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CHAPTER 5

Mechanistic Aspects of the Enantioselective
Copper-Catalyzed Propargylic Amination

ABSTRACT: The mechanism of the enantioselective copperiyeadl propargylic amination
is discussed. Initial rate kinetics and ESI-MS ekpents suggest the formation of higher
copper aggregates. A study of the substrate aneérsiotilependence of the reaction revealed
that CH« interactions may play a role in the enantiodisarating step. Pathways for both
mononuclear and multinuclear active copper comp@lext® considered. Finally, a catalytic
cycle is presented together with a possible straadfia dinuclear copper complex. However,

more experimental and theoretical results are redun order to understand the mechanism
of the title reaction.

" Part of this chapter has been published: Detd,;felville, M. M. E.; Hiemstra, H.; van Maarsewed. H.
Angew. Chem. Int. E@008 47, 3777-3780.



Chapter 5

5.1 INTRODUCTION

A detailed understanding of a chemical reaction pzsult from a study of its precise
mechanism. Insight in every single elementary siephe mechanism requires extensive
experimental and computational studies. For asymenedtalysis the most significant step in
the catalytic cycle is usually the step in whicke nantiodiscrimination occurs. A clear
picture of the important interactions between tlaalytic species and the reagents can
provide information on the scope and selectivityaajiven reaction. In addition, mechanistic
insight can lead to rational optimization and fioeing of the reaction. Proposals of
mechanisms, and especially explanations for obdesmantioselectivities, have been reported
for various reactionse.qg. for the osmium-catalyzed asymmetric dihydroxylati@nd the
palladium-catalyzed allylic alkylatioh®

In 1994, Murahashet al. published a paper on the copper-catalyzed propargmination
(See also Chapter 1, § 1.3%2The stereochemical aspects of this amination icractere
examined by treating an optically active propargyhosphate wittN-methylbenzylamine in
the presence of a catalytic amount of CuCl (Schirbg Interestingly, the obtained product
appeared to be racemic. Although this observatiwhcated the possible formation of an
intermediate cationic, achiral, copper-complex, tiwe of the copper ion in these
intermediates is not well understood.

O O

. CuCl (1 mol%), I Me., .Bn
OP(OE2  NieNHBn (0.7 equiv) OP(CEY), N
PN\ ) x i /2\
N  THF.0°C 2n npentyl” Nyt mpentylT Ny
98% ee 68%, 97% ee 24%, racemic
(recovered)

Scheme 5.1Stereochemical course of Murahashi’'s copper-catdlygopargylic amination

Remarkably, the mechanistic aspects of transitietahtatalyzed propargylic substitutions
are rarely examined. Only for a ruthenium-catalypedpargylic substitution, reported by
Nishibayashiet al, a plausible mechanism has been proposed on 8ie blexperimental
data. The reaction proceeds via an allenylidengtltBnium complex as key intermediate as
illustrated in Chapter 1 (8 1.3.3). The formatidrsoch a complex was proven by isolation of
the allenylidene intermediate and its charactdomaby X-ray crystallography.Probably
encouraged by this mechanistic study, the firsingdas of an enantioselective ruthenium-
catalyzed propargylic substitution reaction werporéed shortly thereaftérThe observed
enantioselectivity of this reaction was explaingdfévorabler-n interactions between the
phenyl rings of the chiral ligand and the allengheé moiety (Chapter 1, § 1.4).

The motivation for our research toward the enaptextive copper-catalyzed propargylic
amination is based on the idea that the achiratimédiate in the Murahashi reaction could be
similar to the allenylidene intermediate descrilbgdNishibayashi (Figure 5.1). At least, the
copper ion could be in close proximity to the aahintermediate. If this is true, a chiral,
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The Mechanism

enantiopure ligand, attached to the copper, maydadhe anticipated enantioselectivity.
Indeed, our concept works as is described in tegipus two chapters, in which the scope
and applications of the newly developed enantiatiele copper-catalyzed propargylic

amination reaction are discussed. The lack of bidianechanistic knowledge about copper-
catalyzed propargylic substitutions and the ddsirdetter results with our method, prompted
us to study the mechanism of the reaction moreetjos

[Ru]” [Ru] [Cu] [Cu]’

-M]

Ph)LH Ph +‘\HJ““H NU|LH/«+ Ph HJ\Ph
Ru-allenylidene intermediate | | Cu-allenylidene intermediate
proposed by Nishibayashi ,
ph\'H
Nu

Figure 5.1 Proposed transition states for propargylic sulistitu

5.2 SUMMARY OF THE PREVIOUS TwO CHAPTERS

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

MeO
Cul-pybox, | >
OAc DIPEA, = 0]
A, O N
] o-anisidine, HN ‘o R
RN : RPN RN N-R
1 solvent, 25 °C , S pybox ligand 3

Scheme 5.ZEnantioselective copper-catalyzed propargylic ationa

As expected, the most profound influence on thengoselectivity of the reaction is
displayed by the substitution pattern of the pymwdR,6-bisoxazoline (pybox) ligand (Table
5.1). For the amination of phenyl-substituted prggkc acetatela (R* = Ph), ligands with
aromatic rings as substituents give the highesnasstric induction. It seems to be important
that the phenyl groups are positioned icisarelationship at the 4- and 5-positions of the two
oxazoline rings, as is illustrated by the relayvéligh enantioselectivities obtained with
ligands3f and3h (76% and 61%se resp.).
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Chapter 5

Table 5.1Survey of pybox ligands for the propargylic aminaft

yield . ee yield , ee
(%)b config. (%) (%)b config. (%)
O\II'JJ" O\”pﬂ"
§/N 94 R 25 Q/N 99 S 42
3a PR 3e
O— O—"
3][\1 93 R 17 | P \III\I 97 S 76
ipd 3 P 3f
O— O—"
Ph’_@jlw 97 R 12 | PN \III\I 97 s 19
Mé 3c Ph 39
o5 Oy
N Ph&m
ad 74 R 28 Ph \ N 97 S 61
Ph 3h

2 Reaction (see Scheme 5.2) conditidkes(R" = Ph, 0.20 mmol)p-anisidine (0.40 mmol), DIPEA (0.80 mmol),
Cul (0.02 mmol), and the ligand (0.024 mmol) wetiered in methanol (2 mL) at 25 °C. Reactions were
complete within 1 h® Isolated yield after chromatographic purificatiGrEnantioselectivity is determined by
chiral HPLC of the isolated product.

Some observations from the optimization of the tieacconditions with ligand3f are
worthwhile to summarize here as well. Varying tlopmer source has little or no effect on
both the yield and enantioselectivity (see Chaptdrable 3.2), in sharp contrast to the results
obtained for the different solvents. Although tleneersion is high in most solvents (except
for DMSO), we observe a strong enantioselectivitgt eate dependence on the solvent (Table
5.2). In aprotic solvents like toluene, dichlorohate and THF, the reaction is slow and only
slightly enantioselective. In protic solvents, sushmethanol and 2,2,2-trifluoroethanol, the
best results are obtained. Besides the solventteHibso the presence and the type of base is
crucial in terms of yield and enantioselectivityn@pter 3, Table 3.4). The best results are
obtained with tertiary amines, such as DIPEA.

The data derived from the catalysis with a small afesubstrates (Table 5.3) show an
increase in selectivity if the-system of the aromatic ring of the substrate iseneectron-
rich. With non-benzylic propargylic acetates (exgrb-11) the reaction becomes slower and
less enantioselective. Interestingly, propargylstees with an aliphatic side chain are
converted into the corresponding propargylic aminegith surprisingly high
enantioselectivities (66-88%e€ with the use of Me-pyboBa (see Chapter 3, 83.7). The
reactivity of these substrates is lower as compdcedhe benzylic alkynes and higher
temperature and longer reaction times are requioedgyood conversion. As reported by
Murahashi and co-workefso reaction occurs with internal acetylenes.
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The Mechanism

Table 5.2Solvent effecté.

Table 5.3Substituent effects.

entry solvent ee(%)
1 MeOH 76
2 CKCH,OH 74
3 EtOH 60
4 DMSO 58
5 CH.CI, 34

6 THF 36
7 PhMe 21
8 H,O 5

® For the reaction with pybo3f. For all data

see Chapter 3, Table 3.3.

The evaluation of a series of primary and secondanjnes as nucleophiles reveals that

entry substituent ee(%)
Y
1 Me/©\/Me 88
2 & 86
3 ‘% 85
4 @ﬁ 85
2
5 - 0 83
6 @( " 80
FsC
3
7 CI/©\/CI 79
8 ® " 74
N
9 ©/\v & 57
10 es st 40
Me
11 pepentyl” 13

% For the reaction with pybogf. For all data
see Chapter 3, Table 3.7.

aniline and its derivatives give the best resufisrding the corresponding propargylic amines
in high yield (up to 97%) and high optical purityp(to 87%e¢g. Other nitrogen nucleophiles,

such as sulfonamides and carbamates, are noteefficeactants in the reaction. Carbon

nucleophiles, e.g. indole and N-methylindole, give high vyields (up to 91%) and
enantioselectivities (up to 98&e, whereas othet-nucleophiles, such as 2,2,5-trimethyl-1,3-
dioxane-4,6-dione, give the desired product in alhnacemic form.

5.3 NEwW EXPERIMENTAL DATA

To evaluate the stereochemical aspects of the iesat#ctive copper-catalyzed propargylic
amination in more detail, the reaction has beeloviad in time by chiral HPLC analysis. An
experiment under standard reaction conditions émcted in Table 5.1) at =20 °C reveals
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Chapter 5

that no enantioenrichment of the starting matepgedpargylic acetatéa, is observed during
the reaction (Figure 5.2). The enantioselectivityh@ product is slightly decreasing during
the progress of the reaction. Probably, this dropeeé is explained by the very low
concentration of the minor enantiomer of the pradiiche early phase of the reaction, which
makes the determination of the amount of this campdoy HPLC less accurate.

100 -

@ product

0,
ee (%) W substrate

.20 -
0 2 4 6 8 10

time (h)

Figure 5.2 Enantioselectivity of the starting material (suasj and the product followed in time.
The conversion of the starting material after 8aswW5%.

When the reaction is performed with enantiopurgagargylic acetatda, no racemization of
the substrate is observed in line with the resafitlurahashi (Scheme 5.4)The use of either
the R)- or the §-1-phenylprop-2-ynyl acetatka gives no difference in enantioselectivity of
the product. In an experiment with enantiopure pob@a (0.8 equiv) present from the start
of the reaction, the enantiomeric excess after ¢et@mgonversion of the starting material is
slightly higher than in a reaction without addi@nenantiopure product. In a similar
experiment with the minor enantiomer (0.8 equivihe product, the almost racemic product
is obtained after full conversion of the propargycetate.

5.3.1 INITIAL-RATE KINETICS

In order to acquire more information we have stddie initial-rate kinetics of the reaction.
Although the rate equation of the copper-catalypedpargylic amination is probably
complex, a simplified rate equation can be obtaifegveral assumptions are made. Under
the standard reaction conditions there is an Inidege excess of propargylic acetate (=
substrate, 10 equivi-anisidine (20 equiv), and base (40 equiv) withpees$ to the copper
ions. If the initial concentrations of these redgeare constant, it can be assumed that the rate
of the reaction is depending only on the concemadf the copper-pybox complex. Based
on the assumption that the ratio of the copperthagybox ligand is one to one in the active
complex, this affords the following simplified ragéguations:

rate =k’ [Cu*]® (1) or In(rateln(k’) = a In([Cu*]) (2)
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The Mechanism

In these equations is the pseudo-rate coefficient of the reaction anslthe reaction order
of the copper-pybox complex Cu*. Consequently,ghagpargylic amination may be followed
by NMR under the standard reaction conditions (&0 in substrate) in CEDD changing
only the copper/pybox concentration. Plotting theadaccording to equation 2 @) is
considered to be constant) the slope (a) equals @2ealing that the order in Cu-pybox
complex concentration is ca. 0.3 (Figure 5.3).Howdd also be noted that during these
experiments the acetylenic hydrogen atom of thelymbdid not appear in thtH NMR
spectrum in agreement with the expected deuterafitims position.

45

0.8 -
[substrate] = 100 mM slope = 0.27
| L A 15 mM
401 [o-anisidine] = 200 mM P R=0.91
45 | [DIPEA] =400 mM o .
s’ 1
o 10 mM 0.8
30 P 4 A
r's At 5 mM
product 25 - * 2] A In(rate)
(%) [Cu o W a 25mM 0a |
20 - P A *
[ 4 e k
LA < dl ol )/
15 - o Ay N
P o |
/‘» & .,I
10 | L ol ol 02 1
',l’ ,:",‘ ‘.-.‘
A
54 ‘»::2-“‘
0 T T T T | 0 T T T T
0 5 10 15 20 25 -6.2 -5.7 -5,.2 4,7 4.2
t (min) In[Cu#]

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

5.3.2 ESI-MS EXPERIMENTS

As the next goal we have attempted to elucidatectimposition of some of the copper-
complexes in the reaction by direct infusion elespray ionization mass spectrometry (ESI-
MS). This technique has recently emerged as a pgolwenethod to probe reaction
mechanisms of condensed phase reacfidhgrovides continuous snapshots of the ionic
composition of the reaction medium, because thegelaaspecies present in the condensed
phase are gently transferred to the gas phasetpridiS characterization. First a solution of
Cul and diPh-pybox in MeOH was examined. Severakigs were observed, such as the
pybox ligand with H (m/z 522), Nd (m/z 544), and CU (m/z 584) bonded to it, amongst
others (Figure 5.4). Although the pybox-Cspecies ¥z 584) was expected to give rise to
the most intense signal, the typical cluster ofdp@ pybox-Cu-pybox ions vz 1105-1115)
were the major ions observed. Interestingly, we alsserved species containing more than
one Cu ion, such as pybox-Cul-Cymviz 774), (pyboxj)Cul-Cu" (m/z 1295), and
(pyboxk(Cul)>-Cu”™ (m/z 1485), all as reasonably abundant ions with cherigtic
distributions of the Cu isotopes. With the substratphenylprop-2-ynyl acetate, added to the
Cul-pybox solution, only a few new peaks arosehi@ mass spectrum. Two clear signals
corresponded to complexes containing the produetimdd after substitution of the acetate by
methanol, pybox-(Cu-prodOMe)-Cymvz 792) and pybox-(Cu-prodOMe)-Cym/z 1503).

109



Chapter 5

4000000

2500000

2000000

2500000

Intensity

2000000
1500000
1000000

500000

apa0o0ng
a00000

700000

600000

500000

Intensity

4000005

agooon

200000

100000

0

Cul + diPh-pybox

m/z 584

+

LCu

m/z 774

m/z 522
LH*

584.32
16715 asgaz  S7240 T
e e

1104,

m/z 1105
Lcu

110630
30

1108.32

1107.27

1108.27

1108.31

110,31
1

110312
LCupl* ™

\

77415

F34.35 \?9?.?1
LAAAAS LALR RAR) e

1108

1110

1085.25
842 74 |
lI

1209.31
T

m/z 1295 m/z 1485

L,Cuyl*

128678

L2CU3|2+

?

1486 69

[. 1441.?5‘151?19 167612
et T Ty

1868.00 19386,
TR

200 400 600

Cul + diPh-pybox +

J substrate

644 36

68428

522 46

17920 308,65 38045

a0n

77412

79437
G496
t

a4| [Iszo‘.zzj

T

1000

iz
11056.24

1065.14

443.21

4FB 50
| S

1
1200

1294 .82

123213 l
T

I
1400

148668

14535 l

1633.9
T

1
1600

I
1800

OMe

A

L,Cu,l ¥

m/z 1503

4 16

76.66 186569
L‘\ T T

20

2400000
2200000
2000000
1600000
1800000

1400000
2 E

1200000
=

1000000

200000

600000
400000
200000

o

200

T T
400 BOD

Cul + diPh-pybox +

substrate +
o-anisidine

68428

62238

16719 37636 42013 505.52
i Mt e b

f43.29
T T

200

TT413

90‘2.‘56 l 104068
ety T

1 T
1000
iz
1105.28

10645.21

04223

1148.34
T

1
1200

1400

1486.60

T
1600

.72
1676.38 178
T

LA |
1800

5.2 I

250000

3000003

Intensity

2500003
2000003
150000
100000

50000

200 400 600

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

62234

54437

800

@EOMG
NH

T
1000
miz
1105.25

16718

584 26

Q)\
Cu

Lcu”*
m/z 883

\

885.25

l

1043.08
-+ L

1200

1593

160317

20661
| 138995 l
i Ma e

1400

1595.70

1597.71

79

1598.78

1599.75

1600.76

160175
1

1605

1800

1595.70

1800

OMe

NH
X
+ Cu
L2CU2|
m/z 1594

1786.42 1895.80
i k

T
200 400

\ 350.45 504.38
T T T T T

|531
T
500

.41
T

77408
; I.AI -

ana

1000
miz

1212.48 1297.36
T IRAAR RBAR

T
1200

1
1400

1486.86
ety

1
1600

1676.04
T T

[T
1800

Figure 5.4ESI(+)-MS of the copper-catalyzed propargylic artiorawith diPh-pybox3f
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Also complexes with the acetylide of the substmatre detected although with very low
intensities Wz 820 andnvz 1531). Either these complexes are not well ioniaethey are
very reactive and react directly with any nuclediptspecies in the neighborhood (in this case
methanol). The four described complexes all in@idahe formation of the copper acetylide
species, even without the addition of base, ilaisig that the acetylene is easily
deprotonated.

The same measurements were performed oriinisidine added to the solution. Now we
observed an additional weak signal of a complex thgpposedly consists of pybox-(Cu-
product)-pybox-Cul-Cli(m/z 1594), and an even less intense signal correspgrdipybox-
(Cu-product)-Cii (m/'z 883). Both these signals became more intense REBI was added
together witho-anisidine. Under the basic conditions the copptfrated acetylenes are
likely to be deprotonated affording more coppertge complexes. Along with this, many
of the iodides are replaced by anionic acetylidsgeling the intensities of the signals from
complexes with CulrfYz 774,m/z 1295, andwz 1485). The formation of larger complexes
was also emphasized by the low intensity of theogyBu" signal under these conditions.

268.05
3 Cul + Me-pybox +
260000

2400003 substrate +

3200003 o-anisidine + Oio'v'e
3 DIPEA
200000 3 N

180000—: 245,06

%160000—; %
§ 140000 | Cu
£ 4200003 LCu
E 07.06
1000003 m/z 607

m 308.01
20000 B

B0000 553.08

400003 153419

200003 ‘ 512,98 78883 90791 yp4aa44 123332 34234 l 164314
E 136613

04 T T |396|.04 T lll‘L T T 65}'.0?: T l|842|.53| ?SGIFD l'| l| T L ‘I T l| r| T 1| 1::'2‘5.?6 1|83‘4|.03 |1§l1|.39
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miz

Figure 5.5ESI(+)-MS of the copper-catalyzed propargylic artiovawith Me-pybox3a

In comparable experiments with the Me-pybox lig&ad3a-Cu" m/z 308), the formation of
one distinct complex was not observed. Insteadethqra of complexes containing three or
more copper ions were formed (Figure 5.5). In thgian betweemvz 700-1700, nine
different signals with similar intensities were ebged in the presence of DIPEA. This
revealed, besides the peculiar role of the bas#fference 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 nmasha model based upon our own
experimental results and other studies (Scheme®&.Bhe necessity of the presence of a
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terminal acetylenic hydrogen atom and the excharighe acetylenic hydrogen atom of the
product for a deuterium atom in methauglboth strongly indicate the formation of a copper
acetylide species. We suspect that the major congiiserved in the ESI-MS measurements
(m/z 1105) is a non-active state of the catalyst, Wdth, as the likely counter anion (which
is one of the observed ions in the negative ionMS). The addition of other ligands, such as
the propargylic acetate, leads possibly to dissiotieof this dimeric resting state affording
the active monomeric copper catalyst. Prior to ydicket formation, the copper complex can
form an-complex with the alkyne (stefd). The formation of this--complex lowers thelf,
value of the acetylenic hydrogen atom, as descriiregtiously by Fokin and co-workefs.
Deprotonation with a base gives the copper acetyktepB).

ArHN/ ACO/

Ph . Ph
L-Cu'-X
A
L’ Cu -X
AcO W///

Ph iPrEtN
cu—L" B iPrEtNH X
ArHN/
P cu'-L’
Aco\/
ArNH,
Cu” L
—
././
7

Ph
Scheme 5.3roposed model of the catalytic cycle (Cu-L* = ceppomplex with chiral ligand)

Also in the ESI-MS experiments copper complexedaiomg the acetylide of the substrate,
1-phenylprop-2-ynyl acetate, are detected, althowgh low abundancenz 820 andm/z
1531). These measurements point out that the nafuttee copper complex might be more
complicated than expected. Nevertheless, we haugetoareful with the interpretation of
these mass spectrometry results, as it remaingamalhether the observed complexes are
formed during the electrospray process or exigh@ereaction mixture prior to introduction
into the instrument. In addition, the mass speatiy provide an image of the well ionizable
compounds, for example the substrate, 1-phenyl@rgpyl acetate rfyz 175), and the
product, 2-methox\N-(1-phenylprop-2-ynyl)anilinenyz 238), have not been observed. The
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The Mechanism

intial rate kinetics experiments showed no simjoigt forder rate dependence on the copper
concentration. For the moment, this phenomenornsssgaed to the formation of inactive
copper aggregates. For simplicity the active cataly in Scheme 5.3 considered to be a
mononuclear copper speciesde infra).

The observed asymmetric induction is only possibtae chiral, but racemic, substrate is
converted into a achiral intermediate which upoantioselective attack of the amine affords
the enantioenriched propargylic amine. This achimrmediate can be formed by liberation
of the acetate group from the copper acetylidernmégliate (stepgC), as also proposed by
Murahashi and co-workefs.This step is considered to be irreversible becanee
enantioenrichment of the substrate is observednguitie reaction. When the reaction is
performed with enantiopure propargylic acetaterasemization of the substrate occurs, thus
providing experimental support for the irreverstigibf stepC under the reaction conditions.
The resulting electrophilic intermediate is stat@tl by resonance involving the copper
complex. Propargylic acetates bearing an aromiaiicas side chain will stabilize the cationic
charge at the benzylic 3-position better than nenzlylic substrates, which explains the lower
reactivity of the latter. Regrettably, we were ueato detect this key intermediate by ESI-
MS, which can be ascribed to its high reactivitytadk by the amine nucleophile (stEy)
most probably determines the regio- and enantioselly of the reaction. Despite of the
electrophilic nature of the propargylic 1-positiothe propargylic amine is formed
exclusively, and not the allenic amine.

However, the experiment carried out in the pres@fdcke minor enantiomer of the product
from the start of the reaction, shows that the oleskee value is close to zero after total
conversion of the starting material. This suggedsiat product formation (ste) is
irreversible under the reaction conditions. The -M& measurements reveal a high
abundance of copper complexes containing the ptoatetylide vz 883 andm/z 1594).
This suggests that the last step (d@panion exchange or proteolysis, is relativelysia
the basic reaction medium. In protic solvents ttisp is probably faster, explaining the
observed rate enhancement for this type of solverfimally, the product is released to
complete the catalytic cycle.

5.4.1 MONONUCLEAR COPPER COMPLEX

In this mechanistic model the copper complex i<gigel in a very simplified manner, and
by this means the most intriguing question is agdichow is the enantioselectivity achieved?
To answer this question, it is necessary to tadleser look at possible structures of the active
copper complex. The general model for copper-pytatalysis is based on the monomeric
copper complex as the active catalytic spetiésuch species are considered for our reaction
(Figure 5.6), the copper-acetylide is most probatiiected almost perpendicular to the
copper-pybox plane as was also described by Fimth caaworkers® The trans-pyridine
position in this square pyramidal (or distorteddnal bipyrimidal) complex is occupied by a
solvent molecule (or amine). The steric hindrantthe aromatic rings of the ligand on one
side of the complex forces the largest substratstguent (the Ph moiety) to occupy the least
shielded position. This gives the amine nucleoptike opportunity to attack the cationic

113



Chapter 5

intermediate in an enantiodiscriminating mannere Tigjor enantiomer observed has e
configuration if (8,5R)-diPh-pybox €nt3f) is used. This indicates that the substituenhef t
substrate is positioned away from the substituehtihe ligand affording th&-product by
attack of the amine from the least hindered frahe.s

NHAr NHAr
Ph \% Ph)\\\
favored (R)-enantiomer unfavored (S)-enantiomer

Figure 5.6 Enantiodiscriminating step for a proposed monomesjgper-complex

71-7T INTERACTIONS

To explain the high enantioselectivity of the reéatt the chiral ligand should be in close
proximity to the reacting center in order to shietee side of cationic intermediate effectively.
Because the copper acetylide is linear and poirdingy from the ligand, other interactions,
in addition to repulsive interactions, may playoder Attractive interactions from ligand to
substrate, such asz interactions; can also induce the necessary energy gain in rée p
organized transition state and yield the productigh optical purity.

During the last decade;r interactions have more often been invoked in otdegxplain
the observed selectivities in transition metal lyaed reaction$=>*®*'*Also in the copper-
catalyzed propargylic amination with pybox ligaBfd z-z interactions may play a role. Such
interactions are imaginable if the aromatic ringled substrate is pointing towards the phenyl
substituent of the ligand and causes a T shapegtedimice interaction, also known as @GH-
interaction (Figure 5.7, typ&).'? This type of binding is fairly weak (~2 kcal/mo8nd can
probably not account solely for the observed seiéies. However, the total enthalpy may
become appreciable as a result of the interplayaryz-z interactions €.g.type B andC).
The two most enantioselective pybox ligan8fsand3h, bear their aromatic groups inces
orientation, allowing multipler-z interactions €.g. face-to-face interaction typ8). In
addition, the amine nucleophile,g.aniline, coordinatetrans to the pyridine-nitrogen atom,
can also participate in these stabilizing @Hhteractions (typeC), which may explain the
higher enantioselectivities found with aniline-typecleophiles.
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Figure 5.7 -r interactions &, B, andC) in the transition state of a monomeric copper-siex

The data derived from the catalysis with a small (fesubstrates (Table 5.3) shows an
increase in enantioselectivity if thesystem of the aromatic ring of the substrate igemo
electron-rich. This may be explained by a strongerinteraction between the substrate and
the ligand. As depicted in Table 5.2, the highesintioselectivity is obtained in protic dipolar
solvents such as methanol. This phenomenon isrejgmted by Diedericlet al. who states
that the apolar binding strength increases comglgteom apolar to dipolar aprotic solvents,
to protic solventg:*® According to Diederich water promotes the interactions the most. By
contrasts, our reaction is very slow in water affdrds the propargylic amine in almost
racemic form, although this may be a result ofitt®mogeneous reaction mixture.

The exact geometry of the transition state of @italgtic process is unknown (in Figure 5.7
a possible intermediate structure is given). Howetlee amine nucleophile, either the one
attached to the copper or one from the solutidachks from thdReface side, affording the-
enantiomer of the propargylic amine if§8R)-diPh-pybox ent3f) is used.

5.4.2 RELEVANT COPPER COMPLEXES IN LITERATURE

From the literature it is known that most crystalstures of copper-alkyne complexes
possess multiple copper atoMisThe acetylenic moiety can bind to the copper ionseveral
ways. Often coordination from a single acetylidetwm or more copper ions is observed
(Figure 5.8). Besides this, coordination of thetgeae to the copper is also possible with its
n-systenr-*?

R
Faty

\\\"'Cu\//

I "
Figure 5.8 Coordination behavior in copper-acetylene complexes
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Recently, Straub reported a computational studgakvg that dinuclear and tetranuclear
copper acetylide complexes are likely to give betesults in the copper-catalyzed azide-
alkyne cycloaddition than mononuclear compleXeilso the experimental evidence
indicates that the active copper complex in thdoaadition reaction requires at least two
metal centers, and one or more alkyne ligandsaseeChapter 1, § 1.25.

Diez et al. reported that the common mechanistic proposabluinvg a unique active
monomeric copper species is not fully satisfactdrfhe formation of a certain type of
copper complex is dependent on the copper precuasdrthe ratio between the amounts of
copper salt and ligand. Upon miximgPr-pybox in a 1 to 1 ratio with [Cu(GBN)4PFg] in
CH.Cl,, they isolated a dinuclear complek Figure 5.9), which retained its nuclearity after
reaction with NaCl to produce the complex {Cl{i-Pr-pybox}][PFs] 5.

N —|[PF6]2 N —I[PFG]
N\ / ,N\Z N\ /,Cl ,N\>:
R™ ¢ o R RO s
R/I, // \\ \ R R/l, // ,/ L\I R
N NS NS
S oY S
= =
4 5

Figure 5.9 Dimeric copper-pybox complexes

X-ray structure analysis of complex revealed that the copper atoms have different
coordination environments showing linear and distbrtetrahedral arrays. In a complex
similar to5 (counterion is CuGl instead of P§) no significant differences between the two
copper atoms were observed. Although, accordingheo NMR resonance signals, both
complexes are £symmetric in solution, at lower temperature th¢ NMR signals of
complex5 (with CuCh anion) become broad, proving a mixture of sevepakies. Diez also
stated that the occurrence of a monomeric speci@s @quilibrium involving mononuclear
and binuclear complexes in solution cannot be rolgd Nevertheless, a mechanism via a bi-
or multinuclear copper complex as the active céitagpecies has to be considered for our
reaction based on these reports. In the next gatti® chapter pathways for multinuclear
active copper complexes will be described.

5.4.3 MULTINUCLEAR COPPER COMPLEX

For the substrates with an aromatic side chainstbac interactions seem to explain the
observed selectivities, perhaps facilitatedrhby interactions (Figure 5.6 and 5.7). However,
the poor enantioselectivities found for the proghcgacetates with aliphatic side chaiesg.
i-Pr (Table 5.3, entry 10), are not well explaingdabmodel based on steric hindrance. Also
the unexpectedly high enantioselectivities obsefeedhis type of substrates with Me-pybox
as the ligand are difficult to explain. It is urdllg that aliphatic interactions between the
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substituents of the ligand and the substrate cthisehigh level of asymmetric induction,
because other ligands with alkyl substituents, astPr-pybox3b, are less selective.

As reported in the literature, the copper complexgl acetylene and pybox ligands often
consist of multiple copper ions and ligand molesu(eee 8§ 5.4.2). This suggests that a
multinuclear copper complex may be the most aatatalytic species in the enantioselective
propargylic amination. As illustrated by the inirate kinetics experiments, the kinetics
under the reaction conditions cannot be describedsianple first order in copper
concentration. At this point we can only speculatethe kinetics of the reaction, but the
presence of an active multinuclear copper spesiest unlikely in view of the results for the
azide-alkyne cycloaddition reactionide suprd. If the current opinion about the copper-
catalyzed azide-alkyne cycloaddition is correcg topper-pybox mixtures could also form
multinuclear copper species that are reactivearcttalytic process.

As stated before, we have to be careful with thterpretation of the ESI-MS results.
Nevertheless, the measurements do indicate theatmmof multinuclear copper complexes.
Furthermore, a clear dependence on the presem2¥&A on the composition of the reaction
mixture is observed. Presumably, this change inptexnconcentrations is the reason why the
reaction with DIPEA proceeds faster and more selegt Although the exact mechanism of
action is not clear, DIPEA could be thought to @ase the relative concentration of the more
reactive and enantioselective complex, lowering réte of competitive routes towards the
product. With the less selective Me-pybox, an eliginer abundance of multinuclear copper
complexes is observed in the ESI-MS measurements.

The results obtained by the kinetics and ESI-MSeerments suggest the formation of
higher copper aggregates. The question arises ethitbse complexes are only resting states
or active catalytic species (or their precursofddhough it is too early to draw conclusions
from the experimental data we have obtained so dimuctures such a8 and 7 can be
imagined. The formation 06 can be proposed based on compfexn Figure 5.9 (the
substituents of the pybox in front have been omhifte clarity).

T

"N o<~
/N O
N - a// - 7
/l;J\ N)Cq"'— N\/
// \\/ N 5
H2N /y R‘
/
H
Ar T
R1
6 7
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The chloride, or in our case an iodide ion is repthby the substrate-acetylide, which
coordinates probably to both copper ions (not showthe illustration). Coordination of the
amine nucleophile and liberation of the acetoxyoanieads to comple. The phenyl
substituent of the substrate should be folded uredgh the pybox ligand depicted at the back,
to give the amine the opportunity to attack frore Reface side, explaining the observed
absolute configuration of the product if§8R)-diPh-pybox ént3f) is used. In this proposed
transition state-n interactions may play a stabilizing role.

In complex7 the pybox ligand in front is omitted and only tw@ordinating nitrogen atoms
are drawn. We depict inthen-coordination of the acetylene to the second compeb. This
suggests that upon entrance of the amine, ther@hedensity at the second copper center is
increased, donating more electron density intontsgstem of the acetylene (Scheme 5.4).
This interaction forces the acetoxy group to lepuwaviding intermediate/. As mentioned
above, the activated propargylic position and tiména are now in the appropriate distance to
react with each other. All nucleophiles, that ggeod enantioselectivities with diPh-pybox
3f, possess an aromatic ring for additionat interactions and are able to coordinate to the
copper with a nitrogen atone.@. aniline, indole). This suggests the formation dhighly
organized transition state in agreement with treeoled high selectivity. Other nucleophiles,
e.g.the carbon nucleophile 2,2,5-trimethyl-1,3-dioxdné-dione, are deficient in one or both
of these properties and afford the products with do without enantioselectivity.

a| cl?| a| Clé)l a| cl?|
.Cu _ u .Cu
Cu\\C ;\N ~OAc_ N SNH, <, NN
x\ 2 \Ar \ \ 2 \\ \ 2
L H »H Ar H Ar
1 . W
R! OAc R! R" 7

Scheme 5.£roposed mechanism of the liberation of the acetpayp

If the complex as described above is the activalyiat species, the previously described
catalytic cycle (Scheme 5.3) needs to be modifiEde most abundant copper species
observed in the ESI-MS experimenty/Z 1105) and the supposed counterion,Cldad to a
neutral complex, which can be taken as the stamioigt for a modified catalytic cycle
(Scheme 5.5). The copper complex activates a neathyne (stepA), which upon
deprotonation with DIPEA gives the copper acetybgpecies (ste@). The acetylide is now
depicted as bonded to two copper ions, as discuEsede. As the amine enters, the acetate
group is released (st€p), affording a cationic intermediate, which is sliabd by resonance
(stepD). The resonance structure in which the cationsrgé is depicted at the 3-position of
the propargyl moiety, illustrates best how C-N bdadnation may occur. The regio- and
enantioselectivity of the reaction is most probatdyermined during the formation of the C-
N bond (stefE). After anion exchange, the product is releasetbtaplete the catalytic cycle
(stepF).
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Scheme 5.9odified catalytic cycle for dinuclear copper catl (L* = (4S5R)-diPh-pybox, X =
counteranione.g.l or acetylide)

Finally, we will try to give an explanation for thegh enantioselectivities observed with
Me-pybox for the reaction with propargylic acetabesaring aliphatic side chains. Probably
the most simple interpretation of this phenomersathe@ occurrence of a different mechanism,
or more specifically, the reaction proceeds via tla@o type of copper complex. The
coordination of the pybox ligand is not necessdidy and rigid. The two pybox ligands in
the crystal structure of Diez’ compldxare, for example, twisted around the copper-copper
axis and form a double-helical structure. If themer complex contains the more crowded
pybox ligands, such as diPh-pyb8k the steric hindrance of the substituents hamtlers
formation of higher copper aggregates.(more than two Cu ions) and the catalytic species
may look predominantly lik&'. When the ligand contains small substituents, \ikin Me-
pybox, the ligand attached to a the third copper vall fit and an even more reactive,
trinuclear copper intermediate, lilBmay be formed. Although the substituents are sorall
each ligand, the combined chirality of all thregalds, accompanied by a possible chiral twist
of the ligands, makes the copper environment dkeitldy high asymmetric induction in the
propargylic amination of several substrates witpheatic side chains. Nevertheless, the low
selectivities found with the Me-pybox for the cgta$ with the substrates bearing aromatic
side chains is not well understood. Perhaps, tfidity of the aromatic side chain interrupts
the formation of a well-defined trinuclear complafording the products via compleX,
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and/or via other complexes low enantiopurity. The complexity of the reactimixture of
this system, as observed in the ESI-MS experimgntshably implicates the existence of
several reactive species.

7 8

Of course more experimental results are requiredrder to get better insight into the
mechanistic aspects of the enantioselective copgiatyzed propargylic amination. Several
observations are still hard to explain, and thes@mé discussion is only a beginning of the
process of elucidating the mechanism of this readaekreaction.

5.5 CONCLUSIONS

Mechanistic aspects of the enantioselective copatatyzed propargylic amination reaction
have been discussed. Initial rate kinetics under rémction conditions revealed that the
catalysis cannot be described as a simple firsgrgodbcess in copper concentration. ESI-MS
experiments indicated the formation of multinucleapper complexes, which might be the
active species in the catalysis. Although the matfrthe active species is unknown, one of
the first steps in the catalysis is the formatiénacopper acetylide. After liberation of the
acetate moiety, the acquired achiral intermediatatiacked by the amine nucleophile in an
enantioselective fashion. In this stepr interactions could play a role as indicated by the
substrate and solvent dependence on the enantibgjewith the diPh-pybox ligand. The
catalysis with Me-pybox and propargylic acetatethwailiphatic side chains, possibly occurs
via a different active copper complex. More expemtal resultse.g. crystallization of the
copper pybox complexes for crystal structure deiggition, computational calculations on
the proposed intermediate structures, more infag¢ kinetics measurements, and broader
substrate and nucleophile studies, are requiredrder to get a better insight into the
mechanism of the enantioselective copper-catalprepargylic amination.
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5.7 EXPERIMENTAL SECTION

General Remarks — The general information is described in Chapterari 3. ESI-MS
measurements were performed on a Finnigan LXQiieetrap mass spectrometer.

Standard reaction for HPLC measurements.Copper iodide (3.8 mg, 0.020 mmol) and pyl8ix
(12.6 mg, 0.024 mmol) were stirred in MeOH (1.4 nity) 20 minutes. To the acquired red solution,
1-phenylprop-2-ynyl acetate (35 mg, 0.20 mmol) ie®H (0.3 mL) was added. The mixture was
stirred for 15 minutes, followed by addition of @wion of o-anisidine (45 pL, 0.40 mmol), DIPEA
(140 pL, 0.80 mmol) and ethylbenzene (24.8 uL, Or2fol, internal standard) in MeOH (0.3 mL).
The reaction was followed in time by taking at mids small aliquots from the reaction mixture and
filtrate these over a short pad of silica followad injection into the chiral HPLC apparatus. HPLC
conditions:Chiralcel AD-H, Heptane/IPA 99:1, 1.0 mL/mik,= 254 nm: ethylbenzene (3.3 min), 1-
phenylprop-2-ynyl acetate (7.0 and 7.6 mimgnisidine (11.6 min), 2-methoXy-(1-phenylprop-2-
ynylaniline (9.1 and 12.4 min).

Initial-rate kinetics with NMR. The substrate was dissolved in {0ID and added to a solution of the
copper-pybox complex in GOD in a NMR tube. With the addition of a solutiohaanisidine and
DIPEA in CD;OD to the NMR tube, the reaction was started. Adigck mixing, the NMR tube was
placed in the NMR apparatus. The first datapoing wallected after 1 or 2 minutes afteanisidine
addition. Every minute a spectrum was measuredcéh)s The integrals of the-H signal of the
substrate (6.42 ppm) and product (5.33 ppm) weed t@ the determination of the conversion.

ESI-MS Measurements. An alkaloid tube was filled with stock solutiond the appropriate
substances in methanol, followed by addition offraabl to afford a total amount of 5@Q and a
copper concentration of 0.8 mM. Amounts of stodkitson added of respectively Cul-pybox (10D,
ratio 1:1.2, 4 mM in [Cu]), 1-phenylprop-2-ynyl date (40uL, 100 mM), o-anisidine (40uL, 200
mM), and DIPEA (4QuL, 400 mM). The stock solutions ofanisidine and DIPEA were mixed before
addition. The solution in the alkaloid tube wasrthmhly mixed and subsequently injected in the ESI-
MS at a typical flow rate of 20L/min. The scan range wagz 100-2000.
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