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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, SE1 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 A3 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.5°

The first papers on the use of propargylamines go back to the 1940s-1950s%1¢ and since then
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 B-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.?"2 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
nitrones 4 has been reported by Rodriques®® and Merino®3? as shown in Scheme 2. The
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 BRERO TN
A N.
Li o HN
1 2 3 ‘o@

Merino et al. TIPS
N\_O THF Al/o 4
\)_\\ + Li——R ;
0 \ 5 -80 °C 0o 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 Chz-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 CFs 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 CFs-propargylamines 13 via the
addition of alkynyl lithiums to CFs-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.
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Organolithium reactions can be dramatically accelerated by adding BFs-Et20 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 BFs-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% vyield. Importantly, yields are often much



higher if BFs-Et20 is added to the substrate/organolithium solution or if the organolithium is
added to a substrate/BFs-Et20 solution, whilst premixing of BFs-Et20 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 BFs3-Et20 by precluding
the aging effects associated with many BFs-mediated organolithium reactions.

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

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

Without BF3-Et,0O No reaction
With BF;-Et,0 70% Yield
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=
7/ =—ph
2) Ph—=—Li
16

'85 OC 18
BFs
N Y
17
crystal structure

Subsequent studies on the BFs-mediated addition of lithium acetylides to imines showed that
BFs- imine complexes are formed during the reaction and may be an important determinant
of reactivity and selectivity. The crystal structure of the BFs-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 BFs-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 BFs-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
10



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 E—— R&/R1
R? 2
19 21 R

R? R!

N\
N
N
e "
~, Li
N \ (N>
R = Ph
/bph R/bN\
R? VR 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
(LHMDYS) 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 N——=
Ts Ar  NTs T’ Ar
24 26

25
Yields 61-84%

I
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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 Tf20 with the amide leads to the formation of a highly electrophilic nitrilium ion
intermediate 28. The lithium alkyne reacts with CeCls leading to an alkynylcerium
intermediate which in turn reacts with 28 leading to the ketamine 29. Reduction of 29 with
NaBHj leads finally to the propargylamine 30.%

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

propargylamines.

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

T
‘ /\ ‘ .
Cl,Ce—==—Ph J|\
Ph
50 QO
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 Tf.O affording the intermediate 32 which was immediately
reduced in situ into the imine 33 by treatment with EtsSiH. The formed imine was then
activated by BFs-Et20 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
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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 (A3 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 LIiOTf
catalyst for further reactions.*® Scheme 9. To date, no further investigations on the use of
LiOTf in A3 coupling reactions have been reported.

Scheme 9. Synthesis of propargylamine 39 using catalytic LIOTH.

O ©Ao LIOTF 20 mol% N

+ + =

: e
36 37 38 3

9
Yields >80%

13



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
LiIHMDS, 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 MesAl as
ligand.>*>2 Scheme 10. Although MesAl 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.
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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 1).
Similarly, the same diastereomeric ratio (dr) was observed when the reaction was carried out
at the same temperature and in the presence of Et2AICI (entry 2). Interestingly, the addition of
BFs-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 HIiL 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 BFs-Et,0 -30 °C 12:88

The stereochemistry of compound 48, obtained in the absence of the Lewis acid or with the
use of Et2AICI 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 BFs-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, ng\/o\é
\_o/NR NR
re-face si-face __, o
O\QD\CH:I attack attack
H H H
A o chelate Felkin-Anh B
syn product anti product

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
phosphony! group leads to propargylamines/amides 51 (Scheme 12).%

Scheme 12. Addition of lithium acetylides to chiral N-phosphonylimines.
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LDA (or BuLi) >;N;p;\';4< 1) HCl HN

P G e
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R™ 49 50 R 51
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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-Et20 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 BFs-Et20 is used, in agreement with the work of Galvez.>

Scheme 13. Addition of lithiated ynol ethers to chiral N-sulfinyl imines.
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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 o,fB-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
NaCNBHs or NaBHj4 to afford compounds 63 with a high degree of stereoselectivity (Scheme
15).57

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

OMe OMe T™S
RN._O Li—=—TMS R. N. Z
U then NaBH4 or NaCNBH;
62 63
R=06H13, Ph dI":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 CFs and the methyl ester, on the C=N
carbon (Scheme 16).%8 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-tert-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 2.6* 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.

0
27< 2-3eq. R'-==—MgBr HN/SK
R)lm DCM -78 °C to rt R 71 X R
Entry R R! Yield (%) dr

1 iPr Ph 88 >00:1
2 iPr TMS 87 >99:1
3 iPr nPr 88 >09:1
4 tert-Bu nBu 78 >99:1
5 Ph TMS 46 >09:1
6 Ph nPr 45 >99:1
7 TBDPSOCH; Ph 76 >99:1
8 TBDPSOCH: TMS 73 >09:1
9 p-Cl-Ph Ph 60 20:1
10 p-ClI-Ph nBu 79 13:1
11 p-NO-Ph TMS 33 >09:1
12 Furanyl TMS 45 >099:1
13 Furanyl nBu 70 25:1
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14 Thiophenyl Ph 30 >09:1

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

SR L

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/llla antagonist FR184764, was reported by Yamanka
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(Scheme 18).%% 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.

TMS . s
Yy Lipase kinetic
OAc i i
TMS—==—MgBr 7 enzymatic resolution HzNT\COOEt
—_—
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O 76 o7 I 78
HN H
% N NT\COOEt steps
(0]
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.
o) o)
e
N N—/ y Ph
@ PR e Mg/MeOH @\/
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N NH
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79 00 ’ 81 | 82
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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 — o NHBoc
R83 NHBoc 900 Rs4 X »
NHBoc >—MgCI NBoc NHBoc
Ph Z 85 e 22%%% Ph éas —>Ph 487
R R Yield (%)
Bu 78
Ph 82
Ph——%
COOEt 74
TMS 81
_/—§ Ph 84
i T™S 71
or . 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 MeOTf.
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% vyields. 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

R3
N R Et— % Na R
(NjN %Rr:w Et{\'%\Rs Rs\(;w
92 94
Entry R R? R? R? Yield (%)
1 Ph Me H Ph 91
2 Ph Me H H 81
3 Et Et H CsHu 90
4 (CH2CH,).0 H Ph 90
5 Ph Me Ph Ph 78
6 Ph Me Ph H 60
7 (CH2CH,).0 Ph Ph 96
8 (CH2CH>),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).

25



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————M

=
\N/\© 96

Entry M (Metal) Conditions Yield (%) dr
1 MgBr DCM, -78 °Cto 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

o 8 Gy Pl = Phg |
H3é.'P\NH2 T T HC \Nﬁ_R HiC N g
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 BuL.i 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 Cu2C2 (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(ll) salts and copper complexes have been used for the synthesis of propargylamines.

2.4.1 Copper(l) catalyzed alkynylation of imines and A3 coupling reactions. The Cu(l)
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 RuCls (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 tert-butyl
substituents. The proposed mechanism shown in Scheme 23 illustrates the activation of the
alkyne system by the Ru(lll) 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(l)-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 CuOTTf to induce the stereoselectivity. In general,
CuOTT 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.22 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 A3 coupling with PyBOX ligand 113

| X
T
| |
o 3/“ 13 N~ NHAr
) 1 Ph Ph -
+ Ar-NH, + R'-———H R NN
R CuOTf (10 mol%) Ny
H,0 or Toluene 114
Entry R Ar Solvent Yield (%) ee (%)
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1 Ph Ph H.0O 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.0 70 87
6 4-Cl-Ph Ph Toluene 85 94
7 2-Naph Ph H.0 57 86
8 2-Naph Ph Toluene 63 88

Later, the coupling of alkynes with N-acylimines and N-acyliminium ions mediated by Cu(l)
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)sPFs as copper
source,® or a solid supported PyBOX catalyst.2® The asymmetric alkynylation of imino esters
115 using CuOTf-0.5CsHes/PyBOX ligand (10 mol%) was described by Chan, who obtained
propargylamine derivatives 117 with high ee up to 91% (Scheme 24).87 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-0.5CsHe/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.®2

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

Ph NHPh

J‘ o CuOTf (1-5 mol%)
pr t PhT=H Ligand P™ N

118 119 Ph

Ligands

0. O
NT A
Cot O

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

@

21 122

- O

N/r@

Q)
1

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 -

R11; i RZ/E: § CuBr (5 mol%) R\Tze\w

Entry R! R? R3 Yield (%) ee (%)
1 Ph Pr Bn 78 83
2 CH>OMe Pr Bn 76 55
3 1-c-Hexenyl Pr Bn 84 74
4 CH2CH3CN Pr Bn 50 54
5 CH,CHsCI Pr Bn 58 60
6 CH,OTBDPS  Pr Bn 85 72
7 TMS Pr Bn 73 86

33



8 Ph Pr Allyl 99 77

9 3-pyridyl Pr Bn 57 70

The reaction occurs through the formation of a [BrCu(QUINAP)]2 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(l)-QUINAP catalyzed synthesis of 126.

[BrCu(Quinap)],

R'—
126 C “Cu— Br 123
C Cu Br

R Br
E Ci-- //

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).

34



Table 10. Cu(l)-QUINAP catalyzed A3 coupling

N
_N
PPh
Clrm
o) 125 :

=, R., .R
T RQU + : CuBr (5 mol%) RZ130\R1

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 TMS 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-CFsPh 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(l)-QUINAP A3 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(l) 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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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.
H2/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 A3 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.%8 The results are summarized in Table 11.
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Table 11. Synthesis of propargylamines using the ligand 143.

Ph,  pPh
= JN/AH CuOTf, Ligand H’;‘/AH LiTS:n':: -
144 Additive ArLS\R 9 143H0j%;>*t8u
B
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 EtsN 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-CI-Ph  Ph  Zn(Me), 65 01
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)z 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(l) 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(l)
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).1%

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

40



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(l) 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(l) and Cu(ll) complexes of two

bis(oxazolinyl)pyridines immobilized on silica via electrostatic interactions. The immobilized
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catalysts showed an efficacy similar to that of their homogeneous catalyst equivalents leading
to propargylamines with <85% ee when Cu(ll) 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(l) 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 A3 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.!%41% 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 Brensted acidity. In
particular, catalyst 152 emerged as a powerful cocatalyst of Cul in the A3 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).1% 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. A3 coupling reaction with Cu(I)/acid—thiourea catalyst 152.

Br

(@n Cul (4 mol%) Zg ; f CF3
T ON

=0

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

5A Mol Sieves cocatalyst

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  l-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
1-alkyne 155 to give a copper acetylide intermediate a shown in Scheme 32. The pyrrolidine

nitrogen would form also iminium ion in situ 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 A®
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 A3 coupling reaction is driven by the formation of a succinic acid
complex with the Cu(l). 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(l) complex called Cuz(pip)2 (pip = (2-
picolyliminomethyl)pyrrole anion) that was used for the synthesis of propargylamines via A3
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),'2 who used the aryl alkynyl carboxylic acids 157 as alkyne
source. In the presence of Cul, 157 is decarboxylated leading to the formation of CO2 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 A® 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 1997.113114 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 latter 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\N,R1
O L RGR g O
HJLH " ) 4167
Entry R R? R? Yield (%)

1 Me Me Ph 95
2 (CH2)s 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)a 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.t’
2.4.1.2 A3 coupling reactions in ionic liquids and other solvents. lonic 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. lonic 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(l) 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.!8
Later, Park and Alper described an efficient copper catalyzed synthesis of propargylamines
via an A2 coupling in ionic liquids.**® The authors used [bmim]PFs as a solvent and screened
several copper catalysts (Cul, CuBr, CuCl, CuCN, Cu(OAc): 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 A3 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 35.12! 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 A3 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 A3 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(l)/Cu(ll) catalytic system in water. The combination of Cu(l) and Cu(ll) 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 A® 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.2>-126

2.4.2 Copper(ll) catalyzed alkynylation of imines and A® coupling reactions. In
addition to the standard Cu(l)-catalyzed three components reactions, some authors have
explored the use of Cu(ll) catalysts to access propargylamine derivatives. The use of Cu(ll)
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 A2 coupling of alkynes, ethylglyoxalate and N-benzylallylamine in
the presence of CuBrz. 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(ll) 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 CuCl2 to access spiro-
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propargylamines 180.12° The KA? coupling can be considered as a variant reaction analogous

to the A3 coupling, in which a ketone is used in place of the aldehyde. In this work, several

Cu(l) and Cu(ll) 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. 30

Scheme 37. Synthesis of propargylamines via Cu(ll)-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)sand CuClz in a
KA? coupling reaction of ketones, amines and alkynes (Table 14).'*? It is noteworthy that
both cyclic amines and dialkyl amines can be used as substrates.

Table 14. Cu(ll) and Ti(EtO)a co-catalyzed KA2 coupling.

CUC|2 5 mol% R3 ,R4
0 R Ti(EtO), 50 mol% N
R1J]\R2 + NH + = R® 5 y
Ré 110 °C RN
RS
181
Entry R! R? R3 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,):ClI 91
6 Et Me piperidine '‘Bu 90
7 Et Me H CH2-Napth '‘Bu 73
8 Et Me nPr CHa-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(l) by sodium ascorbate and that
Cu(l) 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.3

Scheme 38. KA? coupling in the presence of Na-ascorbate.
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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(ll) salen complex as
catalyst,*3* as well as the asymmetric Cu(ll)-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 CuPy:Cl2, affording
propargylamines in good yields. The reaction is solvent-free and the catalyst CuPy2Cl: is
stable in air and water, soluble in water, immiscible in common organic solvents and
recyclable.**

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
\«',}lr [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(l) 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).1%8

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

R? NBS, CuBr R'" ,——RS8
\_N/ + = 3 \_N
190 ) CH3CN, 80 °C ) 191
R2 z
Entry R! R? R® Yield (%)
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1 Ph H Ph 52

2 Ph H 4-MeO-Ph 65
3 Ph H 4-NO,-Ph 40
4 Ph H 4-Me-Ph 61
5 Ph H Naphtyl 53
6 CHs(CH2w H  4-Me-Ph 44
7 Ph CHs;  4-Me-Ph 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(ll)-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)2 in DME at 110 °C
affording several propargylamines 197 and 198 in excellent yields (>70%). The use of
different Cu(l) 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 is shown in Scheme 41.

Scheme 41. Cu(ll)-catalyzed oxidative alkynylation reaction of trialkylamine N-oxides.
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The reaction of the N-oxide with the Cu(ll) 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(ll) 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 o-tertiary and a-secondary propargylamines
202 in good vyields 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).14°

Table 16. Cu(l)-catalyzed propargylic amination of propargy! esters.

R R
R/ RI-R® cucismol% R/
+ B ———
H

R2™ R®
201 201
X = Ac, OP(O)(OEt),
Entry X R R! R? R3 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 CHu 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 CuOTf(CsHs)o.s and the
chiral ligand (R)-CI-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.
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O = (0]
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For both reactions the mechanism can be described as reported in Scheme 44.13 In the first
step, the copper complex probably forms a = 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).24° Hu and co-workers used the chiral tridentate P,N,N ligand
216 together with CuCl (entry 2).1*¢ Finally, Mino and co-workers described the copper-
catalyzed asymmetric propargylic amination of propargylic acetates with amines using
BICMAP as chiral ligand (entry 3).}4” The models for the enantioinduction of different
ligands arereported in Table 17, and are based on the model of the transition state (TS)
proposed earlier by Nishibayashi.'*®

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

gz

,

= R3 R? Ligand RL_Z
+ N _—

R’ :
OX H Copper R R2
214 215
Re face __
unfavorable
R2 '
\ Si face
R3NH favorable H
H-~.
)| M
i Cu—P,
R-BINAP TS 216-TS R-BICMAP TS
Entry Ligand Copper ee (%)

(2,
1 OO PPhy CuOTf1/2CeHs up to 99

R-BINAP

72
pph, N7\
Sy

2 N= CuCl up to 97
Fe 216
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0 PPh,
3 0 O PPh, CuOTf1/2CeHs 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.
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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 CuBr2, affording propargylamino derivatives 226 in good yields
(Scheme 47).10 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(l) and Cu(ll) generated similar results, the active
catalyst is most likely to be Cu(l) as Cu(ll) 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(l) or Cu(ll) 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 situ 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 NaHCOs 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, Phl(OAc)2) and the best conversion was obtained when NCS was used in

the presence of NaHCOs. 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 vyielding the
copper acetylide intermediate via C-H activation, which then reacts with the in situ formed
237 leading to propargylamine 234.1%

Scheme 49. Retro-Mannich approach to propargylamines.
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In 2009, Ogawa and Mitamura reported an alternative and interest