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CHAPTER 1

General Introduction

Chapter 1

1.1

ASYMMETRIC CATALYSIS

Molecular chirality plays a key role in everyday life. In drug development it is therefore of
great importance to obtain enantiopure compounds, because in the human body chiral host
molecules recognize two enantiomeric guest molecules differently. Only one enantiomer
usually provides the desired biological effect while the other often causes undesirable side
effects. Thus, gaining access to enantiomerically pure compounds in the development of
pharmaceuticals, but also agrochemicals, flavors, and fragrances is a significant endeavor.1
Classical resolution of a racemate or the transformation of readily accessible, naturally
derived “chiral pool” compounds, such as amino acids or carbohydrates are methods to arrive
at enantiopure compounds. Asymmetric synthesis using chiral auxiliaries is an important
approach to obtain a wide array of enantiopure substances.1 The chiral auxiliary can be used
either in stoichiometric or, preferably, in catalytic amounts. This latter category, in fact the
field of asymmetric homogeneous catalysis, can be subdivided into two main areas: enzyme
catalysis (biocatalysis)2 and small molecule catalysis. In small molecule homogeneous
catalysis a catalytic amount of a chiral molecule with MW below ca. 2000 is used to induce
asymmetry in chemical reactions. The design and synthesis of such small chiral catalysts is
often relatively simple, which allows facile catalyst optimization for a chemical
transformation. The versatility of such catalyst system makes asymmetric small molecule
catalysis a very efficient method to synthesize enantiomerically enriched molecules. The two
major topics of interest in this field are asymmetric organocatalysis,3 and asymmetric
transition metal catalysis. Below, the latter is discussed in more detail.
1.1.1 ASYMMETRIC TRANSITION METAL CATALYSIS
In 1966, the first example of asymmetric catalysis with a transition metal complex as
catalyst was reported by Nozaki et al. They made use of a chiral Schiff base-CuII complex to
induce asymmetry in two types of carbenoid reactions.4 Some years later, major
breakthroughs in the field of asymmetric hydrogenation were enforced by Knowles, Horner
and Kagan. Knowles and Horner independently replaced the triphenylphosphine groups of
Wilkinson’s catalyst,5 RhCl(PPh3)3, by the chiral monophosphines PAMP, CAMP6 and
methylphenyl-n-propylphosphine 1.7 Hydrogenations catalyzed by rhodium complexes with
these ligands already gave enantioselectivities up to 88%.8 Kagan was the first who reported a
rhodium-catalyzed hydrogenation using the diphosphine ligand DIOP. The high enantiomeric
excess (ee) observed during catalytic hydrogenations with DIOP showed the usefulness of the
bidentate diphosphine ligands.9 These results led to the development of many chiral
diphosphorus ligands, e.g. Knowles’ DIPAMP10 and Noyori’s BINAP.11 In 2001, the Nobel
prize was awarded to Knowles and Noyori for their work on catalytic asymmetric
hydrogenation reactions.1,12 Kumada and Hayashi reported the BPPFA13,14 and BPPOH15
diphosphine ligands which contain ferrocene as a backbone.16
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1.1.2 P,N LIGANDS
The activity, selectivity, and stability of a catalytic metal complex is highly dependent on
the steric and electronic properties of the ligand.17 Besides the diphosphine type bidentate
ligand class, a widely used class of ligands are the heterodentate ligands of which the
phosphorus and nitrogen containing bidentate ligands are the most important. These so-called
P,N ligands combine the “soft” π-acceptor and σ-donor character of the phosphorus with the
“hard” nitrogen σ-donor ability to stabilize intermediate oxidation states or geometries which
form during a catalytic cycle. The ligand generates an asymmetric environment around the
metal center, which may result in higher or different selectivity in the catalysis. By modifying
the atoms next to the phosphorus or nitrogen atom it is possible to optimize and fine-tune the
ligand properties in both an electronic and steric way.
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The first application of chiral P,N ligands was reported by Hayashi and Kumada in 1974.13
They developed the (S)-α-[(R)-2-diphenylphosphinoferrocenyl]ethyldimethyl-amine (PPFA)
and (R)-α-[(S)-2-dimethylphosphinoferrocenyl]ethyldimethylamine (MPFA) ligands, which
just like the already mentioned BPPFA and BPPOH diphosphine ligands contain ferrocene as
a backbone, and applied them in the hydrosilylation of ketones. Although the optical purity
was not impressive (up to 49% ee), it demonstrated the ability of the ligands to induce
asymmetry. As a results, many other P,N ligands have been prepared and applied in various
catalytic reactions.18 In 1998, Kočovský reported the synthesis of a novel N,N-dimethyl
aminophosphine ligand (MAP),19 which is an analogue of BINAP. This class of P,N
binaphthyl ligands stands out by its high reactivity and selectivity in several transition metalcatalyzed reactions, such as Hartwig-Buchwald aminations, enantioselective Suzuki-Miyaura
couplings, and formation of aryl ethers.20 Recently, a new methodology for the construction
of a variety of interesting MAP-type P,N ligands was developed within our group based on
the Staudinger reaction.21 One of the most successful ligand classes are the
diphenylphosphinoaryloxazolines (2-6) which were reported independently by the groups of
Pfaltz, Helmchen, and Williams.22 The phosphinooxazoline (PHOX) ligands acquire their
chirality in the oxazoline ring from amino alcohols, which are easily available from α-amino
acids. Because of the modular construction, these ligands could be adapted to many metalcatalyzed reactions.23 Different derivatives could be readily synthesized, and this made in
many cases, that they outperformed P,P or N,N ligands.24

Scheme 1.1 Pd-catalyzed asymmetric allylic alkylation
4
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A few illustrative examples of asymmetric transition metal catalyzed reactions will be given
in which P,N ligands were successful. Many P,N ligands have been tested and compared in
the palladium-catalyzed alllylic alkylation of (E)-1,3-diphenyl-2-propenyl acetate with
dimethyl malonate (Scheme 1.1). Small variations in the substituents of the ligands could lead
to large differences in reactivity and selectivity. Therefore, a short and facile ligand synthesis,
in which the substituents are easily varied is important for reaction optimization. Some
effective ligands in the Pd-catalyzed allylic alkylation are collected in Scheme 1.1.18

Scheme 1.2 Regioselective Pd-catalyzed asymmetric allylic alkylation
Starting with monosubstituted allylic substrates, certain P,N ligands gave a highly
regioselective reaction and afforded predominantly the branched products, which were
preferred for applications in asymmetric synthesis (Scheme 1.2).25
Also in the enantioselective copper-catalyzed addition of alkynes to imines two P,N ligands,
quinap and pinap, displayed high reactivity and selectivity (Scheme 1.3). Quinap, the first
successful axially chiral P,N ligand, is purified by a difficult resolution step involving
fractional crystallization of diastereomeric Pd complexes and therefore rather expensive.26
The structurally related pinap was especially developed to provide a more practical route to
such compounds.27 Besides simplifying the synthesis, the chiral auxiliary in pinap provides a
tool for ligand optimization, which was illustrated by the parallel reactivity to quinap, not
only in the Cu-catalyzed addition of alkynes to imines, but also in the (not shown) Agcatalyzed azomethine cycloaddition with acrylates and the Rh-catalyzed hydroboration.

Scheme 1.3 Cu-catalyzed enantioselective addition of alkynes to imines
5
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Since the use of heterobidentate P,N ligands in the enantioselective Rh-catalyzed
hydroboration of olefins, the scope of this reaction, in terms of asymmetric induction, has
been substantially expanded.28 The use of a ligand, containing the 3,5-dimethylpyrazolyl
fragment, for the hydroboration of styrene, afforded the secondary alcohol in an excellent
95% ee (Scheme 1.4).29 However, the ligands were limited in terms of regiochemical control,
and the ratio between the secondary and primary alcohol was 66:34 with an overall yield of
91%. The regioselectivity towards the secondary alcohol was better controlled with quinap as
the ligand (for most vinylarenes >95%), while good enantioselectivity was maintained (92%
ee for styrene).30
P,N ligands were also effective in the Ir-catalyzed hydrogenation of unfunctionalized
olefins. More about this reaction is described in Chapter 6.

Scheme 1.4 Rh-catalyzed enantioselective hydroboration of olefins
In this small overview only the transformation of a single substrate for each asymmetric
reaction has been shown. The most effective P,N ligands for these particular substrates were
depicted in the schemes. Of course, the electronic and steric properties of each ligand must be
fine-tuned for individual substrates, and the ease and modularity of the syntheses of these
ligands are therefore of great importance. To date, a ligand which provides the maximum
reactivity and selectivity across a wide range of substrates remains elusive.
The use of a 1,2,3-triazole group as part of a P,N ligand has to the best of our knowledge
not been reported. We envisioned a facile and modular synthesis of a new type of P,N ligands
with the triazole moiety containing the nitrogen donor atom. The recently discovered coppercatalyzed azide-alkyne cycloaddition greatly simplifies the synthesis of the triazole ring.

1.2

CLICK CHEMISTRY FOR THE SYNTHESIS OF P,N LIGANDS

The term “click chemistry” was first used by Sharpless et al. They envisaged the
development of an expanding set of powerful, selective, and modular “blocks” that work
reliably in both small- and large-scale applications.31 These “blocks” should consist of
reactions where small units join together with heteroatom links (C-X-C). The reaction must be
modular, wide in scope, give very high yields, generate only inoffensive byproducts, and be
stereospecific (but not necessarily enantioselective). Also simple reaction conditions, readily
available starting materials and reagents, and simple product isolation (by
nonchromatographic methods) are important characteristics of the process. Although several
6
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other types of reactions fall into the click chemistry category, cycloaddition reactions are
probably the most prominent examples.
1.2.1 HUISGEN’S [2+3] DIPOLAR CYCLOADDITION
Hetero Diels-Alder and, especially, 1,3-dipolar cycloadditions are beautiful examples of
potential click reactions. These reactions give rise to an enormous variety of five- and sixmembered heterocycles by uniting two unsaturated reactants. The Huisgen’s [2+3] dipolar
cycloaddition32 between azides and alkynes is potentially a near perfect reaction.31a Although
the cycloaddition can be performed with other 1,3-dipolar components, the azide group is by
far the most convenient. Besides being stable towards dimerization and/or hydrolysis, it is
easy to introduce and inert to a wide variety of organic synthesis conditions. These properties
make it possible to install the azide in an early stage of the synthesis and ‘carry’ it along until
needed and the same is true for the alkyne group. This stability, being purely kinetic in origin,
is responsible for the slow nature of the cycloaddition reaction. Only at elevated temperatures
the reaction proceeds, usually resulting in a mixture (ca. 1:1) of the 1,4- and 1,5-disubstituted
triazole regioisomers. The recently discovered copper(I)-catalyzed reaction unites azides (7)
and terminal alkynes (8) in a regioselective way providing only the 1,4-disubstituted 1,2,3triazoles (9, Scheme 1.5) making this reaction the “cream of the crop” in click chemistry.33
Direct use of copper(I) species is possible, but in situ reduction of cheaper CuII salts
(CuSO4·5H2O serves well) reduces the amount of undesired by-products. A catalyst loading
of 0.25-2.0 mol% is sufficient to drive the reaction to completion in 6 to 36 hours at ambient
temperature. As reductants metallic copper(0), ascorbic acid or sodium ascorbate serve well.
The reaction proceeds in a variety of solvents, including aqueous tert-butyl alcohol or ethanol
and water without organic co-solvent. These optimizations allowed the preparation of a broad
spectrum of 1,4-triazole products in high yields and purity. The tolerance for variations in
both the acetylene and the azide component was excellent. Only very sterically hindered
azides, such as 2-azido-2,2-diphenylacetic acid, did not react even at elevated temperatures
and prolonged reaction time.33b

Scheme 1.5 Example of the copper-catalyzed azide-alkyne cycloaddition
The proposed catalytic cycle begins with activation of the acetylene by formation of a
copper π-complex with the alkyne (Scheme 1.6, step A). The formation of this π-complex
lowers the pKa value of the acetylenic hydrogen atom by 10 units, as described by Fokin and
co-workers,34 which makes step B accessible in aqueous systems. The unexceptional
formation of the copper acetylide (step B), which is also the case in the Sonogashira
coupling,35 is the reason why no reaction is observed with internal alkynes.

7

Chapter 1

N N
N
R2
N

R1

N
R2

Cu

N

R1

H+

R1

CumLn

H

F

L

A
Cu

L
CumLn
E
R1

N

R1

H

B

H+

N
R2

N Cu

R1

Cu L

CumLn

L

R1

D

R2 N

N
N
N Cu Cu
L
R2
L

R1

N

C

N
OR

Cu
L

R2N3
Cu Cu L
L

Scheme 1.6 Proposed catalytic cycle for the copper-catalyzed azide-alkyne cycloaddition
Although questions about the nature of the Cu-acetylene complexes still exist, the current
evidence indicates that the active copper complex in catalysis requires at least two metal
centers, one or more alkyne ligands, and other labile ligands that allow for competitive azide
binding (step C).34,36 In the cyclic transition state the terminal nitrogen atom of the azide
attacks the electrophilic carbon of the acetylide, which can explain the absolute
regioselectivity of the reaction (step D). Ring contraction forms the metallocene intermediate
in step E. Upon proteolysis the product is obtained and the copper complex is ready to enter
the next catalytic cycle (step F). The ca. 106 fold rate acceleration of the copper(I)-catalyzed
1,3-dipolar cycloaddition with complete conversion and high selectivity in combination with
the ready availability of the starting materials reveals a pathway to highly diverse libraries.
The homology of the 1,2,3-triazole ring with an amide moiety makes it a perfect target for
drug discovery.37 In contrast to amides, nature’s linking devices, triazoles cannot be cleaved
hydrolytically or otherwise and are stable towards reduction and oxidation. These properties
boosted the use of the triazole-forming process in biomedical research, ranging from lead
discovery and optimization, to tagging of biological systems.31b Additionally, significant
progress has been made in the application of the methodology to the areas of materials
science, and polymer chemistry, among others.38,39
1.2.2 TRIAZOLE COORDINATION
Besides being used as efficient linking device, the triazole ring has also been applied as
ligand for several transition metals. In particular, the coordinating ability of the 1,2,4-triazoles
8
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has been studied in depth and reviewed recently.40 Also benzotriazole compounds have
extensively been reported as ligands in organometallic complexes.41 The coordinating
properties of 1,2,3-triazole and its substituted analogues are less known in literature, but
several examples exist.42

An example of spin-crossover material based on the 1,2,3-triazole as donor group was
reported by Bronisz.43 He synthesized the iron(II) 2D coordination polymer with the bidentate
ligand 1,4-di(1,2,3-triazol-1-yl)butane. Reedijk et al. demonstrated the occurrence of an
isomerization process in a cytotoxic triazole-bridged dinuclear platinum(II) complex where
Pt(II) migrates from N2 to N3 in the triazole ring, upon reaction with a guanine substrate
molecule.44 Also a C-bonded triazole is known in a rhodium(I) complex, which is made from
the diazoalkane complex after cycloaddition with an isocyanide.45 Such cycloaddition process
on the metal complex was also observed by Busetto et al., who prepared iron and ruthenium
azide complexes and reacted them with alkynes to afford the corresponding triazole
complexes.46
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In the group of Trofimenko a triazole moiety was used as part of a bidentate ligand with as
first example 4,5-bis(diphenylphosphinoyl)-1,2,3-triazole, which is thermally, oxidatively and
hydrolytically very stable.47 The developed O,N and S,N ligands can coordinate in their
anionic form in a bidentate fashion with several metal ions (e.g. Pd, Ni, and Rh).
Since the discovery of the copper-catalyzed azide-alkyne cycloaddition 1,4-disubstituted
1,2,3-triazoles have been widely applied (see § 1.2.1). It is therefore surprising, that, prior to
2004, their role as ligands in transition metal chemistry had remained an unexplored field.
Only Fokin et al. reported that polytriazoles (e.g. TBTA), obtained by the azide-alkyne
cycloaddition, were competent in protecting copper(I) under aerobic aqueous conditions and
promoting copper(I)-catalyzed transformations (Figure 1.1).48 The modularity and ease of
synthesis of the triazole moiety by “click” chemistry allow rapid exploration of analogues
with specifically tuned properties, factors that are of vital importance for catalyst
optimization.

Figure 1.1 The polytriazole ligand tris-(benzyltriazolylmethyl)amine (TBTA)
As mentioned above, we envisioned that the Cu(I)-catalyzed azide-alkyne cycloaddition
might lead to a new type of P,N ligands with the triazole moiety containing the nitrogen donor
atom. A phosphine-functionalized propargylic moiety may function as the starting material
for these ligands (Figure 1.2).

Figure 1.2 A new class of triazole functionalized P,N ligands (M = metal salt; X is e.g. CH2,
O, NH, or none; LG = leaving group)
Reaction with an azide would afford the desired P,N ligands. Introduction of a chiral
propargylic moiety would allow the facile synthesis of P,N ligands for asymmetric catalysis
with chirality in the bridge between the phosphorus and nitrogen. Catalytic propargylic
10
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substitution seems to be a promising reaction to acquire these chiral propargylic building
blocks. In the next section an overview of the literature about catalyzed propargylic
substitutions is given.

1.3

CATALYZED PROPARGYLIC SUBSTITUTION

The propargylic moiety is a popular functionality in organic synthesis. The electron rich
triple bond, in combination with the fairly acidic character of the terminal acetylenic
hydrogen atom, makes it a versatile entity for further chemical transformations. Besides this,
natural products, fine chemicals, and synthetic pharmaceuticals have been reported that
contain the propargylic subunit as part of their structure.49

Although the allylic substitution reaction has intensively been studied,50 the transition metal
catalyzed propargylic substitution is a less developed reaction type. The regioselectivity of the
latter is of great importance because either alkynes or allenes can be obtained, this in contrast
to allylic substitution which solely affords alkenes (Figure 1.3).

Figure 1.3 Allylic versus propargylic substitution (LG = leaving group)
To obtain the alkyne product, selective substitution at the α-position of the propargylic
moiety is desired. The success of this transformation is depending on the selectivity of the
catalyst that is used. Palladium-catalyzed reactions with propargylic compounds are known,
but these usually yield the corresponding allenic systems.51 One example in which the
propargylic products were obtained was reported by Marshall and Wolf.52 They described a
Pd-catalyzed substitution of enantiopure propargylic mesylates by arylamines, which occurred
with retention of the configuration. Without the Pd catalyst the mesylates were also
substituted, but now with inversion of the propargylic stereocenter. To avoid allene formation,
Brinkmeyer and Macdonald found that in the treatment of propargylic acetates with
organocuprates, blocking the terminal position of the acetylene with a bulky group afforded
the desired acetylenic products in good yield.53
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1.3.1 NICHOLAS REACTION
A fundamental substitution reaction of propargylic alcohol derivatives (10) is the Nicholas
reaction, which occurs via a stoichiometric cobalt-alkyne complex (Scheme 1.7).54 In this
reaction the generated carbocationic charge at the carbon α- to the alkyne moiety (11) is
stabilized by dicobalt hexacarbonyl, Co2(CO)6, prior to treatment with a nucleophile. The
reaction allows a broad range of heteroatom-centered nucleophiles, such as alcohols, amines,
and thiols, but also carbon nucleophiles, such as ketones, silyl enol ethers, and electron rich
aromic rings, are allowed.
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Scheme 1.7 The Nicholas reaction
After nucleophilic addition, the cobalt-alkyne complex can be cleaved oxidatively to afford
the propargylic product 12. Reductive demetallation gives, if desired, the alkene, 13.
Although broad in scope, the required stoichiometric amounts of Co2(CO)8, and the multiple
steps that are necessary to obtain the desired propargylic products are serious drawbacks of
the Nicholas reaction.
Another stoichiometric method, reported by Müller and Netz,55 makes use of an ortho
substituted (arene)Cr(CO)3 group as substituent on the α-carbon of propargylic acetates. After
acetate removal by a Lewis acid (TiCl4 or TMSOTf) the cation is stabilized by this chromium
complex and can be subjected to trapping reactions with π-, S- and N-centered nucleophiles.
1.3.2 COPPER-CATALYZED SUBSTITUTIONS
In 1960, Hennion and Hanzel reported a copper-catalyzed route towards propargylic amines
starting from tertiary propargylic chlorides.56 Only with weakly basic amines (aromatic
amines) the copper catalyst was necessary in order to obtain the products in good yields. It
was stated that the copper catalyst may form a reactive copper-acetylide species that is
responsible for the improved reactivity. This protocol was also followed by Rathke et al. with
more hindered amines.57 Also aminations of propargylic oxyphosphonium salts and triflates
have been reported.58 Murahashi et al. reported in 1994 a more practical route starting from
propargylic esters (14) to prepare propargylic amines 15 under mild conditions catalyzed by
copper chloride (Scheme 1.8).59 Alhough the mechanistic aspects were not totally clear they
supported the idea of Hennion and Hanzel, that a zwitterion intermediate and/or carbene
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intermediate was the reactive species susceptible for nucleophilic attack. The terminal
acetylenic proton was essential, demonstrated by the fact that an internal alkyne did not
undergo the amination even under severe conditions, which indicated the formation of the
proposed copper-acetylide intermediate.

Scheme 1.8 Murahashi’s copper-catalyzed propargylic amination
The amination is highly regioselective and allenylamines could not be detected among the
products. Both propargylic phosphates and acetates did react with several types of amines,
such as aliphatic, benzylic, and aromatic secondary amines. With primary amines, like aniline
and benzylamine, only the monopropargylated amines were obtained.
Mann et al. reported that copper(I) iodide catalyzes the reaction between phenols and
dialkylpropargyl chlorides to give aryl 1,1-dialkylpropargyl ethers.60 Although more
examples of substitutions of propargylic halides are known in literature, we will here only
discuss the substitutions performed with propargylic alcohols and their derivatives.
1.3.3 RUTHENIUM-CATALYZED SUBSTITUTIONS
Many methods have been reported, especially in the last decade, that make use of catalytic
amounts of other transition metals than copper to modify the propargylic α-position by
substitution of propargylic alcohols or alcohol derivatives. Nishibayashi, Hidai, and Uemura
and co-workers, developed a ruthenium-catalyzed process in which a wide variety of
nucleophiles can be used.61 Treatment of for example 1-phenyl-2-propyn-1-ol (16) in ethanol
in the presence of 17 (5 mol%) and NH4BF4 (10 mol%) at 60 °C afforded in 15 minutes the
corresponding ethyl ether 18 in 88% yield (Scheme 1.9). Besides alcohols, also sulfides,
amines, amides, and diphenylphosphine oxide were effective as nucleophiles, affording the
corresponding products in good yields (19-22).61,62 Even carbon nucleophiles, such as simple
ketones (e.g. acetone, product 23),63 1,3-dicarbonyl compounds,64 and electron-rich aromatic
rings (e.g. product 24),65 were successfully employed in the reaction. The reaction only
proceeded with diruthenium(III,III) complexes, such as 17; both diruthenium(II,III) and
monoruthenium complexes were ineffective. In all cases no allenic products were observed.

13

Chapter 1

NH(p-NO2Ph)
S(p-Tol)

*Cp

Ph
Ph

20 (88%)

MeS

19 (53%)
NHCOPh

Cp*
Ru Ru
SMe

Cl Cl
17

a)
a)

Ph
a)

21 (71%)

OH
Ph

a)

P(O)Ph2

Ph

EtOH, 60 °C
16

Ph

18 (88%)

b)

a)

O

22 (56%)

OEt

cat. 17, NH4BF4

Me

a) Reaction was carried out with 5 equiv of
nucleophile in the presence of 17 (5 mol%)
and NH4BF4 (10 mol%) in ClCH2CH2Cl at
60 °C and finished within 4 h.

O
Ph
Ph

23 (78%)

b) Same as a), only with the nucleophile as
solvent

24 (85%)

Scheme 1.9 Nishibayashi’s Ru-catalyzed propargylic substitution (Cp* = η5-C5Me5) with 17
Available substrates were limited to the propargylic alcohols bearing a terminal alkyne
group, because the reaction proceeds via an allenylidene ruthenium complex as key
intermediate (Scheme 1.10).
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Scheme 1.10 Proposed catalytic cycle for the ruthenium-catalyzed propargylic substitution
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This allenylidene complex (B) is obtained by dehydration of the initially formed
vinylidene complex A. Nucleophilic attack on the electrophilic Cγ atom of the allenylidene
first results in the formation of an alkynyl complex, which rearranges to vinylidene complex
C (netto: addition of the NuH to the Cγ=Cβ double bond). Rearrangement of complex C into
the η2-coordinated propargylic product gives complex D, which liberates the product after
exchange with propargylic alcohol 16, and regenerates complex A.
Nishibayashi and co-workers reported that a slight modification of the catalyst allowed in
some cases the use of internal alkynes (Scheme 1.11).62b Catalyst 25 was found to give sulfide
27 in high yield starting from internal alkyne 26, in the absence of NH4BF4. In addition, the
products derived from terminal alkynes were provided in higher yields by this catalyst system
compared to the yields obtained with complex 17. Because no allenylidene can be formed, it
is suspected that this catalyst coordinates to the alkyne (as in D, Scheme 1.10) or only acts as
a Lewis acid.

Scheme 1.11 Ruthenium-catalyzed propargylic substitution of internal alkynes with catalyst 25
With aromatic rings as nucleophiles, such as 2-methylfuran, 26 was effectively substituted
using the same catalyst system. With terminal alkynes and aromatic rings as nucleophiles,
cationic catalyst 25 was equally active as the neutral 17. With the development of this cationic
catalyst a more general approach was presented for the substitution of propargylic alcohols,
with both terminal and internal alkynes. However, no propargylic substitution reactions of 26
with alcohols, amines, acetone, and silyl enol ethers in the presence of 25 occurred under
similar reaction conditions.
1.3.4 RHENIUM-CATALYZED SUBSTITUTIONS
Toste and co-workers cleverly postulated that an allenolate intermediate (31), formed by the
reaction of a propargylic alcohol (29) with a metal-oxo complex, could undergo SN2’ addition
of a nucleophile (Scheme 1.12). This idea was based on the knowledge that metal-oxo
complexes effect the rearrangement of propargylic alcohols to enones (34) (Meyer-Schuster
rearrangement).66
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Scheme 1.12 Proposed mechanism of propargylic substitution catalyzed by metal-oxo complexes
They examined several metal-oxo complexes for the selective conversion of propargylic
alcohol 35 to propargylic ether 36 (Scheme 1.13). A rhenium(V)-oxo complex bearing a
bidentate phosphine ligand (dppm: diphenylphosphinomethane) was the most effective and
afforded the desired product 36 with only traces of oxidized and rearranged products (such as
33 and 34).67 The same conditions were applied to a variety of propargylic alcohols. It
appeared that not only benzylic substrates were converted, but even disubstituted propargylic
alcohols, such as 1,1-dimethylbut-2-yn-1-ol, underwent the etherification in good yield
(69%). Only with two large substituents, e.g. two phenyl groups, the enone was formed
exclusively, illustrating a steric component to the reaction. Both with primary and secondary
alcohols the ether products were obtained in good yields (53-88%), with tertiary alcohols
moderate conversions (<30%) were observed.
The mechanistic considerations led the same group to investigate the substitution of 35 by
nitrogen nucleophiles as well.68 The use of allylamine failed to yield the desired product.
According to the authors, competitive binding of the Lewis basic amine to the rhenium center
precluded the propargylic alcohol to coordinate. Indeed, less Lewis basic amines, such as
tosylamide, p-nitroaniline, and ethyl methylcarbamate, gave the corresponding propargylic
amines (e.g. 37) in good yields (66-93%). Side reactions, as depicted in Scheme 1.12, were
completely suppressed by addition of 5 mol% of NH4PF6.

Scheme 1.13 Rhenium-catalyzed propargylic substitution
The formation of carbon-carbon bonds was accomplished by the same Re catalyst taking
allylsilanes as nucleophiles.69 The best results for this reaction were obtained if nitromethane
was the solvent, and NH4PF6 was added as cocatalyst. Several benzylic propargylic alcohols
were transformed into the anticipated 1,5-enynes (e.g. 38) in good to very high yields (5599%). Non-benzylic propargyl alcohols also participated in the substitution reaction; however,
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silver hexafluoroantimonate was required as the cocatalyst, instead of NH4PF6, to obtain
reasonable yields (25-58%).
1.3.5 PROPARGYLIC SUBSTITUTIONS BY OTHER TRANSITION METAL COMPLEXES
In 2002 Matsuda and co-workers reported the transformation of propargylic acetates into βalkynyl carbonyl compounds upon reaction with silyl enol ethers in the presence of a catalytic
amount of an iridium phosphite complex, which was first activated by dihydrogen (Scheme
1.14).70 Both internal and terminal alkynes were converted. The reaction was in some cases
not regioselective. With two phenyl groups on the propargyl carbon, like in 39b, reverse
selectivity was observed in the regiochemistry of the substitution, and 55% of the allenic
product (40b) was obtained. Steric bulkiness at the nucleophilic site was considered as well to
be advantageous for allene formation.

Scheme 1.14 Iridium-catalyzed propargylic substitution
Gold(III)-catalyzed nucleophilic substitutions of propargylic alcohols were recently
disclosed by the group of Campagne.71 Best results in the allylation of 1-phenylhept-2-yn-1-ol
41a by allyltrimethylsilane were obtained with NaAuCl4·2H2O (5 mol%) as the catalyst
(Scheme 1.15). Various propargylic alcohols were allowed in the allylation reaction, bearing
electron-rich and moderately electron-poor aromatic rings (72-85%). With the strongly
electron withdrawing p-nitrophenyl as substituent no reaction was observed. Modifications on
the alkynyl part led to good yields (71-97%) except for an electron-poor group (CO2Et),
which resulted in no reaction. Tertiary and non-benzylic propargylic alcohols were effectively
converted into the 1,5-enyne products, although in lower yields (33-59%). Alcohols, electronrich aromatic rings, and thiols were successfully applied as nucleophiles in this gold-catalyzed
method, affording the products in moderate to good yields (35-88%). Surprisingly, the use of
nitrogen nucleophiles and terminal alkynes is not mentioned.

Scheme 1.15 Gold-catalyzed propargylic substitution
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Evans and Lawler examined the feasibility of the propargylic amination of 43 catalyzed by
the Wilkinson catalyst, RhCl(PPh3)3.72 The amination of the propargylic alcohol of 43 with
the lithium anion of N-benzyltoluenesulfonamide was unsuccessful. By using as the leaving
group a tert-butyl carbonate and as an additive trimethyl phosphite (40 mol%) the propargylic
sulfonamide 44 was obtained in 82% yield (Scheme 1.16).

Scheme 1.16 Rhodium-catalyzed propargylic substitution
High yields were observed only with terminal alkynes for a series of alkyl-substituted
propargylic carbonates (71-86%). The aryl derivatives furnished the corresponding allenyl
sulfonamides, due to base-induced isomerization. Indeed, with a weaker base, K2CO3, the
propargylic sulfonamides were obtained, in most cases as single isomers.
1.3.6 LEWIS ACID-CATALYZED SUBSTITUTIONS
Besides transition metal catalysis, in which the metal ion activates the alkyne, also Lewis
acids have been used that predominantly activate the alcohol (derivative) to catalyze
propargylic substitution reactions. Already in 1986, Pornet et al. observed an interesting side
reaction during the preparation of alkyl-substituted 5-vinylidene-1,3-dioxanes from αsilyloxypropargyltrimethylsilanes (Scheme 1.17). They found that the α-silyloxy group of
their starting material was partially substituted by chloride in the presence of TiCl4.73

Scheme 1.17 Propargylic substitution by TiCl4
Mukaiyama et al. deliberately treated propargylic ether 45 with allyltrimethylsilane in the
presence of catalytic amounts of SnCl4 and ZnCl2, which afforded the desired product 46 in
reasonable yield (Scheme 1.18).74

Scheme 1.18 Lewis acid mediated substitution of propargylic ether 45
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Recently, other Lewis acid catalyzed propargylic substitutions by allylsilanes have been
reported. Saito et al. started from propargylic TMS ethers and used TMSOTf to catalyze the
substitution with allyltrimethylsilane.75 The catalyst was regenerated by the liberation of the
silyl cation from the nucleophiles. The regioselectivity was determined by the substituents at
the 3-position, although either the propargylic (48a) or the allenic product (48b) was formed
exclusively (Scheme 1.19).

Scheme 1.19 TMSOTf mediated substitution of propargylic TMS ethers 47
The first attempt to allylate the propargylic alcohol of 49 in the presence of B(C6F5)3 failed,
as described by Gevorgyan and co-workers.76 Optimization of the leaving group led to the use
of 49 as the propargylic esters of choice. Both aliphatic and aromatic side chains were
allowed in this transformation, and besides terminal alkynes, also internal alkynes were
effectively allylated (Scheme 1.20).

Scheme 1.20 B(C6F5)3 mediated substitution of propargylic esters 49
Mahrwald and co-workers described a TiCl4-catalyzed nucleophilic substitution of
propargylic acetates 51 by alcohols affording propargylic ethers 52a-c (Scheme 1.21).77 The
reacting alcohol served in addition as solvent and more hindered alcohols gave lower yields.
Substituents that stabilized the cationic intermediate, formed after the assumed TiCl4mediated extrusion of the leaving group, were important for good yields. Therefore, no
substitution was observed when substrates with alkyl substituents at the α-position were used.
Products derived from hydrolysis were sometimes obtained, but no formation of the allenic
system was detected.

Scheme 1.21 TiCl4-catalyzed propargylic substitution
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The same procedure was repeated with primary and secondary amines, instead of alcohols,
but no conversion was observed. With p-toluenesulfonamide and acetamide the corresponding
propargylic amides were obtained in low yield (19-58%); higher conversions (51-78%) were
observed with benzamide as nucleophile (52d). Removal of the benzoyl group was
accomplished by reduction with DIBAL affording the primary amine in 55% yield.
It is remarkable that Mahrwald does not report the formation of chloroallenes, because the
reaction of 1-phenyl-2-octyn-1-ol with equimolar amounts of triethylamine and TiCl4 gives
the corresponding chloroallene in 56% yield, as reported by Periasamy and co-workers.78
Periasamy also notes that with tertiary aromatic amines, instead of Et3N, at −40 °C in most
cases the corresponding propargylic products were obtained. For these transformations no
comments were made on the possible catalytic activity of TiCl4 as described by Mahrwald.
An FeCl3-mediated approach to substitute propargylic alcohols has been developed by Zhan
et al.,79 allowing a broad range of nucleophiles, such as alcohols, electron-rich aromatic rings,
sulfides, amides, sulfonamides, and allyltrimethylsilane (Scheme 1.22). The method was
working for both internal and terminal alkynes and was completely regioselective.
Propargylic alcohols with aromatic side chains (Ph), but also with aliphatic side chains (Me),
were effectively substituted. The primary aliphatic alcohol, 3-phenylprop-2-yn-1-ol was not
substituted, which was ascribed to unstability of the supposedly formed propargylic cation
intermediate. Although no reaction was observed when acetamide, aniline, and piperidine
were used as nucleophiles, this method is very broad in scope and allows mild reaction
conditions.

Scheme 1.22 FeCl3-catalyzed propargylic substitution
The same group reported that similar results as with the iron-catalyzed method were
obtained with BiCl3 as the catalyst, although slightly higher temperatures were required (35
°C, instead of room temperature).80
Matsunaga and Shibasaki and co-workers showed that also Bi(OTf)3 was able to catalyze
the substitution of propargylic (and allylic) alcohols by nitrogen nucleophiles, such as
sulphonamides and carbamates.81 The addition of KPF6 (catalytic) and the desiccant drierite
(CaSO4) had a beneficial effect on the reactivity of the reaction, allowing lower catalyst
loadings (1 mol%). No terminal alkynes were tested, and with tertiary propargylic alcohols
lower yields were obtained than with secondary (63-65%, and 78-82%, resp.). The working
hypothesis was based on a bifunctional reactivity of the bismuth catalyst, both acting as a πacid to activate the alkyne and as a Lewis acid to activate the hydroxyl group (Scheme 1.23).
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Scheme 1.23 Proposed mechanism of propargylic alcohol activation by a bismuth catalyst
1.3.7 A BRØNSTED ACID-CATALYZED METHOD
Recently, Sanz et al. found that organic acids, such as p-toluenesulfonic acid (PTS),
efficiently catalyze direct nucleophilic substitutions of the hydroxy groups of propargylic
alcohols with a large variety of carbon- and heteroatom-centered nucleophiles (Scheme
1.24).82 The method allows the use propargylic alcohols with both aliphatic and aromatic
groups as side chain(s). Although side products were formed (<15%), terminal alkynes,
besides internal, were also converted into the desired products. This metal-free strategy
represents a synthetically competitive alternative to the already established use of metal
complexes.

Scheme 1.24 PTS-catalyzed propargylic substitution

1.4

ENANTIOSELECTIVE PROPARGYLIC SUBSTITUTIONS

Although some diastereoselective methods have been described,55,69,83 enantioselective
examples of propargylic substitution reactions are limited to only one transition metal.
Nishibayashi and co-workers showed that a chiral ruthenium complex could induce
asymmetry in the C-C bond formation between acetone and 1-phenyl-2-propyn-1-ol.84

Scheme 1.25 Enantioselective ruthenium-catalyzed propargylic substitution
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The reaction was carried out in the presence of catalysts generated in situ from
[Cp*RuCl(µ2-Cl)]2 and chiral thiols. (R)-1-(1-Naphthyl)ethanethiol as chiral ligand led to the
most selective catalyst (58) in this first study and afforded 23 in 74% yield and 28% ee
(Scheme 1.25). To achieve higher enantioselectivity, a new type of chiral ligands was
developed. These ligands contained a phenyl group that might interact with the phenyl ring of
16 in the ruthenium-allenylidene complex by π-π interactions (Figure 1.4). The concept
worked and a screening of several ligands led eventually to increased enantioselectivities,
with second generation catalyst 59 giving the best results.85 A series of secondary propargylic
alcohols with aromatic side chains was effectively subjected to the reaction conditions
affording the anticipated products in moderate yields (14-61%) and enantioselectivities (6882% ee).

Figure 1.4 Proposed π-π interactions in the Ru-allenylidene intermediate
Next to acetone, electron-rich aromatic rings were applied as nucleophiles. 2-Methylfuran
and N,N-dimethylaniline were successfully propargylated by several propargylic alcohols
with aromatic side chains.86 The yields ranged between fair and good (36-83%), but generally
high enantioselectivities were observed (68-94% ee). The low reactivity made the use of a
large excess (10 equiv) of the nucleophile necessary. From a series of indole derivatives, N(triisopropylsilyl)indole was found to substitute propargylic alcohols like 16 with high
enantioselectivities.87 The temperature and the amount of nucleophile could be lowered to 40
°C and 3 equiv, respectively, without affecting the yield and selectivity. Similar
enantioselectivities (71-95% ee) were observed as for 2-methylfuran, although the yields were
generally higher (63-98%). However, propargylic substitution reactions with heteroatomcentered nucleophiles, such as alcohols, amines, thiols, and diphenylphosphine oxide, did not
proceed enantioselectively in the presence of a catalytic amount of the same chiral
diruthenium complex. Another disadvantage of this reaction was the narrow substrate scope,
because only terminal alkyne containing propargylic alcohols with aromatic side chains were
tolerated.
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1.5

OUTLINE OF THE THESIS

The main theme in this thesis is the facile preparation of triazole-based P,N ligands for
transition metal catalysis. In Chapter 2, the synthesis of this new type of P,N ligands (called
ClickPhine) using the copper-catalyzed azide-alkyne “click” cycloaddition is described.
Preliminary experiments show the efficacy of these ligands in the palladium-catalyzed allylic
alkylation reaction. In Chapter 3, a route to prepare chiral, enantiopure building blocks for
the synthesis of chiral P,N ligands is presented. To this end a novel enantioselective coppercatalyzed propargylic amination is developed, which emerges as a promising research topic.
After an optimization study, the scope of the reaction is examined. In Chapter 4, a series of
nitrogen and carbon nucleophiles is tested in the copper-catalyzed propargylic amination.
Furthermore, the acquired propargylic amines are applied in formal syntheses of anisomycin
and cytoxazone. In Chapter 5, initial rate kinetics and ESI-MS experiments, among other
experiments, shed some light on the mechanism of the copper-catalyzed propargylic
amination. A proposed catalytic cycle and a model to explain the observed asymmetric
induction are presented. In Chapter 6, two routes for the synthesis of chiral, enantiopure,
ClickPhine P,N ligands are described. The iridium complexes of these ligands are tested in the
iridium-catalyzed asymmetric hydrogenation of challenging olefins.
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CHAPTER 2
Concept, Synthesis and Application
of ClickPhine P,N Ligands*

ABSTRACT: A novel P,N-type ligand family is disclosed that is easily accessible using the
Cu(I)-catalyzed azide-alkyne “click” cycloaddition. A diverse set of ligands was made in just
three steps from readily available starting materials to give several homogeneous and a
heterogeneous catalyst. Preliminary experiments show the efficacy of these ligands in the Pdcatalyzed allylic alkylation reaction.

*

Part of this chapter has been published: Detz, R. J.; Arévalo Heras, S.; de Gelder, R.; van Leeuwen, P. W. N.
M.; Hiemstra, H.; Reek, J. N. H.; van Maarseveen, J. H. Org. Lett. 2006, 8, 3227-3230.

Chapter 2

2.1

INTRODUCTION

Transition metal catalysis is increasingly important, because it provides new efficient and
sustainable routes for organic synthesis and the production of fine chemicals.1 Ligand
variation is the most powerful tool in transition metal catalysis, and key features of transition
metal catalysts such as activity, selectivity, and stability are dictated by the steric and
electronic properties of ligands that are coordinated to the metal.2 It is therefore no surprise
that most effort in the area of catalysis is put into the design of novel ligands. Besides the
development of new catalysts by ligand design and combinatorial approaches,3 much research
is devoted to catalyst recycling. Various elegant concepts for homogeneous catalyst
separation and recycling have been developed4 such as the use of ionic liquids,5 supercritical
fluids,6 supported aqueous phase catalysis,7 and fluorous phase catalysis.8 A widely studied
approach to facilitate catalyst-product separation is the attachment of homogeneous catalysts
to dendritic,9 polymeric organic, inorganic, or hybrid supports.10 Here the ligand requires a
group that enables anchoring to such a support.
Sharpless and co-workers recently introduced click chemistry as a new way of categorizing
organic reactions that are modular in nature, highly efficient, mild, and selective and require
only simple reaction and workup procedures.11 We anticipated that implementation of a clickreaction in the synthetic scheme of a ligand should automatically lead to a route which is
amenable for the synthesis of analogues. In addition, it might also provide a handle to attach
the ligand to various supports. We were especially interested in the Cu(I)-catalyzed 1,3dipolar “click” azide-alkyne cycloaddition,12 since the resulting 1,4-disubstituted 1,2,3triazoles can be part of a bidentate P,N-type ligand. P,N ligands represent an important class
of ligands that have been applied in various catalytic transformations.13 Recently, a triazolebased monophosphine, ClickPhos, was reported showing high activity in the Pd-catalyzed
Suzuki-Miyaura coupling and amination reactions of aryl chlorides.14 Also, the triazole itself
has already shown its good metal coordination properties.15 Surprisingly, the use of triazoles
as nitrogen donors in P,N ligands had, as far as we knew, no literature precedent at the start of
this research. This novel class of P,N ligands might be attractive because of the easy and
highly modular synthetic accessibility, which enables facile tuning of their steric and
electronic properties for catalyst optimization (Figure 2.1).

Figure 2.1 P,N ligands obtained by the Cu(I)-catalyzed azide-alkyne cycloaddition reaction
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In addition, several commonly used supports have azide or acetylene moieties facilitating a
complete system approach including a catalyst-separation step underscoring their versatility.
In this chapter, we report the preparation of a series of P,N ligands using click chemistry, and
we show that this strategy allows facile immobilization of these ligands on soluble
(dendrimers, poly(ethylene glycol)) and insoluble supports (polystyrene resin). Preliminary
results show that the palladium catalysts are highly active and regioselective in the allylic
alkylation of cinnamyl acetate and that the immobilized catalyst can indeed be recycled.

2.2

LIGAND SYNTHESIS

The synthesis of the first ligand commenced with the treatment of commercially available
borane-protected diphenylphosphine 1 with n-BuLi followed by addition of propargyl
bromide providing propynyl phosphine 2 in almost quantitative yield (Scheme 2.1). To
prevent allene formation, one equivalent or a small excess of phosphine was used relative to
the base. The acetylene moiety was subjected to Cu(I)-catalyzed azide-alkyne cycloaddition
providing the P-protected ligand derivatives 3a-e in high yields. To categorize this new ligand
class, we first named it Clickphos, indicating this phosphine ligand is obtained by click
chemistry. Shortly before we published our results, Zhang et al. reported the preparation of
triazole substituted monophosphines, named ClickPhos.14 We then decided to name our new
ligand class ClickPhine to indicate that click chemistry is still fine to arrive at phosphine
ligands. Throughout the sequence, the phosphine was borane-protected to prevent unwanted
iminophosphorane formation (Staudinger reaction) during the “click” reaction. The
unprotected ClickPhine ligands 4a-d were obtained after liberation of the phosphine by
treatment with a small excess of 1,4-diazabicyclo[2.2.2]octane (DABCO, typically 1.2 equiv)
in toluene, which was indicated by a shift of the 31P signal (from a very broad signal around
16 ppm due to the P-B coupling, to a sharp singlet around −14 ppm of the liberated
phosphine).

Scheme 2.1 Synthesis of ligand derivatives 4
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Azidophosphine 6 was prepared starting from the previously reported hydroxyphosphine 5.16
The azidation reaction gave initially some problems due to instability of compound 5 after the
hydroxyl moiety was converted into a leaving group. Finally, we found out that treating the
triflate directly after reaction at −60 °C with a large excess of tetramethylguanidinium azide
(TMGA) gave azidophosphine 6 in good yield. Although the subsequent azide-alkyne
cycloaddition was slower than the one described in Scheme 2.1, several acetylenes could be
coupled providing 7a-c. Borane removal with DABCO provided ligands 8a-c, as was revealed
by 31P NMR (shift of the 31P signal from 18 ppm, broad due to the P-B coupling, to a sharp
singlet around −14 ppm). Ligands 8 will be slightly different from 4 because these ligands
will coordinate with N(2) instead of N(1) when the ligand functions as a bidentate ligand
(Scheme 2.2). This ligand type is also less stable than ligands 4 and sometimes partly
decomposition into unknown side products was observed. This may be a result of the P,N
acetal function, which is possibly prone to hydrolysis. No metal complexation and catalysis
was performed with this type of ligands.

Scheme 2.2 Synthesis of ligand derivatives 8
2.2.1 SUPPORTED LIGANDS
To demonstrate that the approach works to arrive at supported ligands, both a dendrimer and
a polystyrene resin were decorated with the ligands. The previously reported second-

Scheme 2.3 Synthesis of dendritic ligand 11
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generation carbosilane dendrimer 9 employing an azide group at the focal point was attached
to phosphine 2 using standard click conditions.17 Deprotection of the phosphine with DABCO
gave dendritic ligand 11 in very high yield (Scheme 2.3).
The polystyrene-supported azide was prepared by treatment of Merrifield resin 12 with
sodium azide according to literature procedures (Scheme 2.4).18 The resulting resin 13 was
subjected to the Cu(I)-catalyzed cycloaddition with propynylphosphine 2 using
tris(benzyltriazolylmethyl)amine (TBTA) as the ligand to accelerate the reaction.15 The
polystyrene-supported ligand complex 16 was obtained after DABCO-mediated phosphine
liberation and subsequent complexation with palladium. 31P MAS-NMR analysis revealed a
yield of 68% of the supported complex. Next to the corresponding phosphine oxide (13%),
two minor phosphorus signals (19%) of unidentified species were also detected.

Scheme 2.4 Synthesis of polystyrene-supported complex 14

2.3

CLICKPHINE COORDINATION

Upon mixing ligands 4a-d or dendritic ligand 11 with [Pd(allyl)Cl]2 in dichloromethane the
corresponding neutral metal complexes were formed, according to NMR experiments
(Scheme 2.5). The 1H NMR spectra showed broad signals for the allylic protons (except for
the central proton) indicating isomerization via π rotation or π,σ-rearrangement. The 31P
NMR spectrum showed a broad signal at 20.6 ppm.

Scheme 2.5 Synthesis of palladium complexes
Crystals suitable for X-ray analysis were obtained for complex 17b, revealing monodentate
binding of the ligand (Figure 2.2) with the chloride still coordinated to the palladium.19 The
corresponding cationic palladium-allyl complex was prepared from the palladium chloride by
addition of AgBF4. The 1H NMR signal of the triazole proton shifted 0.71 ppm to lower field
(from 8.15 to 8.86 ppm) after ion exchange, and the CH2 group gave rise to an AB pattern
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showing that these protons became inequivalent. In addition, the signal in the 31P NMR
spectrum shifted from 20.6 to 40.5 ppm and became sharper. These data all point to the
formation of a palladium-allyl complex in which the ligand shows bidentate P,N coordination.
Unfortunately, all crystallization attempts of these complexes failed.

N
N
N

P

Pd
Cl

Figure 2.2 X-ray diffraction structure of Pd-complex 17b. Hydrogen atoms have been omitted for
clarity.

2.4

CATALYSIS

Many efforts have been made in enantioselective allylic alkylation with P,N-ligands;20 the
subject of regioselectivity has been less studied.21 Our initial experiments show that the
palladium complexes of the novel ligands described are active in the Pd-catalyzed allylic
alkylation of cinnamyl acetate applying the sodium salt of diethyl methylmalonate as
nucleophile. The palladium complexes are highly active and selective for the trans product a
(Table 2.1), and all reactions went to completion after prolonged reaction.
The effect of the bite angle of P,N-type ligands on the selectivity in the palladium-catalyzed
allylic alkylation has been studied before, and has demonstrated that large bite angle ligands
resulted in preferential formation of the branched product.22 The ligands that are reported here
have small bite angles and provide very high selectivities for the linear product (up to 98%).23
Interestingly, within the small ligand series investigated we already observed a large effect in
the reactivity. The catalysts based on ligands 4d and 11 (the dendritic ligand), with more
electron-rich triazole rings, were considerably more active (entries 4 and 5). It was also
observed that the cationic palladium complexes generally gave higher initial rates than the
neutral analogues. Preliminary experiments with polystyrene-supported catalyst 16 showed
that the supported catalyst retained its activity and was easy to recycle. A small decrease in
activity upon recycling had to be accepted; the fourth run still gave 54% conversion of the
cinnamyl acetate after 1 h reaction time, whereas the first run showed 72% conversion (Table
2.1, entries 6 and 7), which is not uncommon for palladium catalysts.
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Table 2.1 Pd-catalyzed allylic alkylation of cinnamyl acetate

conversiona (%)
entry

selectivitya,b (%)

ligand

X

35 min.

1h

a

b

1

4a

BF4

55

65

97

3

2

4b

BF4

54

68

97

3

3

4c

BF4

78

97

3

4

4d

BF4

78

90

98

2

5

11

BF4

80

91

98

2

6c

15

Cl

64

72

96

4

7c,d

15

Cl

54

96

4

a

The conversion of cinnamyl acetate and the regioselectivity were determined by GC using decane as internal
standard and in select cases confirmed by NMR. All reactions gave full conversion. b No cis product (c) was
observed c Approximately 2 mol% of catalyst was used and a ratio of 1:0.7 of cinnamyl acetate/Na diethyl
methylmalonate. d The reaction was carried out with the 15-Pd complex recovered after 3 previous runs without
further addition of [PdallylCl]2.

2.5

CONCLUSIONS

In conclusion, we have shown the versatility of a new class of P,N ligands which are
accessible via the robust Cu(I)-catalyzed alkyne-azide cycloaddition enabling facile tailor
made modification for optimization or other (e.g., ligand immobilization) purposes. The
efficacy of these ligands is shown for Pd-catalyzed alkylation reactions.
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2.7

EXPERIMENTAL SECTION

General Remarks. The following general procedures were used in all reactions unless noted
otherwise. Oxygen- and moisture-sensitive reactions were carried out using standard Schlenk
techniques under a nitrogen or argon atmosphere. Air sensitive liquids and solutions were transferred
via a gas-tight syringe or cannula. Reactions were stirred with a teflon-covered magnetic stirring bar.
Removal of solvents was accomplished by evaporation on a Buchi rotary evaporator (water bath 40
°C) or directly from the Schlenck using an oil pump. Tetrahydrofuran and diethyl ether were freshly
distilled from sodium/benzophenone. Toluene was distilled from sodium. Dry dichloromethane and
acetonitrile were freshly distilled from CaH2. All commercially available reagents were used as
received, unless indicated otherwise.
Chromatography. TLC was performed using 250 µm silica gel 60 plates with 254 nm fluorescent
indicator. Compounds were visualized by UV, and/or exposure to iodine, KMnO4, ninhydrine,
anisaldehyde, or Cl2/TDM. Iodine: I2 crystals. KMnO4: KMnO4 (2.5% w/w) in water. Ninhydrine:
ninhydrine (630 mg) in ethanol (200 mL). Anisaldehyde: solution of anisaldehyde (10 mL), acetic acid
(10 mL), and sulfuric acid (6 mL) in ethanol (174 mL). Cl2/TDM: chlorine source is Ca(OCl)2, TDM
solution consists of A:B:C = 30:50:0.75, where A = methylene bis-(4,4’-N,N’-dimethylaniline) (TDM)
6.2 g, AcOH 25 mL, H2O 125 mL; B = KI 12.5 g, H2O 250 mL; C = ninhydrine 0.6 g, AcOH 20 mL,
H2O 180 mL. The TLC plate was placed for 1 min in a jar filled with at 2 cm layer of Ca(OCl)2 on the
bottom. After blowing off the excess Cl2 with cold air, the plate was dipped into the TDM solution
showing (after heating) the compounds (typically amides) on the plate.
Chromatographic purification refers to flash chromatography using the indicated solvent (mixture)
and Biosolve silica gel (0.035-0.070 mm). Analytical HPLC was carried out on reversed phase C18
columns using gradients between 95:5:0.01 (water/acetonitrile/formic acid) and 5:95:0.01. GC
analysis of samples obtained during the catalysis were measured on a Shimadzu GC-17A with a
BPX35 column and FID detector.
Physical and Spectroscopic Measurements. NMR spectra were recorded in Fourier Transform
mode on a Varian Mercury VX (1H at 300 MHz, 13C at 75 MHz, 31P at 121 MHz) or a Bruker AV 400
(1H at 400 MHz, 13C at 101 MHz, 31P at 162 MHz) or a Varian Unity Inova (1H at 500 MHz, 13C at
126 MHz, 31P at 203 MHz) magnetic resonance spectrometer at 25 °C. 31P NMR spectra of resins were
recorded on the Varian Unity Inova using a Nano-probe (1H {31P} 4 mm PFG Indirect Detection
Nano Probe) and Magic angle spinning (MAS) techniques with a spin rate of 3000 Hz. The Nanoprobe contains a suspension of the resin beads in d2-dichloromethane (40 µL). NMR spectra are
reported as chemical shifts in parts per million (ppm) relative to the solvent signal and converted to
tetramethylsilane scale (CDCl3: 1H, 7.26 ppm; 13C, 77.16 ppm). 31P NMR spectra were calibrated
using 85% H3PO4 as an external chemical shift reference. Spin multiplicity is described by the
following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of
doublets, and br = broad. Coupling constants (J) are reported in Hertz (Hz). 13C NMR spectra were
recorded with protondecoupling as APT (attached proton test) spectra. Infrared spectra were obtained
from CDCl3 solutions on a NaCl glass plate or from solid KBr on a Bruker IFS 28 Fourier Transform
spectrometer (FTIR) and are reported in wavenumbers (cm-1). Fast Atom Bombardment (FAB) mass
spectrometry was carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled
to a JEOL MS-MP9021D/UPD system program. Samples were loaded in a matrix solution (3-
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nitrobenzyl alcohol) on a stainless steel probe and bombarded with xenon atoms with an energy of 3
keV. During the high resolution FAB-MS measurements a resolving power of 10,000 (10% valley
definition) was used. Melting points were determined on a Wagner & Munz Polytherm A with a Fluke
52 II thermometer.
BH3

Propargyl(diphenyl)phosphine borane complex (2). To a solution of the
commercially
available (diphenyl)phosphine borane complex 1 (1.00 g, 5.00 mmol) in
Ph2P
THF (19 mL) n-BuLi (1.6 M in hexane, 3.13 mL, 5.00 mmol) was added at −72 °C
under nitrogen atmosphere. The solution was stirred for 15 min and propargylbromide (80% in
toluene, 0.61 mL, 5.5 mmol) was added, quenching the phosphine anion at −72 °C. The reaction was
finished almost directly and after 15 minutes water was added and the solution was warmed to room
temperature. The water layer (100 mL) was extracted with EtOAc (3 × 50 mL) and the combined
organic layers were washed with water (80 mL) and brine (80 mL). The organic phase was dried with
anhydrous Na2SO4. Evaporation of the solvent gave product 2 (1.17 g, 99%) as a pale yellow oil,
which solidified at −18 °C. 1H NMR (400 MHz); δ (ppm) = 7.78-7.73 (m, 4H of m-Ph), 7.55-7.45 (m,
6H of o,p-Ph), 3.14 (dd, J = 2.8 Hz, JHP = 10.4 Hz, 2H, CH2), 2.08 (m, 1H, acetylene-H), 1.5-0.5 (br,
3H, BH3); 13C NMR (101 MHz); δ (ppm) = 132.7 (d, J = 9.5 Hz), 131.8 (d, J = 2.5 Hz), 128.9 (d, J =
10.2 Hz), 127.9 (d, J = 55.5 Hz), 75.8 (d, J = 10.5 Hz), 73.0 (d, J = 6.6 Hz), 18.6 (d, J = 35.4 Hz); 31P
NMR (162 MHz); δ (ppm) = 18.6 (d, J = 63.2 Hz); FTIR (film, cm-1); 3291 (s), 2383 (s), 1437 (s),
1107 (m), 1059 (s); HRMS (FAB+) m/z: calcd. (M+−H) 237.1004, found 237.1014.
BH3

4-((Diphenyl(borane)phosphino)methyl)-1-(4-(trifluoromeCF3 thyl)phenyl)-1H-1,2,3-triazole (3a). To a mixture of 2 (0.10 g, 0.42
Ph2P
N
mmol) and 4-trifluoromethylphenylazide (79 mg, 0.42 mmol) in tN N
BuOH (2 mL) a solution of CuSO4·5H2O (1.0 mg, 0.004 mmol) and
sodium ascorbate (8.3 mg, 0.042 mmol) in 1 mL water was added. This mixture was stirred at room
temperature for 22 hours under nitrogen atmosphere. After addition of 10 mL water the aqueous phase
was extracted with EtOAc (3 × 8 mL) and the combined organic layers were washed with water (7
mL) and brine (7 mL). The organic phase was dried with anhydrous Na2SO4. Product 3a (160 mg,
90%) was obtained after evaporation of the solvent as a white solid. Recrystallization from EtOAc
gave in two combined portions the product (157 mg, 88%) as white needles: mp 159-163 °C. 1H NMR
(400 MHz); δ (ppm) = 8.02 (d, J = 2.1 Hz, 1H, triazole-H), 7.83-7.72 (m, 8H), 7.53-7.43 (m, 6H), 3.87
(d, JHP = 11.3 Hz, 2H, CH2), 1.6-0.6 (br, 3H, BH3); 13C NMR (101 MHz); δ (ppm) = 140.3 (d, J = 2.1
Hz), 139.4, 132.5 (d, J = 9.3 Hz), 131.8 (d, J = 2.3 Hz), 130.8 (q, J = 33.2 Hz), 129.1 (d, J = 10.0 Hz),
128.2 (d, J = 55.4 Hz), 127.2 (q, J = 3.7 Hz), 123.6 (q, J = 272.5 Hz), 121.4 (d, J = 2.9 Hz), 120.5,
24.7 (d, J = 36.3 Hz); 31P NMR (162 MHz); δ (ppm) = 16.4 (d, J = 51.8 Hz); FTIR (film, cm-1); 2385
(s), 1616 (w), 1441 (w), 1326 (s), 1171 (m), 1131 (s), 1067 (s), 845 (m).
BH3

4-((Diphenyl(borane)phosphino)methyl)-1-phenyl-1H-1,2,3-triazole
(3b). To a mixture of 2 (1.19 g, 5.00 mmol) and phenylazide (0.55 mL, 5.0
Ph2P
N
mmol) in t-BuOH (10 mL) and water (8 mL) a solution of CuSO4·5H2O
N N
(12.5 mg, 0.050 mmol) in 1 mL water and a sodium ascorbate (99 mg,
0.50 mmol) solution in 1 mL water were added. This mixture was stirred at room temperature for 2
hours. After addition of 90 mL water the aqueous phase was extracted with EtOAc (3 × 40 mL) and
the combined organic layers were washed with water (60 mL) and brine (60 mL). The organic phase
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was dried with anhydrous Na2SO4. Product 3b (1.72 g, 96%) was obtained after evaporation of the
solvent as a solid. Recrystallization from EtOAc with some drops of PE gave the product (1.33 g,
75%) as light yellow needles: mp 125-130 °C. 1H NMR (400 MHz); δ (ppm) = 7.92 (d, J = 1.7 Hz,
1H, triazole-H), 7.76-7.72 (m, 4H, m-Ph-P), 7.64 (d, J = 8.0 Hz, 2H, m-Ph-triazole), 7.50-7.41 (m, 8H,
o,p-Ph), 3.86 (d, JHP = 11.1 Hz, 2H, CH2), 1.5-0.5 (br, 3H, BH3); 13C NMR (101 MHz); δ (ppm) =
139.7, 136.9, 132.4 (d, J = 9.3 Hz), 131.6 (d, J = 2.3 Hz), 129.7, 128.9 (d, J = 10.1 Hz), 128.7, 128.2
(d, J = 55.4 Hz), 121.4, 120.4, 24.6 (d, J = 36.2 Hz); 31P NMR (162 MHz); δ (ppm) = 16.3 (d, J = 63.2
Hz); FTIR (film, cm-1); 3058 (m), 2386 (s), 1598 (m), 1501 (s), 1437 (s), 1108 (m), 1060 (s), 1043 (s),
843 (m); HRMS (FAB+) m/z: calcd. (M+-H) 356.1488, found 356.1508.
BH3

4-((Diphenyl(borane)phosphino)methyl)-1-(4-methoxypheOMe nyl)-1H-1,2,3-triazole (3c). To a mixture of 2 (32 mg, 0.13 mmol)
Ph2P
N
and 4-methoxyphenylazide (20 mg, 0.14 mmol) in t-BuOH (0.5
N N
mL) and 3 drops of THF a solution of CuSO4·5H2O (3.5 mg,
0.014 mmol) and sodium ascorbate (5.5 mg, 0.028 mmol) in 0.5 mL water was added. The acquired
brown suspension is stirred at room temperature for 44 hours. After addition of 12 mL water the
aqueous phase was extracted with EtOAc (3 × 7 mL) and the combined organic layers were washed
with water (10 mL) and brine (10 mL). The organic phase was dried with anhydrous Na2SO4.
Evaporation of solvents afforded product 3c (48 mg, 93%) as an orange solid containing small
quantities of starting materials. Recrystallisation from EtOAc gave the product 3c (38 mg, 76%) as
orange crystals: mp 141-144 °C. 1H NMR (400 MHz); δ (ppm) = 7.83 (d, J = 1.9 Hz, 1H, triazole-H),
7.76-7.71 (m, 4H), 7.55-7.49 (m, 2H), 7.48-7.42 (m, 6H), 6.99-6.96 (m, 2H), 3.87 (d, JHP = 11.1 Hz,
2H, CH2), 3.87 (s, 3H, OMe), 1.6-0.6 (br, 3H, BH3); 13C NMR (126 MHz); δ (ppm) = 159.9, 139.5 (d,
J = 2.1 Hz), 132.6 (d, J = 8.9 Hz), 131.7 (d, J = 2.5 Hz), 130.5, 129.1 (d, J = 10.1 Hz), 128.4 (d, J =
55.3 Hz), 122.2, 121.7 (d, J = 2.5 Hz), 114.8, 55.7, 24.8 (d, J = 36.3 Hz); 31P NMR (162 MHz); δ
(ppm) = 16.3 (d, J = 61.6 Hz); FTIR (film, cm-1); 3056 (w), 2385 (s), 1517 (s), 1437 (m), 1255 (s),
1037 (m), 836 (m).
BH3

1-Benzyl-4-((diphenyl(borane)phosphino)methyl)-1H-1,2,3-triazole
(3d). To a mixture of 2 (0.24 g, 1.0 mmol) and sodium ascorbate (40 mg,
Ph2P
N
0.20
mmol) in t-BuOH/H2O (1:1, 4 mL), CuSO4·5H2O (12 mg, 0.050
N N
mmol) and benzylazide (0.13 mL, 1.0 mmol) were added. This white
suspension was stirred at room temperature for 7 hours. After addition of
2 mL water the solvent was removed and the remaining solid was dissolved in EtOAc. This organic
layer was washed with water (5 mL) and brine (5 mL) and dried with anhydrous Na2SO4. Product 3d
(340 mg, 92%) was obtained after evaporation of the solvent. Recrystallization from EtOAc gave the
product (257 mg, 69%) as yellow crystals: mp 108-112 °C. 1H NMR (400 MHz); δ (ppm) = 7.69-7.64
(m, 4H), 7.46-7.36 (m, 7H), 7.34-7.32 (m, 3H), 7.12-7.10 (m, 2H), 5.41 (s, 2H), 3.76 (d, JHP = 11.0
Hz, 2H, P-CH2), 1.5-0.5 (br, 3H, BH3); 13C NMR (101 MHz); δ (ppm) = 139.5, 134.7, 132.6 (d, J =
9.0 Hz), 131.6 (d, J = 2.3 Hz), 129.2, 128.9 (d, J = 10.2 Hz), 128.7, 128.3 (d, J = 55.3 Hz), 127.9,
123.4, 54.2, 24.8 (d, J = 36.2 Hz); 31P NMR (162 MHz); δ (ppm) = 16.4 (br d, J = 61.6 Hz); FTIR
(film, cm-1); 3058 (m), 2378 (s), 1545 (w), 1457 (m), 1435 (s), 1340 (m), 1108 (m), 1063 (s), 1048 (s),
910 (m), 845 (m).
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BH3

4-((Diphenyl(borane)phosphino)methyl)-1-(2-(2-methoxyethoxy)ethyl)-1H-1,2,3-triazole (3e). Phosphine 2 (60 mg, 0.25
Ph2 P
N
O
mmol,
1
equiv)
was
mixed
with
1-azido-2-(2O
N N
methoxyethoxy)ethane (36.6 mg, 0.25 mmol, 1 equiv) in 3 mL of
THF. CuSO4 (0.10 equiv) and sodium ascorbate (0.20 equiv) dissolved in 1 mL of water were added to
the solution. The reaction mixture was stirred for 12 h at room temperature. Subsequently, the solvent
was evaporated and a mixture of CH2Cl2/H2O (10 mL, 1:1) was added. The organic phase was filtered
through a pipette packed with MgSO4. Evaporation of solvent afforded product 3e in 90% yield (87
mg) as a transparent oil. 1H NMR (300 MHz); δ (ppm) = 7.74-7.60 (m, 4H, C6H5), 7.50-7.34 (m, 7H,
C6H5 + triazole-H), 4.41 (t, 2H, N-CH2), 3.77 (d, 2H, P-CH2), 3.73 (t, 2H, N-CH2CH2), 3.46 (AB, 4H,
OCH2CH2O), 3.33 (t, 3H, CH3). 13C NMR (MHz); δ (ppm) = 138.8 (Cipso triazole), 132.6, 131.7, 129.0
(d, C6H5), 128.3 (Cipso C6H5), 124.6 (triazole-C), 71.9, 70.8, 69.7 (CH2O(CH2)2O), 59.3 (CH3), 50.5
(N-CH2), 24.7 (d, PCH2). 31P NMR (121 MHz); δ (ppm) = 16.6 (br).
4-((Diphenylphosphino)methyl)-1-(4-(trifluoromethyl)phenyl)1H-1,2,3-triazole (4a). Under argon atmosphere a solution of 3a
(0.10 g, 0.24 mmol) and DABCO (35 mg, 0.31 mmol) in toluene (4
mL, filtrated over alumina) was stirred at 70 °C. After 4 h the solution was cooled to ambient
temperature and purified by filtration over a short silica column (EtOAc) to remove DABCO
components. Product 4a was obtained as a yellow/white powder (93 mg, 96%) after evaporation of
solvents. 1H NMR (400 MHz); δ (ppm) = 7.51 (s, 4H), 7.49-7.46 (m, 4H), 7.43 (d, J = 0.7 Hz, 1H,
triazole-H), 7.37-7.35 (m, 6H), 3.62 (s, 2H, CH2); 13C NMR (101 MHz); δ (ppm) = 145.2 (d, J = 10.4
Hz), 139.4, 137.4 ((d, J = 13.9 Hz), 132.8 (d, J = 18.9 Hz), 130.5 (q, J = 33.0 Hz), 129.1, 128.6 (d, J =
6.7 Hz), 127.0 (q, J = 3.7 Hz), 123.6 (q, J = 272.3 Hz), 120.2, 119.4 (d, J = 6.8 Hz), 25.3 (d, J = 15.6
Hz); 31P NMR (162 MHz); δ (ppm) = −14.1; FTIR (film, cm-1); 1617 (w), 1326 (s), 1169 (m), 1126
(s), 1069 (m), 1041 (m), 844 (m); HRMS (FAB+) m/z: calcd. (MH+) 412.1190, found 412.1195.
Ph2P

N
N N

CF3

4-((Diphenylphosphino)methyl)-1-phenyl-1H-1,2,3-triazole
(4b).
Under argon atmosphere a solution of 3b (0.20 g, 0.56 mmol) and
DABCO (75 mg, 0.67 mmol) in THF (7 mL) was stirred at 67 °C. After 4
h the solution was cooled to ambient temperature and evaporated to dryness. The resulting solid was
dissolved in EtOAc and purified by filtration over a short silica column (EtOAc) to remove DABCO
components. Product 4b (170 mg, 89%) was obtained as a white solid after evaporation of solvents. 1H
NMR (400 MHz); δ (ppm) = 7.61-7.59 (m, 2H, m-Phtriazole), 7.52-7.35 (m, 14H), 3.61 (s, 2H, CH2);
13
C NMR (101 MHz); δ (ppm) = 144.6 (d, J = 10.4 Hz), 137.7 (d, J = 14.3 Hz), 137.1, 132.8 (d, J =
18.8 Hz), 129.6, 129.0, 128.6 (d, J = 6.6 Hz), 128.5, 120.3, 119.6 (d, J = 6.7 Hz), 25.3 (d, J = 15.4
Hz); 31P NMR (162 MHz); δ (ppm) = −14.3; FTIR (film, cm-1); 1598 (m), 1500 (s), 1433 (s), 1343
(m), 1234 (m), 1042 (s).
Ph2P

N
N N

4-((Diphenylphosphino)methyl)-1-(4-methoxyphenyl)-1H1,2,3-triazole (4c). Under argon atmosphere a solution of 3c (70
mg, 0.18 mmol) and DABCO (28 mg, 0.25 mmol) in toluene (4
mL, filtrated over alumina) was stirred at 70 °C. After 4 h the solution was cooled to ambient
temperature and purified by filtration over a short silica column (EtOAc) to remove DABCO
components. Evaporation of solvents gave product 4c as a yellow/white powder (59 mg, 87%). 1H
Ph2P

N
N N

OMe
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NMR (400 MHz); δ (ppm) = 7.50-7.46 (m, 6H), 7.37-7.34 (m, 6H), 7.31 (m, 1H), 6.97 (m, 1H), 6.96
(m, 1H), 3.84 (s, 3H, OMe), 3.60 (s, 2H, CH2); 13C NMR (101 MHz); δ (ppm) = 159.6, 144.3 (d, J =
10.4 Hz), 137.7 (d, J = 14.1 Hz), 132.8 (d, J = 18.9 Hz), 130.6, 129.0, 128.6 (d, J = 6.6 Hz), 122.0,
119.8 (d, J = 6.7 Hz), 114.7, 55.6, 25.4 (d, J = 15.3 Hz); 31P NMR (162 MHz); δ (ppm) = −14.3; FTIR
(film, cm-1); 1518 (s), 1434 (w), 1256 (m), 1042 (m), 832 (m); HRMS (FAB+) m/z: calcd. (MH+)
374.1422, found 374.1418.
1-Benzyl-4-((diphenylphosphino)methyl)-1H-1,2,3-triazole
(4d).
Under argon atmosphere a solution of 3d (50 mg, 0.13 mmol) and
DABCO (23 mg, 0.20 mmol) in toluene (2 mL, filtrated over alumina)
was stirred at 70 °C. After 3 h the solution was cooled to ambient
temperature and purified by filtration over a short silica column (EtOAc) to remove DABCO
components. The white powder obtained after evaporation of solvents was a mixture of product 4d (39
mg, 83%) and its phosphine oxide (4 mg, 9%, determined by 31P NMR). 1H NMR (400 MHz); δ (ppm)
= 7.42-7.27 (m, 13H), 7.14-7.11 (m, 2H), 6.86 (s, 1H), 5.39 (s, 2H), 5.39 (s, 2H), 3.50 (s, 2H); 13C
NMR (101 MHz); δ (ppm) = 144.3 (d, J = 9.9 Hz), 137.8 (d, J = 14.1 Hz), 134.9, 132.9 (d, J = 18.6
Hz), 129.0 (d, J = 14.4 Hz), 128.68, 128.63, 128.56, 128.0, 121.7 (d, J = 6.4 Hz), 54.1, 25.6 (d, J =
15.1 Hz); 31P NMR (162 MHz); δ (ppm) = −14.3; HRMS (FAB+) m/z: calcd. (MH+) 358.1473, found
358.1473.
Ph2P

N
N N

BH3

Azidomethyl(diphenyl)phosphine borane complex (6). To a solution of
16
Ph2 P
N3 hydroxymethyl(diphenyl)phosphine borane complex (1.02 g, 4.42 mmol) and 2,6lutidine (0.88 mL, 7.52 mmol) in chloroform (22 mL, filtrated over alumina) at –60 °C
Tf2O (1.26 mL, 7.52 mmol) was added under nitrogen atmosphere. The solution was stirred for 3
hours and tetramethylguanidinium azide (TMGA, 3.0 g, 19 mmol) was added. The mixture was stirred
overnight allowing to warm to room temperature. After 24 h saturated aqueous ammonium chloride
(100 mL) was added and the mixture was extracted 3 times with CH2Cl2 (50 mL). The combined
organic layers were washed with water (2 × 50 mL) and brine (50 mL). The water layer (100 mL) was
extracted with EtOAc (3 × 70 mL) and the combined organic layers were washed with water (100 mL)
and brine (100 mL). The organic phase was dried with anhydrous Na2SO4 and concentrated under
reduced pressure. The residue was purified by flash chromatography on silica gel (PE/EtOAc 9:1) to
afford 6 as a pale yellow oil (0.84 g, 74%). 1H NMR (400 MHz); δ (ppm) = 7.78-7.72 (m, 4H, Ph),
7.59-7.54 (m, 2H, p-Ph), 7.52-7.47 (m, 4H, o-Ph), 4.04 (d, JHP = 3.4 Hz, 2H, CH2), 1.5-0.5 (br, 3H,
BH3); 13C NMR (126 MHz); δ (ppm) = 132.9 (d, J = 9.3 Hz), 132.2 (d, J = 2.5 Hz), 129.2 (d, J = 10.1
Hz), 126.5 (d, J = 55.3 Hz), 48.6 (d, J = 37.1 Hz); 31P NMR (162 MHz); δ (ppm) = 19.8 (d, J = 61.6
Hz); FTIR (film, cm-1); 3058 (w), 2389 (s), 2092 (s), 1437 (s), 1250 (m), 1107 (m), 1061 (s), 858 (w).
BH3

1-((Diphenyl(borane)phosphino)methyl)-4-(4-trifluoromethylCF3 phenyl)-1H-1,2,3-triazole (7a). Azidomethyl(diphenyl)phosphine
Ph2 P
N
borane complex 6 (0.10 g, 0.39 mmol), 4-trifluoromethylN N
phenylacetylene (66 µL, 0.39 mmol), sodium ascorbate (31 mg, 0.16
mmol), and CuSO4·5H2O (10 mg, 0.039 mmol) were suspended in a mixture of water and t-BuOH (2
mL, 1:1). This mixture was stirred at room temperature for 3.5 hours. The white suspension was
extracted once with EtOAc (10 mL) and the organic layer was washed two times with H2O (9 mL).
The solution was dried with anhydrous Na2SO4 and concentrated under reduced pressure. The residue
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was purified by flash chromatography on silica gel (PE/EtOAc 2:1) resulting after evaporation of
solvents in compound 7a as a white solid (118 mg, 71%): mp 124-127 °C. 1H NMR (400 MHz); δ
(ppm) = 7.90 (s, 1H, triazole-H), 7.85 (d, J = 8.1 Hz, 2H), 7.75-7.70 (m, 4H), 7.65 (d, J = 8.3 Hz, 2H),
7.59-7.54 (m, 2H), 7.51-7.47 (m, 4H), 5.32 (d, JHP = 4.1 Hz, 2H, CH2), 1.6-0.6 (br, 3H, BH3); 13C
NMR (101 MHz); δ (ppm) = 146.7, 133.7, 132.9 (d, J = 9.8 Hz), 132.6 (d, J = 2.5 Hz), 130.3 (q, J =
32.4 Hz), 129.4 (d, J = 10.4 Hz), 126.01, 125.96 (q, J = 3.9 Hz), 125.1 (d, J = 55.3 Hz), 124.2 (q, J =
272.0 Hz), 122.0, 48.1 (d, J = 34.9 Hz); 31P NMR (162 MHz); δ (ppm) = 17.9 (br); FTIR (film, cm-1);
3059 (w), 2393 (s), 1622 (w), 1438 (w), 1326 (s), 1167 (m), 1124 (s), 1063 (s), 850 (w).
BH3

1-((Diphenyl(borane)phosphino)methyl)-4-phenyl-1H-1,2,3-triazole
(7b).
To a solution of azidomethyl(diphenyl)phosphine borane complex 6
Ph2P
N
(0.15 g, 0.59 mmol) in t-BuOH (4 mL) phenylacetylene (88 µL, 0.80
N N
mmol) was added, together with a solution of sodium ascorbate (47 mg,
0.24 mmol) in 1 mL water and a solution of CuSO4·5H2O (15 mg, 0.059 mmol) in 1 mL water. This
mixture was stirred at room temperature for 4 hours under nitrogen atmosphere. The white suspension
was extracted once with EtOAc (15 mL) and the organic layer was evaporated to dryness. The residue
was purified by flash chromatography on silica gel (first CH2Cl2 followed by pure EtOAc) resulting
after evaporation of solvents in compound 7b as a yellow foam (185 mg, 88%): mp 107-111 °C. 1H
NMR (400 MHz); δ (ppm) = 7.77 (s, 1H, triazole-H), 7.75-7.68 (m, 6H, Ph), 7.58-7.29 (m, 9H, Ph),
5.30 (d, JHP = 3.9 Hz, 2H, CH2), 1.6-0.6 (br, 3H, BH3); 13C NMR (101 MHz); δ (ppm) = 148.2, 133.0
(d, J = 9.6 Hz), 132.6 (d, J = 2.3 Hz), 130.3, 129.5 (d, J = 10.3 Hz), 129.0, 128.5, 126.0, 125.3 (d, J =
55.4 Hz), 121.2, 48.2 (d, J = 34.6 Hz); 31P NMR (162 MHz); δ (ppm) = 18.0 (d, J = 51.8 Hz); FTIR
(film, cm-1); 3059 (w), 2392 (s), 1484 (w), 1437 (s), 1230 (w), 1192 (w), 1108 (m), 1060 (m), 1040
(m), 911 (w), 854 (w).
BH3

1-((Diphenyl(borane)phosphino)methyl)-4-(4-methoxyphe(7c). azidomethyl(diphenyl)phosphine
OMe nyl)-1H-1,2,3-triazole
Ph2 P
N
borane complex 6 (0.10 g, 0.39 mmol), 4-methoxyphenylacetylene
N N
(54 mg, 0.41 mmol), sodium ascorbate (31 mg, 0.16 mmol), and
CuSO4·5H2O (10 mg, 0.039 mmol) were suspended in a mixture of water (1.5 mL) and t-BuOH (3.0
mL). This mixture was stirred at room temperature for 5 hours. The suspension was extracted once
with EtOAc (15 mL) and the organic layer was evaporated to dryness. The residue was purified by
flash chromatography on silica gel (gradient EtOAc/PE (1:8 to 1:1)) resulting after evaporation of
solvents in compound 7c as a white solid (106 mg, 70%): mp 132-137 °C. 1H NMR (400 MHz); δ
(ppm) = 7.74-7.63 (m, 7H), 7.57-7.45 (m, 6H), 6.94-6.91 (m, 2H), 5.28 (d, JHP = 3.8 Hz, 2H, CH2),
3.83 (s, 3H, OMe), 1.6-0.6 (br, 3H, BH3); 13C NMR (101 MHz); δ (ppm) = 159.8, 147.9, 132.9 (d, J =
9.7 Hz), 132.5 (d, J = 2.5 Hz), 129.4 (d, J = 10.3 Hz), 127.2, 125.3 (d, J = 55.5 Hz), 123.0, 120.3,
114.4, 55.5, 48.1 (d, J = 34.7 Hz); 31P NMR (162 MHz); δ (ppm) = 18.0 (br); FTIR (film, cm-1); 3054
(w), 2935 (w), 2835 (w), 2390 (s), 1616 (w), 1562 (w), 1496 (s), 1441 (s), 1251 (s), 1065 (m), 1030
(s), 840 (m).
1-((Diphenyl(borane)phosphino)methyl)-4-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (8a). Under argon atmosphere a
solution of borane protected phosphine 7a (50 mg, 0.12 mmol) and
DABCO (16 mg, 0.14 mmol) in dry toluene (2 mL) was stirred at 70 °C. After 2 hours the solution
Ph2 P

N
N N

CF3
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was cooled to ambient temperature and purified by filtration over a short silica column (toluene as
eluent) to remove DABCO components. Evaporation of solvents gave product 8a as a white solid (42
mg, 86%). 1H NMR (400 MHz); δ (ppm) = 7.84 (d, 2H, J = 8.1 Hz), 7.65 (d, 2H, J = 8.2 Hz) 7.61 (s,
1H, triazole-H), 7.48-7.38 (m, 10H), 5.15 (d, JHP =5.2 Hz, 2H, CH2); 13C NMR (101 MHz); δ (ppm) =
146.6, 134.4 (d, J = 12.2 Hz), 134.1 (d, J = 1.1 Hz), 133.1 (d, J = 19.5 Hz), 130.0 (q, J = 32.5 Hz),
130.0, 129.2 (d, J = 6.9 Hz), 125.9-126.0 (s+q, 4C), 124.2 (q, J = 271.9 Hz), 120.6 (d, J = 3.7 Hz),
50.4 (d, J = 20.9 Hz); 31P NMR (162 MHz); δ (ppm) = −13.8; FTIR (film, cm-1); 1621 (w), 1435 (w),
1326 (s), 1166 (m), 1122 (m), 1063 (m), 849 (w); HRMS (FAB+) m/z: calcd. (MH+) 412.1190, found
412.1195.
1-((Diphenyl(borane)phosphino)methyl)-4-phenyl-1H-1,2,3-triazole
(8b). Under argon atmosphere a solution of borane protected phosphine 7b
(30 mg, 0.085 mmol) and DABCO (18 mg, 0.16 mmol) in toluene (1.5
mL, filtrated over alumina) was stirred at 70 °C. After 5 hours the solution was cooled to ambient
temperature and purified by filtration over a short silica column (EtOAc) to remove DABCO
components. Evaporation of solvents gave product 8b as a white solid (20 mg, 69%). Also oxidized
material (9 mg, 30%) was recovered as a second fraction. 1H NMR (400 MHz); δ (ppm) = 7.75-7.73
(m, 2H), 7.57 (s, 1H, triazole-H), 7.48-7.38 (m, 12H), 7.33-7.29 (m, 1H), 5.13 (d, JHP = 5.1 Hz, 2H,
CH2); 13C NMR (101 MHz); δ (ppm) = 148.0, 134.5 (d, J = 12.4 Hz), 133.1 (d, J = 19.2 Hz), 130.7,
129.9, 129.1 (d, J = 7.0 Hz), 128.9, 128.2, 125.8, 119.8 (d, J = 3.7 Hz), 50.4 (d, J = 20.5 Hz); 31P
NMR (162 MHz); δ (ppm) = −14.1; FTIR (film, cm-1); 3053 (m), 1482 (m), 1461 (m), 1434 (s), 1224
(w), 1188 (m), 1096 (m), 1074 (m), 1042 (s), 1026 (m), 914 (w).
Ph2P

N
N N

1-((Diphenyl(borane)phosphino)methyl)-4-(4-methoxyphenyl)-1H-1,2,3-triazole (8c). Under argon atmosphere a solution of
borane protected phosphine 7c (40 mg, 0.11 mmol) and DABCO
(18 mg, 0.16 mmol) in toluene (1.5 mL, filtrated over alumina) was stirred at 70 °C. After 5 hours the
solution was cooled to ambient temperature and purified by filtration over a short silica column
(EtOAc) to remove DABCO components. Evaporation of solvents gave product 8c as a slightly
brown/white solid (24 mg, 62%). 1H NMR (400 MHz); δ (ppm) = 7.68-7.65 (m, 2H), 7.49-7.37 (m,
11H), 6.95-6.91 (m, 2H), 5.11 (d, JHP = 5.0 Hz, 2H, CH2), 3.82 (s, 3H, OMe); 13C NMR (101 MHz); δ
(ppm) = 159.8, 147.8, 134.6 (d, J = 12.2 Hz), 133.1 (d, J = 19.3 Hz), 130.0, 129.1 (d, J = 7.0 Hz),
127.2, 123.2, 119.1 (d, J = 3.8 Hz), 114.4, 55.5, 50.6 (d, J = 20.4 Hz); 31P NMR (162 MHz); δ (ppm) =
−14.2; HRMS (FAB+) m/z: calcd. (MH+) 374.1422, found 374.1418.
Ph2 P

BH3

N
N N

OMe

1-((Diphenyl(borane)phosphino)methyl)-4dend-1H-1,2,3-triazole (10). Phosphine 2 (67 mg,
N
Si
Ph2P
N N
Si
0.28 mmol, 1.0 equiv) was mixed with dendrimer
3 3
9 (200 mg, 0.28 mmol, 1 equiv) in 3 mL of THF.
CuSO4 (0.1 equiv) and sodium ascorbate (0.2 equiv), dissolved in 1 mL of water, were added to the
solution. The reaction mixture was stirred for 12 h at room temperature. Subsequently, the solvent was
evaporated and a mixture of Et2O/H2O (10 mL, 1:1) was added. The organic phase was filtered
through a pipette packed with MgSO4. Dendrimer 10 was obtained as a transparent oil in 95% yield
(253 mg). 1H NMR (300 MHz); δ (ppm) = 7.72-7.65 (m, 4H, C6H5), 7.45-7.38 (m, 7H, C6H5 +
triazole-H), 4.17 (t, 2H, N-CH2), 3.77 (d, 2H, P-CH2), 1.67 (m, 2H, N-CH2CH2), 1.39-1.21 (m, 24H,
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CH2-dend), 0.93 (t, 27H, CH3), 0.59-0.44 (m, 32H, CH2-dend). 13C NMR (75 MHz); δ (ppm) = 138.8
(Cipso triazole), 132.6, 131.6, 129.0 (d, C6H5), 128.3 (Cipso C6H5), 123.2 (triazole-C), 53.7 (N-CH2),
24.9 (d, P-CH2), 25.6, 18.9, 18.8, 18.0, 17.7, 15.6, 10.0 (dend). 31P NMR (121 MHz); δ (ppm) = 16.4
(br).
1-((Diphenylphosphino)methyl)-4-dend-1H1,2,3-triazole (11). A solution of dendrimer 10
Si
3 3 (150 mg, 0.16 mmol, 1.0 equiv) and DABCO
(21.3 mg, 0.19 mmol, 1.2 equiv) in toluene (10 mL) was stirred at 70 °C under argon atmosphere.
After 3 hours the solvent was removed and the product was purified by filtrating it through a pipette
packed with silica using Et2O as eluent. Dendrimer 11 was obtained as a transparent oil in 95% yield
(140.3 mg). 1H NMR (300 MHz); δ (ppm) = 7.46-7.40 (m, 4H, C6H5), 7.35-7.30 (m, 6H, C6H5), 6.94
(s, 1H, triazole-H), 4.15 (t, 2H, N-CH2), 3.51 (d, 2H, P-CH2), 1.73 (m, 2H, N-CH2CH2), 1.39-1.21 (m,
24H, CH2-dend), 0.95 (t, 27H, CH3), 0.60-0.40 (m, 32H, CH2-dend). 13C NMR (101 MHz); δ (ppm) =
143.6 (d, J = 10.5 Hz, Cipso triazole), 137.9 (d, J = 14.2 Hz, Cipso C6H5), 132.8 (d, J = 18.8 Hz, C6H5),
128.8, 128.5 (d, J = 18.8 Hz, C6H5), 121.1 (d, J = 6.7 Hz, triazole-C), 53.6 (N-CH2), 29.7, 25.4 (d, J =
14.1 Hz, P-CH2), 18.7, 18.6, 17.8, 17.5, 15.6, 9.8 (dend). 31P NMR (162 MHz); δ (ppm) = −14.0.
Ph2P

N
N N

Si

Azidomethyl PS-resin (13). To a suspension of chloromethyl-polystyrene resin (Fluka
Merrifield polymer crosslinked with 1% divinylbenzene (DVB); 200-400 mesh; ~0.8
mmol Cl/g; 2.0 g, 1.6 mmol) in DMSO (20 mL) sodium azide (520 mg, 8.0 mmol) was added. The
reaction was performed in a scintillation vessel, bubbling nitrogen gas through the resin suspension.
The suspension was allowed to react for 3 days at 60 °C. After being cooled to room temperature, the
suspension was filtrated and the resin was washed alternatingly with MeOH (5 × 12 mL) and DCM (5
× 12 mL) to give azidomethyl polystyrene 13. FTIR (KBr, cm-1); 2094 (s).
N3

1-((Diphenyl(borane)phosphino)methyl)-4-PSresin-1H-1,2,3-triazole
(14). Azidomethyl PS-resin 13 (300 mg, 0.8 mmol N3/g), phosphine 2 (171
BH3
mg, 0.72 mmol), CuI (5 mg, 0.024 mmol), TBTA (14 mg, 0.026 mmol) and
DIPEA (0.13 mL, 0.72 mmol) were suspended in THF (3 mL). The reaction was run under a nitrogen
atmosphere in Radleys Carousel Reaction StationTM using a modified glass reaction tube. The tube
was fitted with a glass frit and luer tip to facilitate work-up on the IST VacMaster-20 Sample
Processing StationTM. The reaction was gently stirred with a magnetic stirring bar at 40 °C for 20 h.
After filtration and washing (same as described below) the resin was reloaded with half the amounts
used for the first load to obtain complete conversion of the azide (disappearance of azide signal in
FTIR). After 40 h the suspension was filtrated and the resin was washed alternatingly with MeOH (3 ×
2 mL), pyridine (3 × 2 mL), and DCM (3 × 2 mL) followed by two additional washing steps with
diethyl ether. The resin was dried under vacuum to give “clicked” resin 14 (max. loading 0.67
mmol/g). 31P MAS NMR (203 MHz); δ (ppm) = 17.9.
N
N N

PPh2

1-((Diphenylphosphino)methyl)-4-PSresin-1H-1,2,3-triazole
(15).
Supported ligand 14 (236 mg, 0.67 mmol/g loading) was mixed with
DABCO (88.7 mg, 5 equiv) in 10 mL of toluene. The mixture was stirred under a N2 flow for 8 h at 70
°C. Subsequently, the solvent was removed and the resin was washed with toluene (4 × 7 mL) and
dried under vacuum. 31P MAS NMR (203 MHz); d (ppm) = −13.2.
N
N N

PPh2
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Typical experimental procedure for the preparation of palladium complexes: Ligand 4b (62 mg,
0.18 mmol, 1.0 equiv) was mixed with [PdallylCl]2 (33 mg, 0.09 mmol, 0.50 equiv) in 7 mL of
CH2Cl2. The resulting solution was stirred at room temperature for 45 min under argon affording
complex 17b. To the mixture was added AgBF4 (35 mg, 0.18 mmol, 1.0 equiv): formation of a
precipitate (AgCl) was observed. After 1 h stirring at room temperature the crude mixture was filtered
through a pipette packed with Celite. Evaporation of the solvent afforded the cationic Pd complex 18b
as a foamy solid in quantitative yield.
Typical experimental procedure for palladium-catalyzed allylic alkylation: In a schlenck under
argon atmosphere cinnamyl acetate (176 mg, 1.0 mmol) was dissolved in THF (10 mL). As internal
standard decane (2.0 mmol, 2M in THF) was added. A stocksolution of catalyst was prepared by
mixing equimolar quantities of [PdallylCl]2, and ligand in THF for several minutes, followed, if the
cationic complex was used, by addition of AgBF4. After preparation of the catalyst solution, the proper
amount was added to the substrate solution to obtain 0.1 mol% of catalyst relative to the substrate.
Simultaneously, the nucleophile, Na diethyl 2-methylmalonate (2.0 equiv), was prepared by
deprotonation of diethyl 2-methylmalonate by NaH in THF. After addition of the nucleophile, the
reaction mixture (20 mL total) was stirred at 25 °C and followed by GC. GC-samples were prepared
by quenching a small amount of the reaction mixture in water and extracting with Et2O. The organic
layer was dried over anhydrous MgSO4, packed in a pipette, and injected in the GC.
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CHAPTER 3

Enantioselective Copper-Catalyzed
Propargylic Amination*

ABSTRACT: A proper copper catalyst with a chiral pyridine-2,6-bisoxazoline (pybox) ligand
was used to convert a variety of propargylic acetates with different side chains (R = Ar, Bn,
Alkyl) into their amine counterparts in very high yield and with good selectivity (up to
88% ee). (see scheme; DIPEA=diisopropylethylamine).

*

Part of this chapter has been published: Detz, R. J.; Delville, M. M. E.; Hiemstra, H.; van Maarseveen, J. H.
Angew. Chem. Int. Ed. 2008, 47, 3777-3780.
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3.1

INTRODUCTION

3.1.1 CHIRAL CLICKPHINE
Since the pioneering work of Noyori, Knowles, and Horner in the late 1960s,1 much
progress has been made in the field of asymmetric transition metal catalysis. This allowed the
syntheses of many different enantiomerically pure chemicals, but the quest for new catalysts
to meet synthetic challenges continues. Having established a practical route for the synthesis
of achiral ClickPhine P,N ligands,2 our next objective was the introduction of a chiral center
enabling us to perform asymmetric catalysis. Taking into account the structure of ClickPhine,
there are roughly three ways of introducing chirality into the ligand.

Figure 3.1 Three different types of chirality in ClickPhine
The first and most simple way, is the use of a chiral azide (Figure 3.1). The synthetic route
towards this type of chirality is straightforward, but an obvious disadvantage is the fact that
this stereocenter is far away from the catalytic center. Another opportunity is a chiral
phosphorus atom. Now the chiral center is in close proximity to the reaction center. This idea
was taken up by Kann and co-workers.3 They made a library of P-chirogenic P,N ligands,
called ChiraClick ligands, and screened some in the palladium-catalyzed asymmetric allylic
alkylation of 1,3-diphenylprop-2-enyl acetate with dimethyl malonate in THF. While in most
cases the conversion was good to quantitative, the enantioselectivity was low, generally in the
range of 8-12%.

Utilization of a chiral backbone is the third possibility and to our opinion a very promising
and certainly challenging route. As a consequence, the synthesis of a chiral backbone
precursor became our primary topic of interest. The chiral propargylic phosphine depicted in
Scheme 3.1 closely resembles the propargylic phosphine used in the achiral ligands. The
synthesis of this type of chiral propargylic phosphine is unfortunately not well documented in
literature and we therefore choose for another target molecule.
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Scheme 3.1 From chiral propargylic amines to chiral ClickPhine ligands
Altering the original structure of the achiral P,N ligand was in this way unavoidable. We
envisaged that a chiral propargylic amine would be a suitable starting material for the
synthesis of enantiopure ClickPhine ligands. This amine could, after the copper-catalyzed
azide-alkyne cycloaddition, be decorated with a phosphine arriving at triazole-based
aminophosphine P,N ligands. Besides the nitrogen-bonded phosphorus, these ligands will
have a larger bite angle, since the bridge between the coordinating N- and P-atom is one atom
longer, giving a six-membered ring structure in a metal complex. To retain the simplicity of
the synthesis and modification of the ligands, the route to the chiral propargylic amine should
be straightforward and short.
3.1.2 CHIRAL PROPARGYLIC AMINES
During the last decade, considerable progress has been made in the asymmetric synthesis of
chiral propargylic amines. The most important synthetic route is still based on the
enantioselective addition of terminal alkynes to imines (Scheme 3.2).4

Scheme 3.2 Addition of terminal alkynes to imines
To broaden the scope and applicability of methods for the preparation of optically active
propargylic amines, we envisioned the direct functionalization of the propargyl moiety.
Products with a terminal acetylene would enable direct further functionalization, e.g. the 1,3dipolar cycloaddition reaction with an azide, without the need of prior removal of the
commonly used trimethylsilyl protecting group.
Propargylic substitution with transition metals is a poorly developed reaction type, in
contrast to allylic substitution (see Chapter 1, §1.3) for a detailed overview about catalyzed
propargylic substitution). A fundamental substitution reaction of propargylic alcohol
derivatives is the Nicholas reaction, which occurs via a stoichiometric cobalt-alkyne
complex.5 In this reaction a broad range of nucleophiles (carbon, oxygen, nitrogen, and
sulfur) can react with the dicobalt octacarbonyl-stabilized propargylic cation. Nishibayashi et
al. reported a ruthenium-catalyzed process in which a wide variety of nucleophiles, such as
alcohols, amides, thiols, phosphines, and amines, can be used. Nevertheless, amines of high
basicity were not applicable under these conditions.6 Although successful with alcohols and
satisfactory with amides, the TiCl4-mediated substitution reaction of propargylic esters did not
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proceed with primary and secondary amines.7 Murahashi and co-workers demonstrated the
highly efficient preparation of several propargylic amines by a copper-catalyzed substitution
reaction (Scheme 3.3).8 Rhenium, gold, rhodium, and iron complexes were also reported
recently to be effective catalysts for propargylic amination.9

Scheme 3.3 Murahashi’s copper-catalyzed propargylic amination
Remarkably, enantioselective examples of propargylic substitution reactions are rare.10
Nishibayashi and co-workers showed that a chiral ruthenium complex could induce
asymmetry in the C-C bond formation during the propargylation of aromatic compounds or
acetone with propargylic alcohols (up to 94% ee, Scheme 3.4). However, other nucleophiles
did not lead to good enantioselectivity. Because these are as far as we know the only literature
examples of asymmetric propargylic substitutions, the asymmetric propargylic amination
reaction was unknown, when we started our investigations.

Scheme 3.4 Asymmetric propargylic substitution by a chiral ruthenium complex

3.2

ENANTIOSELECTIVE PROPARGYLIC AMINATION

3.2.1 PYRIDINE-2,6-BISOXAZOLINES
Inspired by the results of Murahashi and co-workers, we decided to study an
enantioselective version of the copper-catalyzed propargylic amination of propargylic esters.
The correct choice of the chiral ligand is essential for the selectivity and reactivity, and also
important, for the employability of the method. A commercially available set of ligands is
preferred, but if modification is required, the synthetic route should be short. The pyridine2,6-bisoxazoline (pybox) ligands address both of these criteria and, compared to phosphorus
containing ligands, are stable towards air oxidation. Copper(I) complexes of chiral pybox
48

Enantioselective Propargylic Amination

ligands are well established in asymmetric catalysis.11 For our studies, a collection of pybox
ligands was synthesized.

Scheme 3.5 Synthesis of pybox ligands
The synthetic route to the pybox ligands (Scheme 3.5) was published by Müller and Bolèa
in 2001 and consists of only two practical steps.12 Commercially available pyridine-2,6dicarbonitrile 1 was quantitatively converted to diimidate 2 with a catalytic amount of NaH in
methanol. Condensation of crude diimidate 2 with amino alcohol 3 in refluxing CH2Cl2
afforded pybox ligand 4 in good yield after chromatography or recrystallization. Via this
procedure we synthesized pybox ligands 4a, 4f, and 4h, and these, together with five
commercially available pybox ligands (4b-e, 4g), were subjected to our screening conditions
for the copper(I)-catalyzed propargylic amination (Figure 3.2).

Figure 3.2 Set of pybox ligands
3.2.2 SUBSTRATE SYNTHESIS
As substrates for the propargylic amination we chose for propargylic esters (5), like
Murahashi,8 and in particular the most simple type: α-branched propargylic acetates. These
substrates were either prepared by acetylation of commercially available propargylic alcohols
or obtained from the corresponding aldehydes via addition of ethynyl magnesium bromide
and subsequent esterification (Scheme 3.6).

Scheme 3.6 Synthesis of substrates for the propargylic amination
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3.3

OPTIMIZATION STUDY

The ligand screening conditions were chosen after some initial experiments based on
Murahashi’s conditions. These experiments showed that, after treatment of 1-phenylprop-2ynyl acetate with aniline at 50 °C in THF, and using CuI as the catalyst, some product was
formed. Addition of diisopropylethylamine (DIPEA) further increased the yield and allowed a
lower reaction temperature. When using methanol as the solvent a faster and cleaner reaction
was observed. The synthetic relevance of the procedure would be much greater if it would
lead to a primary propargylic amine and therefore functionalization of the nitrogen with a
removable group would be an advantage. For this purpose we decided to use o-anisidine
instead of aniline, because oxidative removal of the o-anisidyl group is well documented.13
3.3.1 LIGAND SCREENING
With our set of chiral pybox ligands and the pre-optimized reaction conditions in hand, we
could start a screening in an attempt to induce enantioselectivity for the amination of racemic
1-phenylprop-2-ynyl acetate (5a). Initial experiments with pybox ligands 4a-e were
encouraging (Table 3.1, entries 1-5). In all cases propargylamine 6a was obtained in high
yield, and asymmetric induction was observed, although to a low extent.
Table 3.1 Survey of pybox ligands for the propargylic amination.a

ligand

yield (%)b

config.c

ee (%)d

1

4a

94

R

25

2

4b

93

R

17

3

4c

97

R

12

4

4d

74

R

28

5

4e

99

S

42

6

4f

97

S

76

7

4g

97

S

19

8

4h

97

S

61

entry

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02 mmol), and the
ligand (0.024 mmol) were stirred in methanol (2 mL) at 25 °C. Reactions were complete within 1 h. b Isolated
yield after chromatography. c The absolute configuration was determined by comparison of the optical rotation
with a literature value.13 d Enantioselectivity is determined by chiral HPLC of the isolated product.
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Gratifyingly, the use of ligand 4f, which has the aromatic substituents in a cis relationship at
the 4- and 5-positions of the two oxazoline rings, led to an increase in enantioselectivity
(entry 6). The use of ligands 4g or 4h did not lead to a further improvement (entries 7 and 8).
As could be expected, when the catalysis was performed with the other enantiomer of the
pybox ligand (eg. ent-4f) the reaction gave access to the opposite enantiomer of the product
(6a). The absolute configuration of amine 6a was determined by comparison of the optical
rotation with the literature value.13 We assumed that the absolute configuration of comparable
products obtained by this reaction was the same.
3.3.2 VARYING THE COPPER SALT
Further optimization of the reaction conditions with ligand 4f revealed that other copper
salts such as CuCl, [Cu(CH3CN)4]PF6, and CuOTf•benzene gave similar results (Table 3.2,
entries 1-4). Interestingly, also copper(II) acetate gave the product in high yield and with good
selectivity (entry 5). The reaction mixture with CuI was more homogeneous than with CuCl
and this, together with the slightly higher yield, led us decide to continue the screening with
CuI as the copper source.
Table 3.2 Effect of the Cu salt on the propargylic amination of 5a with pybox ligand 4f.a
Cu salt

yield (%)b

ee (%)c

1

CuI

97

76

2

CuCl

93

77

3

[Cu(CH3CN)4]PF6

76

74

4

CuOTf•benzene

99

73

5

Cu(OAc)2

99

73

entry

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), Cu salt (0.02 mmol), and
4f (0.024 mmol) were stirred in methanol (2 mL) at 25 °C. Reactions were complete within 1.5 h. b Isolated yield
after chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product. Tf =
trifluoromethanesulfonyl

3.3.3 SOLVENT SCREENING
The reaction showed to be highly solvent dependent (Table 3.3). High enantioselectivity
and a high reaction rate were only observed with polar protic solvents (entries 1-4), the best
being methanol. The conversions in some typical organic solvents were near quantitative
although longer reaction times were required, and the selectivity dropped drastically (entries
5-7). Performing the reaction in an aprotic polar solvent, such as DMSO, resulted in many
side products and gave the desired product in only 23% yield (entry 8). The applicability of
solvent mixtures was studied too (entries 9-12), and, although the enantioselectivity did not
improve, some remarkable observations were made. First of all, the addition of water (entry
9) and even acetic acid (entries 10 and 11) had no negative influence on the yield of the
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reaction, underlining the robustness of the reaction. The decrease in enantioselectivity in these
reactions is probably caused by a change in basicity due to inactivation of DIPEA, as the ee
values are in the same range as for the reaction without additional base (Table 3.4, entry 2).
Table 3.3 Effect of the solvent on the propargylic amination of 5a with pybox ligand 4f.a
entry

solvent

time (h)

yield (%)b

ee (%)c

1

MeOH

1

97

76

2

MeOH (3 Å M.S.)

1

84

72

3

EtOH

1.5

99

60

4

CF3CH2OH

1.5

95

74

5

PhMe

25

99

21

6

CH2Cl2

25

97

34

7

THF

29

99

36

8

DMSO

1.5

23

58

9

MeOH/H2O (19:1)

1.5

95

64

10

MeOH/AcOH (9:1)

2.5

99

56

11

CH2Cl2/AcOH (100:1)

24

90

23

12

MeOH/CH2Cl2 (1:1)

1

99

72

13

HOCH2CH2OH

24

36d

62

14

H2O

24

59d

5

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02 mmol), and 4f
(0.024 mmol) were stirred in the indicated solvent (2 mL) at 25 °C. b Isolated yield after chromatography. c
Enantioselectivity is determined by chiral HPLC of the isolated product. d An extraction step is performed before
chromatography.

The solubility of the free ligand 4f is very low in methanol and no clear solution was
obtained during complex formation. These solubility problems could have a negative effect
on the enantioselectivity, and therefore, we investigated the use of a mixture of methanol and
dichloromethane, in which complex formation was homogeneous (entry 12). The slightly
lower enantioselectivity found for this reaction does not totally disapprove our concerns, but
shows us that further improvement via this way is unlikely.
We suspected a dependence of the dielectric constant of the solvent on the enantioselectivity
of the reaction and two more solvents were investigated to study their influence. In ethylene
glycol (entry 13), which has a slightly higher dielectric constant than MeOH, the reaction was
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very slow, but the enantioselectivity was comparable with the reaction in ethanol, which has a
lower dielectric constant than MeOH. The reaction in water (very high dielectric constant,
entry 14), or better on water, was also sluggish and afforded the product in almost racemic
form. If there is any dependence of the dielectricity of the solvent on the reaction’s selectivity,
methanol seems optimal.
3.3.4 BASE DEPENDENCE
The addition of a base seemed to be crucial in terms of both the yield and the selectivity
(Table 3.4). At a first glance, the base appeared to be only a rate-accelerating component;
however, in its absence the enantioselectivity dropped by 20% (entries 1 and 2). Stronger
bases, such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or cesium carbonate, had a
detrimental effect on both the yield and the selectivity of the reaction (entry 3 and 4). Better
results were obtained using other bases, with the tertiary amines giving the best results
(entries 5-8).
Table 3.4 Effect of the base on the propargylic amination of 5a with pybox ligand 4f.a
base

time (h)

yield (%)b

ee (%)c

1

DIPEA

1

97

76

2

none

4

93

56

3

DBU

0.5

2

7

4

Cs2CO3

0.5

8

33

5

NaOAc

2

84

68

6

di-t-Bu-Pyr

5

89

57

7

Proton Sponge

2

97

73

8

Et3N

1

99

75

entry

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), the indicated base (0.80 mmol), CuI (0.02
mmol), and 4f (0.024 mmol) were stirred in methanol (2 mL) at 25 °C. b Isolated yield after chromatography. c
Enantioselectivity is determined by chiral HPLC of the isolated product.

3.3.5 TEMPERATURE EFFECTS
At lower temperatures the enantioselectivity was improved further at the expense of an
increase in reaction time (Table 3.5). At higher temperature (40 °C, entry 1) the yield slightly
decreased probably due to transesterification of the acetate with methanol liberating the
propargylic alcohol as a side-product. To avoid cleavage of the acetate group a more hindered
leaving group might be used, which will be discussed in the next chapter (Chapter 4,
Paragraph 4.4).
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Table 3.5 Effect of temperature on the propargylic amination of 5a with pybox ligand 4f.a
entry

T (°C)

time (h)

yield (%)b

ee (%)c

1

40

0.5

93

72

2

25

1

97

76

3

0

3

99

82

4

−20

24

97

85

5

−40

48

99

86

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02 mmol), and 4f
(0.024 mmol) were stirred in methanol (2 mL) at the indicated temperature. b Isolated yield after
chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product.

3.3.6 VARIATION OF THE REACTION STOICHIOMETRY
In an attempt to further improve the enantioselectivity the ratios between the reagents and/or
catalyst were varied (Table 3.6). Lowering the amount of catalyst increased the time to
achieve full conversion (entries 1, 2 and 6). The enantioselectivity was slightly lower at lower
Table 3.6 Effect of the ratio between the reagents on the propargylic amination of 5a with pybox
ligand 4f.a

Cu salt

time (h)

T (°C)

yield (%)b

ee (%)c

1

CuI (1 mol%)

20

−20

57c

82

2

CuI (2 mol%)

20

−20

68c

84

3d

CuI (2 mol%)

20

−20

n.d.

83

4

CuI (3 mol%)

22

0

n.d.

82

5e

CuI (3 mol%)

23

0

n.d.

81

6

CuI (5 mol%)

20

−20

95c

85

7

CuI (10 mol%)

24

−20

97

85

8

CuI (10 mol%)

1

25

97

76

9f

CuI (10 mol%)

1

25

86

74

entry

a

Reaction conditions: 5a (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI, and ligand 4f were
stirred in methanol (2 mL), unless noted otherwise. b Isolated yield after chromatography. c Enantioselectivity is
determined by chiral HPLC of the isolated product. c No full conversion was observed. d Reaction performed in 1
mL methanol. e Reaction performed with 1.6 mmol of DIPEA. f Reaction performed with 0.24 mmol of oanisidine and DIPEA. n.d. = not determined
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catalyst loadings, although with 5 mol% of catalyst no pronounced difference, compared with
10 mol% of catalyst, was observed (entries 6 vs 7). Doubling the concentration did not show
any improvement in the enantioselectivity (entries 2 vs 3). Also, the addition of 8 equivalents
of DIPEA (entry 5), instead of 4 equivalents (entry 4), gave no substantial change in the
selectivity. Lowering the amount of DIPEA as well as the amount of o-anisidine (both 1.2
equiv) in the reaction mixture gave no distinct difference in the enantioselectivity, although
the yield was slightly reduced (entries 8 vs 9).
The optimization study revealed that the pre-optimized reaction conditions were already
well chosen and that with pybox ligand 4f at lower temperatures the best results were
obtained for substrate 5a. Addition of base, DIPEA, did improve both the reaction rate as well
as the enantioselectivity. At lower catalyst loading the yield slightly decreased while the
selectivity remained unchanged. This finding is especially important if reactions will be
scaled up to grams or even kilograms.

3.4

SUBSTRATE SCOPE

Having established an optimal reaction protocol, we explored the scope and the generality
of the method for different propargylic acetates (Table 3.7). All substrates with an aromatic
group at the propargylic position were converted into the corresponding amine in high yield
(80-97%) and with high enantioselectivity (74-88% ee; entries 1-8). Slightly higher ee values
were observed with more electron-rich aromatic substrates (compare entries 2 and 3, and
entries 4 and 5). The pyridyl containing substrate 5f, which could interfere with the ligand
upon coordination to the copper with the basic pyridyl nitrogen atom, was also converted into
the amine with high enantioselectivity (entry 6). Single step recrystallization of propargylic
amines 6g and 6h, containing a naphthyl sidechain, afforded essentially enantiomerically pure
compounds (entries 7 and 8). Propargylic amine 6a was more difficult to recrystallize to a
single enantiomer. The colorless crystals that formed were identified as a racemate; the
propargylic amine 6a was obtained in almost enantiomerically pure form (99% ee) from the
mother liquor. Another recrystallization step provided optically pure 6a in 46% yield.
The reaction became more complex when cinnamyl derivative 5i was used (Table 3.7, entry
9, and Scheme 3.7). In this case, two major products were isolated: 6i with the amino group at

Scheme 3.7 Propargylic amination with cinnamyl derivative 5i
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Table 3.7 Propargylic amination with various propargylic acetates.a
MeO
OAc

R1

CuI-4f,
DIPEA,
o-anisidine,
MeOH

HN

R1

5

6

time (h)

product

yield (%)b

ee (%)c

1

21

6a

97

85 (99)

2

19

6b

97

83

3

18

6c

84

80

4

20

6d

91

88

5

40

6e

88

79

6

23

6f

80

74

7

22

6g

91

85 (99)

8

23

6h

96

86 (99)

9

48

6id

62

57

10e

24

6j

27

40

11e

21

6k

76

13

entry

R

1

a

Reaction conditions: propargylic acetate 5 (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI
(0.02 mmol), and 4f (0.024 mmol) were stirred in methanol (2 mL) at −20 °C, unless noted otherwise. b Isolated
yield after chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product; the ee
value after recrystallization is given in brackets. d See Scheme 3.7. e The reaction was performed at 40 °C.

the propargylic position as expected (62%, 57% ee), and an analogue, 7, in which the amino
substituent is located at the alternative allylic position next to the phenyl moiety (24%, 16%
ee).
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Substrates with aliphatic side chains were less reactive and a higher temperature (40 °C)
was necessary for sufficient conversion. At this temperature the rate of transesterification of
the acetate with methanol increases which leads to more propargylic alcohol formation,
lowering the yield of the propargylic amine. The catalytic process seems to be unsatisfactory
with aliphatic substrates: only low enantioselectivity was observed (Table 3.7, entries 10 and
11).
3.4.1 INTERNAL ACETYLENE
As reported by Murahashi and co-workers,8 no reaction occurred with an internal acetylene
8 (Scheme 3.8). This result serves as evidence for the necessity of the terminal acetylenic
hydrogen atom, which is one of the shortcomings of this method. For our purpose, however,
the terminal acetylenic hydrogen atom is essential for reaction in the 1,3-dipolar cycloaddition
reaction with an azide to arrive at the final P,N ligands.

Scheme 3.8 Propargylic amination with internal acetylene 8
3.4.2 PRACTICAL REMARKS
The method described is highly practical as commercially available reagents and solvents
are used. The reaction is robust and the presence of air oxygen and moisture play minor roles.
Although most experiments were performed with an excess of base (4 equiv) and o-anisidine
(2 equiv), it was shown that a slight excess of both reagents (1.2 equiv) also gave good
conversion and selectivity (86% yield, 74% ee) at room temperature (Table 3.6, entry 9). An
experiment carried out on a 5.0 mmol (substrate) scale proceeded in a similar fashion, even
with lower catalyst loading (0.05 equiv).

3.5

RECENT RESULTS FROM THE LITERATURE

With the experience that the ruthenium catalyst system was not suitable for the preparation
of optically active propargylic amines, Nishibayashi and his co-workers considered to use
another approach, also inspired by the Murahashi method. Shortly after our paper, describing
the work collected in this chapter, was accepted, Nishibayashi communicated their
achievements to us, resulting in back-to-back publication of our and Nishibayashi’s work.14
Recently, this work on the copper-catalyzed asymmetric propargylic substitution was
highlighted by Ljungdahl and Kann.15 The major difference between Nishibayashi’s and our
method is the structure of the chiral ligand (Scheme 3.9).
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Scheme 3.9 Nishibayashi’s enantioselective propargylic amination
Instead of a pybox ligand, they used a chiral diphosphine ligand, (R)-Cl-OMe-biphep 10,
which afforded propargylic amines in yields and with selectivities in the same range as for our
method. Interestingly, to obtain high enantioselectivity, the use of a disubstituted amine, e.g.
N-methylaniline, is required. As a consequence the method is less straightforward for the
preparation of primary propargylic amines in high optical purity due to the N-Me bond, which
is practically impossible to cleave. The cleavage of the anisidyl moiety, used in our method,
will be discussed in Chapters 4 and 6.
A disadvantage of both Nishibayashi’s and our method is the intolerance for substrates with
non-aromatic side chains. In the next part of this chapter, our efforts to improve the
enantioselective propargylic amination of propargylic esters bearing aliphatic side chains are
disclosed. The efforts made in the field of transition-metal-catalyzed propargylic substitution,
and especially the asymmetric examples, were recently highlighted by Ljungdahl and Kann.

3.6

A NEW PYBOX LIGAND FOR NEW SUSTRATES

Encouraged by our previous results, we screened some other pybox ligands to see if higher
enantioselectivity was obtained for substrate 5k, bearing a n-pentyl group, using the reaction
conditions as reported before (Table 3.1). Surprisingly, reaction with pybox ligand 4a
afforded propargylic amine 6k in good yield and in 66% ee at room temperature. To increase
the selectivity we envisioned that ligands 4i and especially 4j would be worthwhile to test,
after the good results obtained with bisfunctionalized ligand 4f for substrates bearing an
aromatic group (Figure 3.3).

Figure 3.3 More pybox ligands
The chirality of most pybox ligands known in the literature is derived from commercially
available enantiopure amino alcohols. The synthesis of ligand 4j is challenging, because the
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required amino alcohol first had to be synthesized before condensation with the pyridine
diimidate 2 (see Scheme 3.5). For the synthesis of amino alcohol 15, we followed the only
published route described by Hartmann and Heine in 1979.16 Orthoacetate 12 was prepared
after treatment of commercially available (2R,3R)-(−)-2,3-butanediol 11 with trimethyl
orthoacetate in diethyl ether in the presence of catalytic sulphuric acid (Scheme 3.10).

Scheme 3.10 Synthesis of pybox ligand 4j
Stirring crude orthoacetate 12 in azidotrimethylsilane at 60 °C gave intermediate 13, which
was cleanly converted into azido acetate 14 upon heating at 130 °C. Saponification afforded
the azido alcohol, which after hydrogenation gave desired amino alcohol 15. Condensation of
15 with pyridine diimidate 2 afforded the new and promising DiMe-pybox ligand 4j in good
yield after column chromatography.
Table 3.8 Enantioselectivity dependence of ligands for the propargylic amination.a

ligand

config.b

ee (%)c

1

4a

+

66

2

4i

+

3d

4b

4
5

entry

ligand

config.b

ee (%)c

6d

4d

+

21

52

7

4e

+

23

+

22

8

4f

−

13

4j

+

64

9d

4g

−

21

4c

+

56

10

4h

+

1

entry

a

Reaction conditions: 5k (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02 mmol), and
ligand (0.024 mmol) were stirred in methanol (2 mL) at room temperature, unless noted otherwise.
b
Configuration is no optical rotation sign, only to illustrate if opposite enantiomers were formed according to
chiral HPLC. c Ee was determined by chiral HPLC. d Reaction was performed at 40 °C.
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Regrettably, the extra methyl group in the new ligand 4j gave no higher enantioselectivity
(Table 3.8, entry 4). Apparently, the pybox ligand 4a with the least bulky group was the most
selective ligand for this transformation. With this finding at hand, we explored the scope of
the enantioselective propargylic amination of other substrates with aliphatic side chains.
Table 3.9 Propargylic amination with various propargylic acetates.a

entry

ligand

R

time (h)

product

yield (%)b

ee (%)c

1

4a

24

6k

76

66

2

4j

24

6k

67

64

3

4a

24

6l

84

67

4

4a

48

6m

80

82

5

4a

24

6j

77

82

6

4a

24

6n

96

85

7

4j

24

6n

63

86

8

4a

48

6o

66

88

9

4j

48

6o

60

89

10

4a

1

6a

94

25

11

4f

1

6a

97

76

a

Reaction conditions: propargylic acetate 5 (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI
(0.02 mmol), and pybox ligand (0.024 mmol) were stirred in methanol (2 mL) at room temperature. b Isolated
yield after chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product.
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3.7

ALIPHATIC SUBSTRATES

The usefulness of the method is greatly enhanced if the procedure can be applied to
substrates with aliphatic side chains, which are interesting because of their resemblance with
natural α-amino acids. As pybox ligand 4a gave a reasonable ee value for substrate 5k with a
linear aliphatic side chain (Table 3.8, entry 1), it was worthwhile to explore its behavior in the
asymmetric synthesis of other, more hindered, propargylic acetates (Table 3.9). In some cases
we have also depicted the results obtained when diMe-pybox was used. Phenethyl-substituted
propargylic amine 5l was obtained in comparable yield and selectivity as 5k (entry 2).
We were pleased to see that more steric hindrance near the reacting center caused an even
higher level of asymmetric induction as is shown for products 6j, 6m, 6n, and 6o (entries 36). The importance of the ligand for these type of reactions, is illustrated by comparison of
entries 7 and 8: while with diPh-pybox 4f product 6a was obtained with 76% ee, Me-pybox
4a gave only 25% ee.

3.8

QUATERNARY SUBSTRATES

Interestingly, the procedure is also successful for the amination of quaternary propargylic
acetates (Table 3.10). The asymmetric synthesis of these α,α-dibranched propargylic amines
is limited to only a few methods affording a narrow set of structural motifs.17 With our
method chiral α,α-dibranched propargylic amines become available. Especially products such
as 17c, which contain an aromatic ring and a methyl group as the substituents, are of
importance. Known routes towards this type of products are scarce, and provide the products,
although in high optical purity (78% de and 98% de), in very low yields (resp. 11% and
31%).17e,h Some of these α,α-dibranched propargylic amines are part of biologically active
compounds, e.g. the illustrated Cathepsin S inhibitor (Figure 3.4).18

Figure 3.4 Cathepsin S inhibitor
The difference between a methyl and a propyl moiety appeared to be insufficient for
obtaining high enantioselectivity in the copper-catalyzed propargylic amination, as is shown
for substrate 16a (Table 3.10, entry 1). Amine 17a was obtained in good yield (79%), but in
low optical purity (21% ee) using Me-pybox 4a. As Me-pybox 4a was found to give the
highest selectivies for substrates with aliphatic sidechains, no other ligands were screened.
Desired product 17b was obtained in similar yields and selectivities using either Me- or diMe61
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pybox (entries 2 and 3). For substrates containing an aromatic ring as substituent diPh-pybox
ligand 4f gave the best results and afforded propargylic amine 17c in very high yield and with
good selectivity (entry 5).
Table 3.10 Propargylic amination with quaternary propargylic acetates.a

R2

T
(°C)

time
(h)

product

yieldb
(%)

eec
(%)

4a

Me

20

20

17a

79

21d

2

4a

Me

20

24

17b

64

43

3

4j

Me

20

24

17b

62

54

4

4a

Me

20

3

17c

78

8

5

4f

Me

0

4

17c

96

78

entry

ligand

1

R1

a

Reaction conditions: propargylic acetate 16 (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI
(0.02 mmol), and pybox ligand (0.024 mmol) were stirred in methanol (2 mL). b Isolated yield after
chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product. d No baseline
separation was achieved with the chiral HPLC analysis.

3.9

INFLUENCE OF THE LEAVING GROUP

A problematic issue of the substitution reaction is the cleavage of the acetyl moiety under
the basic reaction conditions. The acetate group is sensitive for transesterification (such as by
methanol) giving the propargylic alcohol as a side-product. This phenomenon occurred more
rapidly at higher temperatures and lowered the yield for the substrates that gave only good
conversion at room temperature. To avoid cleavage of the acetate group, a more sterically
hindered ester group can be used. The use of a benzoate or pivaloate ester gave the products
in higher yields and no formation of propargylic alcohol was observed. The enantioselectivity
remained the same, although the results with the substrates modified with the benzoate ester
were not reproducible.
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Table 3.10 Dependence of the leaving group on both yield and selectivity.a

entry

ligand

R

R1

time (h)

product

yield (%)b

ee (%)c

1

4f

Ac

1

6a

97

76

2

4f

Bz

23

6a

98

75

3

4a

Ac

24

6j

77

82

4

4a

Bz

23

6j

89

79

5

4a

Ac

48

6o

66

88

6

4a

Piv

140

6o

66d

88

a

Reaction conditions: propargylic ester 5 (0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02
mmol), and pybox ligand (0.024 mmol) were stirred in methanol (2 mL) at room temperature. b Isolated yield
after chromatography. c Enantioselectivity is determined by chiral HPLC of the isolated product. d No full
conversion was observed and 24% of the starting material was recovered.

3.10 CONCLUSIONS
We have described the first example of an enantioselective copper-catalyzed propargylic
amination reaction. Propargylic amines were prepared in high yields and high optical purities
from a variety of readily available propargylic esters. The procedure is practical and does not
require the exclusion of air and moisture. Enantiomerically pure propargylic amines (>99%
ee) could be obtained in some cases by recrystallization of the products.

3.11 TOWARDS CHIRAL CLICKPHINE
The initial goal of the synthesis of optically pure propargylic amines, mentioned in the
beginning of this chapter, was the need for a proper chiral building block for the synthesis of
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optically pure ClickPhine ligands. However, the discovery and exploration of this novel
asymmetric propargylic substitution reaction took most of our interest and time. Before we
will report on the synthesis of the chiral ligands in chapter 6, we will first discuss challenges,
interesting findings, and some applications of the enantioselective copper-catalyzed
propargylic substitution in the next two chapters.
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3.13 EXPERIMENTAL SECTION
General Remarks − The general information is described in Chapter 2. Optical rotations ([α]20D)
were measured on a Perkin-Elmer 241 polarimeter. Chiral HPLC analysis was performed using a
Meyvis-Gilson injector (model 231) and pump (model 307) with a Pharmacia LKB-VWM 2141
detector, and HP3395 integrator, or a Shimadzu LC-20AD with a Shimadzu SPD-M20A Diode Array
detector.
Me

O

(4R,5R)-2-Methoxy-2,4,5-trimethyl-1,3-dioxolane (12). To a solution of
commercially available (2R,3R)-butane-2,3-diol (2.0 mL, 22 mmol) in freshly
Me
Me
O
distilled Et2O (30 mL) was added 1,1,1-trimethoxyethane (5.6 mL, 44 mmol) and a
catalytic amount of H2SO4 (60 µL, 1.1 mmol) at 0 °C. The mixture was stirred for 24 h allowing to
warm to room temperature. After addition of Et3N (2 mL), the reaction mixture was poured into
saturated aqueous NaHCO3 (100 mL) and extracted 3 times with Et2O (50 mL). After evaporation of
the solvent crude product 12 was obtained, which was used without further purification in the next
step (contains 1,1,1-trimethoxyethane and triethylamine). 1H NMR (400 MHz); δ (ppm) = 3.88-3.85
(m, 1H), 3.77-3.72 (m, 1H), 3.31 (s, 3H, OCH3), 1.56 (s, 3H, CH3), 1.33 (d, J = 6.0 Hz, 3H), 1.27 (d, J
= 6.0 Hz, 3H).
OMe

(2R,3S)-3-Azidobutan-2-yl acetate (14).16 To crude product 14 (5.5 g, ~50% w/w pure,
max. 19.4 mmol) was added trimethylsilylazide (10 mL). The mixture was warmed for
Me
N3
7 h at 60 °C. After full conversion to intermediate 13 (followed by NMR), the mixture
was heated for 13 h at 130 °C turning red. NMR analysis indicated the formation of 14 and the
evaporation of most other reagents. Flash chromatography (PE/EtOAc 3:1) gave a clear yellowish
liquid (2.01 g, 66%). 1H NMR (400 MHz); δ (ppm) = 4.95-4.90 (m, 1H), 3.67-3.60 (m, 1H), 2.10 (s,
3H, OAc), 1.26 (d, J = 6.8 Hz, 3H), 1.25 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz); δ (ppm) = 170.3,
72.8, 60.0, 20.1, 15.1, 14.9; FTIR (film, cm-1); 2109 (s, azide), 1736 (s).
Me
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(2R,3S)-3-Aminobutan-2-ol (15).16 To a solution of 14 (2.00 g, 12 mmol) in MeOH
(120 mL) was added an excess of K2CO3 (8.3 g, 60 mmol). After stirring for 2 hours at
Me
NH2 room temperature, the MeOH was evaporated. The residue was extracted with Et2O (3 ×
25 mL). Evaporation of the Et2O fractions gave a clear yellowish liquid (1.23 g, 89%), which was
further purified by flash chromatography (PE/EtOAc 4:1) affording the azido alcohol (1.22 g, 88%):
[α]20D +59 (c 1.0, CHCl3). 1H NMR (400 MHz); δ (ppm) = 3.86-3.79 (m, 1H), 3.60-3.54 (m, 1H), 1.67
(br s, 1H, OH), 1.27 (d, J = 6.8 Hz, 3H), 1.21 (d, J = 6.4 Hz, 3H); 13C NMR (101 MHz); δ (ppm) =
70.2, 62.8, 18.4, 13.9; FTIR (film, cm-1); 3371 (br s, OH), 2097 (s, azide). To a solution of the azido
alcohol (300 mg, 2.7 mmol) in MeOH (3 mL) was added Pd/C (10% w/w, 0.14 g). After stirring for 5
hours at room temperature under H2 atmosphere (balloon), the reaction mixture was filtrated over
celite and the celite was rinsed with some fresh MeOH. Subsequent evaporation of the MeOH gave
amino alcohol 15 as a colorless oil (0.18 g, 75%). 1H NMR (400 MHz); δ (ppm) = 3.73-3.67 (m, 1H),
3.02-2.95 (m, 1H), 1.95 (br s, 3H, NH2/OH), 1.13 (d, J = 6.4 Hz, 3H), 1.05 (d, J = 6.6 Hz, 3H); 13C
NMR (101 MHz); δ (ppm) = 70.3, 62.8, 18.4, 13.9; FTIR (film, cm-1); 3400 (br s, NH2/OH).
Me

OH

2,6-Bis((4S,5R)-4,5-dimethyl-4,5-dihydrooxazol-2-yl)pyridine
(4j).
Amino alcohol 15 (180 mg, 2.0 mmol) was added to a
O
O
N
Me suspension of 2 (193 mg, 1.0 mmol) in CH2Cl2 (4 mL). The
Me
N
N
mixture was stirred at reflux for 18 hours. After evaporation of
Me
Me
solvent, the residue was purified by flash chromatography (CH2Cl2
with 1% Et3N to CH2Cl2 with 1% Et3N and 1% MeOH) affording DiMe-pybox ligand 4j as a white
powder (196 mg, 72%): [α]20D −172 (c 0.5, CHCl3). 1H NMR (400 MHz); δ (ppm) = 8.14 (d, J = 7.8
Hz, 2H), 7.84 (d, J = 7.8 Hz, 1H), 4.96 (dq, J = 6.6 Hz, 9.3 Hz, 2H), 4.38 (dq, J = 7.0 Hz, 9.3 Hz, 2H),
1.40 (d, J = 6.6 Hz, 6H), 1.25 (d, J = 7.0 Hz, 6H); 13C NMR (101 MHz); δ (ppm) = 162.0, 147.5,
137.3, 125.6, 80.0, 63.9, 15.7, 15.0; HRMS (FAB+) m/z: calcd. (MH+) 274.1556, found 274.1557.
General method for the synthesis of not commercially available pybox ligands. Dimethyl
pyridine-2,6-bis(carbimidate)12 (0.265 g, 1.37 mmol) was suspended in dry CH2Cl2 (5 mL). The
amino-alcohol (2.75 mmol) was added and the mixture was refluxed until full conversion was reached
(approximately 24 hours). The solvent was evaporated and the remaining solid was purified by flash
chromatography (CH2Cl2 + 1-4% MeOH (+ 1% Et3N)) and/or recrystallization from MeOH or EtOAc.
NMR spectra were corresponding with literature.19,20
General method for the synthesis of propargylic acetates. The aldehyde (or ketone) (7.3 mmol) was
dissolved in dry THF (20 mL) and added to a solution of ethynylmagnesium bromide in THF (0.5 M
in THF, 22.0 mL, 11.0 mmol) at 0 °C. After 3 hours the reaction mixture was quenched in a mixture of
saturated NH4Cl-solution (50 mL) and ice (50 mL). After the evaporation of THF, diethylether (50
mL) was added. The organic and water layer were separated, and the organic layer was washed with
saturated NaCl-solution (50 mL). After separation of phases the organic layer was dried over
anhydrous Na2SO4 and evaporated to dryness. The crude product was used without further purification
in the next step.
A solution of the propargylic alcohol (max. 7.3 mmol), acetic anhydride (0.9 mL, 9.5 mmol) and
triethylamine (1.3 mL, 9.5 mmol) in dry CH2Cl2 (20 mL) was stirred overnight at room temperature. If
necessary a catalytic amount of N-dimethylaminopyridine (DMAP) was added to obtain total
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conversion. CH2Cl2 was evaporated using a laboratory evaporator. The mixture was purified by silica
gel column chromatography.
1-Phenylprop-2-ynyl acetate (5a).21 To a solution of commercially available 1phenylprop-2-ynyl alcohol (1.0 mL, 8.2 mmol) in dry CH2Cl2 (20 mL) acetic
anhydride (1.0 mL, 11 mmol) was added under nitrogen atmosphere. After addition
of Et3N (1.5 mL, 11 mmol) the solution was stirred at ambient temperature for 21
hours. The reaction mixture was concentrated under vacuum and product 5a was obtained after
column chromatography (CH2Cl2/PE 5:1) as a colorless liquid (1.37 g, 96%). 1H NMR (400 MHz); δ
(ppm) = 7.55-7-52 (m, 2H, m-Ar), 7.42-7.37 (m, 3H, o,p-Ar), 6.45 (d, J = 2.2 Hz, 1H, CH), 2.66 (d, J
= 2.3 Hz, 1H, C≡CH), 2.12 (s, 3H, OAc).
OAc

OAc

1-(4-Methoxyphenyl)prop-2-ynyl acetate (5b). The general procedure was
followed starting with 16.5 mmol (2.00 mL) of p-anisaldehyde, using 17.3
mmol of ethynylmagnesium bromide in a total amount of 48 mL THF. After
MeO
silica gel chromatography (CH2Cl2/PE 1:1) product 5b was obtained (3.14 g,
1
93% yield). H NMR (400 MHz); δ (ppm) = 7.47 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.41 (d,
J = 2.3 Hz, 1H), 3.82 (s, 3H, MeO), 2.65 (d, J = 2.3 Hz, 1H), 2.09 (s, 3H, AcO); 13C NMR (101 MHz);
δ (ppm) = 169.8 (COO), 160.2, 129.4, 128.7, 114.1, 80.5 (C≡), 75.2 (CH≡), 65.1 (CH-OAc), 55.3
(CH3O), 21.1; FTIR (film, cm-1); 3286 (s), 2937-2829 (w), 2129 (w), 1740 (vs), 1464 (w), 1370 (vs),
1228 (vs); HRMS (FAB+) m/z: calcd. (MH+) 205.0865, found 205.0864.
OAc

1-(4-(Trifluoromethyl)phenyl)prop-2-ynyl acetate (5c). The general
procedure was followed. After silica gel chromatography (CH2Cl2/PE 5:1)
product 5c was obtained (1.0 g, 56% yield). 1H NMR (400 MHz); δ (ppm) =
F3 C
7.66 (s, 4H), 6.49 (s, 1H), 2.69 (s, 1H), 2.14 (s, 3H, AcO); 13C NMR (101
MHz); δ (ppm) = 169.5 (COO), 140.3, 131.2 (q, J = 32.6 Hz), 128.0, 125.7 (q, J = 3.8 Hz), 123.9 (q, J
= 272 Hz, CF3), 79.5 (C≡), 74.0 (CH≡), 64.5, 20.9; FTIR (film, cm-1); 3301 (m), 2100 (w), 1747 (s),
1421 (s), 1373 (s), 1327 (vs), 1227 (vs); HRMS (EI+) m/z: calcd. (M+) 242.0555, found 242.0554.
OAc

1-(2,4-Dimethylphenyl)prop-2-ynyl acetate (5d). The general procedure was
followed. After silica gel chromatography (PE/CH2Cl2 4:1) product 5d was
obtained (1.1 g, 74% yield). 1H NMR (400 MHz); δ (ppm) = 7.51 (d, J = 7.8
Me
Me
Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 7.02 (s, 1H), 6.53 (d, J = 2.2 Hz, 1H), 2.62
(d, J = 2.3 Hz, 1H), 2.38 (s, 3H), 2.32 (s, 3H), 2.11 (s, 3H, Ac); 13C NMR (101 MHz); δ (ppm) = 169.8
(COO), 139.2, 136.2, 131.8, 131.7, 128.1, 127.1, 80.4 (C≡), 75.2 (CH≡), 63.4, 21.2, 21.1, 19.1; FTIR
(film, cm-1) 3287 (s) 3017-2925 (m) 2124 (w) 1742 (vs) 1454 (m) 1370 (s) 1227 (vs); HRMS (FAB+)
m/z: calcd. (MH+) 203.1072, found 203.1075.
OAc

1-(2,4-Dichlorophenyl)prop-2-ynyl acetate (5e). The general procedure was
followed. After silica gel chromatography (PE/CH2Cl2 4:1) product 5e was
obtained (1.4 g, 77% yield): mp 56-57 °C. 1H NMR (400 MHz); δ (ppm) = 7.71
Cl
Cl
(d, J = 8.4 Hz, 1H), 7.42 (d, J = 2.1 Hz, 1H), 7.32 (dd, J = 2.1 Hz, 8.4 Hz, 1H),
6.67 (d, J = 2.3 Hz, 1H), 2.67 (d, J = 2.3 Hz, 1H), 2.13 (s, 3H); 13C NMR (101 MHz); δ (ppm) = 169.2
(COO), 135.8, 134.1, 132.6, 130.3, 129.7, 127.5, 78.8 (C≡), 76.0 (CH≡), 62.0, 20.7; FTIR (film, cm-1);

66

Enantioselective Propargylic Amination

3297 (m), 2128 (w), 1748 (vs), 1473 (m), 1370 (m), 1221 (vs); HRMS (EI+) m/z: calcd. (M+)
241.9901, found 241.9907.
OAc

1-(Pyridin-3-yl)prop-2-ynyl acetate (5f). The general procedure was followed.
After silica gel chromatography (gradient elution; CH2Cl2/EtOAc 10:1 to 1:10)
product 5f was obtained (230 mg, 18% yield). 1H NMR (400 MHz); δ (ppm) = 8.74
N
(d, J = 1.3 Hz, 1H), 8.59 (d, J = 3.7 Hz, 1H), 7.84 (m, 1H), 7.31 (dd, J = 4.8 Hz, 7.9
Hz, 1H), 6.44 (d, J = 2.3 Hz, 1H), 2.69 (d, J = 2.3 Hz, 1H), 2.09 (s, 3H, AcO); 13C NMR (101 MHz); δ
(ppm) = 164.7 (COO), 145.5, 144.5, 130.5, 118.8, 74.4 (C≡), 71.5 (CH≡), 58.4, 16.1; FTIR (film, cm1
) 3290 (m), 2100 (w), 1743 (vs), 1586 (w), 1557 (w), 1429 (m), 1371 (m), 1224 (vs); HRMS (EI+)
m/z: calcd. (M+) 175.0633, found 175.0633.
1-(Naphtalen-1-yl)prop-2-ynyl acetate (5g). The general procedure was followed.
After silica gel chromatography (gradient elution; PE/CH2Cl2 4:1 to 3:1) product 5g
was obtained (1.1 g, 67% yield). 1H NMR (400 MHz); δ (ppm) = 8.19-7.48 (m, 7H),
7.10 (d, J = 2.3 Hz, 1H), 2.72 (d, J = 2.3 Hz, 1H), 2.14 (d, J = 2.8 Hz, 3H); 13C NMR
(101 MHz); δ (ppm) = 169.9 (COO), 134.1, 131.8, 130.6, 130.2, 129.0, 126.9, 126.7,
126.2, 125.3, 123.7, 80.3 (C≡), 76.1 (CH≡), 63.8, 21.1; FTIR (film, cm-1) 3287 (m), 2157 (w), 1740
(vs), 1369 (w), 1224 (vs); HRMS (FAB+) m/z: calcd. (MH+) 225.0916, found 225.0915.
AcO

OAc

1-(Naphtalen-2-yl)prop-2-ynyl acetate (5h). The general procedure was
followed. After silica gel chromatography (PE/CH2Cl2 4:1) product 5h was
obtained (1.0 g, 64% yield): mp 65-66 °C. 1H NMR (400 MHz); δ (ppm) =
8.02-7.51 (m, 7H), 6.63 (d, J = 2.2 Hz, 1H), 2.73 (d, J = 2.2 Hz, 1H), 2.14 (s,
13
3H); C NMR (101 MHz); δ (ppm) = 169.7 (COO), 133.7, 133.5, 133.0, 128.7, 128.3, 127.7, 127.2,
126.8, 126.5, 125.0, 80.3 (C≡), 75.7 (CH≡), 65.5, 21.1; FTIR (film, cm-1) 3285 (m), 3059 (w), 2120
(w), 1741 (vs), 1440 (w), 1369 (w), 1224 (vs); HRMS (FAB+) m/z: calcd. (MH+) 225.0916, found
225.0915.
OAc

(E)-1-Phenylpent-1-en-4-yn-3-yl acetate (5i). The general procedure was
followed. After silica gel chromatography (gradient elution; PE/CH2Cl2 4:1 to
3:1) product 5i was obtained (1.2 g, 81% yield). 1H NMR (400 MHz); δ (ppm)
= 7.43-7.29 (m, 5H), 6.89 (d, J = 15.7 Hz, 1H), 6.24 (dd, J = 6.5 Hz, 15.7 Hz,
1H), 6.06 (d, J = 6.5 Hz, 1H), 2.66 (d, J = 2.2 Hz, 1H), 2.13 (s, 3H); 13C NMR (101 MHz); δ (ppm) =
169.7 (COO), 135.6, 134.9, 128.7, 128.6, 127.0, 123.3, 79.4 (C≡), 75.4 (CH≡), 64.0, 21.1; FTIR (film,
cm-1); 3289 (m), 3028 (w), 2125 (w), 1741 (vs), 1449 (w), 1371 (w), 1227 (vs); HRMS (FAB+) m/z:
calcd. (MH+) 201.0196, found 201.0191.
OAc

4-Methylpent-1-yn-3-yl acetate (5j). The general procedure was followed. After
silica gel chromatography (gradient elution; PE/CH2Cl2 4:1 to 3:1) product 5j was
obtained (0.5 g, 49% yield). 1H NMR (400 MHz); δ (ppm) = 5.18 (dd, J = 2.2 Hz, 5.7
Me
Hz, 1H), 2.42 (d, J = 2.2 Hz, 1H), 2.10 (s, 3H, Ac), 2.01-1.96 (m, 1H), 1.02-0.98 (m, 6H); 13C NMR
(101 MHz); δ (ppm) = 170.0 (COO), 79.9 (C≡), 74.0 (CH≡), 68.7, 32.1, 20.9, 18.0, 17.4; FTIR (film,
cm-1) 3292 (m), 2969-2877 (m) 2114 (w) 1744 (vs) 1469 (m) 1373 (s) 1235 (vs).
Me
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OAc

Oct-1-yn-3-yl acetate (5k). The general procedure was followed. After silica
gel chromatography (PE/CH2Cl2 4:1) product 5k was obtained (0.7 g, 57%
yield). 1H NMR (400 MHz); δ (ppm) = 5.34-5.32 (m, 1H), 2.44 (d, J = 2.1 Hz,
1H), 2.09 (s, 3H), 1.79-1.74 (m, 2H), 1.46-1.43 (m, 2H), 1.32-1.29 (m, 4H), 0.91-0.88 (m, 3H); 13C
NMR (101 MHz); δ (ppm) 169.9 (COO), 81.3 (C≡), 73.4 (CH≡), 63.8, 34.5, 31.2, 24.6, 22.5, 21.0,
13.9; FTIR (film, cm-1); 3294 (m), 2957-2864 (m), 2123 (w), 1744 (vs), 1467 (w), 1372 (m), 1235
(vs).
OAc

5-Phenylpent-1-yn-3-yl acetate (5l). The general procedure was followed,
starting with 7.4 mmol of aldehyde. After silica gel chromatography
(PE/CH2Cl2 1:1) product 5l was obtained (1.0 g, 67% yield). 1H NMR (400
MHz); δ (ppm) = 7.32-7.27 (m, 2H), 7.23-7.18 (m, 3H), 5.35 (dt, J = 2.2 Hz, J
= 6.6 Hz, 1H), 2.79 (t, J = 7.9 Hz, 2H), 2.51 (d, J = 2.2 Hz, 1H), 2.17-2.06 (m, 2H), 2.08 (s, 3H).
5-Methylhex-1-yn-3-yl acetate (5m). The general procedure was followed. After
silica gel chromatography (PE/CH2Cl2 3:1) product 5m was obtained (0.65 g, 47%
yield). 1H NMR (400 MHz); δ (ppm) = 5.41-5.36 (m, 1H), 2.44 (d, J = 2.1 Hz, 1H),
2.08 (s, 3H), 1.83-1.76 (m, 1H), 1.71-1.60 (m, 2H), 0.93 (d, J = 6.6 Hz, 6H).
OAc

OAc

1-Cyclohexylprop-2-ynyl acetate (5n). The general procedure was followed,
starting with 7.6 mmol of aldehyde. After silica gel chromatography (PE/CH2Cl2 1:1)
product 5n was obtained (1.36 g, 99% yield). 1H NMR (400 MHz); δ (ppm) = 5.18
(dd, J = 2.2 Hz, 6.2 Hz, 1H), 2.42 (d, J = 2.2 Hz, 1H), 2.07 (s, 3H), 1.86-1.62 (m,
6H), 1.26-1.06 (m, 5H).
1-Phenylbut-3-yn-2-yl acetate (5o). The general procedure was followed,
starting with 9.0 mmol of phenylacetaldehyde. After silica gel chromatography
(PE/EtOAc 3:1) product 5o was obtained (0.89 g, 53% yield). 1H NMR (400
MHz); δ (ppm) = 7.30-7.27 (m, 5H, Ph), 5.53 (dt, J = 2.2 Hz, 6.8 Hz, 1H), 3.11 (m, 2H, CH2) 2.48 (d,
J = 2.2 Hz, 1H), 2.08 (s, 3H, OAc); 13C NMR (101 MHz); δ (ppm) 170.0 (COO), 135.8, 129.2, 128.7,
127.2, 80.8 (C≡), 74.5 (CH≡), 64.4, 41.1, 21.0; FTIR (film, cm-1); 3287 (m), 1740 (s), 1371 (m), 1231
(s), 1024 (m).
OAc

1-Phenylbut-3-yn-2-yl pivalate (5oPiv). The general procedure was followed,
starting with 6.2 mmol of phenylacetaldehyde, and using pivaloyl chloride instead
of acetic anhydride. After silica gel chromatography (PE/CH2Cl2 1:1) product
5oPiv was obtained (0.77 g, 54% yield). 1H NMR (400 MHz); δ (ppm) = 7.32-7.25 (m, 5H, Ph), 5.53
(dt, J = 2.1 Hz, 6.9 Hz, 1H), 3.12 (d, J = 6.9 Hz, CH2) 2.46 (d, J = 2.1 Hz, 1H), 1.17 (s, 9H).
OPiv

OAc

3-Methylhex-1-yn-3-yl acetate (16a). The general procedure was followed, starting
with 9.0 mmol of 2-pentanone, and 3 equivalents of Et3N and Ac2O were used. After
n-Pr
Me
silica gel chromatography (PE/EtOAc 3:1) product 16a was obtained (0.65 g, 47%
yield), not totally pure, but used as this in the catalysis. 1H NMR (400 MHz); δ (ppm) = 2.56 (s, 1H,
C≡CH), 2.04 (s, 3H, OAc), 1.99-1.89 (m, 1H), 1.85-1.75 (m, 1H), 1.68 (s, 3H), 1.61-1.45 (m, 2H),
0.97 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz); δ (ppm) 169.6 (OC=O), 84.1 (C≡), 75.0, 73.2 (CH≡),
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43.6, 26.5, 22.1, 17.5, 14.1; FTIR (film, cm-1); 3267 (w), 2963 (s), 1733 (vs), 1368 (s), 1238 (vs), 1136
(m), 1020 (m).
OAc

2-Cyclohexylbut-3-yn-2-yl acetate (16b). The general procedure was followed,
starting with 6.0 mmol of 1-cyclohexylethanone. After silica gel chromatography
Me
(PE/EtOAc 3:1) product 16b was obtained (0.70 g, 61% yield), not totally pure, but
used as this in the catalysis. 1H NMR (400 MHz); δ (ppm) = 2.57 (s, 1H, C≡CH), 2.05 (s, 3H, OAc),
2.01-1.93 (m, 1H), 1.92-1.76 (m, 4H), 1.72-1.66 (m, 1H), 1.66 (s, 3H), 1.33-1.13 (m, 5H); 13C NMR
(101 MHz); δ (ppm) 169.5 (OC=O), 83.4 (C≡), 78.3, 74.0 (CH≡), 46.9, 27.4, 27.0, 26.4, 26.31, 26.27,
23.5, 22.1; FTIR (film, cm-1); ~3300 (m, br), 2936 (s), 2854 (m), 1749 (s), 1452 (m), 1369 (m), 1236
(s).
OAc

2-Phenylbut-3-yn-2-yl acetate (16c). The general procedure was followed
(acetylation), starting with commercially available 2-phenyl-3-butyn-2-ol (6.8
Me
mmol). After silica gel chromatography (PE/DCM 1:1 to pure DCM) product 16c
was obtained (1.27 g, 99% yield). 1H NMR (400 MHz); δ (ppm) = 7.60-7.57 (m, 2H), 7.39-7.29 (m,
3H), 2.82 (s, 1H, C≡CH), 2.09 (s, 3H), 1.90 (s, 3H); 13C NMR (101 MHz); δ (ppm) 168.7 (OC=O),
142.2, 128.5, 128.0, 124.9, 83.1 (C≡), 75.7 (CH≡), 75.4, 32.2, 21.8; FTIR (film, cm-1); 3284 (m), 1752
(vs), 1368 (m), 1235 (vs), 1063 (s).
1,3-Diphenylprop-2-ynyl acetate (8).22 To a solution of phenylacetylene
(1.09 mL, 9.9 mmol) in THF at −78 °C a solution of n-BuLi (1.6 M in
hexane, 6.25 ml, 10.0 mmol) was added slowly, followed by slow addition of
benzaldehyde (1.0 mL, 9.9 mmol). After stirring overnight at room
temperature the reaction mixture was quenched in saturated NH4Cl-solution
(50 mL) and ice (50 mL). The solvent was evaporated using a laboratory evaporator, followed by
extraction of the water layer with diethylether (5 × 20 mL). The combined organic layers were washed
with saturated NaCl-solution (50 mL). After separation of phases the organic layer was dried over
anhydrous Na2SO4 and evaporated to dryness. The crude product was used without further purification
in the acetylation step. A solution of the propargylic alcohol (max. 9.9 mmol), acetic anhydride (1.2
mL, 12.9 mmol) and triethylamine (1.8 mL, 12.9 mmol) in dry CH2Cl2 (20 mL) was stirred overnight
at room temperature. CH2Cl2 was evaporated using a laboratory evaporator. After silica gel
chromatography (PE/CH2Cl2 4:1) product 8 was obtained (2.0 g, 79% yield). NMR spectra were
corresponding with literature.3
OAc

General procedure A. Propargylic amination with ligand 4f. Copper iodide (3.8 mg, 0.020 mmol)
and 2,6-bis((4R,5S)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (4f) (12.5 mg, 0.024 mmol) were
suspended in methanol (1.4 mL). The mixture was stirred for 20 minutes before addition of a solution
of the propargylic acetate (0.20 mmol) in methanol (0.3 mL). The suspension is cooled to −20 °C.
After 10 minutes of stirring at −20 °C, a cooled solution of nucleophile (0.40 mmol) and DIPEA (139
µL, 0.80 mmol) in methanol (0.3 mL) was added. The suspension was stirred until TLC analysis
indicated total conversion of the propargylic acetate. When finished the reaction mixture was allowed
to warm to room temperature and concentrated in vacuo. Silica gel chromatography gave the pure
propargylic amine.
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General procedure B. Propargylic amination with ligand 4a. See general procedure A. In this
procedure pybox ligand 4a was used instead of ligand 4f. The reaction mixture was stirred at ambient
temperature (18-25 °C) and the ligand did dissolve in methanol, together with the CuI, forming a clear
red solution.
Racemic reaction. The racemic samples were obtained using the general procedure B with TBTA as
the ligand instead of the chiral pybox ligand.
MeO

(S)-2-Methoxy-N-(1-phenylprop-2-ynyl)aniline (6a). Copper iodide (48 mg,
0.25 mmol) and pybox ligand 4f (156 mg, 0.30 mmol) were stirred in MeOH (40
HN
mL) for 30 minutes. To the acquired red solution, which contains small white
particles of probably excess ligand, 5a (0.87 g, 5.0 mmol) in MeOH (4 mL) was
added. The mixture was cooled to −18 °C (ice/salt) followed by addition of a
cooled solution of o-anisidine (1.1 mL, 10 mmol) and DIPEA (3.5 mL, 20 mmol)
in MeOH (6 mL). The reaction mixture was stirred for 21 h at −18 °C. After evaporation and silica gel
column chromatography (CH2Cl2/PE 1:2) the product was obtained as a yellow oil (1.15 g, 97% yield,
85% ee). After two crystallization steps (crystals of racemate) (EtOAc/PE, one weekend at −18 °C),
the mother liquor contained the highly optical enriched product 6a giving, after evaporation, an orange
oil (0.97 g, 81% yield, 99% ee): [α]20D +100 (c 1.0, CHCl3), lit.13 [α]25D +75.6 (c 1.0, CHCl3). The
product solidified after one week at −18 °C and was recrystallized from heptane after addition of a
seed crystal providing yellow crystals (0.55 g, 46% yield, >99.5% ee); mp (racemate) 75 °C, mp
(single enantiomer) 32 °C. HPLC conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr,
1.0 mL/min, λ = 254 nm: 13 min (minor isomer) and 20 min (major isomer). 1H NMR (400 MHz); δ
(ppm) = 7.64- 7.61 (m, 2H, m-Ph), 7.42-7.34 (m, 3H, o,p-Ph), 6.88-6.75 (m, 4H, anisidyl), 5.30 (dd, J
= 7.1 Hz, J = 2.1 Hz, 1H, CH), 4.68 (br d, J = 7.0 Hz, 1H, NH), 3.83 (s, 3H, OMe), 2.47 (d, J = 2.3
Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 147.3, 139.3, 136.3, 128.9, 128.2, 127.4, 121.2,
118.0, 111.6, 109.7, 83.3, 73.0, 55.5, 49.6; FTIR (film, cm-1); 3417 (w), 3287 (m), 1601 (m), 1509 (s),
1454 (m), 1426 (m), 1242 (s), 1221 (m), 1125 (m), 1027 (m); Anal. calcd. for C16H15NO: C, 80.98; H,
6.37; N, 5.90. Found: C, 81.23; H, 6.46; N, 5.89; HRMS (FAB+) m/z: calcd. (MH+) 238.1232, found
238.1238.
(S)-2-Methoxy-N-(1-(4-methoxyphenyl)prop-2-ynyl)aniline
(6b).
General procedure A was followed. Compound 5b (41 mg, 0.20 mmol) was
HN
added to the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 19 hours the mixture was
allowed to warm to room temperature. Evaporation and silica gel
MeO
chromatography (CH2Cl2/PE 5:1) afforded product 6b as a colorless oil (52
mg, 97% yield, 83% ee): [α]20D +75 (c 1.0, CHCl3). HPLC conditions: Chiralcel OD-H (4.6 × 250
mm), 9:1 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 8.2 min (minor isomer) and 15.8 min (major
isomer). 1H NMR (400 MHz); δ (ppm) = 7.53 (m, 2H), 6.93-6.72 (m, 6H), 5.24 (br s, 1H, CH), 4.61
(br s, 1H, NH), 3.82 (s, 6H, 2 x OMe), 2.45 (d, J = 2.2 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm)
= 159.5, 147.2, 136.3, 131.4, 128.5, 121.1, 117.9, 114.1, 111.5, 109.6, 83.4, 72.8, 55.42, 55.37, 48.9;
FTIR (film, cm-1); 3283 (m), 1601 (m), 1509 (s), 1454 (m), 1245 (s), 1175 (m), 1125 (m), 1029 (m);
HRMS (FAB+) m/z: calcd. (MH+) 268.1338, found 268.1328.
MeO
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MeO

(S)-2-Methoxy-N-(1-(4-(trifluoromethyl)phenyl)prop-2-ynyl)aniline (6c).
General procedure A was followed. Compound 5c (48 mg, 0.20 mmol) was
HN
added to the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 18 hours the mixture was
allowed to warm to room temperature. Evaporation and silica gel
F3C
chromatography (CH2Cl2/PE 5:1) afforded product 6c as a colorless oil (51
mg, 84% yield, 80% ee): [α]20D +52 (c 1.0, CHCl3). HPLC conditions: Chiralcel OD-H (4.6 × 250
mm), 9:1 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 6.8 min (minor isomer) and 12.3 min (major
isomer). 1H NMR (400 MHz); δ (ppm) = 7.76 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 6.90-6.79
(m, 3H), 6.70 (dd, J = 7.8 Hz, J = 1.4 HZ, 1H), 5.38 (br s, 1H, CH), 4.77 (br s, 1H, NH), 3.87 (s, 3H,
OMe), 2.52 (d, J = 2.3 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 147.4, 143.4, 135.9, 130.5
(q, J = 32.5 Hz), 127.7, 125.9 (q, J = 3.7 Hz), 124.2 (q, J = 272.2 Hz), 121.1, 118.5, 111.7, 109.8,
82.4, 73.8, 55.6, 49.3; FTIR (film, cm-1); 3297 (m), 1602 (m), 1509 (s), 1456 (m), 1428 (m), 1326 (s),
1243 (m), 1223 (m), 1166 (s), 1125 (s), 1067 (s), 1019 (m); HRMS (FAB+) m/z: calcd. (MH+)
306.1106, found 306.1116.
MeO

(S)-N-(1-(2,4-Dimethylphenyl)prop-2-ynyl)-2-methoxyaniline
(6d).
General procedure A was followed. Compound 5d (40 mg, 0.20 mmol) was
HN
added to the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 20 hours the mixture was allowed
to warm to room temperature. Evaporation and silica gel chromatography
Me
Me
(CH2Cl2/PE 2:1) afforded product 6d as a white solid (48 mg, 91% yield,
88% ee): mp 69-74 °C; [α]20D +89 (c 1.0, CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250 mm),
98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 5.9 min (minor isomer) and 6.9 min (major isomer).
1
H NMR (400 MHz); δ (ppm) = 7.52 (d, J = 7.8 Hz, 1H), 7.09-7.06 (m, 2H), 6.93-6.89 (m, 1H), 6.836.76 (m, 3H), 5.35 (m, 1H), 4.55 (d, J = 5.4 Hz, 1H, NH), 3.83 (s, 3H, OMe), 2.44 (d, J = 2.3 Hz, 1H),
2.40 (s, 3H), 2.35 (s, 3H); 13C NMR (101 MHz); δ (ppm) = 147.2, 138.0, 136.6, 136.1, 134.3, 131.8,
127.3, 127.2, 121.3, 117.7, 111.2, 109.7, 83.4 (-C≡), 72.6 (CH≡), 55.5, 46.9, 21.2, 18.9; FTIR (film,
cm-1); 3285 (m), 1601 (m), 1509 (s), 1454 (m), 1425 (m), 1236 (s), 1221 (m), 1125 (m), 1029 (m);
HRMS (FAB+) m/z: calcd. (MH+) 266.1545, found 266.1541.
(S)-N-(1-(2,4-Dichlorophenyl)prop-2-ynyl)-2-methoxyaniline (6e). General
procedure A was followed. Compound 5e (49 mg, 0.20 mmol) was added to
HN
the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 40 hours the mixture was allowed
to warm to room temperature. Evaporation and silica gel chromatography
Cl
Cl
(CH2Cl2/PE 2:1) afforded product 6e as an orange oil (54 mg, 88% yield, 79%
ee): [α]20D +67 (c 1.0, CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2 heptane:HOi-Pr,
1.0 mL/min, λ = 254 nm: 6.3 min (minor isomer) and 7.9 min (major isomer). 1H NMR (400 MHz); δ
(ppm) = 7.69 (d, J = 8.4 Hz, 1H), 7.45 ( d, J = 2.1 Hz, 1H), 7.28 (dd, J = 8.4 Hz, J = 2.1 Hz, 1H), 6.876.74 (m, 3H), 6.58 (dd, J = 7.8 Hz, J = 1.4 Hz, 1H), 5.59 (dd, J = 6.5 Hz, J = 2.3 Hz, 1H, CH), 4.78 (br
d, J = 6.4 Hz, 1H, NH), 3.87 (s, 3H, OMe), 2.48 (d, J = 2.3 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ
(ppm) = 147.2, 135.72, 135.65, 134.6, 134.0, 129.8, 129.5, 127.8, 121.2, 118.4, 111.3, 109.8, 81.9,
73.2, 55.6, 46.7; FTIR (film, cm-1); 3296 (m), 1601 (m), 1509 (s), 1455 (m), 1243 (s), 1222 (m), 1127
(m), 1029 (m); HRMS (EI+) m/z: calcd. (M+) 305.0374, found 305.0373.
MeO
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MeO

(S)-2-Methoxy-N-(1-(pyridin-3-yl)prop-2-ynyl)aniline (6f). General procedure
A was followed. Compound 5f (35 mg, 0.20 mmol) was added to the catalyst
HN
suspension and cooled to −20 °C before adding the o-anisidine/DIPEA mixture.
After stirring for 23 hours the mixture was allowed to warm to room temperature.
Evaporation and silica gel chromatography (EtOAc/PE 1:1) afforded product 6f as
N
an orange oil (42 mg, 88% yield, 74% ee): [α]20D +67 (c 1.0, CHCl3). HPLC
conditions: Chiralcel OD-H (4.6 × 250 mm), 85:15 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 19 min
(minor isomer) and 32 min (major isomer). 1H NMR (400 MHz); δ (ppm) = 8.87 (br s, 1H), 8.60 (br d,
J = 4.0 Hz, 1H), 7.94 (dd, J = 7.9 Hz, J = 1.6 Hz, 1H), 7.32 (dd, J = 7.9 Hz, J = 4.8 Hz, 1H), 6.88-6.73
(m, 4H, anisidyl), 5.35 (dd, J = 7.5 Hz, J = 1.9 Hz, 1H, CH), 4.68 (br d, J = 7.4 Hz, 1H, NH), 3.84 (s,
3H, OMe), 2.51 (d, J = 2.3 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 149.6, 149.2, 147.4,
135.8, 135.0 (2x), 123.7, 121.1, 118.6, 111.8, 109.9, 82.0, 73.9, 55.6, 47.6; FTIR (film, cm-1); 3285
(m), 1601 (m), 1509 (s), 1455 (m), 1423 (m), 1246 (s), 1223 (m), 1125 (m), 1026 (m); HRMS (FAB+)
m/z: calcd. (MH+) 239.1184, found 239.1184.
MeO

(S)-2-Methoxy-N-(1-(naphthalen-1-yl)prop-2-ynyl)aniline (6g). General
procedure A was followed. Compound 5g (45 mg, 0.20 mmol) was added to the
HN
catalyst suspension and cooled to −20 °C before adding the o-anisidine/DIPEA
mixture. After stirring for 22 hours the mixture was allowed to warm to room
temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 3:1)
afforded product 6g as a white solid (52 mg, 91% yield, 85% ee). After
recrystallization (EtOAc/PE) colourless needles were obtained (>99% ee): mp 148 °C; [α]20D +118 (c
1.0, CHCl3). HPLC conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 0.8 mL/min, λ
= 254 nm: 14.5 min (major isomer) and 15.9 min (minor isomer). 1H NMR (400 MHz); δ (ppm) =
8.16-8.14 (m, 1H), 8.01 (d, J = 7.1 Hz, 1H), 7.94-7.88 (m, 2H), 7.56-7.50 (m, 3H), 6.96-6.91 (m, 2H),
6.85-6.80 (m, 2H), 5.96 (br d, J = 3.3 Hz, 1H, CH), 4.80 (br d, J = 4.1 Hz, 1H, NH), 3.80 (s, 3H,
OMe), 2.55 (d, J = 2.2 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 147.3, 136.4, 134.2, 134.1,
130.9, 129.3, 129.0, 126.7, 126.0, 125.6, 125.5, 123.6, 121.3, 118.0, 111.3, 109.8, 83.1, 73.5, 55.4,
47.2; FTIR (film, cm-1); 3287 (m), 1601 (m), 1509 (s), 1454 (m), 1426 (m), 1244 (s), 1221 (m), 1126
(m), 1028 (m); Anal. cacld. for C20H17NO: C, 83.59; H, 5.96; N, 4.87. Found: C, 83.55; H, 6.10; N,
4.73; HRMS (FAB+) m/z: calcd. (MH+) 288.1388, found 288.1383.
MeO

(S)-2-Methoxy-N-(1-(naphthalen-2-yl)prop-2-ynyl)aniline (6h). General
procedure A was followed. Compound 5h (45 mg, 0.20 mmol) was added to
HN
the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 23 hours the mixture was
allowed to warm to room temperature. Evaporation and silica gel
chromatography (CH2Cl2/PE 3:1) afforded product 6h as a yellow oil (55
mg, 96% yield, 86% ee). After recrystallization (EtOAc/PE) yellowish crystals were obtained (>99%
ee); [α]20D +21 (c 0.3, CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2 heptane:HOi-Pr,
1.0 mL/min, λ = 254 nm: 10 min (minor isomer) and 13 min (major isomer). 1H NMR (400 MHz); δ
(ppm) = 8.11 (s, 1H), 7.89-7.84 (m, 3H), 7.70 (dd, J = 8.5 Hz, J = 1.8 Hz, 1H), 7.53-7.49 (m, 2H),
6.90-6.74 (m, 4H, anisidyl), 5.46 (br d, J = 4.6 Hz, 1H, CH), 4.78 (br d, J = 5.7 Hz, 1H, NH), 3.84 (s,
3H, OMe), 2.53 (d, J = 2.2 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 147.3, 136.7, 136.3,
133.4, 133.2, 128.8, 128.3, 127.8, 126.41, 126.35, 126.2, 125.3, 121.2, 118.1, 111.7, 109.7, 83.2, 73.4,
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55.5, 49.8; FTIR (film, cm-1); 3288 (m), 1601 (m), 1509 (s), 1454 (m), 1425 (m), 1241 (s), 1221 (m),
1126 (m), 1028 (m); HRMS (FAB+) m/z: calcd. (MH+) 288.1388, found 288.1389.
MeO

(R,E)-2-Methoxy-N-(1-phenylpent-1-en-4-yn-3-yl)aniline (6i). General
procedure A was followed. Compound 5i (40 mg, 0.20 mmol) was added to
HN
the catalyst suspension and cooled to −20 °C before adding the oanisidine/DIPEA mixture. After stirring for 48 hours the mixture was
allowed to warm to room temperature. Evaporation and silica gel
chromatography (CH2Cl2/PE 1:4) afforded product 6i as a yellow oil (32 mg,
20
62% yield, 57% ee): [α] D +26 (c 0.4, CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2
heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 10 min (minor isomer) and 13 min (major isomer). 1H
NMR (400 MHz); δ (ppm) = 7.46-7.26 (m, 5H), 7.00-6.77 (m, 5H, anisidyl + alkene), 6.39 (dd, J =
15.8 Hz, J = 5.4 Hz, 1H, alkene), 4.97 (br d, J = 4.7 Hz, 1H, NCH), 4.55 (br s, 1H, NH), 3.88 (s, 3H,
OMe), 2.48 (d, J = 2.1 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 147.5, 136.4, 136.0, 132.5,
128.7, 128.1, 126.9, 126.7, 121.2, 118.2, 111.9, 109.8, 82.4, 73.0, 55.6, 47.1; FTIR (film, cm-1); 3289
(m), 1601 (m), 1509 (s), 1454 (m), 1427 (m), 1242 (s), 1222 (m), 1126 (m), 1028 (m), 968 (m);
HRMS (FAB+) m/z: calcd. (MH+) 264.1388, found 264.1389.
MeO

(S)-2-Methoxy-N-(4-methylpent-1-yn-3-yl)aniline (6j). General procedure B was
followed. Compound 5j (28 mg, 0.20 mmol) was added to the catalyst solution
HN
before adding the o-anisidine/DIPEA mixture. After stirring for 24 hours,
Me
evaporation and silica gel chromatography (CH2Cl2/PE 1:1) afforded product 6j as
a colourless oil (31 mg, 77% yield, 82% ee): [α]20D −146 (c 0.5, CHCl3). HPLC
Me
conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 6.3 min
(major isomer) and 9.6 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 6.91-6.87 (m, 1H), 6.806.69 (m, 3H), 4.40 (br d, J = 8.2 Hz, 1H, NH), 3.99-3.95 (m, 1H, CH), 3.85 (s, 3H, OMe), 2.21 (d, J =
2.2 Hz, 1H, C≡CH), 2.06 (m, 1H), 1.11 (d, J = 6.8 Hz, 6H, CH3); 13C NMR (101 MHz); δ (ppm) =
147.3, 136.7, 121.3, 117.5, 111.3, 109.8, 83.3, 71.5, 55.6, 51.4, 32.4, 19.6, 18.0; FTIR (film, cm-1);
3288 (m), 2961 (m), 1602 (m), 1510 (s), 1456 (m), 1428 (m), 1244 (s), 1221 (m), 1120 (m), 1029 (m);
HRMS (FAB+) m/z: calcd. (MH+) 204.1383, found 204.1381.
MeO

(S)-2-Methoxy-N-(oct-1-yn-3-yl)aniline (6k). General procedure B was
followed. Compound 5k (34 mg, 0.20 mmol) was added to the catalyst
HN
solution before adding the o-anisidine/DIPEA mixture. After stirring for 24
hours, evaporation and silica gel chromatography (CH2Cl2/PE 1:1) afforded
product 6k as a colourless oil (35 mg, 76% yield, 66% ee): [α]20D −85 (c 0.5,
CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254
nm: 5.7 min (major isomer) and 6.8 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 6.93-6.89
(m, 1H), 6.82-6.72 (m, 3H), 4.34 (br s, 1H, NH), 4.10 (br, 1H, CH), 3.86 (s, 3H, OMe), 2.22 (d, J =
2.0 Hz, 1H, C≡CH), 1.87-1.81 (m, 2H), 1.60-1.56 (m, 2H), 1.39-1.34 (m, 4H), 0.95-0.91 (m, 3H,
CH3); 13C NMR (101 MHz); δ (ppm) = 147.2, 136.5, 121.2, 117.6, 111.4, 109.7, 85.0, 70.6, 55.5, 45.2,
35.8, 31.6, 25.8, 22.7, 14.2; FTIR (film, cm-1); 3408 (w), 3290 (m), 2934 (s), 2860 (m), 1603 (m),
1513 (s), 1456 (m), 1428 (m), 1248 (s), 1222 (s), 1030 (m); HRMS (FAB+) m/z: calcd. (MH+)
232.1701, found 232.1697.
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MeO

(S)-2-Methoxy-N-(5-phenylpent-1-yn-3-yl)aniline (6l). General procedure
B was followed. Compound 5l (40 mg, 0.20 mmol) was added to the catalyst
HN
solution before adding the o-anisidine/DIPEA mixture. After stirring for 24
hours, evaporation and silica gel chromatography (CH2Cl2/PE 1:2) afforded
product 6l (45 mg, 84% yield, 67% ee). HPLC conditions: Chiralcel AD (4.6
× 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 7.7 min (major
isomer) and 9.1 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.33-7.19 (m, 5H), 6.87 (t, J =
7.5 Hz, 1H), 6.81-6.67 (m, 3H), 4.36 (br s, 1H, NH), 4.11-4.07 (m, 1H, CH), 3.84 (s, 3H, OMe), 2.962.84 (m, 2H), 2.27 (d, J = 2.0 Hz, 1H, C≡CH), 2.22-2.14 (m, 2H).
MeO

(S)-2-Methoxy-N-(5-methylhex-1-yn-3-yl)aniline (6m). General procedure B
was followed. Compound 5m (31 mg, 0.20 mmol) was added to the catalyst
Me HN
solution before adding the o-anisidine/DIPEA mixture. After stirring for 48
hours, evaporation and silica gel chromatography (CH2Cl2/PE 2:3) afforded
Me
product 6m (35 mg, 80% yield, 82% ee): [α]20D −88 (c 0.34, CHCl3). HPLC
conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 6.6 min
(major isomer) and 12.6 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 6.94 (dt, J = 7.6 Hz, J =
1.4 Hz, 1H), 6.82-6.72 (m, 2H), 6.76 (dt, J = 7.6 Hz, J = 1.5 Hz, 1H), 4.30 (br d, J = 7.5 Hz, 1H, NH),
4.20-4.15 (br m, 1H, CH), 3.87 (s, 3H, OMe), 2.23 (d, J = 2.1 Hz, 1H, C≡CH), 2.06-1.98 (m, 1H),
1.78-1.73 (m, 2H), 1.02 (t, J = 6.6 Hz, 6H, CH3); 13C NMR (101 MHz); δ (ppm) = 147.3, 136.6, 121.3,
117.6, 111.5, 109.8, 85.1, 70.5, 55.6, 45.0, 43.6, 25.2, 22.9, 21.3; FTIR (film, cm-1); 3286 (m), 2956
(s), 2934 (m) 2869 (m), 1602 (s), 1512 (s), 1456 (s), 1247 (s), 1224 (s), 1029 (m); HRMS (FAB+)
m/z: calcd. (MH+) 218.1545, found 218.1548.
MeO

(S)-N-(1-Cyclohexylprop-2-ynyl)-2-methoxyaniline (6n). General procedure B
was followed. Compound 5n (36 mg, 0.20 mmol) was added to the catalyst
HN
solution before adding the o-anisidine/DIPEA mixture. After stirring for 24 hours,
evaporation and silica gel chromatography (CH2Cl2/PE 1:2) afforded product 6n
(47 mg, 96% yield, 85% ee): [α]20D −116 (c 0.3, CHCl3). HPLC conditions:
Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm:
6.0 min (major isomer) and 9.2 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 6.91-6.87 (m,
1H), 6.80-6.69 (m, 3H), 4.41 (br d, J = 8.0 Hz, 1H, NH), 3.97 (br t, J = 6.1 Hz, 1H, CH), 3.85 (s, 3H,
OMe), 2.22 (d, J = 2.2 Hz, 1H, C≡CH), 1.97-1.90 (m, 2H), 1.83-1.69 (m, 4H), 1.36-1.18 (m, 5H); 13C
NMR (101 MHz); δ (ppm) = 147.3, 136.8, 121.2, 117.4, 111.2, 109.8, 83.8, 71.5, 55.6, 50.8, 42.1,
30.0, 28.7, 26.5, 26.2, 26.1; FTIR (film, cm-1); 3408 (w), 3290 (m), 2934 (s), 2860 (m), 1603 (m),
1513 (s), 1456 (m), 1428 (m), 1248 (s), 1222 (s), 1030 (m); HRMS (FAB+) m/z: calcd. (MH+)
244.1701, found 244.1697.
MeO

(S)-2-Methoxy-N-(1-phenylbut-3-yn-2-yl)aniline (6o). General procedure B
was followed. Compound 5o (38 mg, 0.20 mmol) was added to the catalyst
HN
solution before adding the o-anisidine/DIPEA mixture. After stirring for 48
hours, evaporation and silica gel chromatography (CH2Cl2/PE 2:3) afforded
product 6o as a colourless oil (33 mg, 66% yield, 88% ee): [α]20D −7 (c 0.5,
CHCl3). HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254
nm, 9.1 min (major isomer), 10.9 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.35-7.31 (m,
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4H), 7.30-7.25 (m, 1H), 6.92-6.88 (m, 1H), 6.81-6.72 (m, 3H), 4.6 (br s, 1H, NH), 4.39-4.35 (m, X of
ABX, 1H, CH), 3.81 (s, 3H, OMe), 3.20-3.15 (A of ABX, Jab = 13.4 Hz, Jax = 5.7 Hz, 1H), 3.12-3.07
(B of ABX, Jab = 13.4 Hz, Jbx = 7.4 Hz, 1H), 2.26 (d, J = 2.1 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ
(ppm) = 147.4, 137.0, 136.3, 129.8, 128.5, 127.0, 121.3, 117.9, 111.7, 110.0, 84.2, 71.9, 55.6, 46.7,
41.6; FTIR (film, cm-1); 3427 (m), 1601 (m), 1511 (s), 1454 (m), 1246 (m), 1221 (m), 1125 (m), 1028
(m); HRMS (FAB+) m/z: calcd. (MH+) 252.1383, found 252.1382.
MeO

2-Methoxy-N-(3-methylhex-1-yn-3-yl)aniline (17a). General procedure B was
followed. Compound 16a (31 mg, 0.20 mmol) was added to the catalyst solution
HN
before adding the o-anisidine/DIPEA mixture. After stirring for 20 hours,
evaporation and silica gel chromatography (CH2Cl2/PE 2:3) afforded product 17a
n-Pr
Me
(34 mg, 79% yield, ~21% ee). HPLC conditions: Chiralcel AD (4.6 x 250 mm),
98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 5.2 min (major isomer), 5.4 min (minor isomer). 1H
NMR (400 MHz); δ (ppm) = 7.30-7.27 (m, 1H), 6.90-6.84 (m, 1H), 6.80-6.77 (m, 1H), 6.74-6.71 (m,
1H), 4.4 (br s, 1H, NH), 3.83 (s, 3H, OMe), 2.38 (s, 1H, C≡CH), 1.90-1.85 (m, 1H), 1.80-1.76 (m,
1H), 1.66-1.49 (m, 2H), 1.58 (s, 3H, CH3), 0.97 (t, J = 7.3 Hz, 3H, CH3); 13C NMR (101 MHz); δ
(ppm) = 147.6, 135.4, 120.7, 117.4, 114.1, 109.9, 87.3, 71.6, 55.7, 44.8, 28.0, 17.8, 14.4; FTIR (film,
cm-1); 3427 (w), 3284 (w), 2959 (m), 2935 (m), 2872 (w), 1602 (m), 1511 (s), 1457 (m), 1248 (s),
1222 (s), 1031 (m); HRMS (FAB+) m/z: calcd. (MH+) 218.1545, found 218.1543.
MeO

(S)-N-(2-Cyclohexylbut-3-yn-2-yl)-2-methoxyaniline (17b). General procedure
B was followed. Compound 16b (31 mg, 0.20 mmol) was added to the catalyst
HN
solution (DiMe-pybox 4j was used) before adding the o-anisidine/DIPEA
mixture. After stirring for 20 hours, evaporation and silica gel chromatography
Me
(CH2Cl2/PE 3:5) afforded product 17b (32 mg, 62% yield, 54% ee). HPLC
conditions: Chiralcel OD (4.6 x 250 mm), 99.5:0.5 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm. 1H
NMR (400 MHz); δ (ppm) = 7.34-7.31 (m, 1H), 6.88-6.84 (m, 1H), 6.80-6.78 (m, 1H), 6.72-6.68 (m,
1H), 4.39 (br s, 1H, NH), 3.84 (s, 3H, OMe), 2.41 (s, 1H, C≡CH), 2.17-2.11 (m, 1H), 1.88-1.80 (m,
4H), 1.72-1.68 (m, 1H), 1.52 (s, 3H, CH3), 1.48-1.14 (m, 5H); 13C NMR (101 MHz); δ (ppm) = 147.6,
135.4, 120.8, 117.2, 114.1, 109.7, 86.9, 72.4, 55.7, 54.7, 46.6, 28.2, 26.9, 26.8, 26.7, 26.6, 24.6; FTIR
(film, cm-1); 3428 (w), 3282 (m), 2922 (s), 2853 (m), 1602 (m), 1508 (s), 1453 (m), 1244 (m), 1222
(s), 1031 (m); HRMS (FAB+) m/z: calcd. (MH+) 258.1858, found 258.1859.
MeO

(S)-2-Methoxy-N-(2-phenylbut-3-yn-2-yl)aniline (17c). General procedure A
was followed with half the amounts. Compound 16c (19 mg, 0.10 mmol) was
HN
added to the catalyst suspension and cooled to 0 °C before adding the oanisidine/DIPEA mixture. After stirring for 4 hours the mixture was allowed to
Me
warm to room temperature. Evaporation and silica gel chromatography
(CH2Cl2/PE 5:1) afforded product 17c (24 mg, 96% yield, 78% ee). HPLC conditions: Chiralcel OD-H
(4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm: 5.9 min (major isomer) and 6.3 min
(minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.61 (d, J = 7.7 Hz, 2H), 7.27-7.7.16 (m, 3H), 6.71
(dd, J = 7.7 Hz, J = 1.4 Hz, 1H), 6.60-6.51 (m, 2H), 6.26 (dd, J = 7.7 Hz, 1.7 Hz, 1H), 4.84 (br s, 1H,
NH), 3.82 (s, 3H), 2.39 (s, 1H, C≡CH), 1.78 (s, 3H).
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CHAPTER 4
Enantioselective Copper-Catalyzed
Propargylic Substitution: Expanding the
Scope and Applications*

ABSTRACT: Different amine nucleophiles were applied in the enantioselective coppercatalyzed propargylic amination reaction, affording the desired products in good yields (6697%). The enantioselectivity obtained was highest for aniline, and its derivatives (up to 87%
ee). Interestingly, some carbon nucleophiles could also be used, and with indoles excellent ee
values were obtained (up to 98% ee). The versatility of the acquired propargylic amines was
demonstrated by their elaboration into formal total syntheses of two biologically active
compounds: (+)-anisomycin and (−)-cytoxazone.

*

Part of this chapter has been published: Detz, R. J.; Delville, M. M. E.; Hiemstra, H.; van Maarseveen, J. H.
Angew. Chem. Int. Ed. 2008, 47, 3777-3780.

Chapter 4

4.1

INTRODUCTION

Propargylic amines are versatile building blocks for organic synthesis. Next to their
synthetic utility, some derivatives possess interesting biological properties.1 During the last
decade a considerable number of enantioselective routes towards propargylic amines were
reported. The most important synthetic access is still offered by the addition of terminal
alkynes to imines. Since Li and Wei published an enantioselective copper(I)-catalyzed
addition of alkynes to imines,2 several catalytic systems promoting such asymmetric additions
are reported.3 Besides the asymmetric addition reaction also a route based on enzymatic
resolution exists providing optically active propargylic amines.4 Remarkably, substitution on
the propargylic position in an enantioselective fashion is very rare. Nishibayashi et al. showed
that a chiral ruthenium complex could induce asymmetry in the C-C bond formation during
the propargylation of aromatic compounds or acetone with propargylic alcohols (up to 95%
ee, see Chapter 1, § 1.4).5 However, propargylic substitution reactions with heteroatomcentered nucleophiles, such as alcohols, amines, thiols, and diphenylphosphine oxide, did not
proceed enantioselectively with this diruthenium complex.6b Recently, the first example of an
enantioselective version of the copper-catalyzed propargylic amination was discovered both
by our group and the group of Nishibayashi (see also Chapter 3).6 This new method, which is
an enantioselective version of the originally reported propargylic substitution reaction by
Murahashi et al.,7 provides propargylic amines in very high yields and optical purities.
Cl
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O

N
N
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N
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1 (R)-Cl-MeO-biphep

2 diPh-pybox

"Nishibayashi" Ligand

"Our" Ligand

Scheme 4.1 Enantioselective propargylic amination
The major difference between Nishibayashi’s and our method is the structure of the chiral
ligand. Where Nishibayashi uses a diphoshine ligand ((R)-Cl-OMe-biphep, 1), we used
optically active 2,6-bis(oxazolinyl)pyridine (pybox, 2). In sharp contrast to our system,
showing high yields and ee’s with primary amines, such as o-anisidine (Scheme 4.1, R = H),
Nishibayashi’s method gave best results if secondary amines, e.g. N-methylaniline, were used
(Scheme 4.1, R = Me). The use of aniline gave an enantiomeric excess of only 53%.6b This
observation prompted us to have a closer look at the applicability of other nitrogen-centered,
but also carbon-centered nucleophiles.

80

Expanded Scope and Applications

4.2

NITROGEN NUCLEOPHILES

After studying several propargylic acetates in our enantioselective propargylic amination
reaction (see previous chapter), this paragraph deals with the investigation of the scope of the
nitrogen nucleophile (Table 4.1). Knowing that p-methoxyphenyl (PMP) is a commonly used
protective group for amines, p-anisidine was included in our series using the optimal reaction
conditions (see Chapter 3) and diPh-pybox 2 as the ligand (entry 2). The observed
enantioselectivity was, unfortunately, slightly lower as compared to o-anisidine. Also 2,4dimethoxyaniline (entry 3) gave lower ee values than o-anisidine, so that the latter was thus
chosen as the masked primary amine in our protocol. Similar results as for o-anisidine were
obtained using both aniline and 4-(trifluoromethyl)aniline (entries 4 and 5). Nitroanilines did
not react properly and only gave a small amount of product among many side products. In
analogy to the Nishibayashi method, we applied N-methylaniline as the nucleophile and as
compared with the primary anilines, a significantly lower ee value was observed (entry 6). In
this respect, both methods are complementary.
Recently, Carreira et al. reported the use of 4-piperidone hydrate hydrochloride as an
interesting masked primary amine in the copper-catalyzed three-component reaction of
aldehydes, alkynes, and amines.8 Once the 4-piperidone is attached at the propargylic moiety,
double dealkylation by an excess of a primary amine affords the unprotected propargylic
amine. Carreira managed to immobilize the piperidone byproduct using a solid-supported
amine. However, when 4-piperidone hydrate hydrochloride was applied in our reaction, the
product was obtained in good yield but in almost racemic form (entry 7). NBenzylhydroxylamine, which also serves as a masked primary amine, gave the anticipated
product in good yield. All attempts to separate the enantiomers by chiral HPLC failed and no
ee value could be determined (entry 8). With O-benzylhydroxylamine, the product was
afforded in good yield (74%), but with low ee (36% ee, entry 9). On the other hand, with Nbenzyl-N-p-methoxybenzylamine, the desired product was obtained in high yield and with a
moderate selectivity (entry 10). This suggests that more hindered secondary amines may
provide products in even higher enantiopurity.
The removal of the o-anisidyl group was achieved in reasonable to high yields for most
substrates as is described in paragraph 4.4 (see also: Chapter 6, § 6.2.1). It was nevertheless
interesting to know whether other types of nitrogen nucleophiles would also lead to the
desired products. In single-attempt experiments (not shown) a set of different nitrogen
nucleophiles was tested under the optimal reaction conditions. t-Butyl carbamate and di-tbutyl iminodicarbonate were applied in the substitution reaction, but without success. In both
cases the starting material decomposed into unidentified compounds. The nucleophilicity of
the nitrogen atom is probably too low in these cases. Apparently the desired reaction is unable
to compete with an unknown decomposition pathway, which we also observed if only base
was added in the absence of nucleophile. The same observation was made with several other
nitrogen nucleophiles, such as phthalimide, 4-nitrophenylsulfonamide, tritylsulfenylamide,
and P,P-diphenylphosphinic amide.
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Table 4.1 Propargylic amination with various nitrogen nucleophiles.a

time (h)

T (°C)

product

yieldb (%)

1

24

−20

4a

97

85

2

19

−20

4b

93

78

3

1.5

rt

4c

90

64

4

42

−20

4d

94

87

5

43

−20

4e

87

86

6

1

rt

4f

90

60

3

rt

4g

66

3

8

2

0

4h

77

n.d.

9

1.5

0

4i

74

36

10

24

−20 to 0

4j

94

68

entry

NuH

ee (%)c

HO OH

7
N
H

a

HCl

Reaction conditions: propargylic acetate 3g (0.20 mmol), NuH (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02
mmol), and 2i (0.024 mmol) were stirred in methanol (2 mL). b Isolated yield after chromatography. c
Enantioselectivity is determined by chiral HPLC of the isolated product. n.d. = could not be determined by chiral
HPLC

82

Expanded Scope and Applications

4.3

CARBON NUCLEOPHILES

The copper-catalyzed propargylic substitution reaction, as is illustrated in the previous
paragraph (Paragraph 4.2), is rather sensitive regarding the nitrogen nucleophile. The question
arose whether also carbon nucleophiles could be applied. If possible, this would lead to a
novel and promising carbon-carbon bond formation process, which is always the utmost
challenge for organic chemists.
Carbon nucleophiles have, to the best of our knowledge, never been used in asymmetric
copper-catalyzed propargylations. The only examples of asymmetric substitution at the
propargylic moiety with carbon nucleophiles, reported by Nishibayshi et al., rely on a chiral
thiolate-bridged diruthenium complex.5 Having in mind its success in Nishibayashi’s
ruthenium catalyzed substitution,5c the special π-nucleophilicity and biological relevance of
indole prompted us to subject it to our reaction conditions. The first attempt of this novel
copper-catalyzed asymmetric Friedel-Crafts propargylation of indole gave very promising
results. Treatment of 1-phenylprop-2-ynyl acetate 3a with indole using diPh-pybox 2 gave
propargylated indole 5a in high yield and with excellent selectivity (94% ee) (Table 4.2, entry
1). Very delighted with this result, we submitted N-methylindole to the same conditions
providing product 5b in high yield and with even higher selectivity (98% ee). NTriisopropylsilylindole, which gave the best results in the ruthenium catalyzed propargylation,
gave no product at all, which may be ascribed to steric hindrance.
Starting from propargylic acetates with aliphatic side chains, the substitution reaction
became slower so higher temperatures were required, as was already illustrated in the
previous chapter (Chapter 3, § 3.6 and 3.7). For these substrates the highest selectivities in the
copper-catalyzed propargylic amination reaction were obtained when Me-pybox 6 was used
as the ligand. However, using indole as the nucleophile, with both ligands, 2 or 6, no desired
product was formed (Table 4.2, entry 4).

After the establishment of the enantioselective copper-catalyzed propargylic substitution
with indoles, we envisaged that other carbon π-nucleophiles may also be applicable (Table
4.2, entries 5-7). Unfortunately, 2-methoxyfuran gave disappointing results and only a small
amount of product was isolated (entry 5). Using the sterically less encumbered nucleophile
tert-butyl(1-methoxyvinyloxy)dimethylsilane gave the same result (entry 6).
Interestingly, with 2,2,5-trimethyl-1,3-dioxane-4,6-dione the propargylic acetate was fully
converted (entry 7). Besides the anticipated product 5g, also 7 and 8 were observed in the 1H
NMR spectrum of a crude sample, indicating that an intriguing cascade of reactions had
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Table 4.2 Copper-catalyzed enantioselective propargylation of indoles.a

R1

time
(h)

T
(°C)

product

yieldb
(%)

eec
(%)

Ph

24

−20

5a

71

94

Ph

24

−20

5b

91

98

Ph

24

−20

5c

n.r.

Bn

144

rt - 50

5d

n.r.

5

Ph

24

rt

5e

~10

n.d.

6

Ph

24

rt

5f

~10

n.d.

Ph

24

−20

5g

64

6

entry

NuH

1

N
H

2

N
Me

3

4d

N
H

Me Me
O

7e

O

O

O
Me
a
Reaction conditions: propargylic acetate 3 (0.20 mmol), NuH (0.40 mmol), DIPEA (0.80 mmol), CuI (0.02
mmol), and 2 (0.024 mmol) were stirred in methanol (2 mL). b Isolated yield after chromatography. c
Enantioselectivity is determined by chiral HPLC of the isolated product. d In this reaction also ligand 6 was used
instead of 2 and the pivalate ester of 3 instead of acetate. e In this reaction only 0.22 mmol of the nucleophile was
used, and after completion the reaction mixture was first quenched with satd. NH4Cl (aq) and extracted, before
chromatographic purification. n.r. = no product isolated, n.d. = not determined

occurred. Probably, after formation of 5g, small amounts of methoxide, present in the basic
reaction medium, have attacked one of the ester functionalities (Scheme 4.3). This liberated,
after losing acetone, a carboxylate anion, which on its turn attacked the copper-activated
alkyne moiety. After proteolysis, product 7 was obtained, which was identified by 1H NMR
analysis. Another methanolysis step forms the dimethyl ester enolate, which isomerizes to
ketone 8. After prolonged reaction time at higher temperature (70 °C), NMR analysis
indicated total conversion to this product, which was isolated in moderate yield (40%). If the
temperature was kept low, product 5g could be isolated in good yield (64%), although as a
racemate.
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Scheme 4.3 Unexpected reaction cascade

4.4

APPLICATIONS

The establishment of the enantioselective copper-catalyzed propargylic amination protocol
motivated us to find new applications for the resulting optically active propargylic amines.
The alkyne moiety is amenable to further functionalization and conversion into natural
products and biologically interesting molecules. This virtue in combination with the easy
variation of the side chains (R) make the new protocol a simple and versatile synthetic
procedure. In this and the next sections we show some of the target molecules that can be
made in this way.
Optically active propargylic amines have been used before as starting materials, and this
type of compounds is usually prepared starting from α-amino acids.9,12,26a However, multiple
steps are required and the procedures are prone to racemization.10

With our protocol a large array of substituents (R) is available. Because the absolute
configuration of the product is determined by the configuration of the chiral pybox ligand,
and both enantiomers of the ligands are available, complete stereocontrol of the product is
possible. In the next section, we illustrate that the enantioselective propargylic amination
gives access to alkyne-containing α-amino acid analogues that can be used in peptidomimetic
chemistry.
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4.4.1 CYCLIC PEPTIDES
In our research group the synthesis of small cyclic peptides is an important topic of interest.
Cyclization to such a peptide is often a difficult process. The Cu(I)-catalyzed 1,3-dipolar
cycloaddition reaction between an alkyne and an azide to give a 1,4-connected 1,2,3-triazole
moiety, now acting as an amide bond isostere, has proven to be a powerful tool in overcoming
these problems.11 In the synthetic scheme for forming these triazole-containing cyclic
pseudopeptides, alkyne-containing pseudo amino acids play an important role. During the
synthesis of these building blocks starting from natural amino acids, racemization may occur.
The enantioselective propargylic amination method provides a new and short route to such
compounds.

Scheme 4.4 Synthesis of the alkyne-containing amino acid analogue of valine
When substrate 3c was converted into propargylic amine 9 (see also Chapter 3, § 3.7), a
valine analogue was obtained (Scheme 4.4). Oxidative removal of the anisidyl moiety with
iodobenzene diacetate and subsequent N-protection with a t-butoxycarbonyl group gave
propargylic amine 10 in good yield. The absolute configuration was determined by
comparison of the optical rotation with a literature value ([α]D20 = −59.9, 96% ee).12 The SMe-pybox ligand 6 gave S-valine analogue 10, which is similar to the natural amino acid
configuration. The compound was incorporated in the triazole-containing cyclic
pseudopeptide cyclo-[Pro−Val−ψ(triazole)−Gly−Tyr(OBn)] in our group.13 This illustrates an
important application of the optically active propargylic amine prepared by our new
methodology.

4.4.2 FORMAL TOTAL SYNTHESIS OF (+)-ANISOMYCIN
Propargylic amines can function as versatile building blocks for the synthesis of many
biologically active compounds. Elaboration of the optically enriched products obtained by the
copper-catalyzed enantioselective propargylic amination into Boc-protected amines opens a
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pathway for further transformation. The pyrrolidine ring is an important structural motif in
many alkaloids such as hygrine, nicotine, and cocaine. Their biological activity make these
alkaloids attractive synthetic targets. In this section a formal total synthesis of anisomycin will
be detailed.
The antibiotic anisomycin was isolated from culture filtrates of two Streptomyces species (S.
griseolus and S. roseochromogenes) in the early fifties.14 In the sixties the structure was
elucidated by the combined work of several groups.15 The natural product, (−)-anisomycin
12a, was found to specifically block peptide bond formation in eukaryotic ribosomes, and this
made it a valuable tool in molecular biology.16 In addition to its fungicidal activity,14,16
anisomycin and some of its derivatives display high in vitro antitumor activity.17

This diverse biological activity of anisomycin stimulated many scientists to develop new
routes for its synthesis in both racemic, and enantiopure form.18 Retrosynthetically,
anisomycin may be prepared from 3,4-dehydropyrrolidine 11, as described by Jegham and
Das.18d,k Arriving at 11, starting from a propargylic amine, would afford a formal synthesis of
ent-anisomycin 12b now based on the enantioselective copper-catalyzed propargylic
amination.
During the last five years the use of gold-complexes in catalytic chemical transformations
has undergone an extensive growth.19 Gold catalysis provides a new synthetic pathway to
construct complex chemical architectures in a mild manner that would otherwise be difficult
to achieve. We envisaged that the 3,4-dehydropyrrolidine ring may be acquired by a goldcatalyzed ring closure of an aminoallene derived from an N-Boc protected propargylic amine
(Scheme 4.5). Access to this aminoallene may be provided by the Crabbé reaction. Crabbé
and coworkers found that terminal alkynes react with para-formaldehyde and
diisopropylamine to form allenes under the influence of copper(I).20

Scheme 4.5 Retrosynthetic scheme for the synthesis of 3,4-dehydropyrrolidines
The enantioselective copper-catalyzed propargylic amination reaction provided benzyl
substituted propargylic amines 14 and 15 in reasonable yield and high ee (Scheme 4.6). Even
after prolonged reaction time no full conversion of starting material was observed, which may
be ascribed to catalyst deactivation. Next to the desired products we could recover the starting
materials. Oxidative removal of the anisidyl moiety of 14 by iodobenzene diacetate followed
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by treatment with di-tert-butyl dicarbonate gave Boc-protected propargylic amine 16 in good
overall yield. Surprisingly, the same procedure applied to 15 gave 17 in only 29% yield. This
is probably due to partial oxidation of the electron-rich p-methoxybenzyl moiety, lowering the
yield of the desired product.

Scheme 4.6 Synthesis of N-Boc-protected 3,4-dehydropyrrolidines
Subsequent subjection to the Crabbé reaction provided allenic amines 18 and 19 in
reasonable yield. The optical rotation of allene 18 ([α]24D +16, c 1.3, CHCl3) was in good
agreement with the literature value28 ([α]26D +20.0, c 0.274, CHCl3) of the enantiopure
compound. In a first cyclization attempt with 18, catalyzed by an in situ prepared cationic
gold complex, 20 was obtained in high yield (86%). In another attempt the starting material
was totally recovered, indicating the reaction was difficult to reproduce. It seems that at small
scale the reaction is sensitive to traces of water and/or air oxygen, probably due to the very
hygroscopic AgOTf. Altogether, both N-Boc-protected 3,4-dehydropyrrolidines 20 and 11
were obtained in satisfactory yield (72%), although higher conversions should be feasible.
With the synthesis of 11 we accomplished the formal synthesis of (+)-anisomycin 12b.
Predominantly due to the problematic anisidyl cleavage, the overall yield of 11 from
commercially available p-methoxyphenylacetaldehyde of 7% was disappointing. However,
the route consists of only seven steps and the substituent at the 2-position is easily varied, as
is illustrated by the synthesis of 20, allowing facile synthesis of anisomycin analogues.
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4.5

TOTAL SYNTHESIS OF (−)-CYTOXAZONE

Since the isolation and structural elucidation of (−)-cytoxazone (21) by Osada and
coworkers in 1998,21 several groups have published a total synthesis of this novel cytokine
modulator.22 The compound was isolated from cultures of Streptomyces species and interferes
with cytokine IL4, IL10, and IgG production via selective inhibition of the signaling pathway
in Th2 cells.

We envisioned a short synthetic route to oxazolidinones, such as (−)-cytoxazone 21, by
gold-catalyzed cyclization, as described by Shin et al.,22d of N-Boc protected propargylic
amines, prepared by enantioselective copper-catalyzed propargylic amination (Scheme 4.7).
Hydroboration would afford (−)-cytoxazone 21, or other interesting oxazolidinones, such as
27.

Scheme 4.7 Retrosynthetic scheme for the synthesis of oxazolidinones
As shown in Scheme 4.8, our new amination methodology was applied for a short synthesis
of (−)-cytoxazone. Commercially available p-anisaldehyde was converted in propargylic
acetate 22 upon reaction with ethynylmagnesium bromide and subsequent acetylation. The
enantioselective copper-catalyzed propargylic amination gave propargylic amine 23 in high
yield and enantioselectivity. After removal of the anisidyl moiety by iodobenzene diacetate,
the primary amine was treated with di-tert-butyl dicarbonate affording Boc-protected
propargylic amine 24 in good overall yield. At this point the cyclization, catalyzed by a
cationic gold(I) complex prepared in situ from Au(PPh3)Cl and AgOTf in toluene as reported
by Shin et al.,22d provided us oxazolidinone 25 in excellent yield. Although successful
according to Shin et al., in our hands the hydroboration of the double bond of 25 did not
afford (−)-cytoxazone 21 in good yield, only traces of the desired compound were observed
during NMR and LC-MS analysis of the crude product. Thus, although the total synthesis of
(−)-cytoxazone 21 regrettably ended before the intended last step of the sequence, we
accomplished a short synthesis of enantioenriched oxazolidinones, such as 25, in high overall
yield (6 steps to 25 in 55% yield).
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Scheme 4.8 Formal total synthesis of (−)-cytoxazone
Oxazolidinones are also important as key building blocks for the synthesis of HIV protease
inhibitors, such as saquinavir.23 Because variation of the substituent at the 4-position is facile
due to our copper-catalyzed propargylic amination methodology, oxazolidinone analogues are
easily prepared. This was illustrated by the synthesis of the benzyl-substituted oxazolidinone
26, which was obtained in excellent yield by gold-catalyzed cyclization of the previously
described 16 (see § 4.4.2, Scheme 4.6) without loss of optical purity as determined by chiral
HPLC (Scheme 4.9).

Scheme 4.9 Synthesis of benzyl-substituted oxazolidinone 26
Also for this example the hydroboration step failed, and the synthesis of anticipated alcohol
27, which is reported as one of the key building blocks for saquinavir,23 remained
unaccomplished.
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4.6

CONCLUSIONS

In the enantioselective copper-catalyzed propargylic amination reaction a series of primary
and secondary amines were tested as nucleophiles. Aniline and its derivatives gave the best
results, affording the corresponding propargylic amines in high yield (up to 97%) and high
optical purity (up to 87% ee). With other nitrogen nucleophiles the results were less
promising, although reasonable enantioselectivity (68% ee) was obtained with the sterically
hindered secondary amine N-benzyl-N-p-methoxybenzylamine. Carbon nucleophiles were
also evaluated in the propargylic substitution reaction. Especially indole and N-methylindole
stand out in this series, giving high yields (up to 91%) and enantioselectivities (up to 98% ee).
Some of the propargylic amines, synthesized by our new protocol, were converted into αamino acid derivatives, and further elaborated into formal total syntheses of two biologically
active compounds: (+)-anisomycin and (−)-cytoxazone.
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4.8

EXPERIMENTAL SECTION

General Remarks − The general information is described in Chapter 2 and 3.
General procedure for the propargylic substitution with pybox ligand 2. Copper iodide (3.8 mg,
0.020 mmol) and 2,6-bis((4R,5S)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (2) (12.5 mg, 0.024
mmol) were suspended in methanol (1.4 mL). The mixture was stirred for 20 minutes before addition
of a solution of the propargylic acetate (0.20 mmol) in methanol (0.3 mL). At the indicated
temperature, a solution of nucleophile (0.40 mmol) and DIPEA (139 µL, 0.80 mmol) in methanol (0.3
mL) was added. The suspension was stirred until TLC analysis indicated total conversion of the
propargylic acetate. When finished the reaction mixture was concentrated in vacuo. Silica gel
chromatography gave the pure product.
OMe

(S)-4-Methoxy-N-(1-phenylprop-2-ynyl)aniline (4b). The general
procedure was followed. Compound 3a (35 mg, 0.20 mmol) was added to
HN
the catalyst suspension and cooled to −20 °C before adding the mixture of
p-anisidine (49 mg, 0.4 mmol) and DIPEA. After stirring for 19 hours the
mixture was allowed to warm to room temperature. Evaporation and silica
gel chromatography (CH2Cl2/PE 2:1) afforded product 4b as a colourless
oil (44 mg, 93% yield, 78% ee): [α]20D +67 (c 1.0, CHCl3). HPLC conditions: Chiralcel OD-H (4.6 ×
250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 14.8 min (minor isomer), 17.0 min (major
isomer). 1H NMR (400 MHz); δ (ppm) = 7.65-7.61 (m, 2H), 7.44-7.34 (m, 3H), 6.83 (d, J = 9.0 Hz,
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2H), 6.74 (d, J = 9.0 Hz, 2H), 5.24 (br d, J = 2.1 Hz, 1H, CH), 3.82 (br s, 1H, NH), 3.77 (s, 3H, OMe),
2.50 (d, J = 2.2 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 153.1, 140.5, 139.3, 128.9, 128.3,
127.4, 115.9, 114.8, 83.4, 73.3, 55.8, 51.0; FTIR (film, cm-1); 3263 (w), 3284 (m), 1511 (s), 1242 (s),
1035 (m), 821 (m); HRMS (FAB+) m/z: calcd. (MH+) 238.1232, found 238.1235.
MeO

OMe

(R)-2,4-Dimethoxy-N-(1-phenylprop-2-ynyl)aniline (4c). The general
procedure was followed. Compound 5a (35 mg, 0.20 mmol) was added to
HN
the catalyst suspension (enantiomer of the diPh-pybox 2 was used) before
adding the mixture of 2,4-dimethoxyaniline (57 µL, 0.4 mmol) and DIPEA
in MeOH. After stirring for 1.5 hours the mixture was concentrated under
reduced pressure and silica gel chromatography (CH2Cl2/PE 4:1) afforded
product 4c (48 mg, 90% yield, 64% ee). HPLC conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2
heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 14.1 min (major isomer), 16.7 min (minor isomer). 1H
NMR (400 MHz); δ (ppm) = 7.66-7.63 (m, 2H), 7.43-7.33 (m, 3H), 6.74 (d, J = 8.6 Hz, 1H), 6.50 (d, J
= 2.6 Hz, 1H), 6.43 (dd, J = 2.6 Hz, J = 8.6 Hz, 1H), 5.26 (br s, 1H, CH), 4.38 (br s, 1H, NH), 3.82 (s,
3H, OMe), 3.78 (s, 3H, OMe), 2.48 (d, J = 2.3 Hz, 1H, C≡CH).
(S)-N-(1-Phenylprop-2-ynyl)aniline (4d). The general procedure was followed.
Compound 5a (35 mg, 0.20 mmol) was added to the catalyst suspension and
HN
cooled to −20 °C before adding the mixture of aniline (36 µL, 0.4 mmol) and
DIPEA. After stirring for 42 hours the mixture was allowed to warm to room
temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 2:1) afforded
product 4d as a white solid (39 mg, 94% yield, 87% ee): mp 82-83 °C; [α]20D +103 (c 1.0, CHCl3).
HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 15.4
min (major isomer), 20.9 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.68-7.65 (m, 2H),
7.47-7.37 (m, 3H), 7.29-7.24 (m, 2H), 6.87-6.77 (m, 3H), 5.35 (br s, 1H, CH), 4.10 (br s, 1H, NH),
2.53 (d, J = 2.3 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 146.4, 139.1, 129.3, 128.9, 128.4,
127.4, 118.9, 114.1, 83.1, 73.3, 49.9; FTIR (film, cm-1); 3371 (m), 3278 (s), 1600 (s), 1500 (s), 1452
(m), 1427 (m), 1305 (m), 1265 (m), 1236 (m), 1100 (m), 1070 (m); HRMS (FAB+) m/z: calcd. (MH+)
208.1126, found 208.1126.
CF3

(S)-N-(1-Phenylprop-2-ynyl)-4-(trifluoromethyl)aniline (4e). The general
procedure was followed. Compound 3a (35 mg, 0.20 mmol) was added to
HN
the catalyst suspension and cooled to −20 °C before adding the mixture of
aminobenzotrifluoride (50 µL, 0.4 mmol) and DIPEA in MeOH. After
stirring for 43 hours the mixture was allowed to warm to room temperature.
Evaporation and silica gel chromatography (CH2Cl2/PE 1:1) afforded
product 4e as a yellow oil (48 mg, 87% yield, 86% ee): [α]20D +76 (c 1.0, CHCl3). HPLC conditions:
Chiralcel OD-H (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 13.8 min (major
isomer), 15.1 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.61 (d, J = 8.8 Hz, 2H), 7.47-7.35
(m, 5H), 6.75 (d, J = 8.6 Hz, 2H), 5.34 (dd, J = 7.0 Hz, J = 2.1 Hz, 1H, CH), 4.39 (br d, J = 6.8 Hz,
1H, NH), 2.52 (d, J = 2.3 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm) = 148.8, 138.3, 129.1,
128.7, 127.3, 126.7, 124.9 (q, J = 271 Hz, CF3), 120.4 (q, J = 33 Hz, C-CF3), 113.3, 82.2, 73.8, 49.5;
FTIR (film, cm-1); 3300 (m), 1617 (m), 1529 (m), 1328 (s), 1189 (m), 1163 (m), 1115 (s), 1063 (m),
826 (m); HRMS (FAB+) m/z: calcd. (MH+) 276.1000, found 276.0996.
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(S)-N-Methyl-N-(1-phenylprop-2-ynyl)aniline (4f). The general procedure was
followed. Compound 3a (35 mg, 0.20 mmol) was added to the catalyst suspension
Me
N
before adding the mixture of N-methylaniline (43 µL, 0.4 mmol) and DIPEA in
MeOH. After stirring for 1 hour the mixture was evaporated to dryness and silica
gel chromatography (CH2Cl2/PE 3:2) afforded product 4f as a yellow oil (40 mg,
90% yield, 60% ee). HPLC conditions: Chiralcel AD (4.6 × 250 mm), 98:2 heptane:HOi-Pr, 1.0
mL/min, λ = 254 nm, 5.7 min (minor isomer), 6.9 min (major isomer). 1H NMR (400 MHz); δ (ppm) =
7.64-7.61 (m, 2H), 7.43-7.31 (m, 5H), 7.05-7.01 (m, 2H), 6.92-6.87 (m, 1H), 5.85 (d, J = 1.6 Hz, 1H,
CH), 2.75 (s, CH3), 2.56 (d, J = 2.4 Hz, 1H, C≡CH). NMR-data corresponds with literature.24
O

(S)-1-(1-Phenylprop-2-ynyl)piperidin-4-one (4g). The general procedure was
followed. Compound 3a (35 mg, 0.20 mmol) was added to the catalyst suspension
and cooled to −20 °C before adding the mixture of 4-piperidone hydrate HCl (61 mg,
N
0.4 mmol) and DIPEA in MeOH. After stirring for 24 hours the mixture was allowed
to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2 to
2% MeOH in CH2Cl2) afforded product 4g (28 mg, 66% yield, 3% ee). HPLC
conditions: Chiralcel OD (4.6 × 250 mm), 9:1 heptane:HOi-Pr, 0.8 mL/min, λ = 254
nm, 7.0 min (minor isomer), 7.6 min (major isomer). 1H NMR (400 MHz); δ (ppm) = 7.64-7.61 (m,
2H), 7.40-7.30 (m, 3H), 4.81 (d, J = 2.1 Hz, 1H), 2.83 (t, J = 6.2 Hz, 4H), 2.58 (d, J = 2.3 Hz, 1H,
C≡CH), 2.52-2.38 (m, 4H); 13C NMR (101 MHz); δ (ppm) = 209.1, 137.6, 128.5, 128.2, 128.1, 78.7,
76.4, 60.6, 49.2, 41.6.
HO

(S)-N-Benzyl-N-(1-phenylprop-2-ynyl)hydroxylamine (4h). The general
procedure was followed. Compound 3a (50 mg, 0.29 mmol) was added to the
catalyst suspension and cooled to 0 °C before adding the mixture of Nbenzylhydroxylamine (93 mg, 0.58 mmol) and DIPEA in MeOH. After stirring
for 2 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel
chromatography (CH2Cl2 to 3% EtOAc in CH2Cl2) afforded product 4h (53 mg, 77% yield): [α]20D +16
(c 1.35, CHCl3). No separation of the enantiomers on Chiralcel OD/OD-H and AD column. 1H NMR
(400 MHz, DMSO); δ (ppm) = 7.81 (br s, 1H, OH), 7.53 (d, J = 7.2 Hz, 2H), 7.37-7.20 (m, 8H), 4.82
(s, 1H), 3.84 (s, 2H), 3.49 (d, J = 2.8 Hz, 1H, C≡CH); 13C NMR (101 MHz, DMSO); δ (ppm) = 138.5,
138.1, 128.9, 128.5, 128.0 (4C), 127.5, 126.8, 80.7, 78.0, 62.4 (br, CH), 60.2 (br, CH2).
N

(R)-O-Benzyl-N-(1-phenylprop-2-ynyl)hydroxylamine (4i). The general
procedure was followed. Compound 3a (35 mg, 0.20 mmol) was added to
O
HN
the catalyst suspension (enantiomer of the diPh-pybox 2 was used) and
cooled to 0 °C before adding the mixture of O-benzylhydroxylamine HCl
salt (64 mg, 0.40 mmol) and DIPEA (174 µL, 1.0 mmol) in MeOH. After
stirring for 1.5 hours the mixture was allowed to warm to room temperature.
Evaporation and silica gel chromatography (CH2Cl2/PE 4:1) afforded product 4i (35 mg, 74% yield,
36% ee): [α]20D −6 (c 0.5, CHCl3). HPLC conditions: Chiralcel OD (4.6 × 250 mm), 99:1
heptane:HOi-Pr, 0.8 mL/min, λ = 254 nm, 10.2 min (minor isomer), 10.7 min (major isomer), no
baseline separation. 1H NMR (400 MHz); δ (ppm) = 7.54-7.51 (m, 2H), 7.41-7.28 (m, 8H), 5.65 (d, J
= 6.8 Hz, 1H), 4.87 (dd, J = 2.2 Hz, J = 6.8 Hz, 1H), 4.74 (A of AB, Jab = 11.6 Hz, 1H), 4.66 (B of
AB, Jab = 11.6 Hz, 1H), 2.54 (d, J = 2.3 Hz, 1H, C≡CH).
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Bn

(R)-N-Benzyl-N-(4-methoxybenzyl)-1-phenylprop-2-yn-1-amine (4j).
The general procedure was followed. Compound 3a (35 mg, 0.20 mmol)
OMe was added to the catalyst suspension (enantiomer of the diPh-pybox 2
was used) and cooled to −20 °C before adding the mixture of N-benzylN-p-methoxybenzylamine (91 mg, 0.4 mmol) and DIPEA in MeOH. After stirring for 24 hours
(slowly warmed to 0 °C) the mixture was allowed to warm to room temperature. Evaporation and
silica gel chromatography (PE/EtOAc 4:1) afforded product 4j as a colourless oil (64 mg, 94% yield,
68% ee): [α]20D −15 (c 0.15, CHCl3). HPLC conditions: Chiralcel OD-H (4.6 × 250 mm), 98:2
heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 5.1 min (major isomer), 5.9 min (minor isomer). 1H NMR
(400 MHz); δ (ppm) = 7.68 (d, J = 7.8 Hz, 2H), 7.42-7.23 (m, 10H), 6.87 (m, 2H), 4.75 (s, 1H) 3.81 (s,
3H, OMe), 3.76-3.67 (m, AB system, 2H), 3.46-3.38 (m, AB system, 2H), 2.67 (d, J = 2.3 Hz, 1H,
C≡CH); 13C NMR (101 MHz); δ (ppm) = 158.8, 139.7, 138.8, 131.5, 130.1, 129.0, 128.4, 128.3,
128.2, 127.6, 127.1, 113.8, 78.9, 76.2, 55.4 (CH + OCH3), 54.3, 53.9.
N

3-(1-Phenylprop-2-ynyl)-1H-indole (5a). The general procedure was followed.
Compound 3a (35 mg, 0.20 mmol) was added to the catalyst suspension and cooled
to −20 °C before adding the mixture of indole (47 mg, 0.4 mmol) and DIPEA in
MeOH. After stirring for 24 hours (slowly warmed to 0 °C) the mixture was
evaporated to dryness and silica gel chromatography (PE/EtOAc 10:1) afforded
product 5a as a yellow oil (33 mg, 71% yield, 94% ee). HPLC conditions: Chiralcel
OD (4.6 × 250 mm), 9:1 heptane:HOi-Pr, 0.8 mL/min, λ = 254 nm, 15.3 min (minor isomer), 22.1 min
(major isomer). 1H NMR (400 MHz); δ (ppm) = 8.00 (br s, 1H, NH), 7.57-7.51 (m, 3H), 7.43-7.20 (m,
5H), 7.14-7.08 (m, 2H), 5.30 (d, J = 2.4 Hz, 1H, α-CH), 2.48 (d, J = 2.4 Hz, 1H, C≡CH). NMR-data
corresponds with literature.5c
NH

Me

1-Methyl-3-(1-phenylprop-2-ynyl)-1H-indole (5b). The general procedure was
followed. Compound 3a (35 mg, 0.20 mmol) was added to the catalyst suspension
and cooled to −20 °C before adding the mixture of N-methylindole (52 mg, 0.4
mmol) and DIPEA in MeOH. After stirring for 18 hours (slowly warmed to −5 °C)
the mixture was evaporated to dryness and silica gel chromatography (PE/EtOAc
10:1) afforded product 5b as a yellow oil (45 mg, 91% yield, 98% ee) containing
some N-methylindole (5 mg): [α]20D −11 (c 0.8, CHCl3). HPLC conditions: Chiralcel AD (4.6 × 250
mm), 95:5 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 7.2 min (minor isomer), 8.7 min (major isomer).
1
H NMR (400 MHz); δ (ppm) = 7.54-7.48 (m, 3H), 7.34-7.19 (m, 5H), 7.08-7.04 (m, 1H), 6.96 (s,
1H), 5.27 (d, J = 2.5 Hz, 1H, α-CH), 3.75 (s, NCH3), 2.44 (d, J = 2.6 Hz, 1H, C≡CH). NMR-data
corresponds with literature.5c,25
N

Me Me

2,2,5-Trimethyl-5-(1-phenylprop-2-ynyl)-1,3-dioxane-4,6-dione (5g). The general
procedure
was followed. Compound 3a (35 mg, 0.20 mmol) was added to the
O
O
catalyst suspension and cooled to −20 °C before adding the mixture of 2,2,5O
O
trimethyl-1,3-dioxane-4,6-dione (64 mg, 0.4 mmol) and DIPEA in MeOH. After
Me
stirring for 20 hours (slowly warmed to 0 °C), the mixture was quenched with
saturated NH4Cl (aq, 10 mL) and extracted twice with CH2Cl2 (8 mL). The organic
layers were washed with brine (6 mL) and dried over anhydrous MgSO4.
Evaporation and silica gel chromatography (CH2Cl2/PE 4:1) afforded product 5g (35 mg, 64% yield,
6% ee). HPLC conditions: Chiralcel OD-H (4.6 × 250 mm), 96:4 heptane:HOi-Pr, 0.8 mL/min, λ =
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220 nm, 9.8 min (minor isomer), 10.6 min (major isomer). 1H NMR (400 MHz); δ (ppm) = 7.39-7.28
(m, 5H), 4.49 (d, J = 2.7 Hz, 1H, α-CH), 2.51 (d, J = 2.7 Hz, 1H, C≡CH), 1.86 (s, 3H, Me), 1.59 (s,
3H, Me), 0.96 (s, 3H, Me); 13C NMR (101 MHz); δ (ppm) = 169.3, 167.3, 135.5, 129.4, 128.9, 128.7,
105.5 (cq), 80.5, 74.7, 54.5 (cq), 46.1, 29.9, 28.0, 24.0.
MeO2C
Me

CO2 Me

Dimethyl 2-methyl-2-(2-oxo-1-phenylpropyl)malonate (8). The same
procedure was followed as for 5g. The reaction was stirred for 15 minutes at room
O
temperature and subsequently heated till 70 °C for 5 hours. After one night
Ph
Me
stirring at room temperature the reaction mixture was evaporated to dryness and
after silica gel chromatography (CH2Cl2) product 8 (22 mg, 40% yield) was obtained. 1H NMR (400
MHz); δ (ppm) = 7.31-7.29 (m, 3H), 7.17-7.13 (m, 2H), 4.76 (s, 1H), 3.74 (s, 3H, CO2Me), 3.66 (s,
3H, CO2Me), 2.10 (s, 3H, C(O)Me), 1.56 (s, 3H, Me).
MeO

1-(4-Methoxyphenyl)but-3-yn-2-yl pivalate (12). To a solution of
ethynylmagnesium bromide (0.5 M in THF, 28 mL, 14 mmol) in THF was
added at 0 °C a solution of 2-(4-methoxyphenyl)acetaldehyde (2.00 g, 13.3
mmol) in THF (15 mL) using a dropping funnel. After stirring for 2 hours, the reaction mixture was
poured into a flask containing a mixture of saturated NH4Cl (aq, 25 mL) and ice (25 mL). The THF
was evaporated under reduced pressure and afterwards the water layer was extracted twice with Et2O
(70 mL). The combined organic layers were dried over anhydrous MgSO4 and evaporated to dryness
affording the propargylic alcohol as a yellow liquid. The crude propargylic alcohol (max. 13.3 mmol)
was dissolved in dry CH2Cl2 (50 mL) in a schlenck under nitrogen atmosphere. Pivaloyl chloride (2.0
mL, 16.0 mmol) was added followed by addition of Et3N (2.2 mL, 16 mmol) and DMAP (~15 mg) at
0 °C. The solution was stirred for 18 hours allowing to warm up to room temperature. After
evaporation of the solvent, silica gel column chromatography (PE/EtOAc (5:1)) gave 12 in high yield
(3.16 g, 91% yield). 1H NMR (400 MHz); δ (ppm) = 7.19-7.15 (m, 2H), 6.85-6.81 (m, 2H), 4.46 (dt, J
= 2.1 Hz, J = 6.8 Hz, 1H, CH), 3.79 (s, OMe), 3.03 (d, J = 6.8 Hz, 2H, CH2), 2.43 (d, J = 2.1 Hz, 1H),
1.16 (s, 9H, t-Bu).
OPiv

MeO

(S)-2-Methoxy-N-(1-(4-methoxyphenyl)but-3-yn-2-yl)aniline
(14).
Copper iodide (3.8 mg, 0.020 mmol) and pybox ligand 6 (5.9 mg, 0.024
MeO
HN
mmol) were stirred in MeOH (1.5 mL) for 15 minutes. To the acquired
red solution, a solution of 12 (52 mg, 0.2 mmol) in MeOH (0.2 mL) was
added, followed by addition of a solution of o-anisidine (45 µL, 0.40
mmol) and DIPEA (139 µL, 0.80 mmol) in MeOH (0.3 mL). The reaction mixture was stirred for 72 h
at room temperature. After evaporation and silica gel column chromatography (PE/EtOAc 10:1) 14
was obtained in reasonable yield and high ee (33 mg, 59% yield, 90% ee): [α]24D −46 (c 1.0, CHCl3).
Next to the desired product 23% of starting material was recovered. HPLC conditions: Chiralcel AD
(4.6 × 250 mm), 99:1 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 18.4 min (minor isomer), 20.3 min
(major isomer). 1H NMR (400 MHz); δ (ppm) = 7.26 (d, J = 8.4 Hz, 2H), 6.93-6.87 (m, 3H), 6.81-6.72
(m, 3H, anisidyl), 4.45 (br s, 1H, NH), 4.33 (br t (X of ABX), Jax = 5.5 Hz, 1H, CH), 3.82 (s, 3H,
OMe), 3.81 (s, 3H, OMe), 3.15-3.09 (A of ABX, Jab = 13.5 Hz, Jax = 5.6 Hz, 1H), 3.08-3.02 (B of
ABX, Jab = 13.5 Hz, Jbx = 7.3 Hz, 1H), 2.26 (d, J = 1.4 Hz, 1H, C≡CH); 13C NMR (101 MHz); δ (ppm)
= 158.7, 147.4, 136.2, 130.8, 129.0, 121.3, 117.9, 113.9, 111.7, 109.9, 84.3, 71.9, 55.6, 55.4, 46.9,
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40.7; FTIR (film, cm-1); 3402 (w), 3285 (m), 1602 (m), 1521 (s), 1456 (m), 1247 (s), 1223 (m), 1178
(m), 1126 (m), 1030 (m); HRMS (FAB+) m/z: calcd. (MH+) 282.1494, found 282.1493.
NHBoc

(S)-tert-Butyl 4-methylpent-1-yn-3-ylcarbamate (10). To a solution of PhI(OAc)2
(1.25 g, 3.88 mmol) in methanol (10 mL) was added in 30 minutes using a syringe
pump a solution of 3c (197 mg, 0.97 mmol) in acetonitrile (2.5 mL) at room
Me
temperature. After the addition, the reaction mixture was stirred for another 2 hours,
followed by addition of aqueous HCl (1.0 M, 10 mL). The mixture was stirred for 1.5 h. Afterwards,
the mixture was extracted 4 times with CH2Cl2 (8 mL). The organic layers were backwashed once with
aqueous HCl (0.1 M, 10 mL). The combined water layers were neutralized by addition of solid K2CO3
and a solution of Boc2O (635 mg, 2.9 mmol) in CH2Cl2 (10 mL) was added. The biphasic mixture was
basified to pH = 11 by K2CO3 (s) addition and stirred for 17 h. The layers were separated and the
water layer was extracted once with CH2Cl2 (10 mL). The combined organic layers were dried over
anhydrous MgSO4 and evaporated to dryness. Silica gel column chromatography (CH2Cl2) gave 10 in
good yield (145 mg, 76% yield, 82% ee): [α]20D −52 (c 0.5, CHCl3), lit.10 ([α]D20 = −59.9, 96% ee). 1H
NMR (400 MHz); δ (ppm) = 4.71 (br s, 1H), 4.31 (br s, 1H), 2.24 (d, J = 2.4 Hz, 1H, C≡CH), 1.941.85 (m, 1H), 1.45 (s, 9H, t-Bu), 0.98 (d, J = 6.8 Hz, 6H). Data corresponds with literature.26a
Me

(S)-tert-Butyl 1-phenylbut-3-yn-2-ylcarbamate (15). To a solution of
PhI(OAc)2 (642 mg, 2.0 mmol) in methanol (10 mL) was added in 30 minutes
using a syringe pump a solution of 13 (125 mg, 0.50 mmol) in acetonitrile (2 mL)
at room temperature. After the addition, the reaction mixture is stirred for another 2 hours, followed by
addition of aqueous HCl (1.0 M, 10 mL). The mixture was stirred for 1.5 h. Afterwards, the mixture
was extracted 4 times with CH2Cl2 (10 mL). The organic layers were backwashed once with aqueous
HCl (0.1 M, 10 mL). The combined water layers were neutralized by addition of solid K2CO3 and a
solution of Boc2O (218 mg, 1.0 mmol) in CH2Cl2 (10 mL) was added. The biphasic mixture was
basified to pH = 11 by K2CO3 (s) addition and stirred for 17 h. The layers were separated and the
water layer was extracted once with CH2Cl2 (10 mL). The combined organic layers were dried over
anhydrous MgSO4 and evaporated to dryness. Silica gel column chromatography (PE/CH2Cl2 (1:1) to
pure CH2Cl2) gave 15 in good yield (89 mg, 73% yield, 89% ee): [α]20D −9 (c 0.5, CHCl3), lit.23a [α]21D
−10.6 (c 1.01, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.30-7.22 (m, 5H, Ph), 4.67 (br s, 2H, NH +
CH), 3.00-2.96 (A of ABX, Jab = 13.3 Hz, Jax = 5.0 Hz, 1H) 2.94-2.89 (B of ABX, Jab = 13.3 Hz, Jbx =
7.0 Hz, 1H), 2.26 (d, J = 1.7 Hz, 1H), 1.41 (s, 9H, tBu); 13C NMR (101 MHz); δ (ppm) = 154.7, 136.5,
129.9, 128.4, 127.0, 82.9, 80.1, 72.3, 44.0, 41.8, 28.4; FTIR (film, cm-1); 3420 (w), 3303 (m), 2978
(m), 1698 (s), 1496 (s), 1167 (s). Analytical data corresponds with literature.26
NHBoc

(S)-tert-Butyl 1-(4-methoxyphenyl)but-3-yn-2-ylcarbamate (16). To a
solution of PhI(OAc)2 (1.32 g, 4.09 mmol) in methanol (20 mL) was added
by syringe pump in 30 minutes a solution of 14 (287 mg, 1.02 mmol) in
acetonitrile (5 mL) at room temperature. After the addition, the reaction mixture was stirred for
another 1.5 hours, followed by addition of aqueous HCl (1.0 M, 20 mL). The mixture was stirred for
1.5 h. Afterwards, the mixture was extracted 3 times with CH2Cl2 (20 mL). The organic layers were
backwashed once with aqueous HCl (0.1 M, 20 mL). The combined water layers were neutralized by
addition of solid K2CO3 and a solution of Boc2O (334 mg, 1.53 mmol) in CH2Cl2 (20 mL) was added.
The biphasic mixture was basified to pH = 11 by K2CO3 (s) addition and stirred for 17 h. The layers
were separated and the water layer was extracted once with CH2Cl2 (20 mL). The combined organic
MeO
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layers were dried over anhydrous MgSO4 and evaporated to dryness. Silica gel column
chromatography (PE/CH2Cl2 (1:1) to pure CH2Cl2) gave 16 in reasonable yield (82 mg, 29% yield,
90% ee): [α]23D −5 (c 0.5, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.18 (d, J = 8.5 Hz, 2H, Ph), 6.866.82 (m, 2H, Ph), 4.73 (br s, 1H), 4.63 (br s, 1H), 3.79 (s, 3H, OMe), 2.96-2.91 (A of ABX, Jab = 13.4
Hz, Jax = 5.1 Hz, 1H) 2.89-2.84 (B of ABX, Jab = 13.4 Hz, Jbx = 7.2 Hz, 1H), 2.27 (d, J = 2.2 Hz, 1H),
1.43 (s, 9H, tBu); 13C NMR (101 MHz); δ (ppm) = 158.7, 154.7, 130.9, 128.5, 113.8, 83.0, 80.1, 72.2,
55.3, 44.1, 40.9, 28.4; HRMS (FAB+) m/z: calcd. (MH+) 276.1600, found 275.1599. NMR data
corresponds with literature.27
(S)-tert-Butyl 1-phenylpenta-3,4-dien-2-ylcarbamate (17). To a suspension
of CuI (16 mg, 0.085 mmol), p-CH2O (13 mg, 0.42 mmol), and 15 (42 mg,
0.17 mmol) in 1,4-dioxane (8 mL) was added iPr2NH (48 µL, 0.34 mmol) and
the mixture was stirred at reflux. After 22 hours, the mixture was allowed to cool to room temperature.
A solution of ammonia (10%) in brine (4 mL) was added together with CH2Cl2 (5 mL) and the
mixture was stirred for 10 minutes. After separation of the layers, the organic layer was washed
subsequently with solution of ammonia (10%) in brine (4 mL), KHSO4 (aq, 5 mL), H2O (5 mL), and
brine (5 mL). The organic layers was dried over anhydrous MgSO4 and evaporated to dryness. Silica
gel column chromatography (CH2Cl2) provided 17 (27 mg, 62%): [α]24D +16 (c 1.3, CHCl3), lit.28
[α]26D +20.0 (c 0.274, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.31-7.19 (m, 5H, Ph), 5.21 (dt, J = 6.5
Hz, J = 5.4 Hz, 1H, =CH), 4.84-4.81 (m, 2H, =CH2), 4.58 (br s, 1H), 4.42 (br s, 1H), 2.97-2.89 (A of
ABX, Jab = 13.3 Hz, Jax = 4.8 Hz, 1H) 2.86-2.81 (B of ABX, Jab = 13.3 Hz, Jbx = 7.1 Hz, 1H), 1.41 (s,
9H, tBu); 13C NMR (101 MHz); δ (ppm) = 206.9, 155.2, 137.6, 129.8, 128.4, 126.6, 92.5, 79.3, 78.6,
49.7, 41.7, 28.5; FTIR (film, cm-1); 3350 (w), 2978 (w), 1958 (w), 1698 (s), 1497 (m), 1169 (s);
HRMS (FAB+) m/z: calcd. (MH+) 260.1651, found 260.1655. NMR data corresponds with literature.28
NHBoc

MeO

(S)-tert-Butyl
1-(4-methoxyphenyl)penta-3,4-dien-2-ylcarba-mate
(18). To a suspension of CuI (25 mg, 0.13 mmol), p-CH2O (20 mg, 0.65
mmol), and 16 (72 mg, 0.26 mmol) in 1,4-dioxane (12 mL) was added
iPr2NH (73 µL, 0.52 mmol) and the mixture was stirred at reflux for 21 hours. The solvent was
evaporated under reduced pressure and the residue was purified by silica gel column chromatography
(CH2Cl2) to give 18 as a white solid (45 mg, 60%): [α]20D +25 (c 0.5, CHCl3). 1H NMR (400 MHz); δ
(ppm) = 7.11 (d, J = 8.4 Hz, 2H, Ph), 6.84-6.80 (m, 2H, Ph), 5.21 (dt, J = 6.5 Hz, J = 5.4 Hz, 1H,
=CH), 4.83-4.79 (m, 2H, =CH2), 4.58 (br s, 1H), 4.36 (br s, 1H), 3.78 (s, 3H, OMe), 2.87-2.81 (A of
ABX, Jab = 13.4 Hz, Jax = 5.2 Hz, 1H) 2.80-2.74 (B of ABX, Jab = 13.4 Hz, Jbx = 7.1 Hz, 1H), 1.41 (s,
9H, tBu); 13C NMR (101 MHz); δ (ppm) = 206.9, 158.4, 155.2, 130.7, 129.6, 113.8, 92.5, 79.4, 78.5,
55.3, 49.8, 40.7, 28.5; FTIR (film, cm-1); 3352 (m), 2977 (m), 1957 (m), 1703 (s), 1513 (s), 1247 (s),
1171 (s); HRMS (FAB+) m/z: calcd. (MH+) 290.1756, found 290.1753.
NHBoc

Boc
N

(S)-tert-Butyl 2-benzyl-2,5-dihydro-1H-pyrrole-1-carboxylate (19). In a
schlenck under nitrogen atmosphere, Au(PPh3)Cl (0.7 mg, 1.4 µmol) and AgOTf
(0.4 mg, 1.4 µmol) were dissolved in toluene (0.46 mL). After 2 minutes 17 was
added and the reaction mixture was stirred at room temperature. After 5 h the mixture was evaporated
to dryness and subjected to silica gel column chromatography (CH2Cl2). This gave 19 in good yield
(13 mg, 72%): [α]20D +9 (c 0.28, CHCl3). 1H NMR (400 MHz); δ (ppm) = mixture of rotamers
(0.55/0.45): 7.29-7.12 (m, 5H, Ph), 5.71-5.69 and 5.63-5.60 (m, 2H), 4.76 and 4.64 (br m, 1H), 4.17
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(dd, J = 15.6 Hz, J = 2.0 Hz, 0.55H) and 4.04 (dd, J = 17.0 Hz, J = 1.6 Hz, 0.45H), 3.82 (dd, J = 15.6
Hz, J = 5.3 Hz, 0.55H) and 3.68 (dd, J = 15.4 Hz, J = 5.4 Hz, 0.45H), 3.21-3.12 (A of ABX, m, 1H),
2.93-2.87 (B of ABX, Jab = 12.9 Hz, Jbx = 8.2 Hz, 0.45H) and 2.78-2.72 (B of ABX, Jab = 12.9 Hz, Jbx
= 8.5 Hz, 0.55H), 1.56 and 1.51 (s, 9H, tBu); 13C NMR (101 MHz); δ (ppm) = mixture of rotamers:
154.3, 138.0, 130.0 and 129.6, 129.7, 128.3 and 128.1, 126.4 and 126.2, 125.7 and 125.6, 79.8 and
79.4, 65.6 and 65.4, 53.9 and 53.6, 41.1 and 39.6, 28.8; FTIR (film, cm-1); 2974 (w), 2862 (w), 1698
(s), 1398 (s), 1173 (m), 1107 (m).
Boc
N

(S)-tert-Butyl
2-(4-methoxybenzyl)-2,5-dihydro-1H-pyrrole-1carboxylate (20). In a schlenck under nitrogen atmosphere, Au(PPh3)Cl
MeO
(0.56 mg, 1.1 µmol) and AgOTf (0.26 mg, 1.1 µmol) were dissolved in
toluene (0.37 mL). After 2 minutes 18 (16 mg, 55 µmol) was added (dissolved in 0.3 mL toluene) and
the reaction mixture was stirred at room temperature. After 5 h the mixture was evaporated to dryness
and subjected to silica gel column chromatography (CH2Cl2 to 1% MeOH in CH2Cl2). This gave 20 in
good yield (11.5 mg, 72%): [α]20D +154 (c 0.41, CHCl3). 1H NMR (400 MHz); δ (ppm) = mixture of
rotamers (0.55/0.45): 7.09-7.04 (m, 2H, Ph), 6.88-6.80 (m, 2H, Ph), 5.72-5.62 (m, 2H), 4.76-4.60 (m,
1H), 4.19-4.02 (m, 1H), 3.80 (s, 3H), 3.82-3.79 and 3.72-3.68 (m, 1H), 3.11-3.05 (m, 1H), 2.91-2.71
(m, 1H), 1.58 and 1.53 (s, 9H, tBu); 13C NMR (101 MHz); δ (ppm) = mixture of rotamers: 158.2 and
158.1 (Cq), 154.3 and 154.2 (Cq), 130.9 and 130.7, 130.04 and 129.98 (Cq), 129.8 and 129.7 (=CH),
125.7 and 125.5 (=CH), 113.7 and 113.5, 80.7 and 79.7 (Cq), 65.7 and 65.4, 55.3, (MeO), 53.9 and
53.6 (NCH2), 40.0 and 38.6, 28.78 and 28.72; HRMS (FAB+) m/z: calcd. (MH+) 290.1756, found
290.1753.
Boc

(S)-tert-Butyl 1-(4-methoxyphenyl)prop-2-ynylcarbamate (25). To a
solution of PhI(OAc)2 (515 mg, 1.60 mmol) in methanol (5 mL) was added by
syringe pump in 30 minutes a solution of 24 (107 mg, 0.40 mmol) in
acetonitrile (1 mL) at room temperature. After the addition, the reaction
MeO
mixture was stirred for another hour, followed by addition of aqueous HCl
(1.0 M, 10 mL). The mixture was stirred for 2 h. Afterwards, the mixture was extracted 3 times with
CH2Cl2 (15 mL). The combined organic layers were backwashed once with aqueous HCl (0.1 M, 10
mL). The combined water layers were neutralized by addition of solid K2CO3 and a solution of Boc2O
(131 mg, 0.60 mmol) in CH2Cl2 (15 mL) was added. The biphasic mixture was basified to pH = 11 by
K2CO3 (s) addition and stirred for 19 h. The layers were separated and the water layer was extracted
once with CH2Cl2 (15 mL). The combined organic layers were dried over anhydrous MgSO4 and
evaporated to dryness. Silica gel column chromatography (CH2Cl2) gave 25 in good yield as a white
solid (67 mg, 64% yield, 83% ee): [α]20D −15 (c 0.5, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.42 (d,
J = 8.6 Hz, 2H, Ph), 6.89-6.85 (m, 2H, Ph), 5.59 (br s, 1H), 5.03 (br s, 1H), 3.80 (s, 3H, OMe), 2.48 (d,
J = 2.4 Hz, 1H), 1.45 (s, 9H, tBu); 13C NMR (101 MHz); δ (ppm) = 159.5, 154.8, 131.0, 128.3, 114.1,
82.5, 80.8, 72.8, 55.4, 45.7, 28.4; FTIR (film, cm-1); 3281 (m), 2977 (m), 1692 (s), 1512 (s), 1247 (s),
1167 (s); HRMS (FAB+) m/z: calcd. (MH+) 262.1443, found 262.1440. NMR data corresponds with
literature.22d
HN

O
HN

MeO
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(R)-4-(4-Methoxyphenyl)-5-methyleneoxazolidin-2-one (26). The gold
catalyst was prepared in situ by stirring Au(PPh3)Cl (1.2 mg, 0.0025 mmol)
and AgOTf (0.6 mg, 0.0025 mmol) in toluene (0.5 mL, dried on 4 Å mol.
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sieves) for 5 minutes. A solution of 25 (64 mg, 0.25 mmol) in toluene (0.5 mL) was added to the
catalyst solution and the mixture was stirred for 1 h at room temperature. Evaporation and column
chromatography (1.0% MeOH in CH2Cl2) gave oxazolidinone 26 in excellent yield (49 mg, 96% yield,
83% ee): [α]20D +47 (c 0.5, CHCl3). HPLC conditions: Chiralcel OD (4.6 × 250 mm), 95:5
heptane:HOi-Pr, 0.8 mL/min, λ = 228 nm, 54 min (major isomer), 66 min (minor isomer); 1H NMR
(400 MHz); δ (ppm) = 7.26-7.22 (m, 2H, m-Ph), 6.92-6.89 (m, 2H, o-Ph), 6.29 (br s, 1H, NH), 5.36 (br
s, 1H), 4.76-4.74 (m, 1H), 4.10-4.09 (m, 1H), 3.80 (s, 3H, OMe); 13C NMR (101 MHz); δ (ppm) =
160.2, 156.8, 156.3, 130.9, 128.2, 114.6, 88.3, 59.5, 55.5; FTIR (film, cm-1); 3240 (m), 1794 (s), 1753
(m), 1681 (m), 1514 (m), 1326 (m), 1252 (s), 1174 (s), 1026 (m), 987 (s); HRMS (FAB+) m/z: calcd.
(MH+) 206.0817, found 206.0817. NMR data corresponds with literature.22d
O

(S)-4-Benzyl-5-methyleneoxazolidin-2-one (27). The gold catalyst was prepared
in situ by stirring Au(PPh3)Cl (1.0 mg, 0.002 mmol) and AgOTf (0.5 mg, 0.002
HN
O
mmol) in toluene (1 mL, dried on 4 Å mol. sieves) for 5 minutes. Compound 15
(50 mg, 0.20 mmol) was added to the solution and the mixture was stirred for 45
minutes at room temperature (TLC indicated total conversion after 5 minutes). Evaporation and
column chromatography (gradient: 0.5% - 1.0% MeOH in CH2Cl2) gave oxazolidinone 27 in
quantitative yield (38 mg, 99% yield, 89% ee): [α]20D −137 (c 0.5, CHCl3). HPLC conditions:
Chiralcel OD (4.6 × 250 mm), 9:1 heptane:HOi-Pr, 0.8 mL/min, λ = 220 nm, 18.4 min (major isomer),
29.3 min (minor isomer); 1H NMR (400 MHz); δ (ppm) = 7.30-7.26 (m, 3H, m,p-Ph), 7.21-7.18 (m,
2H, o-Ph), 6.09 (br s, 1H, NH), 4.77-4.75 (m, 1H, =CH2), 4.61-4.56 (m (X of ABX), 1H, CH), 4.234.21 (m, 1H, =CH2), 3.04-2.99 (A of ABX, Jab = 13.7 Hz, Jax = 4.9 Hz, 1H) 2.91-2.85 (B of ABX, Jab
= 13.7 Hz, Jbx = 8.5 Hz, 1H); 13C NMR (101 MHz); δ (ppm) = 156.1, 155.3, 135.5, 129.4, 129.0,
127.5, 87.2, 57.1, 42.7; FTIR (film, cm-1); 3269 (m), 1771 (s), 1678 (s), 1191 (m), 982 (m), 700 (m);
HRMS (FAB+) m/z: calcd. (MH+) 190.0868, found 190.0865. NMR data corresponds with
literature.22d
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CHAPTER 5
Mechanistic Aspects of the Enantioselective
Copper-Catalyzed Propargylic Amination*

ABSTRACT: The mechanism of the enantioselective copper-catalyzed propargylic amination
is discussed. Initial rate kinetics and ESI-MS experiments suggest the formation of higher
copper aggregates. A study of the substrate and solvent dependence of the reaction revealed
that CH-π interactions may play a role in the enantiodiscriminating step. Pathways for both
mononuclear and multinuclear active copper complexes are considered. Finally, a catalytic
cycle is presented together with a possible structure of a dinuclear copper complex. However,
more experimental and theoretical results are required in order to understand the mechanism
of the title reaction.

*

Part of this chapter has been published: Detz, R. J.; Delville, M. M. E.; Hiemstra, H.; van Maarseveen, J. H.
Angew. Chem. Int. Ed. 2008, 47, 3777-3780.

Chapter 5

5.1

INTRODUCTION

A detailed understanding of a chemical reaction can result from a study of its precise
mechanism. Insight in every single elementary step of the mechanism requires extensive
experimental and computational studies. For asymmetric catalysis the most significant step in
the catalytic cycle is usually the step in which the enantiodiscrimination occurs. A clear
picture of the important interactions between the catalytic species and the reagents can
provide information on the scope and selectivity of a given reaction. In addition, mechanistic
insight can lead to rational optimization and fine-tuning of the reaction. Proposals of
mechanisms, and especially explanations for observed enantioselectivities, have been reported
for various reactions, e.g. for the osmium-catalyzed asymmetric dihydroxylation1 and the
palladium-catalyzed allylic alkylation.2,3
In 1994, Murahashi et al. published a paper on the copper-catalyzed propargylic amination
(See also Chapter 1, § 1.3.2).4 The stereochemical aspects of this amination reaction were
examined by treating an optically active propargylic phosphate with N-methylbenzylamine in
the presence of a catalytic amount of CuCl (Scheme 5.1). Interestingly, the obtained product
appeared to be racemic. Although this observation indicated the possible formation of an
intermediate cationic, achiral, copper-complex, the role of the copper ion in these
intermediates is not well understood.

Scheme 5.1 Stereochemical course of Murahashi’s copper-catalyzed propargylic amination
Remarkably, the mechanistic aspects of transition metal-catalyzed propargylic substitutions
are rarely examined. Only for a ruthenium-catalyzed propargylic substitution, reported by
Nishibayashi et al., a plausible mechanism has been proposed on the basis of experimental
data. The reaction proceeds via an allenylidene diruthenium complex as key intermediate as
illustrated in Chapter 1 (§ 1.3.3). The formation of such a complex was proven by isolation of
the allenylidene intermediate and its characterization by X-ray crystallography.5 Probably
encouraged by this mechanistic study, the first examples of an enantioselective rutheniumcatalyzed propargylic substitution reaction were reported shortly thereafter.6 The observed
enantioselectivity of this reaction was explained by favorable π-π interactions between the
phenyl rings of the chiral ligand and the allenylidene moiety (Chapter 1, § 1.4).
The motivation for our research toward the enantioselective copper-catalyzed propargylic
amination is based on the idea that the achiral intermediate in the Murahashi reaction could be
similar to the allenylidene intermediate described by Nishibayashi (Figure 5.1). At least, the
copper ion could be in close proximity to the achiral intermediate. If this is true, a chiral,
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enantiopure ligand, attached to the copper, may induce the anticipated enantioselectivity.
Indeed, our concept works as is described in the previous two chapters, in which the scope
and applications of the newly developed enantioselective copper-catalyzed propargylic
amination reaction are discussed. The lack of reliable mechanistic knowledge about coppercatalyzed propargylic substitutions and the desire for better results with our method, prompted
us to study the mechanism of the reaction more closely.

Figure 5.1 Proposed transition states for propargylic substitution.

5.2

SUMMARY OF THE PREVIOUS TWO CHAPTERS

In order to establish a plausible mechanism for the copper-catalyzed propargylic amination
(Scheme 5.2) we will recapitulate some of the results obtained during the study of the scope
of the reaction (Chapter 3 and 4).

Scheme 5.2 Enantioselective copper-catalyzed propargylic amination
As expected, the most profound influence on the enantioselectivity of the reaction is
displayed by the substitution pattern of the pyridine-2,6-bisoxazoline (pybox) ligand (Table
5.1). For the amination of phenyl-substituted propargylic acetate 1a (R1 = Ph), ligands with
aromatic rings as substituents give the highest asymmetric induction. It seems to be important
that the phenyl groups are positioned in a cis relationship at the 4- and 5-positions of the two
oxazoline rings, as is illustrated by the relatively high enantioselectivities obtained with
ligands 3f and 3h (76% and 61% ee, resp.).
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Table 5.1 Survey of pybox ligands for the propargylic amination.a
yield
ee
config.
b
(%)
(%)c
O

yield
(%)b

config.

ee
(%)c

99

S

42

O

94

N

R

25

3a

Me

N
Ph

3e

O
N

93

R

17

97

S

76

97

R

12

97

S

19

74

R

28

97

S

61

3b

i-Pr

O
N
3d

a

Reaction (see Scheme 5.2) conditions: 1a (R1 = Ph, 0.20 mmol), o-anisidine (0.40 mmol), DIPEA (0.80 mmol),
CuI (0.02 mmol), and the ligand (0.024 mmol) were stirred in methanol (2 mL) at 25 °C. Reactions were
complete within 1 h. b Isolated yield after chromatographic purification. c Enantioselectivity is determined by
chiral HPLC of the isolated product.

Some observations from the optimization of the reaction conditions with ligand 3f are
worthwhile to summarize here as well. Varying the copper source has little or no effect on
both the yield and enantioselectivity (see Chapter 3, Table 3.2), in sharp contrast to the results
obtained for the different solvents. Although the conversion is high in most solvents (except
for DMSO), we observe a strong enantioselectivity and rate dependence on the solvent (Table
5.2). In aprotic solvents like toluene, dichloromethane and THF, the reaction is slow and only
slightly enantioselective. In protic solvents, such as methanol and 2,2,2-trifluoroethanol, the
best results are obtained. Besides the solvent effect, also the presence and the type of base is
crucial in terms of yield and enantioselectivity (Chapter 3, Table 3.4). The best results are
obtained with tertiary amines, such as DIPEA.
The data derived from the catalysis with a small set of substrates (Table 5.3) show an
increase in selectivity if the π-system of the aromatic ring of the substrate is more electronrich. With non-benzylic propargylic acetates (entries 9-11) the reaction becomes slower and
less enantioselective. Interestingly, propargylic esters with an aliphatic side chain are
converted into the corresponding propargylic amines with surprisingly high
enantioselectivities (66-88% ee) with the use of Me-pybox 3a (see Chapter 3, §3.7). The
reactivity of these substrates is lower as compared to the benzylic alkynes and higher
temperature and longer reaction times are required for good conversion. As reported by
Murahashi and co-workers,4 no reaction occurs with internal acetylenes.
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Table 5.2 Solvent effects.a

Table 5.3 Substituent effects.a

entry

solvent

ee (%)

entry

substituent

ee (%)

1

MeOH

76

1

88

2

CF3CH2OH

74

2

86

3

EtOH

60

3

85

4

DMSO

58

4

85

5

CH2Cl2

34

5

83

6

THF

36

6

80

7

PhMe

21

7

79

8

H2O

5

8

74
N

a

For the reaction with pybox 3f. For all data
see Chapter 3, Table 3.3.

9

57

10

40

11

13

a

For the reaction with pybox 3f. For all data
see Chapter 3, Table 3.7.

The evaluation of a series of primary and secondary amines as nucleophiles reveals that
aniline and its derivatives give the best results affording the corresponding propargylic amines
in high yield (up to 97%) and high optical purity (up to 87% ee). Other nitrogen nucleophiles,
such as sulfonamides and carbamates, are not efficient reactants in the reaction. Carbon
nucleophiles, e.g. indole and N-methylindole, give high yields (up to 91%) and
enantioselectivities (up to 98% ee), whereas other π-nucleophiles, such as 2,2,5-trimethyl-1,3dioxane-4,6-dione, give the desired product in almost racemic form.

5.3

NEW EXPERIMENTAL DATA

To evaluate the stereochemical aspects of the enantioselective copper-catalyzed propargylic
amination in more detail, the reaction has been followed in time by chiral HPLC analysis. An
experiment under standard reaction conditions (as depicted in Table 5.1) at −20 °C reveals
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that no enantioenrichment of the starting material, propargylic acetate 1a, is observed during
the reaction (Figure 5.2). The enantioselectivity of the product is slightly decreasing during
the progress of the reaction. Probably, this drop in ee is explained by the very low
concentration of the minor enantiomer of the product in the early phase of the reaction, which
makes the determination of the amount of this compound by HPLC less accurate.
100

product
ee (%)

substrate

-20
0

2

4

6

8

10

time (h)

Figure 5.2 Enantioselectivity of the starting material (substrate) and the product followed in time.
The conversion of the starting material after 8 h was 45%.

When the reaction is performed with enantiopure propargylic acetate 1a, no racemization of
the substrate is observed in line with the results of Murahashi (Scheme 5.1).4 The use of either
the (R)- or the (S)-1-phenylprop-2-ynyl acetate 1a gives no difference in enantioselectivity of
the product. In an experiment with enantiopure product 2a (0.8 equiv) present from the start
of the reaction, the enantiomeric excess after complete conversion of the starting material is
slightly higher than in a reaction without additional enantiopure product. In a similar
experiment with the minor enantiomer (0.8 equiv) of the product, the almost racemic product
is obtained after full conversion of the propargylic acetate.
5.3.1 INITIAL-RATE KINETICS
In order to acquire more information we have studied the initial-rate kinetics of the reaction.
Although the rate equation of the copper-catalyzed propargylic amination is probably
complex, a simplified rate equation can be obtained if several assumptions are made. Under
the standard reaction conditions there is an initial large excess of propargylic acetate (=
substrate, 10 equiv), o-anisidine (20 equiv), and base (40 equiv) with respect to the copper
ions. If the initial concentrations of these reagents are constant, it can be assumed that the rate
of the reaction is depending only on the concentration of the copper-pybox complex. Based
on the assumption that the ratio of the copper and the pybox ligand is one to one in the active
complex, this affords the following simplified rate equations:
rate = k’ [Cu*]
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(1)

or

ln(rate) − ln(k’) = a ln([Cu*])

(2)
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In these equations k’ is the pseudo-rate coefficient of the reaction and a is the reaction order
of the copper-pybox complex Cu*. Consequently, the propargylic amination may be followed
by NMR under the standard reaction conditions (100 mM in substrate) in CD3OD changing
only the copper/pybox concentration. Plotting the data according to equation 2 (ln(k’) is
considered to be constant) the slope (a) equals 0.27 revealing that the order in Cu-pybox
complex concentration is ca. 0.3 (Figure 5.3). It should also be noted that during these
experiments the acetylenic hydrogen atom of the product did not appear in the 1H NMR
spectrum in agreement with the expected deuteration of this position.

[substrate] = 100 mM
[o-anisidine] = 200 mM
[DIPEA] = 400 mM

15 mM

slope = 0.27
R = 0.91

10 mM
5 mM

[Cu*]

2.5 mM

Figure 5.3 Initial-rate kinetics experiments: data (left), rate-order plot (right) showing 0.27 rate order
dependence on [Cu*] under standard reaction conditions

5.3.2 ESI-MS EXPERIMENTS
As the next goal we have attempted to elucidate the composition of some of the coppercomplexes in the reaction by direct infusion electrospray ionization mass spectrometry (ESIMS). This technique has recently emerged as a powerful method to probe reaction
mechanisms of condensed phase reactions.7 It provides continuous snapshots of the ionic
composition of the reaction medium, because the charged species present in the condensed
phase are gently transferred to the gas phase prior to MS characterization. First a solution of
CuI and diPh-pybox in MeOH was examined. Several species were observed, such as the
pybox ligand with H+ (m/z 522), Na+ (m/z 544), and Cu+ (m/z 584) bonded to it, amongst
others (Figure 5.4). Although the pybox-Cu+ species (m/z 584) was expected to give rise to
the most intense signal, the typical cluster of isotopic pybox-Cu+-pybox ions (m/z 1105-1115)
were the major ions observed. Interestingly, we also observed species containing more than
one Cu ion, such as pybox-CuI-Cu+ (m/z 774), (pybox)2CuI-Cu+ (m/z 1295), and
(pybox)2(CuI)2-Cu+ (m/z 1485), all as reasonably abundant ions with characteristic
distributions of the Cu isotopes. With the substrate, 1-phenylprop-2-ynyl acetate, added to the
CuI-pybox solution, only a few new peaks arose in the mass spectrum. Two clear signals
corresponded to complexes containing the product obtained after substitution of the acetate by
methanol, pybox-(Cu-prodOMe)-Cu+ (m/z 792) and pybox-(Cu-prodOMe)-Cu+ (m/z 1503).
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CuI + diPh-pybox

m/z 1105
L 2Cu

m/z 584
LCu
m/z 522
LH

m/z 1295 m/z 1485
L 2Cu2 I
L 2Cu3I2

m/z 774
LCu 2I

CuI + diPh-pybox +
substrate

OMe

L 2Cu2 I

Cu

m/z 1503

CuI + diPh-pybox +
substrate +
o-anisidine

CuI + diPh-pybox +
substrate +
o-anisidine +
DIPEA

OMe

OMe

NH

NH

LCu
m/z 883

Cu

L 2Cu2 I
m/z 1594

Figure 5.4 ESI(+)-MS of the copper-catalyzed propargylic amination with diPh-pybox 3f
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Also complexes with the acetylide of the substrate were detected although with very low
intensities (m/z 820 and m/z 1531). Either these complexes are not well ionized or they are
very reactive and react directly with any nucleophilic species in the neighborhood (in this case
methanol). The four described complexes all indicated the formation of the copper acetylide
species, even without the addition of base, illustrating that the acetylene is easily
deprotonated.
The same measurements were performed with o-anisidine added to the solution. Now we
observed an additional weak signal of a complex that supposedly consists of pybox-(Cuproduct)-pybox-CuI-Cu+ (m/z 1594), and an even less intense signal corresponding to pybox(Cu-product)-Cu+ (m/z 883). Both these signals became more intense if DIPEA was added
together with o-anisidine. Under the basic conditions the copper-activated acetylenes are
likely to be deprotonated affording more copper-acetylide complexes. Along with this, many
of the iodides are replaced by anionic acetylides lowering the intensities of the signals from
complexes with CuI (m/z 774, m/z 1295, and m/z 1485). The formation of larger complexes
was also emphasized by the low intensity of the pybox-Cu+ signal under these conditions.
CuI + Me-pybox +
substrate +
o-anisidine +
DIPEA

OMe
NH

LCu

Cu

m/z 607

Figure 5.5 ESI(+)-MS of the copper-catalyzed propargylic amination with Me-pybox 3a
In comparable experiments with the Me-pybox ligand 3a (3a-Cu+ m/z 308), the formation of
one distinct complex was not observed. Instead, a plethora of complexes containing three or
more copper ions were formed (Figure 5.5). In the region between m/z 700-1700, nine
different signals with similar intensities were observed in the presence of DIPEA. This
revealed, besides the peculiar role of the base, a difference in composition of the reaction
mixture between the Me-pybox and diPh-pybox systems.

5.4

DISCUSSION ON THE REACTION MECHANISM

We start the discussion by proposing a simple mechanistic model based upon our own
experimental results and other studies (Scheme 5.3).4,8 The necessity of the presence of a
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terminal acetylenic hydrogen atom and the exchange of the acetylenic hydrogen atom of the
product for a deuterium atom in methanol-d4 both strongly indicate the formation of a copper
acetylide species. We suspect that the major complex observed in the ESI-MS measurements
(m/z 1105) is a non-active state of the catalyst, with CuI2− as the likely counter anion (which
is one of the observed ions in the negative ion ESI-MS). The addition of other ligands, such as
the propargylic acetate, leads possibly to dissociation of this dimeric resting state affording
the active monomeric copper catalyst. Prior to acetylide formation, the copper complex can
form a π-complex with the alkyne (step A). The formation of this π-complex lowers the pKa
value of the acetylenic hydrogen atom, as described previously by Fokin and co-workers.8
Deprotonation with a base gives the copper acetylide (step B).

ArHN

AcO

Ph

Ph

L* CuI X
A
E

HX

L* CuI X
AcO

Ph
CuI L*

B

iPr2EtN
+
iPr2EtNH X

ArHN

CuI L*

Ph

AcO

CuI L*

Ph

D
+
ArNH2

C

Ph
+
CuII L*

Ph

Scheme 5.3 Proposed model of the catalytic cycle (Cu−L* = copper complex with chiral ligand)
Also in the ESI-MS experiments copper complexes containing the acetylide of the substrate,
1-phenylprop-2-ynyl acetate, are detected, although with low abundance (m/z 820 and m/z
1531). These measurements point out that the nature of the copper complex might be more
complicated than expected. Nevertheless, we have to be careful with the interpretation of
these mass spectrometry results, as it remains unclear whether the observed complexes are
formed during the electrospray process or exist in the reaction mixture prior to introduction
into the instrument. In addition, the mass spectra only provide an image of the well ionizable
compounds, for example the substrate, 1-phenylprop-2-ynyl acetate (m/z 175), and the
product, 2-methoxy-N-(1-phenylprop-2-ynyl)aniline (m/z 238), have not been observed. The
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intial rate kinetics experiments showed no simple first order rate dependence on the copper
concentration. For the moment, this phenomenon is assigned to the formation of inactive
copper aggregates. For simplicity the active catalyst is in Scheme 5.3 considered to be a
mononuclear copper species (vide infra).
The observed asymmetric induction is only possible if the chiral, but racemic, substrate is
converted into a achiral intermediate which upon enantioselective attack of the amine affords
the enantioenriched propargylic amine. This achiral intermediate can be formed by liberation
of the acetate group from the copper acetylide intermediate (step C), as also proposed by
Murahashi and co-workers.4 This step is considered to be irreversible because no
enantioenrichment of the substrate is observed during the reaction. When the reaction is
performed with enantiopure propargylic acetate, no racemization of the substrate occurs, thus
providing experimental support for the irreversibility of step C under the reaction conditions.
The resulting electrophilic intermediate is stabilized by resonance involving the copper
complex. Propargylic acetates bearing an aromatic ring as side chain will stabilize the cationic
charge at the benzylic 3-position better than non-benzylic substrates, which explains the lower
reactivity of the latter. Regrettably, we were unable to detect this key intermediate by ESIMS, which can be ascribed to its high reactivity. Attack by the amine nucleophile (step D)
most probably determines the regio- and enantioselectivity of the reaction. Despite of the
electrophilic nature of the propargylic 1-position, the propargylic amine is formed
exclusively, and not the allenic amine.
However, the experiment carried out in the presence of the minor enantiomer of the product
from the start of the reaction, shows that the observed ee value is close to zero after total
conversion of the starting material. This suggests that product formation (step D) is
irreversible under the reaction conditions. The ESI-MS measurements reveal a high
abundance of copper complexes containing the product acetylide (m/z 883 and m/z 1594).
This suggests that the last step (step E), anion exchange or proteolysis, is relatively slow in
the basic reaction medium. In protic solvents this step is probably faster, explaining the
observed rate enhancement for this type of solvents. Finally, the product is released to
complete the catalytic cycle.
5.4.1 MONONUCLEAR COPPER COMPLEX
In this mechanistic model the copper complex is specified in a very simplified manner, and
by this means the most intriguing question is avoided: how is the enantioselectivity achieved?
To answer this question, it is necessary to take a closer look at possible structures of the active
copper complex. The general model for copper-pybox catalysis is based on the monomeric
copper complex as the active catalytic species.9 If such species are considered for our reaction
(Figure 5.6), the copper-acetylide is most probably directed almost perpendicular to the
copper-pybox plane as was also described by Finn and co-workers.9d The trans-pyridine
position in this square pyramidal (or distorted trigonal bipyrimidal) complex is occupied by a
solvent molecule (or amine). The steric hindrance of the aromatic rings of the ligand on one
side of the complex forces the largest substrate substituent (the Ph moiety) to occupy the least
shielded position. This gives the amine nucleophile the opportunity to attack the cationic
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intermediate in an enantiodiscriminating manner. The major enantiomer observed has the Rconfiguration if (4S,5R)-diPh-pybox (ent-3f) is used. This indicates that the substituent of the
substrate is positioned away from the substituents of the ligand affording the R-product by
attack of the amine from the least hindered front side.

Figure 5.6 Enantiodiscriminating step for a proposed monomeric copper-complex

̟-̟ INTERACTIONS
To explain the high enantioselectivity of the reaction, the chiral ligand should be in close
proximity to the reacting center in order to shield one side of cationic intermediate effectively.
Because the copper acetylide is linear and pointing away from the ligand, other interactions,
in addition to repulsive interactions, may play a role. Attractive interactions from ligand to
substrate, such as π-π interactions,10 can also induce the necessary energy gain in the preorganized transition state and yield the product in high optical purity.
During the last decade, π-π interactions have more often been invoked in order to explain
the observed selectivities in transition metal catalyzed reactions.1,3a,6b,11 Also in the coppercatalyzed propargylic amination with pybox ligand 3f, π-π interactions may play a role. Such
interactions are imaginable if the aromatic ring of the substrate is pointing towards the phenyl
substituent of the ligand and causes a T shaped edge-to-face interaction, also known as CH-π
interaction (Figure 5.7, type A).12 This type of binding is fairly weak (~2 kcal/mol), and can
probably not account solely for the observed selectivities. However, the total enthalpy may
become appreciable as a result of the interplay of many π-π interactions (e.g. type B and C).
The two most enantioselective pybox ligands, 3f and 3h, bear their aromatic groups in a cis
orientation, allowing multiple π-π interactions (e.g. face-to-face interaction type B). In
addition, the amine nucleophile, e.g. aniline, coordinated trans to the pyridine-nitrogen atom,
can also participate in these stabilizing CH-π interactions (type C), which may explain the
higher enantioselectivities found with aniline-type nucleophiles.

114

The Mechanism

Figure 5.7 π-π interactions (A, B, and C) in the transition state of a monomeric copper-complex.
The data derived from the catalysis with a small set of substrates (Table 5.3) shows an
increase in enantioselectivity if the π-system of the aromatic ring of the substrate is more
electron-rich. This may be explained by a stronger π-π interaction between the substrate and
the ligand. As depicted in Table 5.2, the highest enantioselectivity is obtained in protic dipolar
solvents such as methanol. This phenomenon is also reported by Diederich et al. who states
that the apolar binding strength increases consistently from apolar to dipolar aprotic solvents,
to protic solvents.7,13 According to Diederich water promotes the π-π interactions the most. By
contrasts, our reaction is very slow in water and affords the propargylic amine in almost
racemic form, although this may be a result of the inhomogeneous reaction mixture.
The exact geometry of the transition state of the catalytic process is unknown (in Figure 5.7
a possible intermediate structure is given). However, the amine nucleophile, either the one
attached to the copper or one from the solution, attacks from the Re-face side, affording the Renantiomer of the propargylic amine if (4S,5R)-diPh-pybox (ent-3f) is used.
5.4.2 RELEVANT COPPER COMPLEXES IN LITERATURE
From the literature it is known that most crystal structures of copper-alkyne complexes
possess multiple copper atoms.14 The acetylenic moiety can bind to the copper ions in several
ways. Often coordination from a single acetylide to two or more copper ions is observed
(Figure 5.8). Besides this, coordination of the acetylene to the copper is also possible with its
π-system.14b

Figure 5.8 Coordination behavior in copper-acetylene complexes
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Recently, Straub reported a computational study revealing that dinuclear and tetranuclear
copper acetylide complexes are likely to give better results in the copper-catalyzed azidealkyne cycloaddition than mononuclear complexes.15 Also the experimental evidence
indicates that the active copper complex in the cycloaddition reaction requires at least two
metal centers, and one or more alkyne ligands (see also Chapter 1, § 1.2).16
Díez et al. reported that the common mechanistic proposal involving a unique active
monomeric copper species is not fully satisfactory.17 The formation of a certain type of
copper complex is dependent on the copper precursor, and the ratio between the amounts of
copper salt and ligand. Upon mixing i-Pr-pybox in a 1 to 1 ratio with [Cu(CH3CN)4[PF6] in
CH2Cl2, they isolated a dinuclear complex (4, Figure 5.9), which retained its nuclearity after
reaction with NaCl to produce the complex [Cu2Cl(i-Pr-pybox)2][PF6] 5.

Figure 5.9 Dimeric copper-pybox complexes
X-ray structure analysis of complex 4 revealed that the copper atoms have different
coordination environments showing linear and distorted tetrahedral arrays. In a complex
similar to 5 (counterion is CuCl2− instead of PF6−) no significant differences between the two
copper atoms were observed. Although, according to the NMR resonance signals, both
complexes are C2 symmetric in solution, at lower temperature the 1H NMR signals of
complex 5 (with CuCl2 anion) become broad, proving a mixture of several species. Díez also
stated that the occurrence of a monomeric species or an equilibrium involving mononuclear
and binuclear complexes in solution cannot be ruled out. Nevertheless, a mechanism via a bior multinuclear copper complex as the active catalytic species has to be considered for our
reaction based on these reports. In the next part of this chapter pathways for multinuclear
active copper complexes will be described.
5.4.3 MULTINUCLEAR COPPER COMPLEX
For the substrates with an aromatic side chain, the steric interactions seem to explain the
observed selectivities, perhaps facilitated by π-π interactions (Figure 5.6 and 5.7). However,
the poor enantioselectivities found for the propargylic acetates with aliphatic side chains, e.g.
i-Pr (Table 5.3, entry 10), are not well explained by a model based on steric hindrance. Also
the unexpectedly high enantioselectivities observed for this type of substrates with Me-pybox
as the ligand are difficult to explain. It is unlikely that aliphatic interactions between the
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substituents of the ligand and the substrate cause this high level of asymmetric induction,
because other ligands with alkyl substituents, such as i-Pr-pybox 3b, are less selective.
As reported in the literature, the copper complexes with acetylene and pybox ligands often
consist of multiple copper ions and ligand molecules (see § 5.4.2). This suggests that a
multinuclear copper complex may be the most active catalytic species in the enantioselective
propargylic amination. As illustrated by the initial-rate kinetics experiments, the kinetics
under the reaction conditions cannot be described as simple first order in copper
concentration. At this point we can only speculate on the kinetics of the reaction, but the
presence of an active multinuclear copper species is not unlikely in view of the results for the
azide-alkyne cycloaddition reaction (vide supra). If the current opinion about the coppercatalyzed azide-alkyne cycloaddition is correct, the copper-pybox mixtures could also form
multinuclear copper species that are reactive in the catalytic process.
As stated before, we have to be careful with the interpretation of the ESI-MS results.
Nevertheless, the measurements do indicate the formation of multinuclear copper complexes.
Furthermore, a clear dependence on the presence of DIPEA on the composition of the reaction
mixture is observed. Presumably, this change in complex concentrations is the reason why the
reaction with DIPEA proceeds faster and more selectively. Although the exact mechanism of
action is not clear, DIPEA could be thought to increase the relative concentration of the more
reactive and enantioselective complex, lowering the rate of competitive routes towards the
product. With the less selective Me-pybox, an even higher abundance of multinuclear copper
complexes is observed in the ESI-MS measurements.
The results obtained by the kinetics and ESI-MS experiments suggest the formation of
higher copper aggregates. The question arises whether these complexes are only resting states
or active catalytic species (or their precursors). Although it is too early to draw conclusions
from the experimental data we have obtained so far, structures such as 6 and 7 can be
imagined. The formation of 6 can be proposed based on complex 5 in Figure 5.9 (the
substituents of the pybox in front have been omitted for clarity).
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The chloride, or in our case an iodide ion is replaced by the substrate-acetylide, which
coordinates probably to both copper ions (not shown in the illustration). Coordination of the
amine nucleophile and liberation of the acetoxy anion leads to complex 6. The phenyl
substituent of the substrate should be folded underneath the pybox ligand depicted at the back,
to give the amine the opportunity to attack from the Re-face side, explaining the observed
absolute configuration of the product if (4S,5R)-diPh-pybox (ent-3f) is used. In this proposed
transition state π-π interactions may play a stabilizing role.
In complex 7 the pybox ligand in front is omitted and only the coordinating nitrogen atoms
are drawn. We depict in 7 the π-coordination of the acetylene to the second copper ion b. This
suggests that upon entrance of the amine, the electron density at the second copper center is
increased, donating more electron density into the π-system of the acetylene (Scheme 5.4).
This interaction forces the acetoxy group to leave providing intermediate 7. As mentioned
above, the activated propargylic position and the amine are now in the appropriate distance to
react with each other. All nucleophiles, that give good enantioselectivities with diPh-pybox
3f, possess an aromatic ring for additional π-π interactions and are able to coordinate to the
copper with a nitrogen atom (e.g. aniline, indole). This suggests the formation of a highly
organized transition state in agreement with the observed high selectivity. Other nucleophiles,
e.g. the carbon nucleophile 2,2,5-trimethyl-1,3-dioxane-4,6-dione, are deficient in one or both
of these properties and afford the products with low or without enantioselectivity.

Scheme 5.4 Proposed mechanism of the liberation of the acetoxy group
If the complex as described above is the active catalytic species, the previously described
catalytic cycle (Scheme 5.3) needs to be modified. The most abundant copper species
observed in the ESI-MS experiments (m/z 1105) and the supposed counterion CuI2− lead to a
neutral complex, which can be taken as the starting point for a modified catalytic cycle
(Scheme 5.5). The copper complex activates a nearby alkyne (step A), which upon
deprotonation with DIPEA gives the copper acetylide species (step B). The acetylide is now
depicted as bonded to two copper ions, as discussed above. As the amine enters, the acetate
group is released (step C), affording a cationic intermediate, which is stabilized by resonance
(step D). The resonance structure in which the cationic charge is depicted at the 3-position of
the propargyl moiety, illustrates best how C-N bond formation may occur. The regio- and
enantioselectivity of the reaction is most probably determined during the formation of the CN bond (step E). After anion exchange, the product is released to complete the catalytic cycle
(step F).
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Scheme 5.5 Modified catalytic cycle for dinuclear copper catalyst (L* = (4S,5R)-diPh-pybox, X =
counteranion, e.g. I or acetylide)

Finally, we will try to give an explanation for the high enantioselectivities observed with
Me-pybox for the reaction with propargylic acetates bearing aliphatic side chains. Probably
the most simple interpretation of this phenomenon is the occurrence of a different mechanism,
or more specifically, the reaction proceeds via another type of copper complex. The
coordination of the pybox ligand is not necessarily flat and rigid. The two pybox ligands in
the crystal structure of Díez’ complex 4 are, for example, twisted around the copper-copper
axis and form a double-helical structure. If the copper complex contains the more crowded
pybox ligands, such as diPh-pybox 3f, the steric hindrance of the substituents hampers the
formation of higher copper aggregates (i.e. more than two Cu ions) and the catalytic species
may look predominantly like 7’. When the ligand contains small substituents, like with Mepybox, the ligand attached to a the third copper ion will fit and an even more reactive,
trinuclear copper intermediate, like 8 may be formed. Although the substituents are small on
each ligand, the combined chirality of all three ligands, accompanied by a possible chiral twist
of the ligands, makes the copper environment suitable for high asymmetric induction in the
propargylic amination of several substrates with aliphatic side chains. Nevertheless, the low
selectivities found with the Me-pybox for the catalysis with the substrates bearing aromatic
side chains is not well understood. Perhaps, the rigidity of the aromatic side chain interrupts
the formation of a well-defined trinuclear complex affording the products via complex 7’,
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and/or via other complexes, in low enantiopurity. The complexity of the reaction mixture of
this system, as observed in the ESI-MS experiments, probably implicates the existence of
several reactive species.

Of course more experimental results are required in order to get better insight into the
mechanistic aspects of the enantioselective copper-catalyzed propargylic amination. Several
observations are still hard to explain, and the present discussion is only a beginning of the
process of elucidating the mechanism of this remarkable reaction.

5.5

CONCLUSIONS

Mechanistic aspects of the enantioselective copper-catalyzed propargylic amination reaction
have been discussed. Initial rate kinetics under the reaction conditions revealed that the
catalysis cannot be described as a simple first order process in copper concentration. ESI-MS
experiments indicated the formation of multinuclear copper complexes, which might be the
active species in the catalysis. Although the nature of the active species is unknown, one of
the first steps in the catalysis is the formation of a copper acetylide. After liberation of the
acetate moiety, the acquired achiral intermediate is attacked by the amine nucleophile in an
enantioselective fashion. In this step π-π interactions could play a role as indicated by the
substrate and solvent dependence on the enantioselectivity with the diPh-pybox ligand. The
catalysis with Me-pybox and propargylic acetates with aliphatic side chains, possibly occurs
via a different active copper complex. More experimental results, e.g. crystallization of the
copper pybox complexes for crystal structure determination, computational calculations on
the proposed intermediate structures, more initial rate kinetics measurements, and broader
substrate and nucleophile studies, are required in order to get a better insight into the
mechanism of the enantioselective copper-catalyzed propargylic amination.
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5.7

EXPERIMENTAL SECTION

General Remarks − The general information is described in Chapter 2 and 3. ESI-MS
measurements were performed on a Finnigan LXQ linear ion trap mass spectrometer.
Standard reaction for HPLC measurements. Copper iodide (3.8 mg, 0.020 mmol) and pybox 3f
(12.6 mg, 0.024 mmol) were stirred in MeOH (1.4 mL) for 20 minutes. To the acquired red solution,
1-phenylprop-2-ynyl acetate (35 mg, 0.20 mmol) in MeOH (0.3 mL) was added. The mixture was
stirred for 15 minutes, followed by addition of a solution of o-anisidine (45 µL, 0.40 mmol), DIPEA
(140 µL, 0.80 mmol) and ethylbenzene (24.8 µL, 0.20 mmol, internal standard) in MeOH (0.3 mL).
The reaction was followed in time by taking at intervals small aliquots from the reaction mixture and
filtrate these over a short pad of silica followed by injection into the chiral HPLC apparatus. HPLC
conditions: Chiralcel AD-H, Heptane/IPA 99:1, 1.0 mL/min, λ = 254 nm: ethylbenzene (3.3 min), 1phenylprop-2-ynyl acetate (7.0 and 7.6 min), o-anisidine (11.6 min), 2-methoxy-N-(1-phenylprop-2ynyl)aniline (9.1 and 12.4 min).
Initial-rate kinetics with NMR. The substrate was dissolved in CD3OD and added to a solution of the
copper-pybox complex in CD3OD in a NMR tube. With the addition of a solution of o-anisidine and
DIPEA in CD3OD to the NMR tube, the reaction was started. After quick mixing, the NMR tube was
placed in the NMR apparatus. The first datapoint was collected after 1 or 2 minutes after o-anisidine
addition. Every minute a spectrum was measured (1 scan). The integrals of the α-H signal of the
substrate (6.42 ppm) and product (5.33 ppm) were used for the determination of the conversion.
ESI-MS Measurements. An alkaloid tube was filled with stock solutions of the appropriate
substances in methanol, followed by addition of methanol to afford a total amount of 500 µL and a
copper concentration of 0.8 mM. Amounts of stock solution added of respectively CuI-pybox (100 µL,
ratio 1:1.2, 4 mM in [Cu]), 1-phenylprop-2-ynyl acetate (40 µL, 100 mM), o-anisidine (40 µL, 200
mM), and DIPEA (40 µL, 400 mM). The stock solutions of o-anisidine and DIPEA were mixed before
addition. The solution in the alkaloid tube was thoroughly mixed and subsequently injected in the ESIMS at a typical flow rate of 20 µL/min. The scan range was m/z 100–2000.
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CHAPTER 6
Synthesis and Application of Chiral
ClickPhine-Type P,N Ligands*

ABSTRACT: A concise synthesis of chiral, enantiopure, ClickPhine P,N ligands is reported.
Enantiopure, acetylene containing, building blocks were transformed via the Cu(I)-catalyzed
azide-alkyne “click” cycloaddition and subsequent phosphine coupling into new ligands for
transition metal catalysis. Preliminary experiments show the efficacy of these ligands in the
Ir-catalyzed asymmetric hydrogenation of challenging olefins.

*

Part of this chapter has been published: Detz, R. J.; Delville, M. M. E.; Hiemstra, H.; van Maarseveen, J. H.
Angew. Chem. Int. Ed. 2008, 47, 3777-3780.

Chapter 6

6.1

INTRODUCTION

The exploration of new, sustainable, and more effective routes for organic synthesis remains
a challenging task for synthetic chemists. In principle, an asymmetric catalyst provides the
most efficient and environmentally friendly way to synthesize enantiomerically pure
molecules. As a result, the field of asymmetric transition metal catalysis undergoes a
continuing growth in both development and applications. Despite the fact that most transition
metals are toxic, their special reactivity makes them very attractive as catalysts. The
properties of such catalysts, e.g. activity, selectivity, and stability, may be influenced
dramatically by coordinating ligands.1 It is therefore not surprising that many chiral ligands
have been reported with different modes of action.
6.1.1 CLICKPHINE
As we have illustrated in Chapter 2, the synthesis of ClickPhine P,N ligands is easy and
highly modular. This enables facile tuning of their steric and electronic properties for catalyst
optimization purposes. Chiral ClickPhine ligands are even more attractive as they can be used
for asymmetric transformations. In Chapter 3 we have shown that chirality may be introduced
at three locations in ClickPhine-type ligands: chirality in the triazole N-substituent, a chiral
phosphorus atom, or chirality in the backbone (see Chapter 3, Fig. 3.1). We focused on the
latter for which enantiopure propargylic amines are required (Scheme 6.1).

Scheme 6.1 Retrosynthetic scheme for the synthesis of chiral ClickPhine
As is described in the three previous chapters, we have developed a new methodology
providing enantioenriched propargylic amines in good yields. In the next paragraph the
synthesis of enantiopure ClickPhine ligands starting from these propargylic amines is
discussed.

6.2

SYNTHESIS OF CHIRAL CLICKPHINE

The first step in the synthesis of chiral ClickPhine ligands was the preparation of propargylic
amines by the enantioselective copper-catalyzed propargylic amination of propargylic acetates
1. Subsequent triazole formation by the Cu(I)-catalyzed azide-alkyne cycloaddition afforded
the desired triazolyl amines 2.2 Interestingly, most reagents required for this “click” reaction
were already present in the preceding propargylic amination: copper(I), base, and the
acetylene. As methanol was not expected to disturb the reaction, the azide may be added to
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give a one pot procedure. Indeed, after full consumption of the propargylic acetate, azide
addition provided triazole 2 in high yield without loss of enantioselectivity. The products
obtained after the reaction were highly crystalline allowing further enantioenrichment by
recrystallization. The first attempt was very promising as one recrystallization step gave the
single enantiomer in good yield (Table 6.1, entry 1).
Table 6.1 Preparation of optically pure triazolyl amines 2.a

entry

R

R1

R2

product

yield (%)
(ee (%))

yield (%)
recryst.

ee (%)
recryst.

1

H

2-OMe

Ph

2a

94 (84)

63

> 99

2

OMe

2-OMe

Ph

2b

75 (83)

23

> 99

3

H

H

Bn

2c

75 (85)

17

99

4

H

H

4-CF3-Ph

2d

90 (84)

68

94

a

Reaction conditions: 5 (1.0 equiv), ArNH2 (2.0 equiv), DIPEA (4 equiv), CuI (0.05-0.10 equiv), and the ligand
(0.06-0.12 equiv) were stirred in methanol at 0 °C. After full conversion (determined by TLC) the azide (1.0
equiv) was added.

With other compounds we were not that fortunate and several recrystallization cycles were
required for sufficient enantioenrichment, sacrificing the chemical yields (entries 2 and 3).
Also the 4-trifluoromethylphenyl substituted triazole 2d was obtained, illustrating the ease of
ligand variation via this method (entry 4).
6.2.1 AMINE DEPROTECTION
To create an extra site for ligand modification, removal of the o-anisidyl moiety from the
triazolyl amine 2a was explored. Although this reaction is well documented,3 deprotection of
triazolyl amine 2a proved to be challenging. Snapper et al. reported the use of an excess of
PhI(OAc)2 to remove the o-anisidyl moiety from 3, which gave after acetylation the product
in good yield without loss of the enantioselectivity.3b In our hands, 4a was obtained in good
yield after treatment of 3 with PhI(OAc)2 and subsequent N-Boc protection (Table 6.2, entry
1), but application of this method to substrate 2a only gave small amounts of the product
(entries 2 and 3). The protocol required slow addition of the substrate to the PhI(OAc)2
solution with a syringe pump. To prevent crystallization of 2a in the syringe, dichloromethane
was used as cosolvent without affecting the outcome of the reaction. The addition of acid to
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Table 6.2 Various methods for amine deprotection.

entry

R

conditions

product

yielda
(%)

1

3

PhI(OAc)2 (4.0 equiv),
MeOH/CH3CN (3:1)

4a

62b

2

2a

PhI(OAc)2 (4.0 equiv),
MeOH/CH3CN/CH2Cl2 (8:1:1), 0 °C

4b

14

3

2a

PhI(OAc)2 (4.0 equiv),
MeOH/CH3CN/CH2Cl2 (14:5:1), rt

4b

22

4

2a

PhI(OAc)2 (4.0 equiv), TFA (4.0
equiv), MeOH/CH3CN/CH2Cl2
(10:2:3), rt

4b

32

5

2a

PhI(OAc)2 (4.0 equiv), H2SO4 (4.0
equiv), MeOH/CH3CN (3:1), rt

4b

33

6

2a

Ce(NH4)2(NO3)6 (2.2 equiv), H2SO4
(2.4 equiv), CH3CN, 10 °C

4b

21

7

2a

DDQ (4.0 equiv),
CH2Cl2/MeOH (4:1), rt

4b

-

8

2a

H5IO6 (1.0 equiv), H2SO4 (2.0 equiv),
CH3CN/H2O (3:1), rt

4b

~25c

9

2a

TCCA (0.5 equiv), H2SO4 (2.5
equiv), CH3CN/H2O (7:1), rt

4b

~36c

a

Isolated yield after column chromatography. b Isolated yield after column chromatography of the Boc-protected
amine. c Yield of the crude product after extraction.
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the PhI(OAc)2 solution gave slightly better results and afforded product 4b in 32-33% yield
(entries 4 and 5). This beneficial “acid” effect was also observed by Rutjes et al. during
removal of the p-methoxyphenyl (PMP) group by several oxidizing agents.5 They suggested
that the initially formed benzoquinone-derived iminium ion (5 in Scheme 6.3) was hydrolyzed
under the acidic reaction conditions to the desired free amine 4. In addition to this,
protonation of the triazole ring in our system would probably also hamper the side reaction to
ketone 7 (Scheme 6.3, path B) as will be explained below. Not satisfied with the results
obtained so far, 2a was subjected to other oxidative reagents. Ceric ammonium nitrate, which
has also been used for removal of the o-methoxyphenyl (OMP) function,4 only gave 21% of
4b (entry 6). Using 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) no formation of
product 4b was observed at all (entry 7).
A screening of several oxidizing reagents revealed a new methodology for mild and
efficient deprotection of the amine protecting PMP group, as was reported by Rutjes et al.5
They found that periodic acid and trichloroisocyanuric acid (TCCA) in the presence of
sulfuric acid were particularly effective for N-PMP removal. Both protocols were applied to
substrate 2a (entries 8 and 9), however, no improvement was observed. Although some of the
desired product was formed, LC-MS analysis revealed that chlorination of one of the aromatic
rings had occurred.
The major problem for all applied conditions may be the oxidatively labile benzylic position
next to the nitrogen. Starting from 3, the electron-rich anisidyl moiety is oxidized affording
amine 4 after aqueous workup (Scheme 6.3, path A). If the benzylic position is more prone to
oxidation, as might be the case for 2a, the iminium intermediate 6 is formed eventually giving
ketone 7 (path B). Indeed, we found that ketone 7 was one of the major side products (LC-MS
and NMR analysis) starting from 2a.

Scheme 6.3 Supposed mechanism of oxidative o-anisidyl cleavage
In addition to the chemical methods, Rutjes et al. also reported a laccase-mediated
deprotection of PMP protected amines.6 Thus, a last attempt to achieve proper o-anisidyl
removal was performed with two different commercially available enzymes, laccase T from
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Trametes versicolor and laccase AB from Agaricus bisporus. In a mixture of phosphate buffer
(100 mM)/DMSO (1:1) substrate 2a and 3 were subjected to the enzymes, both with and
without the mediator 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). With
substrate 3, besides several unidentified sideproducts, traces of product 4a were detected by
HPLC, although in such low extent that isolation was not worthwhile. Due to the high
crystallinity, substrate 2a did not dissolve in the reaction mixture and so no products were
detected. A higher percentage of DMSO (>50%) to dissolve 2a would probably inactivate the
enzymes and was not tested.
In the end, the most reliable way to deprotect amine 2a was with PhI(OAc)2, which gave
also the best results for the propargylic amines (e.g. 3).
6.2.2 PHOSPHINE COUPLING
After the difficulties with amine deprotection we decided to continue the ligand synthesis
with the protected secondary amines. Treating secondary amine 2a with triethylamine and
chlorodiphenylphosphine gave no phosphinated product. The secondary amine was not
nucleophilic enough to react with the phosphine chloride and a stronger base was required to
form the amide anion. After several attempts we managed to synthesize ligand 5a in high
yield after deprotonation of the amine with n-butyllithium and subsequent addition of
chlorodiphenylphosphine (Scheme 6.4).

Scheme 6.4 Phosphine coupling affording ClickPhine ligands 5
The ligand was prone to hydrolysis, which led to the formation of substantial amounts of
starting amine 2a during workup. To reduce the amount of hydrolyzed product, the reaction
mixture was purified by flash chromatography under basic conditions (using Et3N). However,
we could not avoid that some free amine (unreacted or formed by hydrolysis) ended up in the
final product. The crude ligand was used as such for metal complexation (see section 6.4.1).
The more hindered chlorodi(o-tolyl)phosphine ((o-Tol)2PCl) was also coupled to amine 2
using the same conditions. The product was obtained in 57% purity only due to the presence
of unreacted amine and hydrolyzed chlorophosphine (presumably due to water trapped in the
crystals of the starting amine). Purification attempts such as flash chromatography under basic
conditions resulted in complete hydrolysis of the ligand. Therefore, the crude mixture was
used without further purification in the metal complexation step (see section 6.4.1). The yields
of the ligands as depicted in the scheme (Scheme 6.4) are corrected for their impurities, based
on 1H NMR. The difference in geometry around the phosphorus atom of both ligands, caused
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by the sterically demanding o-tolyl substituents in 5b, was clearly observed in 31P NMR:
ligand 5a gave a signal at 55.5 ppm, while 5b was detected at 45.6 ppm.
With the successful synthesis of the enantiopure ClickPhine P,N ligands 5 in hand, we
succeeded in applying the propargylic amines as versatile building blocks for ligand synthesis
underscoring the applicability of the enantioselective copper-catalyzed propargylic amination.

6.3

PROLINE DERIVED LIGANDS

Due to its special reactivity and selectivity in catalysis, proline is considered as a privileged
structural motif in catalyst design.7 Along these lines, several metal complexes of prolinebased P,N ligands have been published that show high reactivities and selectivities in various
catalytic reactions.8 In 2002, Xu and Gilbertson synthesized and tested proline-based
phosphine-oxazoline ligands, such as 6, which have a similar structure as our target ligands.
The palladium complexes of these ligands were successfully applied in allylic substitution
reactions. When 1,3-diphenylprop-2-enyl acetate was used both dimethyl malonate and
benzylamine were found to be effective nucleophiles, affording the products in 94% ee and
93% ee, respectively (Scheme 6.5).

Scheme 6.5 Proline-based P,N ligand 6 in the Pd-catalyzed allylic substitution
We envisaged a route to an analogous chiral ClickPhine type P,N ligand starting from
alkyne-containing proline analogue 11, which was prepared from Boc-protected (S)-proline
7.9 After the copper-catalyzed azide-alkyne “click” reaction and deprotection of the amine,
the resulting triazolyl amine 14 could be functionalized with a phosphorus moiety furnishing
the anticipated P,N ligand 16 (Scheme 6.6).

Scheme 6.6 Retrosynthesis of the proline-derived P,N ligand
We started our synthesis with the preparation of the well described alkyne-containing
proline derivative 11, starting from N-Boc protected S-proline 7 (Scheme 6.7).10 After
reduction of the carboxylic acid with borane dimethyl sulfide in THF, alcohol 8 was obtained
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in high yield after extraction. Subsequent Swern oxidation gave aldehyde 9 in high yield,
which was converted into alkyne 11 after treatment with K2CO3 and the Bestmann-Ohira
reagent (9).11 Via this route 11 was available in multiple grams and appeared to be a useful
chiral building block for a series of enantiopure ClickPhine P,N ligands.

Scheme 6.7 Synthesis of alkyne-containing proline building block
The copper-catalyzed azide-alkyne cycloaddition gave triazole-containing N-Boc protected
proline 12 and 13 in high yields after chromatography. Although we only performed the
reaction with benzyl and phenyl azide, the azide may be varied according to the ClickPhine
strategy, as is illustrated in Chapter 2.
Removal of the Boc-group was accomplished in quantitative yield by treatment of 12 or 13
with concentrated aqueous hydrogen chloride in ethyl acetate. The direct use of the HCl salt
in the coupling reaction with chlorodiphenylphosphine did not work. During the course of this
research, Reddy et al. reported the preparation of 14 in very high yield (92%) by treatment of
12 with 5 M aqueous HCl in ethanol, followed by basic workup and chromatography.12 They
used the pyrrolidine-triazole conjugate 14 as an organocatalyst in the asymmetric Michael
addition of cyclohexanone to β-nitrostyrenes and obtained products in high yield and up to
94% ee. Fortunately, also in our hands the Reddy conditions provided free amines 14 and 15
in high yield (Scheme 6.8). Finally, reaction of 14 with chlorodiphenylphosphine gave proline
derived ligand 16 in good yield, as was also demonstrated by the 31P NMR signal (45.8 ppm).

Scheme 6.8 Formation of the proline derived ligand 16
Introduction of the phosphorus moiety in the last step of the sequence gave us the
opportunity to make other type of P,N ligands. Coupling of the HCl salt of 14 with (Sbinol)phosphorous chloride at 50 °C furnished the phosphoramidite ligand 17 (Scheme 6.9).
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This observation is in sharp contrast with the route described above, where the coupling did
not work starting from the HCl salt. Probably, the phosphination requires elevated
temperatures for effective conversions. NMR analysis of phosphoramidite ligand 17 and its
diastereoisomer (prepared with (R-binol)phosphorous chloride) revealed the formation of two
diastereoisomers in a ratio of approximately 4:1, as was indicated by both 1H and 31P NMR
(31P signals: 149.5 and 150.7 ppm) indicating that partial racemization of 14·HCl had
occurred. Because it is known that especially aldehyde 9 (Scheme 6.7) is sensitive towards
racemization,13 we compared the optical rotation of 11 with the literature value and,
surprisingly, found them to be similar ([α]D24 = −68 , c 1.1 in CHCl3; lit.14 [α]D21 = −67.3, c
0.67 in CHCl3). Although this suggested no racemization until this step, the optical rotation of
12 was lower than reported by Reddy ([α]D24 = −34 , c 0.8 in CHCl3; lit.12 [α]D25 = −42.7, c
0.8 in CHCl3). Because racemization during the Cu-catalyzed azide-alkyne cycloaddition is
very unlikely to occur, the optical rotation of 11 was compared with another literature report
now measured in methanol. A clear difference in the values was observed (([α]D20 = −74 , c
0.5 in MeOH; lit.10a [α]D20 = −99, c 0.015 in MeOH), revealing an inaccuracy in the literature,
but more importantly, the partial racemization of alkyne 11. This indeed suggests that during
the preparation or handling of aldehyde 9 some racemization had occurred. Later we found
that by careful treatment of the aldehyde racemization could be prevented, providing 11 in
enantiopure form via our described route (Scheme 6.7). Now the optical rotation of 11 in
methanol corresponded with the literature value and in addition, the value measured in
chloroform was higher: [α]D20 = −98 (c 0.5 in CHCl3).

Scheme 6.9 Formation of the phosphoramidite ligand 17
Although not optically pure, phosphoramidite ligand 17 was obtained in good yield
according to 31P NMR, demonstrating that the P-group is easily varied starting from the
proline-derived building block. Due to the partial racemization, the proline-derived ligands
were not tested in catalysis. Nevertheless, we will discuss the synthesis of the Ir complex of
16 in the next paragraph.

6.4

IR-CATALYZED HYDROGENATION

In the last decade, iridium complexes with chiral P,N ligands have emerged as a powerful
class of catalysts for the asymmetric hydrogenation of highly challenging olefins (also known
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as largely unfunctionalized olefins).15 Crabtree was the first to demonstrate the remarkable
activity of cationic Ir complexes with a monophosphine and pyridine as ligands in the
hydrogenation of variously substituted olefins.16 In 1998, Pfaltz and co-workers recognized
that their Ir complexes with bidentate phosphinooxazoline (PHOX) ligands (19) greatly
resemble the coordination sphere of the iridium center in the Crabtree catalyst 18.17

Indeed, the catalysts were active in the asymmetric hydrogenation of olefins like 20.
However, problems with deactivation of the catalyst made it necessary to use strictly
anhydrous conditions and a high catalyst loading (4 mol%). Further optimization of the
system revealed that replacement of the PF6− anion with BARF (tetrakis[3,5bis(trifluoromethyl)phenyl]borate) had a dramatic effect on the conversion and allowed lower
catalyst loading (<1 mol%). This eventually led to a very efficient, air stable, and easy to
handle catalyst (21) that provided 22 in excellent yield and enantioselectivity (Scheme 6.10).

Scheme 6.10 Asymmetric hydrogenation of 20 by Ir PHOX catalyst 21
In addition to the Ir PHOX catalysts, a number of other P,N iridium catalysts have been
reported as active catalysts in the asymmetric hydrogenation of highly challenging olefins
(Scheme 6.11).8,15 In these analogs the six-membered ring structure, formed from the ligand
and the iridium center, is usually retained. To date, the mechanistic aspects of the Ir-catalyzed
asymmetric hydrogenation are still unclear. Based on NMR measurements and DFT (density
functional theory) calculations on an Ir complex such as 21 after H2 addition, it was suggested
that steric interactions play a more important role than electronic factors.15b
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Scheme 6.11 A selection of P,N ligands used for the Ir-catalyzed asymmetric hydrogenation of 20
(yield and ee of 22, as obtained after the catalysis with the ligands, is shown underneath the ligands)

6.4.1 CLICKPHINE IRIDIUM COMPLEXES
The similarities of the ClickPhine P,N ligands, described in this chapter, with many of these
ligands triggered us to investigate their behavior in the Ir-catalyzed hydrogenation of highly
challenging alkenes. Therefore, three new Ir-BARF complexes with ClickPhine ligands were
prepared. Crude ligands 5a and 5b, still containing the amine and for 5b also some
hydrolyzed chlorophosphine (see section 6.2.1), were used in the metal complexation step.
Fortunately, the impurities did not disturb the complexation and the desired cationic Ir-BARF
complexes 27a and 27b were formed (Scheme 6.12).

Scheme 6.12 Formation of Ir-BARF complexes 27a and 27b, and 28
The apolar origin of the BARF anion even allowed the purification of the Ir-BARF
complexes by silica gel chromatography. In principle, the unreacted amine can be recovered
in this chromatographic step. The yield of the isolated Ir complex, as depicted in the scheme,
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is therefore calculated from the amount of iridium added. Also complexation of the proline
derived ligand 16 with the Ir precursor resulted, after exchange of the chloride for the BARF
anion, in clean formation of the desired cationic complex 28.
The structures of the iridium complexes were characterized by NMR analysis. The 1H NMR
signal of the triazole proton shifted, after reaction of 5a with the Ir(cod)Cl dimer, 2.5 ppm to
lower field (from 7.7 to 10.2 ppm). After anion-exchange, a shift back to 8.1 ppm was
observed for the Ir-BARF complex. In all three complexes, the carbon atoms of the 1,5cyclooctadiene ring that coordinated trans to phosphorus were detected at lower field,
compared to those coordinating trans to nitrogen: 13C signals trans to P at ca. 95 ppm; trans to
N at ca. 65 ppm. This was expected, because the strong Ir-P interaction weakens the Ir-cod
bond giving the olefin more sp2-character. An expected difference in geometry around the
phosphorus atoms of complexes 27a and 27b was observed, indicated by their 31P signals
(55.9 and 67.9 ppm, respectively). The 31P signal for ligand 28 was detected at 50.1 ppm,
which is in agreement with the observed 31P signal for similar structures.18
6.4.2 CATALYSIS
In some preliminary experiments, Ir complexes 27a and 27b were employed as catalysts in
the hydrogenation of challenging alkenes (Table 6.3).
Table 6.3 Ir-catalyzed hydrogenation of three different alkenes.a

entry

catalyst

substrate

conversionc (%)

eed (%)

1

27a

23

77

2

27b

100

15

3b

27a

7

67

4b

27b

94

23

5b

27a

3

-

6b

27b

94

0

a

Reaction conditions: in the autoclave the substrate was stirred in CH2Cl2 with 1 mol% Ir complex at 25 °C and
50 bar H2. b Reaction performed at 35 °C. c Conversion was determined after 16 h by GC. d Enantioselectivity
was determined by chiral HPLC or GC.
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In a first attempt, the hydrogenation of benchmark substrate trans-α-methylstilbene was
studied using complex 27a. A good ee value was obtained of 77%, albeit with low conversion
(entry 1). Complex 27b was far more active and afforded the product in quantitative yield
(according to GC analysis), however, now showing a low enantioselectivity (15% ee, entry 2).
These results demonstrate the peculiar dependence of both the reactivity and the selectivity on
the substituents attached to the phosphorus. The same trend was observed for the
tetrasubstituted alkene, 1-methoxy-4-(3-methylbut-2-en-2-yl)benzene (entries 3 and 4). With
the last tested substrate, 4-methyl-1,2-dihydronaphthalene, almost no reaction was observed
with complex 27a. The use of complex 27b gave the hydrogenated product again in high
yield, though without selectivity. Apparently, the substituents on the phosphorus atom have a
large influence on the performance of the catalyst and fine-tuning may result in an improved
performance. Although the first results look promising, more experiments are required to
obtain a more distinct picture about the catalytic scope and selectivity of the ClickPhinederived Ir complexes.

6.5

CONCLUSIONS

Enantiopure propargylic amines obtained via the enantioselective copper-catalyzed
propargylic amination, were applied in the synthesis of a new series of chiral ClickPhine P,N
ligands. The copper-catalyzed azide-alkyne cycloaddition, followed by phosphination, gave
access to the anticipated ligands in good yields. In addition, a proline-derived P,N ligand was
prepared, which unfortunately was partly racemized, making it less relevant to test it in
catalysis. Three Ir-BARF complexes of the novel ligands have been prepared. Two of these
have been employed as catalysts in the hydrogenation of highly challenging alkenes.
Preliminary experiments revealed that the hydrogenated products could be obtained with
promising selectivities (up to 77% ee).
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6.7

EXPERIMENTAL SECTION

General Remarks − The general information is described in Chapter 2 and 3.
General procedure for the propargylic amination with in situ cycloaddition. Copper iodide (0.05
equiv) and 2,6-bis((4R,5S)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (diPh-pybox, 0.055 equiv)
were suspended in methanol. The mixture was stirred for 20 minutes before addition of a solution of
the propargylic acetate (1 equiv) in methanol. At the indicated temperature (between −20 and 0 °C), a
solution of nucleophile (2 equiv) and DIPEA (4 equiv) in methanol was added. The suspension was
stirred until TLC analysis indicated total conversion of the propargylic acetate. When finished, a
solution of azide (1 equiv) in methanol was added to the mixture. After full consumption of the
acetylene, filtration or evaporation gave the crude product. Silica gel chromatography (typically a
small percentage of MeOH in CH2Cl2) gave the pure product.
(S)-2-Methoxy-N-(phenyl(1-phenyl-1H-1,2,3-triazol-4-yl)methyl)aniline (2a). The general procedure was followed with the enantiomer of
HN
the ligand. Compound 1a (35 mg, 0.20 mmol), 1-phenylprop-2-ynyl
acetate, was added to the catalyst suspension and cooled to 0 °C before
N
adding the mixture of o-anisidine (45 µL, 0.4 mmol) and DIPEA. After
N N
stirring for 5 hours phenylazide (24 µL, 0.22 mmol) was added at room
temperature. The mixture was stirred for an additional 22 hours. The residue obtained after filtration
contained the product and some ligand. Silica gel chromatography (EtOAc/PE 1:1) afforded product
2a as a white solid (65 mg, 91% yield, 84% ee). Recrystallization from EtOAc gave white crystals (45
mg, 63% yield, >99.5% ee): [α]20D +2 (c 0.5, CHCl3). HPLC conditions: Chiralcel AD (4.6 x 250 mm),
85:15 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm. 1H NMR (400 MHz); δ (ppm) = 7.73 (d, J = 0.3 Hz,
1H, triazole CH), 7.68 (d, J = 7.3 Hz, 2H), 7.56-7.31 (m, 8H), 6.83-6.70 (m, 3H), 6.53 (d, J = 7.7 Hz,
1H), 5.82 (d, J = 3.7 Hz, 1H, CH), 5.27 (d, J = 3.6 Hz, 1H, NH), 3.88 (s, 1H, OMe); 13C NMR (101
MHz); δ (ppm) = 151.4, 147.1, 141.7, 137.1, 137.0, 129.7, 129.0, 128.8, 127.9, 127.2, 121.1, 120.5,
120.0, 117.5, 111.4, 109.4, 55.6, 55.5; FTIR (film, cm-1); 3428 (m), 3143 (w), 3064 (m), 2835 (w),
1600 (s), 1509 (s), 1458 (s), 1424 (m), 1343 (m), 1224 (s), 1128 (m), 1039 (m), 910 (m); Anal. cacld.
for C22H20N4O: C, 74.14; H, 5.66; N, 15.72. Found: C, 74.07; H, 5.71; N, 15.64; HRMS (FAB+) m/z:
calcd. (MH+) 357.1715, found 357.1716.
MeO

(R)-2-Methoxy-N-((4-methoxyphenyl)(1-phenyl-1H-1,2,3-triazol-4yl)methyl)aniline (2b). The general procedure was followed as
HN
illustrated above. The starting material was 1-(4-methoxyphenyl)prop2-ynyl acetate (612 mg, 3.0 mmol) and the total amount of MeOH was
N Ph
25 mL. As nucleophile o-anisidine (680 µL, 6.0 mmol) was used. After
N N
MeO
7 hours, slowly warming from −18 to 0 °C, phenylazide (357 mg, 3.0
mmol) was added and the mixture was stirred for 17 h before the filtration was performed. Silica gel
column chromatography (gradient: 0.5 to 2.0% of MeOH in CH2Cl2) gave 2b in good yield (863 mg,
75% yield, 82% ee). Two recrystallization steps from EtOAc gave the enantiopure product (270 mg,
23% yield, >99.5% ee): [α]20D −26 (c 0.5, CHCl3); mp (single enantiomer) 160-162 °C. HPLC
conditions: Chiralcel AD (4.6 x 250 mm), 80:20 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 20 min
(major isomer), 48 min (minor isomer). 1H NMR (400 MHz); δ (ppm) = 7.72-7.67 (m, 3H), 7.50-7.46
MeO
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(m, 2H), 7.43-7.40 (m, 3H), 6.92-6.89 (m, 2H), 6.81-6.69 (m, 3H), 6.53-6.50 (m, 1H), 5.73 (s, 1H,
CH), 5.2 (br s, 1H, NH), 3.87 (s, 3H, OMe), 3.80 (s, 3H, OMe); 13C NMR (101 MHz); δ (ppm) =
159.2 (cq), 151.7 (cq), 147.1 (cq), 137.1 (cq), 137.0 (cq), 133.7 (cq), 129.7, 128.7, 128.4, 121.1, 120.5,
120.0, 117.4, 114.4, 111.4, 109.4, 55.5, 55.3, 55.0.
(S)-N-((1-Benzyl-1H-1,2,3-triazol-4-yl)(phenyl)methyl)aniline
(2c).
The general procedure was followed as illustrated above with the
HN
enantiomer of the ligand. The starting material was 1-phenylprop-2-ynyl
acetate (348 mg, 2.0 mmol) and the total amount of MeOH was 25 mL.
N
N N
As nucleophile aniline (365 µL, 4.0 mmol) was used. After 6 hours,
slowly warming from −18 to 10 °C, benzylazide (251 µL, 2.0 mmol) was added and the mixture was
stirred for 17 h before the solvent was evaporated. Silica gel column chromatography (gradient: 0.8%
MeOH in CH2Cl2) gave 2c in good yield (512 mg, 75% yield, 85% ee). Recrystallization from EtOAc
(2 portions, 406 mg, 89% ee), and stirring in CH2Cl2/c-hexane (3:1) and, after filtration, again in
CH2Cl2/c-hexane (1:1) gave the almost enantiopure product (115 mg, 17% yield, 99% ee): [α]20D −1 (c
0.25, CHCl3); mp (single enantiomer) 175-178 °C. HPLC conditions: Chiralcel AD (4.6 x 250 mm),
80:20 heptane:HOi-Pr, 0.8 mL/min, λ = 254 nm, 28 min (minor isomer), 31 min (major isomer). 1H
NMR (400 MHz); δ (ppm) = 7.44 (d, J = 8.5 Hz, 2H), 7.37-7.19 (m, 8H), 7.16 (s, 1H, triazole-H),
7.13-7.09 (m, 2H), 6.70 (t, J = 7.3 Hz, 1H), 6.58 (d, J = 7.7 Hz, 2H), 5.69 (d, J = 4.0 Hz, 1H), 5.49 (A
of AB, d, J = 15.0 Hz, 1H), 5.42 (B of AB, d, J = 15.0 Hz, 1H), 4.80 (d, J = 3.6 Hz, 1H, NH); 13C
NMR (101 MHz); δ (ppm) = 150.8 (cq), 147.1 (cq), 141.8 (cq), 134.7 (cq), 129.2 (4C), 129.0, 128.8,
128.0, 127.8, 127.1, 121.7, 118.1, 113.9, 55.7, 54.3.
(S)-N-(Phenyl(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4yl)methyl)aniline (2d). The general procedure was followed as
HN
illustrated above with the enantiomer of the ligand. The starting
CF3 material was 1-phenylprop-2-ynyl acetate (174 mg, 1.0 mmol) and
N
N N
the total amount of MeOH was 10 mL. As nucleophile aniline (182
µL, 2.0 mmol) was used. After 6 hours stirring at 0 °C, 1-azido-4(trifluoromethyl)benzene (187 mg, 1.0 mmol) was added and the mixture was stirred for 22 h before
the solvent was evaporated. Silica gel column chromatography (EtOAc/PE (1:4) with 10-20% CH2Cl2
to prevent crystallization) gave 2d in good yield (353 mg, 90% yield, 84% ee). Recrystallization from
EtOAc/c-hexane for one night gave the enantioenriched product (266 mg, 68% yield, 94% ee). HPLC
conditions: Chiralcel AD (4.6 x 250 mm), 80:20 heptane:HOi-Pr, 1.0 mL/min, λ = 254 nm, 29.4 min
(minor isomer), 34.6 min (major isomer). 1H NMR (400 MHz); δ (ppm) = 7.84 (d, J = 8.7 Hz, 2H),
7.77-7.75 (m, 3H), 7.52 (d, J = 8.7 Hz, 2H) 7.41-7.30 (m, 3H), 7.17-7.13 (m, 2H), 6.74 (t, J = 7.3 Hz,
1H), 6.65 (d, J = 7.9 Hz, 2H), 5.80 (d, J = 2.8 Hz, 1H), 4.77 (br s, 1H, NH); 13C NMR (101 MHz); δ
(ppm) = 151.7, 146.9, 141.3, 139.4, 130.8 (q, JCF = 33.2 Hz, CCF3), 129.3, 129.2, 128.2, 127.3, 127.2
(q, JCF = 3.7 Hz, C-CCF3), 123.6 (q, JCF = 272.3 Hz, CF3), 120.5, 119.9, 118.5, 113.9, 55.8.
OMe

(S)-N-(2-Methoxyphenyl)-1,1-diphenyl-N-(phenyl(1-phenyl-1H-1,2,3triazol-4-yl)methyl)phosphinamine (5a). A solution of amine 2a (50 mg,
PPh 2
N
0.14 mmol, >99% ee) in dry THF was cooled to −78 °C before n-BuLi (97
µL, 0.15 mmol, 1.6 M solution in hexanes) was added slowly. After 15
Ph
N Ph
minutes Ph2PCl (28 µL, 0.15 mmol) was added dropwise to the yellow
N N
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solution until the yellow colour disappeared. After 2 hours some drops of Et3N were added and the
solution was evaporated to dryness. Silica gel chromatography (CH2Cl2/PE 2:1 + 1% Et3N) afforded
product 12 as a white foam (66 mg, 87% yield), containing 4% of amine 11 (see 1H-NMR): [α]20D −30
(c 1.0, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.74 (s, 1H, triazole CH), 7.60 (d, J = 8.0 Hz, 2H),
7.49-7.45 (m, 6H), 7.40-7.36 (m, 3H), 7.29-7.21 (m, 9H), 7.02-6.95 (m, 2H), 6.61-6.55 (m, 2H), 6.20
(d, J = 8.0 Hz, 1H, CH), 3.37 (s, 1H, OMe); 13C NMR (101 MHz); δ (ppm) = 156.7, 151.0 (d, J = 3.6
Hz), 141.7 (d, J = 3.9 Hz), 140.0 (d, J = 14.7 Hz), 139.5 (d, J = 15.2 Hz), 137.3, 135.7, 133.6 (d, J =
22.1 Hz), 133.2 (d, J = 20.7 Hz), 131.9, 129.7, 129.6, 128.6, 128.4, 128.0, 127.8, 127.7, 127.6, 127.4,
127.0, 121.0 (d, J = 3.2 Hz), 120.4, 119.9, 111.1, 64.0 (d, J = 23.4 Hz), 54.9; 31P NMR (162 MHz); δ
(ppm) = 55.5 (s); HRMS (FAB+) m/z: calcd. (MH+) 541.2157, found 541.2155.
OMe

(S)-N-(2-Methoxyphenyl)-N-(phenyl(1-phenyl-1H-1,2,3-triazol-4yl)methyl)-1,1-di(o-tolyl)phosphinamine
(5b). To a solution of amine 2a
P(o-Tol) 2
N
(59 mg, 0.17 mmol) in dry THF (4 mL) was added n-BuLi (1.04 mL, 0.17
mmol, 0.16 M in hexanes) at −78 °C. The resulting yellow solution was
Ph
N Ph
stirred for 20 min at −78 °C. To this solution, a solution of chlorodi(oN N
tolyl)phosphine (41 mg, 0.17 mmol) was added at −78 °C. The reaction mixture was stirred for 0.5 h
and then allowed to warm to room temperature. The resulting colorless solution was filtered through a
plug of silica gel, and the solvent was removed in vacuo affording a white foam. The crude product 5b
could not be purified for reasons of instability and was used in 57% purity for the next step. Yield
(based on purity): 48 mg (0.085 mmol, 51%). 1H NMR (300 MHz); δ (ppm) = 8.01 (m, 1H), 7.70 (s,
1H, triazole CH), 7.68 (d, J = 10.2 Hz, 2H), 7.53-6.94 (m, 15H), 6.78-6.64 (m, 2H), 6.51 (m, 1H),
6.25 (d, J = 4.8 Hz, 1H, CH), 3.36 (s, 3H, OMe), 2.31 (s, 3H), 2.12 (s, 3H); 31P NMR (121.5 MHz); δ
(ppm) 45.6 (s).
(S)-tert-Butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate (8). Boc-L-proline 7
N
OH (4.30 g, 20.0 mmol) was dissolved in dry THF (120 mL) followed by slow addition of
Boc
BH3·DMS (2M in THF, 12.5 ml, 25.0 mmol) in 45 minutes. The mixture was stirred at
reflux for 2.5 h and allowed the cool to room temperature, followed by evaporation of the solvent
under reduced pressure. After addition of CH2Cl2 (60 mL) the organic layer was washed with H2O (25
mL), saturated NaHCO3-solution (100 mL) and saturated NaCl-solution (100 mL). The organic layer
was dried over anhydrous Na2SO4 and evaporated to dryness providing product 8 (4.0 g, 99% yield).
NMR spectra were corresponding with literature.19
H

(S)-tert-Butyl 2-formylpyrrolidine-1-carboxylate (9). Dry DMSO (5.8 mL, 81.6
mmol), dissolved in CH2Cl2 (30 mL), was slowly added in 40 minutes to a solution of
N
O
oxalyl chloride (2M in CH2Cl2, 25.5 mL, 51.0 mmol) in CH2Cl2 (100 mL) at −78 °C.
Boc
Afterwards, a solution of 8 (8.21 g, 40.8 mmol) in CH2Cl2 (50 mL) was added to the mixture. After
stirring for 75 minutes, DIPEA (28.4 mL, 163 mmol) was added and the mixture was allowed to warm
to room temperature. The mixture was washed 3 times with 0.5 M HCl (aq, 70 mL), 3 times with
water (70 mL) and once with saturated NaCl-solution (70 mL). The organic layer was dried over
anhydrous Na2SO4 and evaporation of solvent gave product 9 (7.2 g, 88% yield) in good yield. NMR
spectra were corresponding with literature.19
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(S)-tert-Butyl 2-ethynylpyrrolidine-1-carboxylate (11). A solution of 9 (7.1 g, 35.7
mmol) in MeOH (70 mL) and a solution of dimethyl 1-diazo-2-oxopropylphosphonate
N
Boc
1020 (7.6 g, 39.6 mmol) in MeOH (100 mL) were added to a suspension of K2CO3 (9.9
g, 71.4 mmol) in MeOH (70 mL). After 24 hours, more 10 (0.69 g, 3.6 mmol) was added and the
reaction mixture was stirred for an additional 2 hours. At that time H2O (100 mL) was added and the
mixture was extracted with Et2O (200 mL). After separation, the organic layer was washed once with
saturated aqueous NaHCO3-solution (100 mL) and was dried over anhydrous Na2SO4. Evaporation and
silica gel chromatography (PE/EtOAc 2:1) provided product 11 (4.6 g, 67% yield): [α]24D −68 (c 1.1,
CHCl3), lit.14a [α]21D −67.3 (c 0.67, CHCl3). NMR spectra were corresponding with literature.14a
(S)-tert-Butyl
2-(1-benzyl-1H-1,2,3-triazol-4-yl)pyrrolidine-1carboxylate (12). CuSO4.5H2O (192 mg, 0.77 mmol) and sodium
N
Boc
ascorbate (608 mg, 3.1 mmol) were dissolved in water (6.5 mL) and added
to a solution of 11 (2.5 g, 12.8 mmol) and benzylazide (1.6 mL, 12.8 mmol) in THF (6.5 mL). After
stirring for 18 h, a saturated aqueous solution of NH4Cl (50 mL) and Et2O (50 mL) were added and the
layers were separated. The water layer was extracted with Et2O (50 mL). The combined organic layers
were washed with water (20 mL) and saturated aqueous NaCl-solution (20 mL). The organic layer was
dried over anhydrous Na2SO4 and evaporated to dryness, affording 12 as a white solid (3.8 g, 91%
yield). Either recrystallization from EtOAc gave the pure product (68%) or silica gel chromatography
(EtOAc/PE 2:3 to pure EtOAc) (89% yield): [α]20D −34 (c 0.8, CHCl3), lit.12 [α]25D −42.7 (c 0.8,
CHCl3); mp 84-86 °C. 1H NMR (400 MHz); δ (ppm) = (mixture of rotamers 5:4) 7.42-7.17 (m, 6H),
5.56-5.41 (m, 2H), 4.98-4.94 (m, 1H), 3.50-3.37 (m, 2H), 2.42-1.80 (m, 4H), 1.42 and 1.19 (s, 9H);
13
C NMR (101 MHz); δ (ppm) = (mixture of rotamers) 154.5 and 154.2, 151.4 and 149.8, 134.8, 129.1
and 129.0, 128.7 and 128.5, 128.0, 122.2 and 120.6, 79.4, 54.1, 53.7 and 52.8, 46.7 and 46.3, 33.0 and
31.0, 28.5 and 28.4, 24.4 and 23.3; FTIR (film, cm-1); 2975 (m), 2874 (m), 1689 (s), 1453 (w), 1396
(s); HRMS (FAB+) m/z: calcd. (MH+) 329.1978, found 329.1979. Data corresponds with literature,
although no comments on rotamers were made.12
N
N N

(S)-tert-Butyl 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyrrolidine-1-carboxylate
(13). CuSO4.5H2O (32 mg, 0.13 mmol) and sodium ascorbate (101 mg, 0.51
N
mmol) were dissolved in water (0.5 mL) and added to a solution of 11 (0.50
N
N N
g, 2.6 mmol) and phenylazide (0.31 g, 2,6 mmol) in THF (2 mL). After
Boc
stirring for 18 h, the mixture was concentrated under reduced pressure before
addition of a saturated aqueous solution of NH4Cl (10 mL) and Et2O (10 mL). After separation of the
layers, the water layer was extracted with Et2O (2 × 10 mL). The combined organic layers were
washed with saturated aqueous NaCl-solution (10 mL) and dried over anhydrous MgSO4. Evaporation
of the solvent gave 13 as a yellowish solid (0.77 g, 96% yield). Silica gel chromatography (EtOAc/PE
2:3) gave the pure product in good yield (0.72 g, 89% yield): [α]20D −43 (c 1.0, CHCl3). 1H NMR (400
MHz); δ (ppm) = (mixture of rotamers 5:4) 7.92 and 7.75 (br s, 1H), 7.70 (dd, J = 8.2 Hz, J = 0.6 Hz,
2H), 7.52-7.35 (m, 3H), 5.09 (m, 1H), 3.60-3.40 (m, 2H), 2.49 (m, 0.55H), 2.35-2.12 (m, 2H), 1.96
(m, 1.45H), 1.45 and 1.36 (s, 9H).

N
H

N
N
N
HCl

(S)-1-Benzyl-4-(pyrrolidin-2-yl)-1H-1,2,3-triazole HCl salt (14·HCl).
To a solution of Boc-protected amine 12 (3.5 g, 10.7 mmol) in EtOAc (18
mL) was slowly added a concentrated aqueous solution of HCl (37 w%, 9
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mL). The reaction mixture was stirred for 3 hours before the solvent was removed under reduced
pressure. Coevaporation with EtOH (4 × 5 mL) and drying under vacuum overnight (50 °C) provided
product 14·HCl (2.9 g, 99% yield) in quantitative yield: [α]20D −4 (c 1.0, EtOH). 1H NMR (CD3OD,
400 MHz); δ (ppm) = 8.15 (s, 1H), 7.41-7.35 (m, 5H), 5.65 (s, 2H), 4.85 (t, J = 7.7 Hz, 1H), 3.45-3.42
(m, 2H), 2.53-2.46 (m, 1H), 2.34-2.15 (m, 3H); 13C NMR (CD3OD, 101 MHz); δ (ppm) = 142.7,
135.1, 128.7, 128.4, 127.9, 123.8, 54.7, 53.8, 45.1, 29.7, 23.3; FTIR (film, cm-1); 3388 (br, s), 2983
(s), 2882(s), 2746 (s), 2549 (m); HRMS (FAB+) m/z: calcd. (MH+) 229.1453, found 229.1443
(S)-1-Benzyl-4-(pyrrolidin-2-yl)-1H-1,2,3-triazole (14). Boc-amine 12
(100 mg, 0.30 mmol) was dissolved in EtOH (3 mL) and to this solution
N
H
aqueous HCl (0.5 mL, 5 M) was added at 0 °C. The mixture was stirred for
3 h at room temperature and afterwards concentrated by evaporation under reduced pressure. The
residue was dissolved in CH2Cl2 (10 mL) and quenched with saturated NaHCO3 (aq, 10 mL). After
separation of the layers, the water layer was extracted with CH2Cl2 (2 × 10 mL). The combined
organic layers were dried over anhydrous Na2SO4 and evaporated to dryness. Silica gel
chromatography (CH2Cl2 + 2% Et3N + 2% to 4% MeOH) afforded amine 14 (64 mg, 94% yield):
[α]20D −8 (c 1.3, CHCl3) (lit.12 [α]25D −15 (c 1.0, CHCl3). 1H NMR (400 MHz); δ (ppm) = 7.41-7.35
(m, 4H), 7.30-7.26 (m, 2H), 5.50 (s, 2H, CH2), 4.29 (t, J = 6.7 Hz, 1H), 3.14-3.08 (m, 1H), 3.00-2.94
(m, 1H), 2.23-2.17 (m, 2H, HCH + NH) 1.93-1.83 (m, 3H); 13C NMR (101 MHz); δ (ppm) = 151.8,
134.8, 129.1, 128.7, 128.2, 120.5, 54.8, 54.2, 46.7, 32.6, 25.4. NMR spectra do not correspond with
literature, the use of a different solvent is suspected.12
N
N
N

(S)-1-Phenyl-4-(pyrrolidin-2-yl)-1H-1,2,3-triazole (15). Boc-amine 13
(100 mg, 0.32 mmol) was dissolved in EtOH (3 mL) and to this solution
N
aqueous HCl (0.5 mL, 5 M) was added at 0 °C. The mixture was stirred for 3
N
N N
h at room temperature and afterwards concentrated by evaporation under
H
reduced pressure. The residue was dissolved in CH2Cl2 (10 mL) and
quenched with saturated NaHCO3 (aq, 10 mL). After separation of the layers, the water layer was
extracted CH2Cl2 (3 × 10 mL). The combined organic layers were dried over anhydrous Na2SO4 and
evaporated to dryness. Silica gel chromatography (CH2Cl2 + 2% Et3N + 2% to 4% MeOH) afforded
free amine 15 (64 mg, 94% yield). 1H NMR (400 MHz); δ (ppm) = 7.92 (s, 1H), 7.73-7.70 (m, 2H),
7.53-7.49 (m, 2H), 7.44-7.40 (m, 1H), 4.42 (t, J = 6.9 Hz, 1H), 3.18-3.15 (m, 1H), 3.07-3.02 (m, 1H),
2.28-2.24 (m, 1H), 2.10 (br s, 1H), 1.99-1.85 (m, 3H); 13C NMR (101 MHz); δ (ppm) = 152.2 (cq),
137.3 (cq), 129.8, 128.7, 120.6, 119.0, 54.8, 46.8, 32.7, 25.5.
(S)-1-Benzyl-4-(1-(diphenylphosphino)pyrrolidin-2-yl)-1H-1,2,3triazole (16). The reaction was performed under argon atmosphere. To a
N
solution of pyrrolidine 14 (60 mg, 0.26 mmol) in dry toluene (5 mL),
PPh2
triethylamine (45 µl, 0.32 mmol) was added. The reaction mixture was
cooled to 0 °C, followed by slow addition of Ph2PCl (49 µL, 0.26 mmol). Filtration over a short pad of
celite and evaporation of the solvents provided product 14 as a colorless oil (80 mg, 74% yield). 1H
NMR (400 MHz); δ (ppm) = 7.27-7.07 (m, 16H), 5.34 (A of AB, d, J = 14.9 Hz, 1H), 5.30 (B of AB,
d, J = 14.9 Hz, 1H), 4.87-4.84 (m, 1H), 3.11-3.09 (m, 1H), 2.93-2.89 (m, 1H), 2.27-2.20 (m, 2H),
1.94-1.78 (m, 2H); 13C NMR (101 MHz); δ (ppm) = 153.3 (cq), 139.1 (d, J = 8.8 Hz, cq), 138.6 (d, J =
15.0 Hz, cq), 135.0 (cq), 132.5 (d, J = 19.9 Hz), 132.0 (d, J = 19.6 Hz), 129.1, 128.6 (d, J = 2.1 Hz),
N
N N
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128.3, 128.26, 128.24, 128.20, 128.18, 128.08, 121.4 (d, J = 2.6 Hz), 59.7 (d, J = 31.3 Hz), 54.1, 47.2
(d, J = 6.7 Hz), 34.0 (d, J = 6.0 Hz), 25.7; 31P NMR (162 MHz); δ (ppm) = 45.8.
1-Benzyl-4-((2S)-1-((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-yl)pyrrolidin-2-yl)-1H-1,2,3-triazole
(17).
N
N Bn
14·HCl (0.10 g, 0.38 mmol) was dissolved in toluene (2 mL) and
N N
O P
triethylamine (1 mL) and subsequently evaporated to dryness to
O
remove traces of water (repeated two times with only toluene).
Afterwards 14·HCl was dissolved in toluene (10 mL) and
triethylamine (0.5 mL) and heated to 50 ºC. After slow addition of
(S-binol)phosphorous chloride (1.2 mL, 0.34 mmol), the mixture
was stirred for 3.5 h at 50 ºC. The mixture was cooled to room temperature and filtrated over celite.
Evaporation provided ligand 17 together with its diastereomer (67% and 18% according to 31P NMR).
1
H NMR (400 MHz); δ (ppm) = (major isomer) 8.06 -7.80 (m, 4H), 7.59-7.00 (m, 14H), 5.58 (A of
AB, d, 1H, J = 14.9 Hz), 5.42 (B of AB, d, 1H, J = 14.9 Hz), 5.19-5.11 (m, 1H), 3.20-3.10 (m, 1H),
2.85-2.77 (m, 1H), 2.55-2.45 (m, 1H), 2.31-2.24 (m, 2H), 1.80-1.70 (m, 1H); 31P NMR (162 MHz); δ
(ppm) = 149.5 (major) and 150.7 (minor).
Ir complex with diphenylphosphine ligand (27a). To a solution of
ligand 5a (47 mg, purity 85%, ~0.075 mmol) in dry CH2Cl2 (3 mL)
chlorobis(cycloocta-1,5-diene)diirdium ([Ir(cod)Cl]2, 25 mg, 0.037
mmol) was added. After 2 hours of stirring at room temperature the
solvent was evaporated. NMR analysis demonstrated the formation of
the complex (signal of triazole-H shifts from 7.74 ppm (free ligand)
to 10.2 ppm (complex); 31P from 55.4 ppm (free ligand) to 55.2 ppm
(complex). The complex was dissolved in CH2Cl2 (3 mL) and the chloride was exchanged for a BARF
anion by addition of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (66 mg, 0.074 mmol).
Silica gel chromatography (Et2O to Et2O/CH2Cl2 3:1) afforded complex 27a as a orange/red solid (112
mg, 89% yield, which contained 5% of an unidentified isomeric complex observed by NMR, 31P-NMR
minor isomer at 39.7 ppm): [α]20D −51 (c 0.5, CHCl3). 1H NMR (400 MHz); δ (ppm) = 8.07 (s, 1H,
triazole CH), 7.88 (br s, 2H), 7.78-7.70 (br m, 10H, 2x ArH + 8x o-H-BARF), 7.57-7.49 (br m, 10H,
6x ArH + 4x p-H-BARF), 7.46-7.38 (m, 2H), 7.38-7.30 (m, 2H), 7.29-7.22 (m, 2H), 7.22-7.15 (m,
2H), 7.14 (t, J = 7.6 Hz, 1H), 6.95-6.78 (m, 3H), 6.71 (br t, J = 7.3 Hz, 1H), 6.45 (d, J = 8.1 Hz, 1H),
6.24 (br s, 1H, cod-CH), 5.78 (br d, J = 22.3 Hz, 1H, CH), 5.18 (br s, 1H, cod-CH), 3.27 (br s, 1H,
cod-CH), 2.75 (s, 3H, OMe), 2.60-2.47 (m, 1H, cod-CH), 2.47-2.36 (m, 2H, cod), 2.36-2.23 (m, 2H,
cod), 2.22-1.98 (m , 3H, cod), 1.93-1.76 (m, 1H, cod); 13C NMR (101 MHz); δ (ppm) = 162.0 (q, JCB =
49.9 Hz, 4C, cq BARF), 156.3 (cq COMe), 148.6 (d, JCP = 5.4 Hz, cq triazole), 135.6 (cq), 135.3, 135.1
(br, 8C, BARF), 134.1 (cq), 132.4, 132.3, 132.0, 131.8 (cq), 131.5, 131.4, 131.2 (cq), 131.0 (cq), 130.8,
130.4 (cq), 129.8 (d, JCP = 2.6 Hz), 129.5, 129.2 (qq, JCF = 31.5 Hz, JCB = 2.7 Hz, cq BARF C-CF3),
128.4, 128.3 (d, JCP = 11.0 Hz), 128.0 (d, JCP = 11.3 Hz), 124.8 (q, JCF = 273 Hz, cq BARF CF3), 121.8
(CH triazole), 121.2, 120.8, 117.6 (q, JCB = 3.5 Hz, 4C, BARF), 112.3, 97.3 (d, JCP = 10.5 Hz, codCH), 92.7 (br, cod-CH), 69.1 (br, cod-CH), 65.5 (br, cod-CH), 65.5 (d, JCP = 13.6 Hz, CH), 54.5
(OMe), 33.2 (cod-CH2), 31.9 (cod-CH2), 30.0 (cod-CH2), 29.2 (cod-CH2); 31P NMR (162 MHz); δ
(ppm) = 55.9 (s); HRMS (FAB+) m/z: calcd. (M+) 841.2647, found 841.2651.
OMe
Ph
H
N
N Ph
Ph2 P
N N
BARF
Ir
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Ir complex with di(o-tolyl)phosphine ligand (27b). Ligand 5b (14.0
mg, 24.6 µmol) and [Ir(cod)Cl]2 (8.3 mg, 12.3 µmol) were dissolved
in CH2Cl2 (2 mL) and stirred at room temperature for 1.5 h. To the
resulting bright orange solution, NaBARF (32.8 mg, 37.0 µmol) and
H2O (2 mL) were added and the heterogeneous mixture was stirred
vigorously for 10 min. The aqueous phase was removed and extracted
twice with CH2Cl2 (2 × 4 mL). The combined organic phases were
washed with H2O (5 mL), dried over MgSO4, filtered, and the solvent was removed under reduced
pressure. The residue was purified by silica gel chromatography (CH2Cl2) to give 27b (24 mg, 14
µmol, 56%) as an orange solid. 1H NMR (300 MHz); δ (ppm) = 7.74-7.64 (m, 12H), 7.56 (m, 8H),
7.36-7.23 (m, 6H), 7.12-7.04 (m, 3H), 6.95 (t, J = 8.0 Hz, 1H), 6.56 (m, 1H), 6.47 (m, 2H), 6.17 (d, J
= 8.1 Hz, 1H), 6.10 (t, J = 8.6 Hz, 1H), 5.84 (d, J = 8.0 Hz, 1H), 5.54 (m, 1H, cod CH), 5.49 (m, 1H,
cod CH), 4.49 (m, 1H, cod CH), 4.12 (m, 1H, cod CH), 3.25 (d, J = 15.3 Hz, 1H, cod), 2.91 (d, J =
15.6 Hz, 1H, cod), 2.71 (s, 3H, OMe), 2.55-2.44 (m, 2H, cod), 2.37 (m, 1H, cod), 2.20 (m, 2H, cod),
2.17 (s, 3H), 2.02 (s, 3H), 1.85 (m, 1H, cod); 31P NMR (121 MHz); δ (ppm) = 67.9 (s).
OMe
Ph
H
N
N Ph
(o-Tol)2 P
N N
BARF
Ir

Ir complex with proline-derived ligand (28). Ligand 16 (80 mg, 0.19
mmol) and [Ir(cod)Cl]2 (67 mg, 0.11 mmol) were dissolved in CH2Cl2 (8
mL) and stirred at room temperature for 1.5 h. To the resulting bright
N
N Bn
Ph2 P
N N
orange solution, NaBARF (168 mg, 0.22 mmol) and H2O (8 mL) were
BARF
Ir
added and the heterogeneous mixture was stirred vigorously for 10 min.
The aqueous phase was removed and extracted twice with CH2Cl2 (2 × 10
mL). The combined organic phases were washed with H2O (10 mL), dried
over MgSO4, filtered, and the solvent was removed under reduced pressure. The residue was purified
by silica gel chromatography (CH2Cl2) to give 28 (220 mg, 0.14 mmol, 72%) as an orange solid: [α]20D
+11 (c 1.0, CHCl3). 1H NMR (500 MHz); δ (ppm) = 7.78-7.72 (m, 2H), 7.72 (br s, 8H), 7.51-7.48 (m,
8H), 7.46-7.32 (m, 8H), 7.24-7.22 (m, 2H), 5.96-5.90 (m, 1H, cod), 5.51 (A of AB, d, 1H, J = 14.5
Hz), 5.45 (B of AB, d, 1H, J = 14.5 Hz), 4.95-4.87 (m, 2H, cod + NCH), 3.52-3.48 (m, 1H, cod), 3.163.12 (m, 1H, NCH2), 2.82-2.79 (m, 1H, cod), 2.77-2.71 (m, 1H, NCH2), 2.43-2.18 (m, 6H), 2.07-2.00
(m, 1H, cod), 1.96-1.85 (m, 4H), 1.75-1.71 (m, 1H, cod); 13C NMR (126 MHz); δ (ppm) = 161.9 (q,
JCB = 49.8 Hz, 4C, cq BARF), 151.6 (cq, triazole), 135.0 (br, 8C, BARF), 134.4 (d, J = 14.0 Hz), 132.5
(cq), 132.3, 131.9, 131.8 (cq), 131.5 (d, J = 10.6 Hz), 130.3, 129.9, 129.3, 129.2, 129.1 (q, JCF = 31.7
Hz, cq BARF C-CF3), 128.6, 128.3 (cq), 124.8 (q, JCF = 273 Hz, cq BArF CF3), 121.3, 117.7 (4C,
BARF), 97.8 (d, JCP = 11.8 Hz, cod-CH), 95.7 (d, JCP = 12.6 Hz, cod-CH), 68.7 (cod-CH), 64.6 (codCH), 57.9 (d, JCP = 13.1 Hz, NCH), 56.5 (CH2Ph), 47.6 (d, JCP = 4.7 Hz, NCH2), 34.1 (d, JCP = 3.8
Hz), 31.3, 31.2 (d, JCP = 8.1 Hz), 30.5, 28.3, 26.1 (d, JCP = 4.7 Hz); 31P NMR (203 MHz); δ (ppm) =
50.1 (s).
General procedure for the asymmetric hydrogenation. The hydrogenation experiments were
carried out in a stainless steel autoclave (150 mL) charged with an insert suitable for 5 reaction vessels
(including Teflon mini stirring bars) for conducting parallel reactions. In a typical experiment, the
reaction vessels were charged with 2.5 µmol of Ir-catalyst and 0.25 mmol of alkene substrate in 2.5
mL of CH2Cl2. Before starting the catalytic reactions, the charged autoclave was purged three times
with 15 bar of dihydrogen and then pressurized at 50 bar H2. The reaction mixtures were stirred at 25
°C for 16 h. After catalysis the pressure was reduced to 1.0 bar and the conversion and enantiomeric
purity were determined by chiral GC or HPLC. Prior to analysis, the solvent was evaporated, hexane
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was added and the sample was filtered through SiO2. Analysis for the reaction with substrate 1methoxy-4-(3-methylbut-2-en-2-yl)benzene: Interscience Focus GC with Supelco BETA DEX 225
column (start at 50 °C, with 1 °C/min to 130 °C); 68.1 min (major enantiomer), 68.8 min (minor
enantiomer), 74.3 min (substrate). Analysis for the reaction with substrate trans-α-methylstilbene:
Shimadzu HPLC with Chiralcel OJH column (0.5% iPrOH in hexane, 0.7 mL/min, λ = 215 nm); 16.9
min (minor enantiomer), 26.6 min (major enantiomer), 31.1 min (substrate).
1-Methoxy-4-(3-methylbut-2-en-2-yl)benzene was prepared following a
literature procedure, using Pd(PPh3)4 as the catalyst.21
MeO

4-Methyl-1,2-dihydronaphthalene was prepared following a literature procedure.22
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SUMMARY
TRIAZOLE-BASED P,N LIGANDS
DISCOVERY OF AN ENANTIOSELECTIVE COPPERCATALYZED PROPARGYLIC AMINATION REACTION

Molecular chirality plays a key role in everyday life. In the human body chiral host
molecules recognize two enantiomeric guest molecules differently. Therefore, the access to
enantiomerically pure compounds in the development of pharmaceuticals, but also
agrochemicals, flavors, and fragrances is a very significant endeavor. Asymmetric transition
metal catalysis has emerged as an efficient tool to synthesize enantiomerically enriched
molecules. To influence the catalytic reactivity of the transition metal, ligands play an
important role. The first chapter starts with a short overview of the history of asymmetric
transition metal catalysis, and the accompanying chiral ligands. A widely used class of chiral
ligands are the heterobidentate P,N ligands in which a phosphorus and a nitrogen atom
coordinate to the metal ion. The development of this type of ligands is an important theme of
the thesis.

The recently discovered copper(I)-catalyzed “click” reaction between azides and terminal
alkynes provides 1,4-disubstituted 1,2,3-triazoles in a regioselective way. We envisaged that
the use of this reaction would allow a facile, modular synthesis of novel P,N ligands with the
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triazole moiety as the coordinating nitrogen component. To arrive at chiral, enantiopure P,N
ligands for asymmetric catalysis an enantioselective propargylic substitution reaction seems
well qualified to provide the required chiral building block. Besides being a versatile entity
for further chemical transformations, the propargylic subunit is also part of various natural
products, fine chemicals, and synthetic pharmaceuticals. However, propargylic substitutions
are rather unexplored and only one metal complex, a diruthenium complex, is able to perform
asymmetric propargylic substitutions catalytically. Obviously, the exploration of new
enantioselective propargylic substitution reactions is of importance.
In chapter 2 the synthesis of the first, achiral, triazole-based P,N ligands is described.
Propargylation of borane-protected diphenylphosphine with propargyl bromide gives the
propargylic phosphine 1. Via the copper-catalyzed azide-alkyne cycloaddition the triazole
group is introduced. Interestingly, also polystyrene-bound azides or dendritic azides are
allowed in this reaction leading to catalysts, which can also be recycled. Borane exchange
with DABCO affords the liberated P,N ligands (2). As name for this class of ligands we have
chosen for ClickPhine, to point out that these phosphines can be prepared in a very fine
manner with click chemistry. The palladium complexes of the novel ligands are highly active
and selective in the Pd-catalyzed allylic alkylation of cinnamyl acetate applying the sodium
salt of diethyl methylmalonate as nucleophile.

In the next chapter the first example of an enantioselective copper-catalyzed propargylic
amination is described. From a variety of readily available propargylic acetates (3),
propargylic amines (4) are prepared in high yields and optical purities using chiral pyridine2,6-bisoxazoline (pybox, 5 or 6) ligands and copper iodide as catalyst. The best results are
obtained in methanol and with diisopropylethylamine (DIPEA) as the base. The investigation
shows that propargylic amines with an aromatic side chain (R = Ar) are obtained with the
highest ee values using pybox ligand 5. With a benzyl or alkyl side chain, pybox ligand 6
affords the products with the highest enantioselectivity. As nucleophile for these aminations,
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o-anisidine is chosen; the anisidyl ring can be cleaved and consequently produce the primary
amine.

In chapter 4, different nitrogen and carbon nucleophiles are tested in the enantioselective
copper-catalyzed propargylic substitution reaction. Although carbamides, and sulfonamides
are ineffective, amine nucleophiles give the desired products in high yields (66-97%). The
enantioselectivity obtained is highest for aniline, and its derivatives (up to 87% ee).
Interestingly, some carbon nucleophiles can also be used, and with indoles excellent ee values
are obtained (98% ee for 7). To illustrate the versatility of the obtained propargylic amines
formal total syntheses of two biologically active compounds, (+)-anisomycin 8 and (−)cytoxazone 9, are accomplished.

The mechanism of the enantioselective copper-catalyzed propargylic amination is discussed
in chapter 5. By following the reaction with chiral HPLC, NMR and ESI-MS, new data are
acquired with the purpose to elucidate the mechanism. Although initial rate kinetics and ESIMS experiments suggest the formation of multinuclear copper clusters, no direct prove for the
presence of either an active mononuclear or multinuclear copper species is obtained. Studying
the substrate and solvent dependency of the reaction reveals that π-π interactions may
influence the enantiodiscriminating step. Based on own results and those of other research
groups, a catalytic cycle is proposed together with possible transition states.
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The final chapter deals with the synthesis of enantiopure ClickPhine P,N ligands starting
from chiral propargylic amines. The propargylic amines are provided by the enantioselective
copper-catalyzed propargylic amination or derived from the α-amino acid (S)-proline. The
enantiopure P,N ligands 10 are obtained by coupling of the triazolyl amines, acquired by the
copper-catalyzed azide-alkyne “click” reaction, with a chlorophosphine. The Ir-BARF
complexes of these ligands (11) are effectively used in the asymmetric hydrogenation of
challenging olefins affording the saturated products with promising enantioselectivity (up to
77% ee).
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SAMENVATTING
OP TRIAZOOL GEBASEERDE P,N LIGANDEN
ONTDEKKING VAN EEN DOOR KOPER GEKATALYSEERDE
ENANTIOSELECTIEVE PROPARGYLISCHE AMINERING REAKTIE

Moleculaire chiraliteit speelt een zeer belangrijke rol in het dagelijks leven. De chirale
gastheermoleculen in het menselijk lichaam herkennen twee enantiomere gastmoleculen op
een verschillende manier. Daarom is de toegang tot enantiomeer zuivere verbindingen erg
belangrijk voor de ontwikkeling van medicijnen, maar ook voor landbouwchemicaliën, en
geur- en smaakstoffen. Asymmetrische katalyse met overgangsmetalen heeft laten zien een
erg efficiënte manier te zijn om enantiomeer verrijkte moleculen te synthetiseren. Om de
katalytische activiteit van het overgangsmetaal te beïnvloeden spelen liganden een belangrijke
rol. Het eerste hoofdstuk begint met een kort overzicht van de geschiedenis van de
asymmetrische katalyse met overgangsmetalen en de daarbij behorende liganden. Een wijd
gebruikte klasse van chirale liganden zijn de heterobidentaat P,N liganden waarin een fosforen stikstofatoom coördineren aan het metaal ion. De ontwikkeling van dit soort liganden is
een belangrijk thema van het proefschrift.
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De onlangs ontdekte koper gekatalyseerde “click” reactie tussen azides en eindstandige
alkynen leidt tot 1,4-digesubstitueerde 1,2,3-triazolen op een regioselectieve manier. Wij
denken dat het toepassen van deze reactie kan leiden tot een eenvoudige, modulaire synthese
van nieuwe P,N liganden met een triazoolgroep als coördinerende stikstofcomponent. Voor de
benodigde bouwstenen om chirale, enantiomeer zuivere P,N liganden te maken voor
asymmetrische katalyse lijkt een enantioselectieve propargylische substitutiereactie erg
geschikt. Een propargylgroep is zeer geschikt voor verdere chemische transformaties en
maakt ook deel uit van verschillende natuurproducten, fijnchemicaliën en synthetische
medicijnen. Toch is er weinig bekend over propargylische substituties en in de literatuur is er
slechts één voorbeeld bekend van een metaalcomplex, een chiraal diruthenium complex, dat
asymmetrische propargylische substituties katalytisch kan uitvoeren. Het spreekt voor zich
dat het vinden van nieuwe enantioselectieve propargylische substitutiereacties belangrijk is.
In hoofstuk 2 is de synthese van de eerste, achirale, met triazool gefunctionaliseerde P,N
liganden beschreven. Propargylering van met boraan beschermd difenylfosfine met
propargylbromide geeft het propargylische fosfine 1. De triazoolgroep wordt geïntroduceerd
via de door koper gekatalyseerde azide-alkyn cycloadditie. Het interessante van deze reactie is
dat deze ook werkt met azides die gebonden zijn aan polystyreen of aan dendrimeren leidend
tot katalysatoren die ook hergebruikt kunnen worden. De ontschermde P,N liganden (2)
worden verkregen na uitwisseling van de beschermgroep met DABCO. Als naam voor deze
klasse van liganden hebben we gekozen voor ClickPhine, om aan te geven dat deze fosfinen
heel fijn met clickchemie gemaakt kunnen worden. De palladiumcomplexen van de nieuwe
liganden zijn zeer actief en selectief in de door palladium gekatalyseerde allylische alkylering
van cinnamylacetaat met het natriumzout van de diethylester van methylmalonzuur als
nucleofiel.

In het volgende hoofdstuk is het eerste voorbeeld van een enantioselectieve koper
gekatalyseerde

propargylische

aminering

beschreven.

Vanuit

verschillende,

goed

toegankelijke propargylische acetaten zijn propargylische amines vervaardigd in hoge
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opbrengsten en optische zuiverheid door gebruik te maken van chirale pyridine-2,6bisoxazoline (pybox, 5 of 6) liganden en koperjodide als katalysator. De beste resultaten zijn
verkregen in methanol en met diisopropylethylamine (DIPEA) als de base.

Het onderzoek laat zien dat propargylische amines met een aromatische zijketen (R = Ar)
met de hoogste enantiomere overmaat worden verkregen door gebruik te maken van
pyboxligand 5. Pyboxligand 6 levert de producten met een benzyl- of alkylgroep als zijketen
met de hoogste enantioselectiviteit. Als nucleofiel voor deze amineringen is gekozen voor oanisidine; de anisidylring kan namelijk worden verwijderd en zodoende het primaire amine
opleveren. In hoofdstuk 4 zijn verschillende stikstof- en koolstofnucleofielen getest in de door
koper gekatalyseerde enantioselectieve propargylische substitutiereactie. Hoewel carbamides
en sulfonamides niet werken, geven amines de gewenste producten in hoge opbrengsten (6697%). De verkregen enantioselectiviteit is het beste voor aniline en zijn derivaten (tot 87%
ee). Het is interessant dat ook enkele soorten koolstofnucleofielen gebruikt kunnen worden,
met indolen zijn zelfs uitstekende enantiomere overmaten verkregen (98% ee voor 7). Om de
veelzijdigheid van de verkregen propargylische amines aan te tonen is met succes de formele
synthese voltooid van twee biologisch actieve stoffen, (+)-anisomycine 8 en (−)-cytoxazon 9.

Het mechanisme van de door koper gekatalyseerde enantioselectieve propargylische
aminering is bediscussieerd in hoofdstuk 5. Door de reactie te volgen met chirale HPLC,
NMR en ESI-MS zijn nieuwe data gegenereerd met als doel het mechanisme op te helderen.
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Hoewel initiële snelheidskinetiek en ESI-MS experimenten suggereren dat er sprake is van de
vorming van multinucleaire koperclusters, is er geen direct bewijs verkregen voor de
aanwezigheid van een actief mono- of multinucleair koper deeltje. Bij het bestuderen van de
afhankelijkheid van de reactie van substraat en oplosmiddel is naar voren gekomen dat π-π
interacties mogelijk de enantiobepalende stap beïnvloeden. Uiteindelijk is er een katalytische
cyclus voorgesteld met illustraties van mogelijke overgangstoestanden, gebaseerd op de eigen
resultaten en die van andere onderzoeksgroepen.

In het laatste hoofdstuk is de synthese van enantiomeer zuivere ClickPhine P,N liganden
behandeld uitgaande van chirale propargylische amines. De propargylische amines zijn
verkregen uit de door koper gekatalyseerde enantioselectieve propargylische aminering of
vanuit het α-aminozuur (S)-proline. De enantiomeer zuivere P,N liganden 10 zijn verkregen
door de triazolylamines, voortkomend uit de door koper gekatalyseerde azide-alkyn “click”
reactie, te koppelen met een chloorfosfine. De Ir-BARF complexen van deze liganden (11)
zijn met succes gebruikt in de asymmetrische hydrogenering van uitdagende olefines waarbij
de verzadigde producten met veelbelovende enantioselectiviteit (tot 77% ee) zijn verkregen.
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Het is alweer ruim negen jaar geleden dat ik mijn eerste stappen deed in het
universiteitsgebouw aan de Nieuwe Achtergracht in Amsterdam. Na het voltooien van de
studie Scheikunde was mijn interesse naar het zelfstandig uitvoeren van onderzoek duidelijk
gewekt. Vooral de synthese van nieuwe stoffen, nieuwe moleculen, sprak mij erg aan en ik
was dan ook erg blij met mijn promotieplaats in de organische synthese groep. Het leuke en
mooie van zelfstandig onderzoek doen is in feite het samenwerken met vele mensen op
chemisch gebied maar ook daarbuiten. In de afgelopen vier jaren heb ik dit met veel plezier
gedaan, maar jammergenoeg gaat de tijd erg snel als je ergens plezier in hebt. Het proefschrift
is nu bijna af en mijn promotietijd is voorbij, een mooie tijd waarin ik veel heb geleerd en
naast vele serieuze momenten gelukkig ook veel heb gelachen. Bijna af, want het moeilijkste
deel is misschien wel dit meestgelezen deel waarin allen die een bijdrage hebben geleverd
worden bedankt en niemand vergeten mag worden (alvast mijn excuses voor degenen die ik
hier toch vergeet te noemen).
Eigenlijk zou ik graag de goede sfeer in de organische synthese groep willen bedanken. Er
is geen dag geweest dat ik met tegenzin naar Amsterdam ben gereisd en dat maakte alles wel
gemakkelijker. Goede sfeer en gezelligheid kunnen echter niet door één iemand worden
gecreëerd en daarom wil ik proberen om de meeste mensen die hieraan hebben bijgedragen te
bedanken. Volgens het gebruik wil ik beginnen om mijn promotor te bedanken. Henk, heel
erg bedankt voor al jouw opmerkingen, aanwijzingen en hulp gedurende mijn UvA jaren.
Hoewel het soms wel even hard kon aankomen heb ik je Friese eerlijkheid en duidelijkheid
altijd erg gewaardeerd. De probleemavonden en de literatuur- en werkbesprekingen waren
naast gezellig (de cake van de week wordt al gemist) ook ontzettend leerzaam. Daarnaast is
het onmogelijk om niet door jouw enthousiasme voor organische chemie te worden
beïnvloed. Aan enthousiasme was er geen tekort in het D-gebouw. Jan, jij was nooit te
beroerd om iets van jouw onuitputtelijke bron van energie en positiviteit over te brengen op
anderen, zo ook op mij. Jouw idee, de basis van dit onderzoek, is uitstekend gebleken, de
chemie werkte, het clickte allemaal. De gezamenlijke uren achter de Mac voor het versturen
van de publicaties waren erg gezellig en spannend zelfs. Als co-promotor had ik geen andere
gewild, Jan bedankt.
Adri, Boris, Floris, Gerrit-Jan, Joost, Kees en Romano, bedankt dat jullie als leden van de
promotiecommissie mijn proefschrift met een kritische blik wilden doornemen.
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Martin W, als buurman op het lab al sinds mijn studententijd heb ik altijd veel steun gehad
aan jouw enorme ervaring en expertise. Het moet toch gezegd worden dat onderzoek doen aan
jouw zijde een stuk makkelijker is. Samen koffie en bier drinken, kaarten en praten over
eigenlijk alles, bedankt voor de gezellige tijd en natuurlijk kom ik graag langs wanneer de
HPLC weer eens niet doet wat je wilt. Martin B, hartelijk dank voor je aanwezigheid aan de
andere zijde van ons nette lab, onze duetten zijn trouwens nog ongeëvenaard. Het stukje
wandelen in Lunteren zal ik nooit vergeten. Ik vind het een eer dat je mijn paranimf wilt zijn.
Hetzelfde geldt natuurlijk ook voor mijn andere paranimf, Ginger bedankt voor het
aanvaarden van deze taak. Veel moeite zal het je niet kosten, we hebben immers een week
Gent overleefd. Succes met dé totaalsynthese en als het af is doen we er eentje. Hans B, mijn
kamergenoot gedurende de laatste tijd en al langer een trouwe borrelgenoot, bedankt voor
jouw zeer belangrijke bijdrage aan de sfeer in de groep. Natuurlijk zullen we ook in de
toekomst nog wel eens een halfje doen.
Géraldine, I would like to thank you for all your help and advise. You really gave me a
good start in the always difficult beginning of the project, merci beaucoup. Tommaso, thanks
for all the nice conversations about everything. Although our collaboration remained without
the results we aimed for, your interest in my research was very motivating. Sandrine and
Maxime, I very much enjoyed the time together in Amsterdam. Inoubliable étaient le piquenique et le kir sous la Tour Eiffel, merci beaucoup.
Mariëlle, als mijn eerste en eigenlijk ook laatste studente heb je een groot deel van mijn
onderzoek meegemaakt en hieraan een mooie bijdrage geleverd. Ik vond het leuk om te zien
hoe betrokken je altijd was bij de chemie maar ook bij de mensen. Bedankt en veel succes met
je verdere carrière. Rémi, or should I say cariboukiller, thanks for your hard work during
those three very nice summermonths in Amsterdam. You did a good job in the lab and that I
never doubted. Zohar, door geloof in je eigen kunnen (and some pushing from my side) heb je
uiteindelijk een mooi stukje synthese succesvol afgerond. Thanks, studentje, voor de gezellige
tijd en ik vind het erg leuk om bij Cat-It opnieuw met je te mogen samenwerken. Steen, onze
enige echte Deen, bedankt voor de massa bijdragen aan hoofdstuk 5 en alle (Deense) op- en
aanmerkingen. Jasper, we deelden onze passie voor sport en propargylische amines, bedankt
voor de leuke jaren.
Vele anderen hebben bijgedragen aan de goede organische sfeer, Alessia, André, Anouk,
Arjen, Chanan, Chantal, Dennis de B, Dennis S, Dirk-Jan, Elise, Fabian, Filip, Hans S, Hue,
Ivo, Jochem, Kimberly, “buenos días preciosa” Laura, Linde, Maadjieda, Maarten, Marnix,
“ooooooiiii” Mathieu, Merel, Nicolas, “nisie” Nishant, Olivier, Paul, Peter T, Prenish, Rachel,
Remko B, Remko de V, Richard, Rossana, Ruben, Sander, Sape, Stefan M, Vicky, en
waarschijnlijk meer, allemaal bedankt voor de leuke tijd. Ook “de Wevertjes” in de vorm van
“HPLC” Louis, Ron en Teuni wil ik bedanken voor de prettige samenwerking.
Bert, Jan D, Jan G, Joep, “massaman” Han, Ren en Rob, oftewel de “ouwe mannen”,
bedankt voor jullie verhalen van vroeger (en heel soms van nu) en jullie bereidheid om te
helpen waar jullie konden. Het was me een eer om met velen van jullie aan de kaarttafel
plaats te mogen nemen of een biertje te nuttigen. Jan G, wij als voetbalfanaten konden het
direct al goed met elkaar vinden. Mijn NMR tijd was niet voor niets op maandag vaak wat
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langer dan anders en de resultaten van OG zijn mij beter bekend dan die van Oranje. Als
student maakte ik voor het eerst kennis met “jouw” Roeterseilandvoetbaltoernooi en van deze
verslaving ben ook ik nooit afgekomen. De harde kern van organisch, Peter B, Richard, Robin
D, Robin B, Sander (de zoon van), Sjoerd, en Stijn, wordt bedankt voor de verrichte arbeid op
het veld en erbuiten. Dit jaar gaan we die cup echt winnen!
Voor de prettige samenwerking tijdens de practicumweken wil ik “de mannen van het
practicum” Ron en Johan bedanken, hoewel de geur van een hart in de blender nooit zal
wennen. Franti en Astrid bedankt voor de prima organisatie van al die practicumdagen.
Hoewel ik bij organisch mijn onderzoek deed, bestond een groot deel van mijn werk uit
katalyse en het maken van metaalcomplexen. Gelukkig waren er genoeg specialisten op dit
gebied op het Roeterseilandcomplex aanwezig. Een goede samenwerking met enkelen van
hen leverde niet voor niets mijn eerste publicatie op en daarvoor wil ik Piet, Joost en Silvia
hartelijk bedanken. Later heb ik ook met Bert en Jeroen mogen samenwerken, iets dat al tot
mooie resultaten heeft geleid en hopelijk een nog mooier vervolg krijgt (succes ermee
Jeroen!). Bert bedankt voor het vertrouwen in mij en helaas dat onze samenwerking korter is
dan verwacht, succes met jouw nieuwe uitdaging. Ook voor de andere mensen van de hogere
verdiepingen een woord van dank. Alex, Bas, Elsbeth, Enrico, Erica, Erik, Fabrizio M,
Fabrizio R, Franco, Fred, Jitte, Johanneke, Jurjen, Lars, Laura, Lidy, Luc, Mark, Paul, Peter
H, Pierre, Quinten, René, Sander, Stefan W, Taasje, and Tehila, thank you all for sharing your
knowledge, coffee, humor, Tour de France and soccerpoules, beers, rooms and equipment.
Ook alle mensen die ervoor zorgen dat wij ongestoord onze proefjes kunnen uitvoeren, zoals
de mannen van het magazijn, Mike, Martin, en Koos, “koffie” Jaap, en de secretaresses,
Britta, Ineke, Maureen en Petra, hartelijk dank!
Voor de samenwerkingen buiten de UvA wil ik Jorge en Floris bedanken voor hun
gastvrijheid om mij een dag op te nemen in de Nijmeegse wandelgangen en labzalen en Peter
en Goran van MercaChem voor hun bereidheid om mijn academische bevindselen te
bediscussiëren. De mensen van de VU, Bas, Eelco (die roze olifantjes blijven me verbazen),
Niels, Rachel en Romano, bedankt voor de gezellige bijeenkomsten, etentjes en congressen.
Naast de academische wereld bestaat er ook nog een privéleven waarin de nodige afleiding
en ontspanning erg welkom is. De meeste van jullie weten dat ik een groot deel van mijn vrije
tijd besteed aan voetballen. WMC helden Arnoud, Ewald, Jeroen, Patrick, Remko, Richard,
en Rick en Heertjes cupfighters Bart, Hans G, Hans I, Joep, Laurens, Marcel, Paul Jan, René
en Ronald bedankt voor jullie humor, gezeik, gelach en natuurlijk talent tijdens en na het o zo
mooie spelletje. De laatste jaren hebben we heel wat overwinningen mogen vieren en de derde
helft was altijd een zege.
Ook “buurjongens” Niels, Mark, Jeroen, Jurgen en Stefan P, bedankt voor de steun en
gekkigheid die we al lange tijd delen. Patrick en Carla, de laatste jaren hebben we het samen
erg gezellig gehad, als kinderen door de Mainstreet, precies wat je nodig hebt om het “bijna
af” van je boekje te vieren. Mijn hele (schoon)familie wil ik bedanken voor de altijd getoonde
belangstelling ook al was alles moeilijk uit te leggen.
Pa en ma, bedankt voor jullie onvoorwaardelijke steun en vertrouwen. Ook al was niet alles
van wat ik vertelde voor jullie te begrijpen, het was fijn dat jullie altijd geïnteresseerd bleven.
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Mede daardoor heeft jullie raad en advies me toch geholpen. Jullie hebben me altijd
gestimuleerd en niets was onmogelijk, nogmaals bedankt voor alles. Mathijs, gamen is na
voetbal misschien wel de beste vorm van ontspanning, maar dat hoef ik jou niet te vertellen.
Broer, bedankt dat je m’n broertje bent.
Sharon, jij bent de laatste en liefste die ik wil bedanken. Bedankt dat je m’n kleren wast,
m’n eten klaar hebt staan, naast me wilt slapen, het met me uithoudt al die jaren, zo geduldig
was toen ik aan het schrijven was, me soms op m’n donder geeft, het gezellig vond dat ik al
die tijd thuis was, je best deed om mijn werk te begrijpen en er voor me bent, mijn lieve
meisje.

Remko

Nunc est bibendum
Horatius
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