 90 °C, and the
second was carried out with PIDA in HFIP and AcOH at room temperature. When
developing the scope of the reaction, both methods were found to be efficient for the same
substrates, although the first method received generally higher yields, perhaps on account of
the higher temperature. The proposed mechanism is reported in Scheme 148. Two routes
have been proposed depending on internal/terminal alkyne. In route A, the iodine(IIl)
coordinates directly to the alkyne to promote nucleophilic attack from the amide leading to
intermediate 749 which is then converted into the final oxazole by elimination of AcOH and
Phl. In route B, the alkynyliodonium intermediate 750 is formed, leading then to the

cyclization and formation of intermediate 749.4%°
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Scheme 148. PIDA-mediated cycloisomerization of propargylamides.
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Recently, Wan and co-workers found that N-iodosuccinimide (NIS) was able to encourage a
5-exo-dig intramolecular process of sulfonyl propargylamides 754 to yield oxazoles 757
following a reaction with molecular oxygen. Treatment of propargylamide 754 with NIS in
DMF at room temperature yielded the oxazoline 756 which was subsequently reacted with
oxygen at 80 °C in DCE to yield the oxazole 757 in a two-step one-pot process. Interestingly,
when the same reaction was carried out in DCM at 40 °C the oxazolidine 755 was formed as

the major product (Scheme 149).4!
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Scheme 149. NIS-mediated cyclization of propargylamides.
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Van-Wachenfeldt er al. developed a facile method for the synthesis of oxazoles 762 from
propargylamides under solvent free conditions. A number of substrates 760 were treated with
different acyl chlorides under microwave irradiation, affording the corresponding oxazoles
762 in good yields in just 15 minutes (Table 34). The reaction works well with a wide range
of substrates with the exception of only one substrate (entry 7) which bears a p-methoxy-
phenylmethylene group on the alkyne moiety. This is perhaps due to the methoxy group
behaving as an electron donating group, which may interfere with the alkene’s ability to
stabilize the oxazole ring. The N-benzyl group on propargylamine 760 proved to be crucial
for ensuring a high conversion to the oxazoles. It has been hypothesized that this is due to the
N-Bn element stabilizing the cyclized intermediate, followed by trapping the CI” ion and

producing BnCl as by-product.**
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Table 34. Synthesis of oxazoles from N-benzyl propargylamines.

0 "
pen o M e o
760 761 BnCl 762,

Entry R R! Yield (%)

1 CH2COOEt Ph 99
2 CH2Si(CH2).CH(CH3)3 Ph 81
3 Bn Ph 84
4 CHs Ph 80
5 Heptyl Ph 68
6 4-NO2-Ph-CH2 Ph 79
7 4-MeO-Ph-CHz Ph 27
8 Bn t-Bu 81
9 CH2COOQEt Oxazole 64
10 CH2COOEt Thiophene 81
11 Bn n-Bu 50
12 Bn 4-MeO-Ph 56

Another solvent free approach was reported in 2015 by Venkatesha et al. who described the
synthesis of oxazoles from propargylamides using PDSA-treated Montmorillonite clay to
promote the cycloisomerization step.**?

3.8.4 Synthesis of oxazolidinones. An interesting approach to synthesize oxazolidinones
consists of the introduction of CO2 into propargylamines. In 1996 Costa and co-workers
reacted secondary propargylamines with CO2 (1 bar) in the presence of various strong

organic bases to yield oxazolidinones 763 in good to excellent yields. It was found that
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secondary propargylamines (R? # H) had significantly lower yields, and that unsubstituted
propargylamines (R = R! = H), required higher temperatures and pressures to proceed to
completion (Scheme 150).4%

Scheme 150. Synthesis of oxazolidinones via CO; insertion
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An update on this method showed that while pKsn" is a means of measuring the strength of
bases, it is not the only factor at play in these cyclization reactions. In addition, sodium
hydrogen carbonate was also used as a CO» carrier, which resulted in the best yields when
combined with BusNBr.*%

Later, Shi and Shen showed that Pd(0) is an effective catalyst for the reaction of
propargylamines with COz. Temperature, pressure, and ligand effect were explored, and it
was found that Pd(OAc)2 at 50 °C and 40kg/cm? pressure gave the optimum conditions for
the synthesis of oxazolidinones 764 from terminal propargylamines. During longer reaction
times or elevated temperatures, they found that the corresponding imidazolidinones were
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sometimes produced. This was hypothesized to be a result of the oxazolidinone reacting with
surplus propargylamine, and confirmed by carrying out reactions between oxazolidinones and
primary amines. Finally, the reaction of propargylamines with CS2 and Pd(0) at room
temperature was explored and the cyclic derivatives 765 were obtained in good yields
(Scheme 150).40

More recently, Bourissou and co-workers described the synthesis of oxazolidinones 767 from
propargylamines through COz2 insertion using indenediide-based Pd SCS pincer complexes
766 as catalysts. A series of 2-oxazolidinones was synthesized in 71-98% yields under mild
conditions (0.5—1 bar of CO2, DMSO, 40—80 °C, 1-5 mol% Pd loading). The indenediide Pd
complex 766 proved to be efficient for a wide range of propargylamine substrates, including
challenging substrates such as secondary propargylamines bearing tertiary alkyl groups on
the nitrogen, primary propargylamines, and propargylanilines.*” Yoshida et al. reported a
similar approach to access oxazolidinones using 2 mol% of AgOAc as catalyst to promote the
CO: insertion into propargylamines,**® whilst a gold catalyzed method with AuCI(IPr) has
been described recently by Hase et al..**® The mechanistic details for the gold catalyzed
reaction were elucidated by Yuan and Li using DFT calculations and are shown in Scheme
151.41° The calculations indicate that the reaction starts with an N-coordinated species 769,
which undergoes isomerization to give an alkyne-coordinated species 770. A second
propargylamine inserts between the chloride anion and the alkyne-coordinated complex.
Then insertion of COz leads to the carbamate intermediate 773. Finally, ring formation occurs
leading to 774 which, after protonation and release of the Au catalyst, gives the expected

five-membered-ring oxazolidinone 775.
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Scheme 151. Au-catalyzed synthesis of oxazolidinones
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Very recently, Fujita et al. reported a similar approach to access oxazolidinones. The authors
described the carboxylative cyclization of propargylamines with CO2 catalyzed by dendritic
N-heterocyclic carbene—-Au(I) complexes.*!! Similarly, He and co-workers described the
incorporation of COz to propargylamines by Cu(II)-substituted polyoxometalate-based ionic
liquids to yield 2-oxazolidinones*'? as well as by in-situ generated Zn(II) catalyst.*'?

Nevado’s group described an interesting synthesis of oxazolidinones through a one-pot
Sonogashira-carboxylative coupled reaction. Aryl iodides and propargylamines were treated
with [PdCl2(dppf)] and Cul as catalysts and DABCO as a base in the presence of CO2 (0.5-1
atm) leading to the formation of oxazolidinones 776 with 41-95% yields. The Cul is involved
in the Sonogashira reaction as shown in the Scheme 152 whilst the palladium catalyst has a
double role, facilitating both the Sonogashira coupling and formation of intermediate 777 as

well as the cyclization step to occur.*!*
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Scheme 152. Pd-catalyzed incorporation of CO; into propargylamines.
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Finally, it is worth noting the metal- and base-free approach to oxazolidinones reported by
Ikariya and co-workers. The authors found that propargylamines react smoothly with CO2
under supercritical conditions to selectively give a variety of (Z)-5-alkylidene-1,3-oxazolidin-2-
ones even in the absence of any metal or base catalyst.*!

3.8.5 Synthesis of isoxazoles from propargylamines. Isoxazoles are regioisomers to
oxazoles with the key distinction that the nitrogen is located in a 1,2-position to the oxygen
instead of 1,3-position. The isoxazoles can be generally formed through a 1,3-dipolar
cycloaddition of a nitrile oxide on a triple bond. Thus, any propargylamine can be in principle
converted into an aminomethyl-isoxazole as shown in Scheme 153. Basolo et al. synthesized
as series of oxazoles 781 in excellent (81-95%) yields as precursors in the synthesis of

polyheterocyclic systems*'® whilst Yermolina et al. obtained a small library of isoxazole

compounds 783 in 12-69% yields through the reaction of propargylamine 782 and nitrile
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oxides using CuSO45H20 and copper powder as catalytic system.*!” Similarly, Babulreddy et

al. reported the synthesis of isoxazoles 785 under comparable reaction conditions.*'®

Scheme 153. Synthesis of isoxazoles from propargylamines.
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A noteworthy approach to access isoxazolines has been described by Campagne and co-
workers who found that protected N-hydroxyl-propargylamines 786 could be converted into
787 by treatment with NaAuCls-2H20 in the presence of DMAP as co-catalyst. A wide range
of isoxazolines 787 were synthesized in good yields (38-86%).*!° Interestingly, the same
authors showed earlier that the treatment of the hydroxylamine 788 with Et3N in refluxing

DCM can lead directly to the isoxazole 789 in 86% yield as shown in Scheme 154.4%°
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Scheme 154. Cyclization of N-hydroxyl-propargylamines into

isoxazoles.
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3.9 Synthesis of thiazoles and thiazolines from propargylamines

isoxazolines and

Thiazoles and thiazolines are a class of organic compounds closely related to oxazoles and

oxazolines with broad application in organic and medicinal chemistry. Different methods to

synthesize these compounds from propargylamines have been described in the literature.

3.9.1 Reactions of propargylamines with CS:. The first instance of propargylamine

cyclization to a thiazole derivative was carried out in 1949 by Batty and Weedon. The authors

tried to combine a propargylamine with CS2 with the aim to prepare a thiocarbamate

derivatives. However, instead of the expected product, they found that a thiazolidine-thione

792 was produced in 58% yield. The authors also discovered that addition of cold sulfuric

acid to this compound resulted in the conversion of 792 into a thiazole-thione derivative 793

(Scheme 155).4%!
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Scheme 155. Cyclization of propargylamine into thiazolidine-thione
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Later, in 1985, Hanefield and Bercin rediscovered this method to obtain thiazolidine-2-thione
derivatives through the addition of CS2 to propargylamine and subsequent cyclisation.*??
More recently, the reaction of propargylamines with CS2 has been revisited by Shi and
Shen.**® The authors observed that the cyclization of propargylamines 794 into 795 with CS2
could be facilitated by a Pd(0) catalyst, namely Pd(PPh3s)s. Compared to Hanefield and
Bercin’s work, they found that the yield of the reaction could be increased up to 99% (Table
35). However, the presence of either a secondary amine or substitutions in the R-position
reduced the yields dramatically.

Table 35. Reaction of propargylamines with CS;.

NHR' CS, RAR
NR'

Z g R Pd(PPhg), 5mol% s—§
794 795 S

Entry R R! Catalyst  Yield (%)

1 H H NaOH 45
2 H H  Pd(PPhs)4 99
3 Et H  Pd(OAc) 40
4 H Bn  Pd(OAc):2 25
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Stevens and co-workers described a two step synthesis of dihydrothiazoles. The authors
reacted commercial propargylamine with CS2 and allylbromide affording N-propargylic
dithiocarboimidates which were then converted into dihydrothiazoles through a AuCls
catalyzed 5-exo-dig cyclization and 1,3-alkyl migration.*??

A metal-free approach to thiazole derivatives 797 and 800 has been described by Balova***
and Shafiee respectively.*”> Both research groups reacted aromatic propargylamides 799 or
aromatic propargylamines 796 with CS:z in the presence of KOH as a base. Two new thaizole-
heterocycles 797 and 800 were obtained in few hours in moderate to excellent yields (45-

85%), as shown in Scheme 156.

Scheme 156. Base catalyzed reaction of propargylamines with CS,.
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Very recently, Van der Eycken reported an elegant one-pot process to synthesize
thiazolidine-2-thiones 802 through a multicomponent approach. The authors combined a
copper catalyzed A* coupling reaction of aldehydes, amines and alkynes with CS:
incorporation, leading to 802 in good yields (26-73%). The A* coupling in the presence of
CuBr leads to the formation of the propargylamine intermediate 801 which immediately

reacts with CS2 leading to the cyclization and formation of 802 in one-pot (Scheme 157).42
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Scheme 157. A3 coupling - CS; insertion cascade.
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3.9.2 Reactions of propargylamines with isothiocyanates. To avoid the use of toxic CS2
in the synthesis of thiazole and thiazoline derivatives, isothiocyanates can be used instead.
These latter reagents can be easily coupled with propargylamines leading to thiazole
derivatives in a single step. Easton et al. carried out the first research into the reaction of
substituted propargylamines 803 with isothiocyanates to yield 2-iminothiazolidines 804. The
reaction was carried out in diethyl ether, in the absence of catalyst and led to the desired
products 804 in quantitative yields. It is worth mentioning that while it was possible to isolate
a non-cyclized thiourea intermediate from primary propargylamines, the thiourea
intermediates arising from the reactions of isothiocyanates with secondary propargylamines
were much less stable and cyclized more readily to yield iminothiazolidines 804.
Additionally, it was found that this cyclization could be augmented just through heating,

thereby making the thiourea difficult to sequester from the reaction mixture (Scheme 158).4*
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Scheme 158. Reaction of propargylamines with isothiocyanates.
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Some years later, Eloy and Deryckere followed on from this work. Their method involved
mixing commercial propargylamine with methyl-isothiocyanate in refluxing benzene to yield
a mixture of a 2-aminothiazoline 805 and an aminothiazole 806 in a 3:1 ratio.*?® In 1993,
Urleb also investigated this reaction, reacting a substituted propargylamine 808 with
isothiocyanate 807. Interestingly, when these reagents were heated together in methanol
thiazolothienopyrimidinone 809 was obtained as product whilst when heated in benzene a 2-
aminothiazoline 810 product was obtained in 65% yield (Scheme 158).4%

An interesting work by Pieters and co-workers described the coupling of propargylamine
compounds with lactose-B-isothiocyanates to produce 2-aminothiazoline protein-
carbohydrate ligands 812 able to bind with the cholera toxin to potentially prevent the onset
of the disease. In their synthetic method, a Boc-protected propargylamine was first
deprotected using TFA, and then lactose B-isothiocyanate and DIPEA were added, resulting

in the cyclized 2-aminothiazoline 812 in 84% yield. The lactose hydroxide groups were

supposedly hydrolyzed by the silica gel and reconverted into acetyl groups using acetic acid.
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The authors remarked that the 2-aminothiazoline 812 remained stable at ambient temperature,
without converting to the thiazole, and also proved to have high affinity with the cholera
toxin target (Scheme 159).4%

Scheme 159. Synthesis of lactose-2-aminothiazoline conjugate 812.
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Later, Samsal et al. developed the synthesis of 2-aminothiazoles by treatment of
propargylamine salts with different isothiocyanates and trimethylamine. Desired 2-
aminothiazoles were obtained in good to excellent yields (65-93%) in 12-24 hours.*!

Other approaches to synthesize thiazolines through the use of isothiocyanates include the
work of Zhou and co-workers, who investigated the three-component halocyclization of N-
propargylamines, aryl isothiocyanates and iodine,*** the work of Madaan et al. who described
a one pot-two step A3 coupling reaction of alkynes, aldehydes and alkynes in the presence of
isothiocyanates,*** and the work of Castillo-Gomez and coworkers who recently described
the synthesis of benzoylamido-substituted thiazoles and thiazolidines through the reaction of
acid chlorides, ammonium isothiocyanate and substituted propargylamines in the presence of
EtsN.#* An interesting “green” approach to thiazolidines from primary and secondary
propargylamines and fluorescein isothiocyanates was described by Clausen and co-workers
(Scheme 160). The fluorescein-thiazolidines 813 were obtained under mild conditions (20 °C,
water and tert-butanol) with excellent yields (78-81%). The reaction progress was also
monitored, and it was found that a mixture of thiourea and thiazolidine (2:3 ratio)
intermediates were formed after 3 hours, but after 24 hours only the thiazolidine products

remained, implying a successive two-step reaction mechanism.*>
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Scheme 160. Synthesis of thiazolidines 813 and 816.
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Finally, Beauchemin and co-workers reported the syntheses of a series of substituted
thiazolidines 816 using N-isothiocyanate precursors 814. Treatment of 814 with a base (EtsN)
under microwave irradiation led to the formation of the isothiocyanate intermediate 815
which in turn reacts with propargylamines to afford thiazolidines 816 in good yields.**

More recently, our research group developed a microwave assisted method by which it was
possible to selectively synthesize 2-aminothiazoles 817 and/or 5-methylthiazol-2-amines 818.
Table 36. This paper represents an extension of a previous method, discovered during the
synthesis of novel anti-HIV agents, for the selective synthesis of 2-aminothiazoles and SH-
thiazolo[3,2-a]pyrimidin-5-ones.**”**® We found that, when propargylamines were reacted
with isocyanates in DCE under microwave irradiation at 130 °C, the thiazole 817 was formed
as the only reaction product in good to excellent yields (entries 1-3). On the other hand, when
the same reaction was carried out in CH3CN at 100 °C the thiazoline 818 was obtained as the
main reaction product (entries 4-6). In some cases, where R = aryl substituted group, the

reaction mixture had to be heated at 160 °C to allow the selective formation of the

corresponding thiazole 817 (entries 10 and 12), as outlined in Table 36. On the other hand,
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when R = Ar, the thiazoline 818 was obtained as main product when the reaction was carried
out in DCE at 130 °C (entry 11). Interestingly, it was found that if a phenyl group was bound
to the alkyne, regardless of temperature or solvent, only imidazolethiones 819 were obtained
(Scheme 161).%*° An imidazolethione intermediate 821 is supposed to be formed and react
then with another molecule of isothiocyanate to afford the final product 819.

Table 36. Microwave-assisted reactions of propargylamines with isothiocyanates.

R -NH2 ’,\,‘/R1 PTSA 50mol% 1H s R'HN— S
Temp. Product ratio
Entry R R! Solvent
(°C) 817/818
1 H Allyl DCE 130 100/0
2 H Ph DCE 130 100/0
3 H Bn DCE 130 100/0
4 H Allyl  CHsCN 100 0/100
5 H Ph CH3CN 100 20/80
6 H Bn CH3CN 100 25/75
7 Ph Allyl DCE 130 100/0
8 Ph Allyl  CHsCN 100 32/68
9 4-CI-Ph Allyl DCE 130 50/50
10 4-CI-Ph Allyl DMF 160 100/0
11 2,4-Cl-Ph  Allyl DCE 130 0/100
12 2,4-Cl-Ph  Allyl DMF 160 100/0
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Scheme 161. Mechanism of formation of 819.
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3.9.3 Synthesis of thiazoles/thiazolines from N-propargyl thioamides. Propargylamines
can be converted into N-propargyl thioamides, which can in turn be cyclized to afford
thiazole and thiazoline derivatives. Short and Ziegler first described the cyclization of N-
propargyl thiocarbamates into disubstituted thiazoles through an addition—cycloelimination
strategy with sodium benzenesulfinate and 12 in ethyl acetate and water at 80 °C.*** In 1998,
Wipf and co-workers converted propargylamines 822 into corresponding thiazolines 824
through reaction with dithioic acids in the presence of EDCI in DCM. Further treatment of
thiazoline 824 with DBU at 0 °C provided thiazoles 825 in good yields (Scheme 162).372 A
1'441

similar approach was later reported by Chandrasekharam et a

Scheme 162. Reaction of propargylamines with dithioic acids.
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Sasmal et al. also developed a one-pot synthesis of thiazoles 830 from silyl protected
propargylamines 826. These latter were treated with benzotriazole protected thioacetic
compounds, which yielded a thioamide intermediate 828 through N-desilylation and

thioacylation. Cyclization is promoted by the addition of triethylamine to yield a
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dihydrothiazole intermediate 829. Finally, isomerization is facilitated by intramolecular
Michael addition which results in the desired thiazole 830. The reactions took place at room
) 442

temperature, and led to a series of derivatives in 26-93% yields (Scheme 163).

Scheme 163. Synthesis of thiazoles via an intramolecular thio-Michael strategy.
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Yarovenko et al. reported the synthesis of thiazoles 832 through the reaction of mono-
thiooxamides 831 in the presence of bromine. The authors’ highlighted the importance of
solvent choice for the outcome of the reaction, with DCM giving yields of 50-55%, while
reduced yields of 30-35% were found when the reaction was carried out in methanol. Finally,
it was found that carrying out the reaction in the ionic solvent BMIM-PFs led to thiazoles 832
in 83-87% yields. The proposed reaction mechanism is illustrated in Scheme 164. Initially,
bromine coordinates the alkyne to form a bromonium ion intermediate 833. A 5-exo-dig
cyclization occurs to yield a dihydrothiazole 834. Then, a second bromine molecule reacts

with the alkene to form the dibromomethyl thiazole 832.44
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Scheme 164. Synthesis of thiazoles from monothiooxamides.
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Two interesting approaches have been developed by Maddani and Prabhu, who reported the
synthesis of a 5-methylenethiazolidine-2-thione by treatment of commercial propargylamine
with molybdenum xanthate (MoO2(S2CNMe:)2),*** and by Meng and Kim, who described the
synthesis of a thiazolidine derivative 835 from a N-propargylthiocarbamate through a W- and
Mo-catalyzed 5-exo-dig cyclization reaction under irradiation at 350 nm.**> Recently, Alhalib
and Moran described the cyclization of N-propargylamides to synthesize substituted
dihydrothiazoles 836. The N-propargylamides were converted into the corresponding
thiamides by treatment with Lawesson’s reagent in toluene, and in turn subjected to a 5-exo-
dig cyclization to afford the desired dihydrothiazoles as depicted in Scheme 165.44¢

Interestingly, both methods can also be used for the synthesis of oxazole derivatives.

Scheme 165. Synthesis of thiazolidine 835 and 836.
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Finally, the approach of the Cikotiené’s group is noteworthy who described the synthesis of

thiazoline derivatives through the cyclization of propargylthioureas with NBS.*
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3.10 Synthesis of imidazoles from propargylamines.

Several examples of synthesizing imidazole and imidazole derivatives from propargylamines
have been described in the recent literature. A very early synthesis of imidazoles from
propargylamines was reported in 1974. Propargylamines were reacted with acetamidic esters
to afford propargylamidine intermediates which favorably cyclized to give imidazoles.**® In
general, the conversion of a propargylamine into an amidine derivative is an essential step for
the synthesis of imidazoles. However, recently, some different approaches have been
described. Propargylamidines can be prepared and isolated through different methods or can
be generated in situ through the reaction of imino(thio)ethers with propargylamines and then
cyclized into imidazoles. Imidazole containing polycyclic compounds have been synthesized
by treatment of appropriate scaffolds with propargylamines under relatively mild conditions.
Benzodiazepines 837 were combined with propargylamine in PTSA to yield imidazole

449

containing compounds 838 in good yields™ whilst iminoether 839 was reacted with

propargylamine in toluene to yield derivative 840.*° Scheme 166.
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Scheme 166. Reaction of imino(thio)ethers and benzothiazine-thiones with

propargylamines.
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An earlier approach to N-aryl-imidazoles was described by Molina et al. who found, during
their studies on the synthesis of quinzazolines from benzothiazine-thiones, that the reaction of
propargylamine with 841 led to the synthesis of imidazole 845.*! The reaction proceeds
through the formation of a propargylimidine intermediate 842 which in turn cyclizes to afford
imidazole 845 as shown in Scheme 166.

An interesting multicomponent approach to imidazoles was developed by Gracias et al. in
2005 who reported the van-Leusen coupling reaction of a tosylmethyl isocyanide (TosMIC)
with an aldehyde and a propargylamine. The imidazole derivatives 846 were obtained with
43-60% yields. This process was coupled with intramolecular alkyne-azide cycloaddition to

produce compounds 847.42 A similar imidazole derivative 848 was recently synthesized by
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Nguyen et al. through a one-pot assembly of a diketone, an aldehyde and a propargylamine in
the presence of InCls as catalyst.*>* Scheme 167.
Scheme 167. Multicomponent synthesis of imidazoles.
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An easy approach for the synthesis of imidazoles has been described by Tice and Bryman,
who reported the cyclization of the propargylamidine 850, in turn obtained from 849 by
treatment with propargylamine, into the imidazole 851. Interestingly, the formation of the
imidazole 853 was also observed, probably due to the reaction of propargylamidine 850 with
surplus propargylamine.** Scheme 168. This reaction was further developed some years later
by Sosa who investigated the effect of different acids on the rate of each of these imidazole

product formations.*>
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Scheme 168. Cyclization of propargylamidines.
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In 2007, Abbiati et al. developed an interesting method to synthesize imidazoles 854 from
propargylamidines by treatment with aryl-halides in the presence of Pd(PPh3)4 and Cul. Two
different reaction pathways have been proposed. Route B is a standard Sonogashira reaction
that led to intermediate 859 which cyclized to afford the imidazole 854. Route A occurs
without the involvement of Cul and through the formation of a Pd-alkyne complex. However,
the reaction was very slow in the absence of a copper salt and thus neither of the two
pathways can be excluded, even if the Route A seems the most likely (Scheme 169).4%

Scheme 169. Synthesis of imidazole via Sonogashira reaction.
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A similar process in which Sonogashira coupled products were cyclized using Pd(II) and

converted into imidazoles by treatment with EtsN was also reported by Bakerad et al..*’

In 2012, Wu and co-workers described the conversion of propargylamidine 861 into

imidazole 864 in the presence of PhP3AuCl and AgSbFs. The method was demonstrated to be

highly compatible for a range of functional groups, with yields ranging from 60-87%. A

plausible mechanism for the reaction is shown in Scheme 170.%%*

Scheme 170. Au-/Ag-catalyzed cyclization of propargylamidines.
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Interestingly, in order to functionalize the imidazole product, the authors demonstrated that it
was also possible to obtain the carbonyl derivatives 865 (57-98% yields) simply by adding
NIS to the reaction mixture. A possible mechanism for this transformation is reported in
Scheme 170. Propargylamidine is first activated by [PhsPAu*] and reacts with NIS to afford
5-iodomethyl imidazole 867. Then a radical process may occur, in which the C—I bond in 867
possibly dissociates into the radical intermediate 868 and an iodine radical. In the presence of
O2, the peroxy-intermediate 869 is formed, leading in turn to aldehyde 865 by means of
removing a hydroxyl radical.

This reaction was also extended to NCS and NBS. Unfortunately, when NCS was used, the
reaction was unsuccessful, while the use of NBS led to a mixture of products, namely a major
dibrominated product and a minor desired imidazole-carbaldehyde.*® Imidazoles have also
been obtained through the reaction of propargylamines with nitrile derivatives as shown by
Shen and Xie in 2010. The reaction between propargylamine 870 and nitriles was carried out
using various metal monoamide catalysts. A titanium monoamide complex 871 was found to
promote the reaction with the highest yields of up to 92% of the desired imidazoles.*®® The

mechanism of the cyclization is reported in Scheme 171.
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Scheme 171. Reaction of propargylamines with nitriles catalyzed by titanium complex
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Furthermore, the catalyst was also reported to successfully yield 2-aminoimidazoles from the
reaction of carbodiimides with propargylamines in 69-88% yield.*! The addition of
propargylamines to carbodiimides as a method for the synthesis of 2-aminoimidazoles has
been also described later by Jin and co-workers. The reaction occurs in DMSO at 80 °C in the
presence of NaOH and led to imidazole derivatives in 60-83% yields.*®?

Another interesting and efficient approach to imidazoles from propargylamides has been
described by Beller. Propargylamides 877 react with various amines to yield imidazoles 878
in the presence of Zn(OTf)2 resulting in 38-96% yields. The zinc catalyst promotes the

hydroamination of the alkyne, leading to intermediate 879 which spontaneously cyclizes into

imidazole 878. (Scheme 172).463
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Scheme 172. Zn-, Sm-, Yb-catalyzed synthesis of imidazoles.
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Recently, lanthanides, and in particular samarium reagents, were found to successfully
catalyze the addition of nitriles to propargylamines. Treatment of the propargylamines 881
with nitriles in the presence of Sm[N(SiMe3)2]2 led to imidazoles 882 in reasonable yields
(21-93%).46* Scheme 172.

Ytterbium was also used to catalyze the reaction of propargylamines 883 with isonitriles
which led to imidazoles 884 or imidazolium ions 885 in 51-99% and 65-95% yield
respectively. The key distinction in the selectivity of this reaction is that the reaction with
primary and secondary alkyl-isonitriles in the presence of Yb(OTf)3, AgOTf and KOTf
resulted in an imidazolium species 88S. In contrast, the reaction between 883 and fert-
butylisonitrile with Yb(OTf)3 and AgOTTf afforded imidazoles 884.%> A reaction mechanism

was proposed to explain this distinction.*6
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Finally, AgOTf has been also employed by two research groups for the synthesis of
imidazoles from propargylamines. Wang and co-workers described the synthesis of 1,2,5-
trisubstituted imidazoles 887 through the reaction of propargylamines with ketenimines,*¢’
whilst Lavilla reacted propargylamines 888 with isocyanides in the presence of AgOTf to
synthesize tetrasubstituted imidazolium salts 889.°% Scheme 173.

Scheme 173. Ag-catalyzed synthesis of imidazoles.
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3.11 Synthesis of imidazolidin-2-ones, imidazol-2-ones and imidazolidine-2-thiones from
propargylamines

Imidazolidin-2-ones 891 were first prepared in 50-78% yields in 1978 by Timberlake and co-
workers by treatment of propargylureas with NaH.*®® A more recent method of this
transformation has been developed by Padwa who instead treated propargylurea 892 with
AuCls leading to imidazolidin-2-one 893 in a 68% yield. This latter isomerized to yield
dihydroimidazol-2-one 894 following heating in toluene and in the presence of PTSA.3%3

Scheme 174.
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Scheme 174. Cyclization of propargylureas into imidazolidin-2-ones.
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A gold catalyzed approach to imidazolidin-2-ones has been reported recently by Testero and
co-workers. The authors reacted supported propargylureas 895 with AuCl to form
imidazolidin-2-ones 896. They remarked that propargylureas are ambident nucleophiles, and
therefore the gold cyclization can either proceed using either the N or O of the urea. As a
result, both 5-exo-dig and 6-exo-dig are possible cyclization pathways. In certain cases,
imidazole-2-ones 897 were obtained through double bond migration (entries 4-5).
Zwitterions 898 were also formed in some cases as cyclization products (entries 8-9). Table
37).470

Table 37. Gold-catalyzed cyclization of propargylureas
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1 Ts NH2 H H 1 87 (49:38:0)

2 Ts OH H H 1 97 (25:72:0)
3 Ts OH H H 2 75 (65:10:0)
4 Ts OH Me Me 1 53 (0:53:0)
5 Ts OH Me Ph 1 34 (1:34:0)
6 Ph NH2 H H 1 66 (63:3:0)
7 Ph OH H H 2 96 (96:0:0)
8 Ph OH Me Me 1 30 (0:0:30)
9 Ph OH Me Ph 1 68 (0:0:68)

Imidazol-2-ones 901 were synthesized from propargylamines 899 through reaction with
isocyanates, followed by cyclization with AgOTf by the group of Van der Eycken. The
degree of variability attainable from this method makes it an extremely desirable and robust
means of synthesizing imidazol-2-ones from propargylamines with both internal and terminal
alkynes.*’'*> A mechanism for the reaction is proposed in Scheme 175. The silver catalyst
forms a complex with the triple bond of 900 favoring the cyclization into the intermediate
902 which is in turn converted into 903. Silver mediated isomerization led finally to

imidazol-2-one 901.
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Scheme 175. Ag-catalyzed synthesis of imidazol-2-ones.
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Proulx and Lubell recently described the synthesis of N-amino-imidazolin-2-one derivatives
from propargyl-hydrazones.*’>*’* Finally, tetrasubstituted imidazole-2-thiones 906 and
imidazol-2-ones 907 can be also synthesized from propargylamines 904 through reaction
with iso(thio)cyanates under basic conditions. The reaction leads to the formation of
(thio)urea intermediates 905 which are susceptible to cyclization via an intramolecular
hydroamination-isomerization reaction to afford compounds 906-907 in good yields (Scheme

176).47
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Scheme 176. Synthesis of imidazole-2-thiones and imidazol-2-ones from

propargylamines.
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3.12 Synthesis of triazoles from propargylamines

Triazoles find application in both pharmaceutical and agricultural industry. For example, they
can be employed not only as potent antifungals as well as fungicides, but also as dyes, optical
brighteners, corrosion inhibitors and biologically-active agents. The core scaffold of these
compounds consists of a 5-membered aromatic ring bearing three nitrogen atoms. According
to the position of the nitrogen atoms, triazoles are identified as 1,2,3- or 1,2,4-triazoles. A
number of methods to synthesize 1,2,3-triazoles from propargylamine cyclization of
propargylamines have been developed.

3.12.1 Copper-catalyzed synthesis of triazoles from propargylamines. Since the
introduction of Cu(I) salt catalysts for the thermal Huisgen 1,3-dipolar cycloaddition between
alkynes and azides, the Cu(l)-catalyzed azide—alkyne 1,3-cycloadditions (CuAACs) have
become a popular approach to synthesize 1,2,3-triazoles in a regioselective 'click-chemistry'
fashion. Propargylamines can obviously be used as alkyne substrates, together with copper
iodide as the catalyst of choice. Remarkably, the efficiency of this catalyst in the synthesis of
1,2,3-triazoles from propargylamines has enabled researchers to achieve very complex
molecules even under very mild conditions. These exceptionally diverse systems found

476-478

application in various branches of chemistry such as coordination chemistry, medicinal

479

chemistry*’® and nanomaterials.*®® Among the most important applications, propargylamines

have been successfully employed as substrates for the design of potential triazole imaging
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agents, anticancer compounds,™ peptidic dendrimers and triazolopeptoids,

8 as well as metallocene-based anhydrase inhibitors.*®® Furthermore, the

polymers,*
development of solid-phase supported copper catalysts has enabled the creation of wide

libraries of triazolic compounds.*”° These applications are precised in Scheme 177.

Scheme 177. Triazole derivatives synthesized from propargylamine precursors.
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Among their many uses, propargylamines have been incorporated in peptidic scaffolds for
macrocycloaddition reactions. In this regard, Angell and Burgess exploited the CuAAC to
synthesize the peptidic B-turn mimics 913.*! In a similar manner, the creation of a
propargylamino- and Ns-capped termini led Schreiber and co-workers to obtain the
conformationally-restricted small molecule 915 through a head-to-tail cycloaddition.**? It is
worth noting that the authors developed a macrocycloaddition strategy based on modular
systems which enables the facile variation of stereochemistries and substituents in 17- and

21-membered macrocycles in the presence of Cu(l). Other symmetric heterocyclic pseudo-
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hexapeptides 917 could be achieved through a tandem dimerization-macrocyclization
approach described by Ghadiri.*** Scheme 178.

Scheme 178. Synthesis of macrocycles via CuAAC.
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Catalytically-active Cu(l) species can be generated in situ from Cu(l) (e.g. CuSOs,
Cu(OAc)2, Cu(OTf)2) with the use of a reducing agent; this popular methodology enables the
preparation of 1,2,3-triazoles from propargylamines in good to excellent yields and allows
these valuable compounds to be used in a wide range of applications. Mono- and di-
functionalized 1,2,3-triazoles 919 can be obtained from mono- and dipropargylated anilines
918 respectively in the presence of Cu(OAc)2-H20 as catalyst, sodium ascorbate as the
reducing agent and 1,10-phenanthroline as Cu(I)-stabilizing agent, as reported in Scheme

179.494
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Scheme 179. Synthesis of triazole 919 from dipropargylamine 918.
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An interesting use of this methodology was applied by Loison ef al. in the design of a series
of fluorescent benzazepine ligands for the arginine-vasopressin V2 receptor.*”> Different
nonpeptidic ligands were combined with various fluorescent dyes via the reaction of
propargylamine 920 with an azide-capped PEGylated dye in the presence of CuSO4 and
sodium ascorbate, affording ligands 921 (Scheme 180).

Scheme 180. Synthesis of fluorescent benzazepine ligands via CuAAC.
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Similar approaches have been used for the synthesis of antifungal compounds,**®4%

499-504 t5 05 506-507

antimicrobials, enzyme, fluorescen and fluorogenic probes for chemical

biology, G-Quadruplex inhibitors,® and fluorescent sensors for the detection of ionic gold

was also reported.”” 'Click-chemistry' using propargylamines was likewise extended to the

510-511

development of glycomers and glyco-nucleosides and to the preparation of cavitands for

512

the extraction of metals,”’~ as well as for the synthesis of novel biphosphonate-containing
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compounds for the diagnosis and treatment of bone diseases.’'> Novel triazole-containing
antitubercular compounds 924 were also obtained from differently-substituted
propargylamines 922 through a domino 1,3-dipolar cycloaddition-alkylation reaction with
NaN3 and BnCl (Scheme 181).°'*31° Interestingly, the 1,3-cycloaddition reaction can also be
performed via a tandem silyl deprotection and triazole formation such in the synthesis of
triazole 926 from silyl-protected propargylamines 925 and benzoylazide in the presence of a
source of fluorides (e.g. TBAF).>'® Various catalysts, such as CuCl, Cu powder and Cu(Il)
salts were tested in this work, with Cu(OTf)2 and CuF2-H20 giving the best conversions
(Scheme 181).

Scheme 181. Tandem and domino syntheses of triazoles.
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The use of propargylamines proved to be pivotal in the work by Roy et al. in which
tetrahydro-[1,2,3]triazolopyrazine heterocyclic moieties 929 have been synthesized from 927
via a tandem “click” cycloaddition/6-exo-dig cyclization in mixed aqueous—organic media.
The simple synthetic route developed by the authors allowed for a series of 1,2,3-triazole-
fused pyrazines to be afforded in good yields. The dipropargylamine starting material 927
was used as model compound for the tandem ‘click-cyclization’ reaction, which was
performed at 80 °C in a 1:1 mixture of water and terz-butanol in the presence of sodium azide

and CuSO4-H20 and sodium ascorbate as catalyst. The tandem reaction is initiated by the
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formation of the 1,2,3-triazole ring 928 via ‘click’ 1,3-dipolar cycloaddition between the
azide and one of the alkyne groups of the propargylamine 927. Subsequently, a constrained
intramolecular 6-exo-dig cycloaddition between the triazole and the terminal alkyne of the
dipropargylamine affords the desired 1,2,3-triazole-fused 4,5,6,7-tetrahydropyrazine 929. The
mechanism of the reaction, including the orbitals involved in the 6-exo-dig cyclization, is
depicted in Scheme 182. The scope of this reaction was investigated by employing different
N,N-dipropargylamine precursors. From the results, it appears that all of the
dipropargylamines 927 used in this study (bearing either electron-withdrawing or electron-
donating substituents) lead to the formation of the desired products 929a-f in good to
excellent yields (66-93%). Notably, when unsymmetrical dipropargylamines bearing a
terminal and an internal alkyne were used, no product resulting from the 6-exo-dig
cyclization was formed. Only the acyclic product derived from the intermolecular ‘click’ 1,3-
dipolar cycloaddition appeared to be exclusively formed. This result clearly indicates that the
tandem click cycloaddition/cyclization reaction mechanism suggested by the authors can only
occur when terminal di-propargylamines are employed whilst it is disfavored with internal

dipropargylamines.’!’
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Scheme 182. Tandem click cycloaddition/cyclization reaction of dipropargylamines.
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Although Cu(I) salts are the most convenient catalysts for CuAACs, the generation of Cu(l)
species from CuSOs/ascorbate and metallic copper have also been reported. However,
following the findings by Sharpless and Fokin on the successful use of metallic copper
turnings, examples where Cu(0) and CuNPs have been used as catalysts can be found in the
literature. For example, Orgueira and co-workers reported the efficient cyclization of
propargylamine hydrochloride and benzyl azides catalyzed using a Cu(I)-generated catalyst
derived from the activation of Cu(0) nanosized powder.’'® The reaction, performed in a
water/fert-butanol mixture with a 10 mol% loading of the copper powder, required the use of
propargylamine hydrochlorides instead of propargylamines only as reaction substrates; the
reason for this was that the catalyst exhibited increased solubility in a slightly acidic
environment, which therefore allowed the generation of the Cu(l) species and triggered the
conversion of the substrates into the desired 1,4-disubstituted [1,2,3]-triazoles. The chemistry

proved to be successful with aliphatic, benzylic and aryl azides, and showed good tolerance
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towards electron-donating and electron-withdrawing functional groups on both the alkyne
and azide starting materials, indicated in Table 38.
Table 38. Synthesis of triazoles from propargylamine hydrochloride using Cu(0)

nanosized powder.
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1 F,h/\ N 94

2 NN 93
Ph N=N

/
3 N\N@N”q' 95

Propargylamines were also employed for the development of new bioconjugation strategies
in the presence of nanoparticles. An important advancement in bioconjugation is represented
by the recent work of Bradley and co-workers, in which a triphenylphosphonium-conjugated
propargylamine 932 and 3-azido-7-hydroxycoumarin 931 were 'clicked' together with the use
of a heterogeneous and biocompatible copper catalyst. In this work, these polymer-embedded
copper nanoparticles (CuNPs) were successfully employed to enable the in sifu synthesis of
cytotoxic anticancer agents through a 1,3-cycloaddition reaction.’'® Scheme 183. This
contribution has emerged due to the demand of new in vivo ligation tools that would

circumvent the use of toxic Cu(I) species in living systems.
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Scheme 183. 1,3-Cycloaddition using polymer-embedded copper nanoparticles.
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3.12.2 Other metal-catalyzed synthesis of triazoles from propargylamines. Although
the Cu(I)-catalyzed cycloaddition reaction has proved to be an extremely efficient and thus
extensively exploited resource for synthetic chemists, the synthesis of 1,2,3-triazoles from
propargylamines has also been investigated by the means of other metals, such as ruthenium,
indium and silver. The use of these metals becomes critically important from the point of
view of regioselectivity, as CuAACs provide access to 1,4-substituted isomers only. Thus, the
need for selective access to the complementary regioisomers, like for example, the 1,5-
disubstituted triazoles, has become essential. Examples of metal-catalyzed 1,3-dipolar
cycloadditions using propargylamines that lead to 1,4- and 1,5-disubstitued triazoles are
reported below. An ingenious and green method to perform A® coupling reactions in
combination with 1,3-cycloaddition reactions using a single catalyst was designed by Cao et
al.. This novel methodology is based on the creation of a polyacrylonitrile fiber-supported N-
heterocyclic carbene silver complexes (PANF-NHC-Ag), which facilitates the generation of
the propargylamine starting materials 934 and then catalyzes the subsequent intramolecular
1,3-dipolar cycloaddition to yield the corresponding triazoles 936. Notably, as this
sustainable continuous-flow process can be adapted to a microreactor set-up, the
diastereoselective synthesis of several fused triazoles 936 can also be achieved under high
temperatures and pressures. The tandem reactions proceed according to the mechanism

reported in Scheme 184.5%°
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Scheme 184. Ag-catalyzed domino A® coupling/1,3-cycloaddition reactions.
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Among various metals, indium(III) has been demonstrated to be active in tandem
cyclocondensation and intramolecular Huisgen 1,3-dipolar cycloaddition reactions using a
wide scope of differently-substituted propargylamines, a-diketones and 2-azidobenzaldehyde
as substrates. The multicomponent two-step cascade methodology described by Nguyen et al.
consists of a one-pot procedure that affords imidazo-triazolobenzodiazepines in reasonable
yields.*>* Notably, this methodology allows access to 1,5-disubstituted triazoles instead of the
1,4-isomer, which is regioselectively favored via classical CuAAC.

The well-known catalytic properties of ruthenium have been extensively exploited in

numerous transformations of alkynes. With regards to ruthenium-catalyzed 1,3-
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cycloadditions, the ground-breaking work of Fokin, Jia and co-workers has paved the way for
the use of ruthenium complexes as efficient catalysts for the synthesis of both 1,4- and 1,5-
disubstituted triazoles, with the discovery of Cp*RuCl(COD) being able to catalyze the
regioselective formation of the 1,5-subsituted isomer.**! Inspired by this work, Ballet and co-
workers have broadened the scope of the reaction by employing propargylamines as
acetylene source, thus developing two efficient synthetic routes for the preparation of amino-
triazolodiazepines 939 as conformationally constrained amino acid mimics (Scheme 185).%%
Two synthetic routes were proposed and the key reaction in both routes is the regioselective
cycloaddition that leads to the formation of 1,5-substituted triazoles. The first route envisages
the creation of a ruthenium-catalyzed 1,5-substituted triazole 938 followed by lactamization,
whilst the second route proceeds through a Huisgen cycloaddition reaction, in which the
lactam and the triazole rings are formed simultaneously. The latter strategy, which does not
require the use of a metal catalyst, was also successfully applied by Pokorski et al. to access

the 1,5-substitution pattern.>?

Scheme 185. Ru-catalyzed synthesis of 1,5-substituted triazoles.
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3.12.3 Metal-free synthesis of triazoles from propargylamines. Despite their successful
employment as catalysts in 1,3-dipolar cycloaddition reactions, the use of transition metals
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still hampers the potential adaptability of this class of reactions to biological systems. In
addition, the metal-catalyzed synthesis of fused 1,2,3-triazole scaffolds remains quite
problematic due to the steric hindrance and often low reactivity of the starting materials. For
these reasons, alternative metal-free methodologies for the synthesis of triazoles have become
highly desirable. In this regard, Niu et al. have recently reported an efficient chemoselective
protocol for the syntheses of unsymmetrical bis(1,2,3-triazole) derivatives, which utilizes
propargylamines as bifunctional linkers to perform a copper-free three-component
cycloaddition followed by a classical CuAAC.>** The optimized methodology involves a
three-component reaction between propargylamine, an azide and diketene catalyzed by DBU
in a methanolic solution. The resulting monotriazole compound 940, bearing an additional
alkyne functionality, is then reacted with another azide in the presence of Cul, according to a
classical CuAAC, shown in Scheme 186. It is noteworthy that both the metal-free and the
subsequent copper-catalyzed cycloaddition can be performed as a “one-pot” tandem reaction.
Remarkably, this methodology enabled the chemoselective preparation of unsymmetrical
bis(1,2,3-trazoles)-modified peptidomimetics as well as 1,4- and 1,5-membered triazole-

containing macrocycle compounds.>?®
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Scheme 186. Metal free syntheses of triazoles
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In addition to organobases, iodine has also been employed as a suitable catalyst for azide-
alkyne cycloadditions. With regards to propargylamines, Guggenheim et al. developed a
straightforward one-pot cascade for the synthesis of quinazolino[l,2,3]triazolo derivatives
944 using iodine as catalyst.>?® This green methodology proceeds through an initial
quinazoline formation/condensation reaction coupled with a sequential iodine-catalyzed
intramolecular 1,3-dipolar cycloaddition. This atom-economical two-step synthesis allows the
preparation of diversity-oriented quinazolino-triazoles 944 from propargylamines 942 in
good yield and purity (Scheme 186). Most importantly, the use of this catalyst enables the
access to 1,5-substituted triazoles and the formation of complex fused systems.

In a similar manner, Kundu and co-workers have recently indicated an efficient route for the
preparation of triazole derivatives 947, in which the formation of a benzimidazole, achieved
through cyclocondensation/oxidation reactions, is followed by the formation of a fused
diazepine-triazole system via an iodine-catalyzed 1,3-dipolar cycloaddition. As showed in

Scheme 187, the treatment of N-alkyne-1,2-phenyl diamine 945 with 2-azidobenzaldehyde
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946 in the presence of iodine (10 mol%) at moderate temperatures leads the formation of
compounds 947 in good to excellent yields. This methodology has shown good tolerance in
regards to the substituents on both the phenyl rings and the acetylenic group of the
propargylamine, and provides a valid and efficient route to access biologically important
scaffolds.”?’

Scheme 187. Iodine catalyzed synthesis of traizole derivative 947.
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Another methodology for the synthesis of highly diversified [1,2,3]-triazolo[1,5-
al][1,4]benzodiazepines based on the metal-free 1,3-dipolar cycloaddition of azide-
propargylamines was recently published by Perumal and co-workers.”?® Similarly to the
above-mentioned work, the synthetic strategy adopted by the authors involves the use of a
substituted N-alkyne-1,2-phenyl diamine 952 to perform an aqueous one-pot
diazotization/azidation/cycloaddition reaction, in the presence of NaNO2/HCl and sodium

azide. The in situ generation of the organoazide, followed by the 1,3-cycloaddition reaction
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leads to the formation of the desired triazolo-1,4-benzodiazepines 953 in a single step and
under mild conditions. Alternatively, triazole-fused 1,4-benzodiazepine scaffolds 954 can be
obtained through the reaction of propargylamine with a substituted 2-azidobenzaldehyde as
shown by Donald and Martin. The reaction consists of an acid-catalyzed reductive amination
reaction followed by a Huisgen 1,3-cycloaddition.””® The amino group as well as the
substituent (e.g. R!' = Br) on the benzodiazepine ring offers the opportunity for further
diversification of the resulting scaffold. Scheme 188.

Scheme 188. Synthesis of triazolo-1,4-benzodiazepines.

Perumal
R! R? R?
N_ RS 1) NaNO,/HCI R! N
2) NaNs \C(\ RS
NH, || N
3) Hz0, 100 °C 0N R4
952 L4 953 Ny
Donald and Martin N/\>j
11
N <|3 1) AcOH N-n NH
2) NaBH(OAc
. HzN\ ) (OAc)3
Toluene, 100 °C
R’ R’
954

3.13 Synthesis of other heterocycles from propargylamines

The following section provides an overview of the different methods to synthesize various
nitrogen-heterocyclic compounds, other than those previously reported, from
propargylamines.

Madaan et al. described a one-pot three-step method for the synthesis of oxa(thia)zolidin-2-
imine derivatives. Propargylamines were first synthesized by A3 coupling with Cul, which
were then converted to N-propargyl(thio)ureas by reaction with iso(thio)cyanates.
Propargyl(thio)ureas are susceptible to cyclize following treatment with iodine and a base,

leading to oxazolidin-2-imines with overall yields of 30-80%.4%
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Cyclic amine boranes 956 can be synthesized from propargylamines via a novel and highly
effective method as described by Shi and co-workers. Propargylamine boranecarbonitriles
956 were first synthesized by treating propargylamines hydrochloride with NaBH3CN.
Compounds 955 were obtained in good-excellent yields. The structure of these intermediates
was confirmed by X-ray crystallography. Then, treatment of 955 with the Au(l) catalyst
[XPhosAu/TA]*OTf led to cyclic amine boranes with excellent yields. As before, the
structure of 956 was confirmed by X-ray analysis.’** Scheme 189.

Scheme 189. Synthesis of cyclic amine boranes.
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Imidazo-pyridines are an interesting class of organic compounds with application in
medicinal chemistry. Boc-protected propargylamines 957 have been used as substrates for the
synthesis of derivatives 958 through a water-mediated intramolecular hydroamination
reaction by Adimurthy and co-workers. The reaction was carried out at 120 °C in water under
argon atmosphere leading to 958 in 54-99% yields (Scheme 190).5!

A similar reaction has been also described by Kumar, who converted propargylamines into
imidazo-pyridines using ‘BuOK at lower temperatures.’*? In parallel, Chioua described the
synthesis of imidazo-pyridines from Boc-deprotected propargylamines using AgOTf as
catalyst at 85 °C.5?

A silver catalyzed aminooxygenation reaction of propargylamines 959 leading to imidazolo-
pyridines 960 has been also described by Adimurthy. Carbonyls were inserted between the
imidazole ring and R' group in 36-85% yields. The mechanism of reaction is reported in

Scheme 190. Propargylamine 959 first reacts with a metal catalyst to generate a metal alkyne

n-complex, which cyclizes to yield intermediate 961. Successively, the addition of oxygen
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generates organosilver peroxide intermediate 962. Aromatization and subsequent
isomerization to intermediate 964 occurs, followed by elimination of Ag(I) species with the
formation of the desired product 960. From the intermediate 961, elimination of silver species
and concomitant 1,3-prototropic shift can lead to the side product 966.%%*

Scheme 190. Synthesis of imidazo-pyridines from propargylamines.
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Propargylpyridinium derivatives can also be used as substrates for the synthesis of imidazolo-
pyridines. The cyclization step can be catalyzed by Pd(PPh3)+°* or carried out under metal-
free conditions in water.>*®

Two works are noteworthy for the synthesis of other nitrogen heterocycles from
propargylamine derivatives. Michihiko described the synthesis of 968 and 969 from

7537

propargylamino derivatives 967°°' whilst Fokin reported the synthesis of 7-aza-5-deazapurine

analogues via Cu(I)-catalyzed hydroamination of 970.%* Scheme 191.
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Scheme 191. Synthesis of guanidine and purine heterocyclic compounds.
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Broggini and co-workers reported the conversion of propargylamines 972 into imidazo-
indoles 974 or dihydropyrazines 975 via a two-step sequence. Propargylamines 972 were
converted into allenes 973 by treatment with ‘BuOK and these were in turn cyclized to
imidazo-indoles 974 when heated in toluene under microwaves in absence of Pd(0) catalyst,
or to dihydropyrazines 975, when treated with Pd(PPh3)s under microwave irradiation
(Scheme 192).>%

Van der Eycken and co-workers recently developed an elegant approach to furnish diversely
substituted spiroindolines 978 in 40-89% yields through a gold catalyzed Ugi four-
component domino reaction of propargylamine with 3-formylindole and various acids and
isonitriles. The reaction proceeds via an 5-exo-dig attack in the hydroarylation step followed
by an intramolecular diastereoselective trapping of the iminium ion intermediate 977

(Scheme 192).>4
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Scheme 192. Pd- and Au-catalyzed approaches to polycyclic heterocycles.
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Recently, Wan and co-workers explored the reaction of propargylamides with TMSN3 and
NIS that led to the formation of interesting heterocyclic derivatives. When terminal
propargylamines 979 (R?> = H) were treated with NIS and TMSNs3 at 60 °C the
dihydroimidazoles 980 were obtained as the major products. On the other hand, when the
same reaction was carried out on internal alkynes (R? = aryl or alkyl group) at 80 °C, the
tetrazole derivative 981 was obtained.’*! Scheme 193.

Scheme 193. NIS mediate cyclization of propargylamines.
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A series of interesting approaches to bicyclic nitrogen heterocycles from propargylamine
derivatives are shown in Scheme 194. Sucunza et al. described the synthesis of imidazo[1,2-
alpyridines 983 from aryl-propargylamine 982 by treatment with isopentylnitrite and
CuCl>,>* whilst Ramesh et al. developed the synthesis of fused benzimidazolopyrazine
derivatives 988 via a tandem benzimidazole formation/annulation of propargylamine 984.%%

Finally, purine-fused tricyclic compounds 990 were synthesized from propargyladenines 989
using CuBr as catalysts by Li et al.. When terminal alkynes were used as substrates (R = H),
the compound 990 was obtained in good yields (78-88%). However, when R = Ar, a mixture
of 991a and 991b was often observed, with overall yields ranging from 75-89%. In most

cases, 991a was obtained as the major product.’**

232



Scheme 194. Synthesis of various polycyclic heterocycles
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3.14 Various metal-catalyzed transformations of propargylamines substrates

Propargylamines can be used as substrates for the synthesis of a variety of important
chemical compounds as shown in previous sections. In addition, propargylamines can
undergo a variety of additional chemical reactions with different metal catalysts leading to a
number of derivatives in turn available as substrates for the synthesis of more complex
organic molecules. The following section will cover primarily the reaction of propargylamine
substrates with palladium catalysts and their conversion into chemically or biologically

relevant compounds. Additional metal catalyzed reactions will be also covered.
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3.14.1 Palladium-catalyzed Sonogashira reactions of propargylamines. Since 1975,
the Sonogashira coupling has been one of the most investigated palladium-catalyzed cross-
coupling reactions in organic synthesis and has thus been frequently employed in the
preparation of heterocycles, natural products, dendrimers, molecular wires and conjugated
polymers.*-34 Propargylamines have been often used as substrates for Sonogashira-type
reactions. In a classical approach, the palladium-catalyzed C-C bond forming process
between the sp hybridized carbon of an alkyne and the sp? carbon of an aryl or vinyl halide
(or triflate) is successfully achieved in the presence of copper iodide as co-catalyst and of a
base (e.g. EN, Et2NH). An early example of a reaction between the propargylamine 992 and

aryl iodides is reported by Gotteland et al.,>*’

in which the design of potential labelling agents
for squalene epoxidase was reached through the straightforward coupling of a bisthienyl-
propargylamine and appropriate phenylazides (Scheme 195).

Scheme 195. Sonogashira coupling of propargylamine 992 with aryl-iodides.
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Similarly, the coupling of iodoarenes with propargylamines has been widely exploited by
Conn et al. for the synthesis of SSAO inhibitors in a combinatorial fashion. In this case, the
Sonogashira coupling was carried out in THF/TEA at room temperature with
tetrakis(triphenylphosphine)palladium(0) and copper iodide as catalysts.’*® Generally, the
Sonogashira reaction is used to introduce a Boc-protected propargylamine substituent, which
can then be converted to other functionalities via oxidation/reduction. The terminal alkyne
can also be used in other Sonogashira couplings or alternatively react with amines to afford

imines. Notably, acid chlorides can also be suitable for standard Sonogashira coupling for the
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synthesis of heterocycles. As reported by Miiller and co-workers, the Sonogashira coupling

549 and

can be used to trigger the formation of ynones, which can cyclize to oxazoles
halopyrroles.?”?

Two contributions by Chaudhuri and Kundu demonstrate the versatile use of Sonogashira
reactions for the synthesis of biologically-active compounds. The reaction of propargylamine
derivative 994 with differently-substituted aryl iodides in the presence of PdCl2(PPh3)2, Cul
and EtsN in acetonitrile/DMF mixtures has been shown to afford the desired disubstituted
alkynes 995 in good yields (64-68%) Table 39.>° In a similar fashion, the authors broadened
the scope of this reaction by employing a wider range of aryl iodides as substrates of the
Sonogashira coupling.”®! As the presence of the copper iodide seemed to promote
heteroannulation reactions, the authors also explored the reactivity of these disubstituted
propargylamines 995 in the creation of benzo-fused heterocyclic systems 996 which contain
one or more heteroatoms, e.g. benzoxazepin-5-ones, quinazolinones, and benzoxazines.
Surprisingly, in the case of the benzoxazepine derivatives, the choice of acetonitrile as
solvent allowed for the formation of the desired products in a highly regio- and

stereoselective manner without the formation of side products.

Table 39. Sonogashira coupling and heteroannulation reactions of propargylamines 994.

0 o)

o)
©\)Lx Ar-| X Cul, base d\%p\r
T LT
994 995 996
Entry Ar R X Yield 995 (%)
1 Ph Bn ONa 68
2 p-MeOCsH4 Bn ONa 65
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3 2,4-Dimethoxypyrimidin-5-yl Bn ONa 65
4 Ph Me NH-p-MePh 84
5 0-MeCsH4 Me NH-p-MePh 76
6 0-MeOCsH4 Me NH-p-MePh 70
7 p-MeOCsH4 Me NH-p-MePh 67
8 0-MeCO2C6H4 Me NH-p-MePh 90
9 2-Thienyl Me NH-p-MePh 75
10 2,4-Dimethoxypyrimidin-5-yl Bn NH-p-MePh 79
11 0-MeCcH4 Bn NH-p-MePh 72
12 p-MeCcH4 Bn NH-p-MePh 65
13 m-Cl C¢Ha Bn NH-p-MePh 67
14  0-MeCO2C6H4 Bn NH-p-MePh 89
15  2-Thienyl Bn NH-p-MePh 73
16  2,4-Dimethoxypyrimidin-5-yl Bn NH-p-MePh 91

Taking inspiration from their previous work on palladium-catalyzed heteroannulation of

352-353 the authors additionally explored the reactivity of derivatives 997

vinylic compounds,
towards aryl iodides for the preparation of differently-substituted benzoxazines 1000.
Propargylamine 997 was reacted with a series of iodoarenes (Ar-I) and diiodoarenes (I-Ar-I)

via a Sonogashira reaction to afford the corresponding alkynes 998 in good yields (72-96%).

The consequent use of KOH as a base in an aqueous ethanolic solution promoted the
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heteroannulation to afford the corresponding benzoxazines derivatives 1000. The
heteroannulation step occurs through a 6-exo-dig attack of the phenoxide 999 on the triple
bond resulting in the formation of the Z isomer in a highly stereoselective manner.’>* Scheme
196.

Scheme 196. Sonogashira coupling-heteroannulation for the synthesis of benzoxazines

1000.
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Sonogashira coupling reactions have been successfully exploited in the functionalization of
nucleosides with propargylamines. An example of highly-regioselective C-5 iodination of a
pyrimidine nucleoside and subsequent chemoselective Sonogashira coupling with
propargylamine was recently reported by Kore and co-workers.’> The two-step reaction
pathway that leads to 5-(3-aminopropargyl)-2’-deoxyuridine-5’-triphosphate (1004a, R = H)
and 5-(3-aminopropargyl)-uridine-5’-triphosphate (1004b, R = OH) consists of the selective
iodination reaction of the deoxyuridine and uridine nucleosides, using NIS and sodium azide
in water. The classical palladium-catalyzed Sonogashira coupling of the 5-iodo-uridine
derivative 1001 was performed in the presence of Pd(PPh3)4, Cul and a base, and led to the
formation of the desired product 1002 in high yield (89%). Scheme 197. Notably, no
formation of the Ullmann-Goldberg coupling product, i.e. coupling between the 5-iodo
nucleoside and the amino group of the propargylamine, was registered under the investigated

conditions. Furthermore, as opposed to what had been previously reported in the literature,’>®-
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357 it appears that the authors’ optimized route does not require the protection of the

propargylamine for the reaction to proceed. In fact, previous contributions showed that 5-(3-
aminopropargyl)-2’-deoxyuridine-5’-triphosphate could only be obtained through the
reaction of 5-ethynyl-2’-deoxyuridine with trifluoroacetate-protected propargylamine. The
protected nucleoside was then phosphorylated and the trifluoroacetate protecting group was
successively removed with the use of a strong base, thus affording the propargylamino

nucleotide.
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Scheme 197. Functionalization of nucleosides with

propargylamines via Sonogashira

couplings.
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Following this approach,

similar works on the functionalization of nucleotides with

propargylamines have also been reported. A palladium on charcoal catalyst and a resin-bound

tertiary amine (Amberlite IRA-67) were used to perform a copper-co-catalyzed coupling of

N-protected propargylamines with halonucleosides (5-iodouracil, 5-iodocytosine, and 2-

bromo-guanine).

This methodology also allowed access to several biologically relevant
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deoxynucleosides like 1006 in a straightforward manner with average to good yields (Scheme
197).5%8

In the past two decades, numerous reports have highlighted the potential benefits for the use
of polymer supported reagents for solid-phase Sonogashira couplings with
propargylamines.>>->"?

The versatility of the Sonogashira reaction was demonstrated by Khan and Grinstaff through
the facile coupling of Boc- and COCFs-protected propargylamines, propargylamino-
derivatized biotin and transition metal propargylamine complex with solid-supported
oligonucleotides (Scheme 197).° Despite the intrinsic properties and the synthetic
requirements of each of the propargylamine substrates, the derivatives 1008 were prepared in
good yields. The Pd(0)-catalyzed Sonogashira coupling was carried out through combination
of the substrates and the previously-prepared 5-iodo-substituted pyrimidine nucleoside
analogue 1007. Notably, neither the charge nor the striking chemical difference in the
substrates affected the reactivity and the functionalization of the polymer, thus proving wide
functional group tolerance and providing practical advantages in the reaction conditions and
oligonucleotide purification.

In addition, the Sonogashira coupling reaction was extensively exploited to develop
unsymmetrical linker-scaffolds 1011 for the solid-phase synthesis of dimeric
pharmacophores. Starting from 3,5-diiiodo-4-methoxybenzene (DIMB) 1009, the linker-
scaffold systems were constructed via consequential Sonogashira reactions with N-protected
propargylamines (N-Boc and N-Fmoc propargylamines) that could subsequently be
orthogonally deprotected to achieve a wide library of heterosubstituted linkers 1011 (Scheme

198).574
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Scheme 198. Synthesis of linker scaffolds via Sonogashira couplings.
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The Sonogashira reaction has also been widely employed for the preparation of enediynes. In
view of their potent antitumor activity, enediynes have fostered the interest of researchers in
the past two decades. Rawat and Zaleski reported symmetric and asymmetric nitrogen donor
enediyne chelates that could undergo Bergman cyclization at variable temperatures.’”> The
strategy for the preparation of enediyne 1015 involved the coupling of 2.2 equivalents of N-
dimethyl-propargylamine with cis-1,2-dichloroethylene over a Pd(0) catalyst in the presence
of Cul and BuNH2. This procedure allowed for the disubstituted enediyne 1015 to be
obtained in high yield (79%). Similarly, the monosubstituted enediyne 1014 was obtained
through the same reaction conditions, using a 1:1.2 molar ratio of the propargylamine and cis-
1,2-dichloroethylene. Subsequently, the reaction of 1014 with N-Boc propargylamine and
subsequent removal of the protective group generated the resulting monoamino product 1018.
The diamino enediyne product 1019 was then obtained by reacting two equivalents of N-Boc

propargylamine with cis-1,2-dichloroethylene as reported in Scheme 199.
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Scheme 199. Synthesis of enediyne 1017 and 1019 from propargylamines.
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In another contribution, Yalagala et al. reported a Pd(II)- and Cu(l)-mediated
homotrimerization reaction that was carried out by using N-Boc propargylamine.’’® Although
the Sonogashira reaction was performed in the presence of dihaloalkenes, it appeared that the
trimerized product 1021 was obtained as the only product by using the N-protected
propargylamine. Scheme 200. In a parallel work, the same authors discussed the reaction of
N-Boc propargylamine with trisubstituted (Z)-bromoalkenyl-pinacolboronates 1022 in the
presence of Cul, Pd(PPh3)s and Hiinig’s base.’”” When the reaction was carried out with one
molar equivalent of N-Boc-propargylamine, the major product was found to be that of the
Sonogashira coupling product 1024 alongside a homocoupling dimer from N-Boc-
propargylamine. However, when the reaction was carried out with two molar equivalents of
N-Boc-propargylamine, the formation of the trisubstituted aromatized product 1023 was
confirmed by '"H NMR. Further studies on the intermediates indicate that the aromatization
product 1023 could arise from the cyclization of the Sonogashira coupling product 1024 in
this process. Although low to moderate yields were found, these reactions allow access to a

multitude of differently tetrasubstituted benzene derivatives. Scheme 200.
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Scheme 200. Sonogashira couplings of propargylamines with dihaloalkenes and

pinacolboronates.
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Classical Sonogashira coupling conditions were also employed for the synthesis of the
macrocyclic metalloenediynes. In 2001, Zalenski and co-workers reported the synthesis of a
series of cyclic enediynes as copper and zinc chelators.’’® Finally, Zhang et al. in 2006
reported a copper- and amine-free Sonogashira reaction between aryl bromides and N,N-
diethyl propargylamine (DEP) in the presence of aminophosphine ligands.>”

3.14.2 Palladium catalyzed synthesis of allenes from propargylamines. In view of the
interest in allenes as building blocks for organic chemistry, many efforts have been spent in
recent years to develop new versatile methods for their synthesis. Among them, allenes can
be obtained directly from propargylamines. Nakamura et al. reported a one-pot palladium-

catalyzed transformation of propargylamines into allenes 1026. Propargylamines can in fact

be considered as allenyl anion equivalents that can react with electrophiles to afford
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substituted allenes via hydrogen-transfer reactions.’®® The authors first synthesized various
propargylamines 1025 through Sonogashira coupling between several aryl iodides and
propargylamines using Pd(PPhs)4, Cul and triethylamine (Table 40). The conversion of
propargylamines into allenes through hydrogen-transfer reaction was subsequently
investigated. Propargylamines 1025 were treated with Pd2dbas- CHCl3/(CeFs)3P in dioxane at
100 °C, leading to various allenes 1026 in good yields. The palladium-catalyzed hydrogen-
transfer showed a good tolerance to the presence of both electron-donating and electron-
withdrawing groups on the aromatic ring. In fact, highly-efficient hydrogen transfers on
propargylic amines bearing electron-donating groups like AcNH and MeO were recorded,
with the allenes being obtained in 74 and 99% yield respectively (entries 3-4). Similarly, a
quantitative conversion to the corresponding allene was recorded in the case of electron-
withdrawing groups (entry 5).

Table 40. Synthesis of allenes 1026.

Pd(PPha),, 2
- +///—NR2 Cul, ELN 1/NR Pd,dbag CHCly/(CoFs)sP R'/
R H
1025 1026
1025 1026
Entry R! R?
Yield (%) Yield (%)
1 Ph Et 64 12
2 Ph i-Pr 86 99
3 4-MeOCsHa4 i-Pr 95 99
4 4-(AcNH)CsH4 i-Pr 89 74
5 4-(CO2Et)CsH4 i-Pr 99 96

Based on the same principle of anion equivalency, the same authors attempted to introduce

allenic groups into the backbone of pharmacologically active molecules in order to produce
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new pharmacological properties.”®! Allenic quinazolines 1029 were synthesized from the
coupling of corresponding iodides 1027 and dicyclohexyl-propargylamine via
Sonogashira/hydrogen-transfer reactions. Scheme 201.

Scheme 201. Synthesis of allenes from propargylamine derivatives 1028 and 1030.
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More recently, Luo and Ma used a protected propargylamine 1030 for the synthesis of allenes
1031.5%2 The N-tosyl propargylamine 1030 was reacted with p-formaldehyde and
isopropylamine, in a Cu(l)-catalyzed A® coupling reaction to afford the corresponding
allenylamine in good yield (Scheme 201). Noteworthy, the reaction also proceeds when
propargylamides are used, although lower yields were registered.

3.14.3 Other palladium-catalyzed reactions of propargylamines. Palladium-catalyzed
intramolecular reactions are often advantageous for the preparation of highly-complex
heterocycles that can often be found in biologically active and natural compounds. To
achieve such highly-substituted heterocycles, the combination of palladium- and other metal-
catalyzed reactions is sometimes required. In 2010, Van der Eycken reported the synthesis of
3-benzazepines 1034 in 63-91% yield through a two-step protocol consisting of a microwave-
assisted Cu-catalyzed three-component coupling to provide the desired propargylamines 1033
followed by a regio- and stereoselective Pd-catalyzed intramolecular acetylene

hydroarylation (Scheme 202).°®* An array of aromatic and aliphatic alkynes and aldehydes
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was successfully combined with various amines in the A® coupling reaction, which
straightforwardly afforded the corresponding propargylamines 1033 in 73-95% yield.
Additionally, a Cu(I)-catalyzed tandem anti-Markovnikov hydroamination and alkyne
addition was also carried out. The key stage in the synthesis of 3-benzazepines 1034 was
represented by the cyclization of the generated propargylamines 1033 through a palladium-
catalyzed intramolecular acetylene hydroarylation, in the presence of Pd(PPhs)s and
HCOONa as the reducing agent. A plausible mechanism of this intramolecular cyclization is
reported in Scheme 202. The Z-configuration of the exocyclic double bond is achieved
through the syn-addition of the m-arylpalladium species 1035 to the triple bond, which results
in the formation of the o-vinyl palladium complex and subsequent cyclization. The
regioselectivity of the hydroarylation reaction and the size of the benzazepine ring is
determined by the exo-cyclization mechanism. In fact, as endo-cyclizations are highly

unlikely, only 7- or 8-membered rings are formed (n =1 or 2).
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Scheme 202. Synthesis of 3-benzazepines via Pd-catalyzed intramolecular acetylene

hydroarylation.
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In a subsequent contribution from the same authors, 3-benzazepines were synthesized using a
Heck-Suzuki tandem reaction. This methodology allowed for the substituents of the 3-
benzazepine scaffold to be further diversified.’®* Starting from the well-established A3
coupling reaction, which leads to the propargylamino-substrates, a tandem intramolecular
cyclization and consequent functionalization of the resulting double bond is performed by
reacting the resulting substrates with different organoboron reagents in the presence of
Pd(PPh3):Cl2 and a base in a DMF/water mixture.

Propargylamines have also been employed as ligands for the preparation of palladacycle
catalyst precursors. In 2003, Dupont and co-workers reported the chloropalladation of N-
dimethyl-propargylamine for the preparation of a Pd(II) catalyst to be employed in

phosphine-free Heck reactions.’®
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3.14.4 Metathesis reactions of propargylamines. Enyne metathesis reactions of
propargylamines substrates have been widely reported in the literature. Most of these
transformations are RCEYM reactions and lead to the formation of pyrrolines or
tetrahydropyridines, as shown in section 3.2.1. However, additional approaches to convert
propargylamines into chemically or biologically interesting compounds via enyne metathesis
have been reported.

Diver’s research group thoroughly investigated the enyne metathesis reaction and described
the synthesis of 1,3-diene products from a variety of alkyne substrates.’*® In 2000, Diver and
Smulik reported the metathesis reaction of a propargylamine with ethylene at 60 psi to obtain
the corresponding diene in 91% yield.”®’ Later, Castagnolo et al. reported the conversion of a
series of propargylamines 1039 into the corresponding 1,3-diene derivatives 1040 through a
microwave assisted cross metathesis reaction with gaseous ethylene. Dienes 1040 were
obtained in good yields and in a few minutes.’®® Later, the scope of the reaction was
expanded and the diene product 1041 was used as a synthon for the synthesis of the
antifungal agent bifonazol (S)-1042. A tandem enyne-olefin ring closing metathesis reaction
was also carried out in order to develop a shorter synthetic pathway to bifonazole.
Propargylamine 1043 was reacted with cyclooctadiene under microwave irradiation and
converted into the cyclic diene 1044 in several minutes. Further oxidation with DDQ led to
the aromatization of the cycle and then to the enantiomer bifonazole (R)-1042 in a few
steps.’® Scheme 203. In parallel, Castagnolo et al. also reported a multicomponent enyne
metathesis — Diels-Alder reaction to access 2,3-dihydropyrans derivatives 1045 from a range

of alkyne substrates, including N-Boc-prorpargylamine.>*® Scheme 203.

248



Scheme 203. Enyne cross metathesis reactions of propargylamines.
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Propargylamine-containing synthons have been also used in enyne metathesis reactions for
the synthesis of macrocycles and natural product mimetics as shown in the works of
Barret,”' Spring,”**>% Lee’* and Solé.” Scheme 204. In all cases the enyne
macrocyclization reaction was carried out with Grubb’s catalyst 2" gen. GII, leading to
macrocycles in good yields. In the case of compounds 1051 and 1053, the enynes 1050 and
1052 were first reacted with ethylene in the presence of GII to afford the enyne metathesis
diene products. These latter were then further treated with GII leading to the desired
macrocycles via an olefin ring closing metathesis.

Scheme 204. Enyne metathesis macrocyclization of propargylamine substrates.
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3.14.5 Cobalt and titanium catalyzed Pauson-Khand reactions of propargylamines.
The alkynyl group of propargylamines can be activated by a dicobalt carbonyl catalyst
through p-coordination in a Pauson-Khand reaction (PKR) fashion. Hong and co-workers
carried out an interesting experimental and computational study on the reaction of
unprotected propargylamines with various dicobalt carbonyl complexes, leading to the
formation of differently propargylamine-bridged dicobalt complexes 1054-1055 by suitably

tuning the reaction conditions and stoichiometry.*%°7 Scheme 205.
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Scheme 205. Synthesis of propargylamine-bridged dicobalt complexes.
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Later, Ji et al. showed that alkylated propargylamines can be successfully employed in PKR
with norbornadiene (NBD) to obtain the cyclic enone 1059.5°® While the complexation of the
unprotected and monomethylated propargylamine with the dicobaltoctacarbonyl catalyst
occurred successfully to yield 1056, the consequent PKR with NBD did not lead to the
desired product 1057 under either stoichiometric nor catalytic conditions. In contrast, when
the tertiary N,N-dimethyl-propargylamine was used, the PKR proceeded well, affording the
expected PK product 1059 in 87% yield (Scheme 206). These results suggested that tertiary

propargylamines are required to carry out a successful PKR.
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Scheme 206. PKR of propargylamines with NBD.
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In view of these results, Aiguabella ef al. reported a new methodology for the preparation of
4,5-disubstituted cyclopentenones 1063 from N-Boc-propargylamine.®® The strategy
employed, which avoids the use of alkylating agents to functionalize a side chain on the a
carbon, is based on a PKR using NBD as a masked enone and N-Boc-propargylamine as the
alkyne source. Notably, this cobalt-catalyzed intermolecular reaction allowed the authors to
afford the desired tricyclic compound 1060 in good to excellent yields. Conjugated additions
of different nucleophiles on these PK adducts, removal of the Boc-protecting group, and
subsequent conjugated additions afforded the corresponding cyclopentenones 1063 in good
yields. As shown by the authors, the synthetic potential of this methodology relies on the
enone-character of the NBD, which plays a key role in stereodirecting the conjugate addition

to the cycloadducts (Scheme 206).
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Interesting transformations of allyl-protected propargylamines 1064 were reported by
Knochel and co-workers. Through a tandem Pauson-Khand/oxidation reaction, the authors
were able to obtain the bicyclic compound 1065 as a single diastereoisomer in reasonable

yields (Scheme 207).”!

Scheme 207. PKRs of propargylamine 1064 and 1069.

Knochel
H
Ph .
4 i) Coy(CO)g
Bu ii) MezNO (Oxidizing agent) R-N 0
SRS N Bu Ph
1064 1065a R = Ph, 50 %
1065b R = PMB, 38 %
Snapper and Hoveyda
Et Et n-Pent
H Cp,Ti(CO), 20 mol %
/\N p2Ti(CO), o NzI;:O
n-Pent OPh CO 1atm
| oph H
1069 1070

In addition to cobalt carbonyl compounds, titanium complexes have shown interesting
properties as PKR catalysts using propargylamines. In 1999, Sturla and Buchwald reported a
new methodology for asymmetric PKRs using various N-protected propargylamines.®” In
this work, a titanium complex (1068a or 1068b) was used to catalyze the cyclization of N-
allyl propargylamines 1066 in the presence of CO to afford differently-substituted enones
1067 (Table 41). N-substituents with different electronic and steric properties were shown to
have a reasonable effect on the substrate reactivity. As shown by the results, high levels of
enantioselectivity can be achieved when electron rich and sterically-small nitrogen

substituents are used.
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Table 41. Titanium-catalyzed PKR of propargylamines 1066.

2
_R? R
RZ/N [Til, 10 - 15 mol % R1_Ni>:o
K CO, 14 psig i
1066 1067
V@SN
1. (S,S)-(EBTHI)TI(CO), L = CO 1068a
L’Tl L
/i = (S,S)-(EBTHITiMe, L = Me 1068b
-—

Entry R! R? ee (%) Yield (%)

1 allyl Ph 92 81
2 Bn Me 92 82
3 Boc Me 74 84
4 Ts Me 31 83

Finally, taking inspiration by the pioneering work by Sturla and Buchwald, Snapper and
Hoveyda later exploited a Ti-catalyzed intramolecular PKR starting from the allyl-protected
propargylamine 1069 (Scheme 207).>** Compound 1070 was obtained with excellent yield

(80%) when 1069 was treated with the titanium catalyst in the presence of 1 atm of CO.

4. CONCLUSIONS

Propargylamines represent an extremely interesting class of organic compounds that can be
exploited as precursors and building blocks for the synthesis of a wide range of organic
molecules, active pharmaceutical ingredients and polymers. The huge number of publications
which continuously describe novel methods to synthesize and to derivatize propargylamine
substrates account for their versatility and use in many fields of chemistry. Most of the
methods for the synthesis of propargylamines rely on the metal catalyzed A® coupling

reactions. Nevertheless, in the last two decades, new approaches based on the metal-catalyzed
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oxidative functionalization of tertiary amines and C-H and C-Hal functionalization have been
discovered and developed and now represent robust and reliable synthetic methods. It is
likely that in the near future additional and novel synthetic strategies, such as biocatalytic and
greener approaches, will be developed to access this important class of compounds.
Propargylamines also represent a privileged scaffold in the synthesis of many organic
compounds, especially nitrogen heterocycles, due to their unique concurrent chemical
properties which make them ideal reagents possessing both electrophilic and nucleophilic
characteristics. It is certain that propargylamines will continue to attract the attention of many
chemists and that improvements in their synthesis as well as novel transformations of these

compounds will be reported in the literature in the near future.
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TBHP tert-butyl hydroperoxide

TFA trifluoroacetic acid

THF tetrahydrofuran

THP tetrahydropyridines

T™G 1,1,3,3-tetramethylguanidine
Ts p-toluenesulfonyl

10-R-9-BBDs 10-substituted-9-borabicyclo[3.3.2]decane
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