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. Introduction

1. Theoxazolinering

Hererocycles represent important structural matifsrganic chemistry, serving as latent
functionalities for the construction, elaboratiomdgunctionalisation of organic molecules. They
are also used as protecting groups for sensitivietras in synthetic sequences and for directing
chemical reactions when acting as organocatdlystsas chiral ligands in metal-catalysed
reactions’ A very well established class of heterocyclic sirdre the 4,5-dihydro-1,3-oxazole
rings which are present in many biologically acthatural product.The rigid and quasi-planar
4,5-dihydro-1,3-oxazoles, commonly known as 2-okaese or simply oxazolines (Figure 1.1.1),
first appeared in the literature in 1884.

0]
5[ />—R R = H, alkyl, aryl
4N

Figure 1.1.1: 4,5-dihydro-1,3-oxazole

When the oxazoline ring contains a substituentgiothan hydrogen) at the 4- and/or the
5-carbon positions, the molecule is chiral. Earfjerapts to obtain enantiomerically pure
compounds go back to E. Fischer, in 1894. A nurobeeliable preparative methods developed
for this heterocycle at that time are still vallakdnd in use today. Oxazolines are usually
prepared fromz-amino alcohols (easily obtained by reduction o ttorrespondingt-amino
acids) and nitriles or carboxylic acid derivatiekiral pool-based synthesis, see Scheme 1°1.1).

One major advantage that oxazolines offer to thehgfic chemist is the fact that they
can readily be prepared in enantiomerically punmenfédrom optically purez-amino alcohols.
This attractive characteristic along with theirbslity towards hydrolysis and oxidation renders
the oxazoline unit suitable for the design of dhiigands for enantioselective catalysis. Indeed,
uponN-coordination, the stereodirecting substituentsl@acated in close proximity to the metal

centre and high selectivities may be expected talytéc reactions.

! For examples, see: a) G. C. Rac. Chem. Res. 2004 37, 542; b) K. N. Houk, B. ListAcc. Chem. Res. 2004 37,
487; c) N. Marion, S. Diez-Gonzélez, S. P. Nokamgew. Chem. Int. Ed. 2007, 46, 2988;Angew. Chem. 2007, 119,
3046.

2. Ojima, Catalytic Asymmetric Catalysis, Second Edition, Wiley-VCH00Q

% a) B. S. DavidsorChem. Rev. 1993 93, 1771; b) J. P. Michael, G. Pattendéngew. Chem. Int. Ed. Engl. 1993
32, 1; Angew. Chem. 1993 105, 1 and references therein.

* R. AndreaschiVionatsh. Chem. 1884 5, 33.

>T. G. Gant, A. |. Meyersletrahedron 1994 50, 2297.
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NH-HCI O O

N=—R2 J ZJJ\

R2” “OEt R?” “OH R

Q
L=
1 N

Scheme 1.1.1: General procedures for the preparation of enamt@pxazolines

R

2. Development of oxazoline-based ligands for asymmetric catalysis

Metal-catalysed asymmetric synthesis is a poweduoll since large amounts of optically
active products can be synthesised using a smauaimof active cataly$t.Most of these
catalysts are metal complexes containing a chirglamic ligand which sterically and/or
electronically controls a metal-mediated processsuth a way that one stereoisomer is
preferentially formed.

It is only since 1986 that oxazoline-based liganage been used in asymmetric catalysis,
originally for the monophenylation of di§i8and later the hydrosilylation of keton®s**?This
initiated considerable research activity in thédfiand triggered the synthesis of numerous chiral
ligands containing at least one oxazoline strutumi.'* Oxazoline units are expected to readily
coordinate a metal centre and they have been shownnd to a wide range of transition

metals:* The diverse range of ligands with one, two or morazoline rings incorporating

® a) H. Brunner, W. ZettimeieHandbook of Enantioselective Catalysis with Transition Metal Compounds, Vol. 1
and Vol. 2, VCH, New-York, 1993 b) I. Ojima, Asymmetric Catalysis in Organic Synthesis, VCH, New-York,
1993 c¢) R. Noyori,Asymmetric Catalysis in Organic Synthesis, VCH, New-York,1994 d) D. J. Berrisford, C.
Bolm, K. B. Sharplessingew. Chem. Int. Ed. Engl. 1995 34, 1059;Angew. Chem. 1995 107, 1159; e) C. Girard,
H. B. KaganAngew. Chem. Int. Ed. 1998 37, 2922;Angew. Chem. 1998 110, 3088; f) E. N. Jacobsen, A. Pfaltz, H.
Yamamoto,Comprehensive Asymmetric Catalysis, Vol. 1, Springer, Berlin 1999 g) J. S. Johnson, D. A. Evans,
Acc. Chem. Res. 200Q 33, 325.

" A. Togni, L. M. VenanziAngew. Chem. Int. Ed. Engl. 1994 33, 497;Angew. Chem. 1994 106, 517.

® H. Brunner, U. Obermann, P. WimmdrOrganomet. Chem. 1986 316, C1.

° H. Brunner, U. Obermann, P. Wimmérganometallics 1989 8, 821.

94, Brunner, U. Obermann, P. Wimm@&hem. Ber. 1989 122, 499.

' H. Nishiyama, H. Sakaguchi, T. Nakamura, M. Hodh&1. Kondo, K. ltohOrganometallics 1989 8, 846.

12G. Balavoine, J.-C. Clinet, |. LellouchEstrahedron Lett. 1989 30, 5141.

13 'a) C. Bolm,Angew. Chem. Int. Ed. Engl. 1991, 30, 542; Angew. Chem. 1991, 103, 556; b) C. Bolm, K.
Weickhardt, M. Zehnder, D. Glasmachielv. Chim. Acta 1991, 74, 717; c) A. PfaltzActa Chem. Scand. 1996 50,
189; d) A. K. Ghosh, P. Mathivanan, J. Cappi€lletrahedron: Asymmetry 1998 9, 1.

14 a) M. Gémez, G. Muller, M. Rocamor@pord. Chem. Rev 1999 193, 769; b) P. Braunstein, F. Naugingew.
Chem. Int. Ed. 2001, 40, 680;Angew. Chem. 2001, 113, 702.
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various heteroatoms, additional chiral elements, gecific structural features have been used
in a wide range of asymmetric reactidns.
A selection of chiralP,N-, C,N-, N,N-, O,N-, SN-oxazoline-based ligands which are

widely applied as powerful tools in asymmetric bgtis is depicted in Figure 1.1'2°

P70 o
Oﬂ\ (\ _<O
0 0 N j\
ArZP/ N‘Jo \N

0
\ N O R
Ph,P N—(, \( Rl/
R R
phosphino-oxazolines oxazoline-phosphinites carbene-oxazolines

O/>L
Rl ~ R
O N

— O

2

LA i, J¢

N N R N R3 $S

HO N
Rl

pyridinyl-oxazolines hydroxymethyl-oxazolines oxazoline-sulfoxides

Figure1.1.2: Selected chiral oxazoline-based ligands for asymmeatalysis

The successful use of oxazoline-based ligands waall@led by that ofC,-symmetric

semicorrin ligands (Figure 1.1.3), of which thesfiexamples were also published in 1$86.

Figure 1.1.3: Semicorrin derivatives for asymmetric catalysis

The advantage of these ligands lies in the fadtttieatwo stereogenic centres are held in
close proximity to the metal and thus have a stramg direct influence on the stereochemical

course of a metal-catalysed process. Semicorramtlg were successfully applied in asymmetric

*H. A. McManus, P. J. GuingGhem. Rev. 2004 104, 4151.

16 3) F. Fache, E. Schulz, M. L. Tommasino, M. Lemalhem. Rev. 200Q 100, 2159; b) G. Helmchen, A. Pfaltz,
Acc. Chem. Res. 200Q 33, 336; ¢) O. B. Sutcliffe, M. R. Bryc&etrahedron: Asymmetry 2003 14, 2297; d) A. I.
Meyers,J. Org. Chem. 2005 70, 6137; e) L. H. Gade, S. Bellemin-Laponn@pord. Chem. Rev. 2007, 251, 718.

Y H. Fritschi, U. Leutenegger, A. PfaltAngew. Chem. Int. Ed. Engl. 1986 25, 1005; Angew. Chem. 1986 98,
1028.
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catalysis'® The related structure of bisoxazolines and semife®prompted several groups to
investigate the synthesis and the potential of ¥a@zoline ligands (BOX) in enantioselective
catalysis. ChiralC,-symmetric bisoxazoline ligands with a wide struatuliversity have been
introduced since 1989, going from bidentate tcaté#ntate bisoxazoline ligands. Representative

structures of these ligands are shown in Figuretl.1

R! R!
07><(O e pve
2 2
LY <A LA

R~ N N ™g

Py

Py
Py
Py

o) o)

o 0 N e 4 M

| \Q 1 | N N

N N N N Ph,( .1Ph
R R R OR RO

Ph °
O O e O\T/O A @Q j\
P N R

S _, PPh

0N 70 O N N7 o © pph
\\<N N>) ST R

%
., e<7

R R

Py

Figure 1.1.4: Someexamples of chiral bisoxazoline ligands

The development of bisoxazolines added a new dimerne ligand design in terms of
flexibility, convenient synthesis and availabilioy ligands in both enantiomeric forms. During
the past two decades there has been a rapid growtie applications of these ligands in
asymmetric catalysis and they have proven theierng@l to give both high activity and
selectivity in metal-catalysed enantioselectivectieas 9141319

Given the extensive body of synthetic work carread for the design of bisoxazoline
ligands leading to efficient catalysts, the relatiesbxazolines have begun to receive increasing
attention. The next part of this chapter focusseshe development of trisoxazoline ligands for

asymmetric catalysis.

'8 A, Pfaltz,Acc. Chem. Res. 1993 26, 339.
19 G. Desimoni, G. Faita, K. A. Jgrgens@hnem. Rev. 2006 106, 3561.
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II. Development of chiral trisoxazolines and applicatios in asymmetric

catalysis

1. Introduction

Bisoxazolines possess a number of attractive adgast versatility of ligand design,
straightforward synthesis of the ligands from rgadvailable precursors and variability of the
chiral centres, which are located near the dormmat Based on the straightforward accessibility
and applicability of bisoxazolines, the developmehtheir tridentate analogues, trisoxazolines
(trisox), has gained increasing interest. The tloxdzoline unit is anticipated to increase the
stability of a metal complex to give rise to morie- and (possibly) water-stable catalysts.
Moreover, trisoxazolines are expected to create aensterically hindered chiral space,
compared to bisoxazolines allowing the use of $#escally hindered and cheaper chiral sources
to reach high enantioselectivity.

Concerning symmetry, it is known that bident@esymmetry may reduce the number of
possible diastereomers for tetrahedral or squamaplcatalytic intermediates whillz symmetry
may create a favorable situation in an octahedmirenment?® Thus, Cs-symmetric
trisoxazolines can be viewed as versatile ligamdsetal-catalysed enantioselective reactions
involving higher deltahedral intermediates, an aspdich will be developed in the next part of
the chapter.

In the early 90s the group of Sorrell initiated tady aimed to extend the family of
oxazoline ligands to include those possessing fibictegaymmetry. This led to the first report of

the synthesis of an achiral trisoxazoline in 199igre 1.2.1)*

Figure 1.2.1: The first trisoxazoline reported in the literature

20 C. Moberg,Angew. Chem. Int. Ed. 1998 37, 248;Angew. Chem. 1998 110, 260.
LT, N. Sorrell, F. C. Pigge, P. S. Whiteorg. Chim. Acta 1993 210, 87.
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Since Sorrelkt al. reported a simple and inexpensive route to oliteaxazoline ligands
new trisoxazolines, including chiral derivativegve emerged in the literature. The synthetic
strategies and methods developed for the preparafitrisoxazolines are summarised and some
interesting applications of these ligands are dlesdrin the next part. For further information the

readers can refer to the recent review from Teiraf).*?
2. Synthesis

According to the literature on the design of neisoxazoline ligands, one can clearly
identify two different synthetic strategies (Schein2.1). The first one consists in the formation
of the three oxazoline units in one step by sedalenyclisation () and the second one is a
modular strategyl() based on the reaction between pre-formed oxazbtlased intermediates.

First, method is presented and the advantages as well as thatioms of this strategy
are discussed. This will lead to the investigatibrthe other synthetic method ). In a second

part, the modular strategy and its implicationgand design is delineated.

Direct synthesis| Modular synthesislI
Ox oxt
o Ox oxt Ox2
oxt
+ D_OXZ
oxt
@ oxazoline precursor Ox = oxazoline unit [ |

} reactive sites

O backbone Oxl=0x or OX+ OX o

Scheme 1.2.1: The two strategies designed for the synthesissiiXazolines

2. Zhou, Y. YangChem. Soc. Rev. 2005 34, 664.
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a. Direct synthesis

The first reported trisoxazoline, the achi@atsymmetric trisoxazolind (Scheme 1.2.2),
was prepared using classical procedures for thadton of oxazoline units. This implies that
the trisox was obtained either by a reaction cardbaxylic acid, or its derivatives, widramino
alcohols followed by cyclisation or by direct condation of nitriles withw-amino alcohols in
the presence of a Lewis acid. The synthetic proeedeported by Sorrell for the preparation of
the tetradentate trisoxazolidestarting from a triester is depicted in Scheme2f2

oo

HO NH, ©
o "&/ H cyclisation agents g N N
N O Ny oH = 2o
o) 3 o 1- 3 N)J

A

Scheme 1.2.2: Synthetic procedure to obtain trisoxazolke

They suggested at the time that a variation ofdttsnino alcohol could allow facile
synthesis of chiral analogues using this simpldarstic route. Various optically pureamino
alcohols are commercially available (witRr, sBu, tBu, Me or Ph as substituents) or can be
readily prepared by reduction of the correspondiragnino acid$® Synthetic methods to obtain
new chiral a-amino acids have also been developed by orgarémisit®® a non negligible
advantage for the further synthesis of chiral w&mlines, as well as for the synthesis of other
chiral oxazoline-based ligands.

The synthesis of chiral analogues/fwas achieved by Katsukt al. in 1995%° They
reported the preparation of two chif@-symmetric trisoxazolines using the synthetic pduce
depicted in Scheme 1.2.2 witlp{valinol and §-phenylglycinol as amino alcohols (Figure
1.2.2).

% a) A. Abiko, S. Masamundetrahedron Lett. 1992 33, 5617; b) M. McKennon, A. I. Meyers, Org. Chem.
1993 58, 3568.

24 J.-A. Ma,Angew. Chem. Int. Ed. 2003 42, 4290;Angew. Chem. 2003 115, 4426.

K. Kawasaki, S. Tsumura, T. Katsulinlett 1995 1245.
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N (0 Pr N o) Ph
- =

iPr Ph

A-1 A-2

Figure 1.2.2: The first two chiralCs-symmetric trisoxazolines

Two years later they described the synthesis oth@mncseries ofCs-symmetric chiral
trisoxazolines of the same type using, among othaisal synthetic amino alcohd$.Yields
from 24 to 75% were obtained for the last step l(sgtion) which was generally the step with
the lowest yield observed during the synthesis.

An alternative synthetic route for the preparatid\-type trisox was developed by Chan

et al.?’ They reported the synthesis Afl in three steps starting from a triacid a®\aline
(Scheme 1.2.3).

HO  NH,

} ( OH OH cyclisation
- H NaBH, H
OH o iPr N N agents

0 3 O ipr 3 O iPr 3

Scheme 1.2.3: Alternative route for the synthesis of typdrisoxazolines

The success of the direct synthesis of trisoxaeslinased on the method developed by
Sorrell led to the design of several new chZglsymmetric trisoxazolines with various corea
the same synthetic strategy. All the trisoxazolimerporating a new backbone obtained
methodl are represented in Figure 1.2.3.

%6 K. Kawasaki, T. KatsukiTetrahedron 1997, 53, 6337.
2’T. H. Chan, G. Z. Zhen@an. J. Chem. 1997, 75, 629.
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SRE, 3
R 7~0 R R£ N/>§— = Ox

N

Figure 1.2.3: Chiral Cs-symmetric trisoxazolines incorporating various kimmnes

Synthesis oB-type trisox (Figure 1.2.3) with a central carbdona was accomplished in
the group of Katsuki in 2008. This ligand was designed to investigate the imfageof the
central nitrogen atom on the catalytic species@nthe enantioselectivity by comparing béth
and B-type trisox. That same vyear, Bolmt al. reported the preparation of-type
trisoxazoline$’ These tripods, incorporating a rigid cyclohexareckbone, were prepared
starting from Kemp’s triacid. For applications indtrguest complexes, two benzene-baSgd
symmetric trisoxazolines were independently syrigeesby Ahnet al. in 2006° (D, Figure
1.2.3) and the following year in the group of Hafg Figure 1.2.3}* The synthetic methods
employed to obtain the two benzene containingtasgolines are similar.

PseudoCs-symmetric trisoxazolines were also prepared usiegdirect route starting
from a triester. Tangt al. accomplished the synthesis of a new type of tspBdwhereF-1*
and F-2*2 differs in the length of the alkyl-chain bridginiget apical methyl group and the third

oxazoline unit (Figure 1.2.4).

8y, Kohmura, T. KatsukiTetrahedron Lett. 200Q 41, 3941.

29T -H. Chuang, J.-M. Fang, C. Boli®nth. Commun. 200Q 30, 1627.
%0'S.-G. Kim, K. H. AhnChem. Eur. J. 200Q 6, 3399.

31 H.-J. Kim, Y.-H. Kim, J.-I. HongTetrahedron Lett. 2001, 42, 5049.
2. Zhou, Y. Tang). Am. Chem. Soc. 2002 124, 9030.

). Zhou, M.-C. Ye, Y. Tang), Comb. Chem. 2004 6, 301.
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' O N
i/ ﬁj y{w f\uj
N P
4 N\/_/O R R SO/
R d

F-1 F-2

Figure 1.2.4: PseuddCs-symmetric trisoxazolines

In summary, methodl has proved to be an inexpensive and simple proedduobtain

Cs- and pseuddCs-symmetric trisoxazolines. The desired tripods @o&ined in two or three
steps and the diversity af-amino alcohols provides access to a large varadtyigands.
However, the direct synthesis usually gives poaidg in the key step (the ring closure).
Additionally, this method suffers from an importairawback: the possibility to generate only
Cs-symmetric (or pseud@s-symmetric) trisoxazolines. Even if it is a conwarti method to
afford the desired highly symmetrical ligands,atl$ to provide non-symmetric trisoxazolines.
This significant limitation of the direct synthessrategy can be overcome by using an
alternative synthetic procedure for the preparabbrrisoxazolines in the form of a modular

strategy.

b. A modular strategy in the synthesis of trisoxazsgin

The use of a modular strategy for the synthesiacbiral and chiral trisoxazolines was
first introduced by our group in 2062* A new synthetic procedure was developed to give
access to 1,1,1-tris(oxazolinyl)ethane ligands {Ffegl.2.5), the trisoxazolines which derive
directly from 1,1-bis(oxazolinyl)ethane speciesddad the synthesis of these trisoxazolines,
which provides a geometry of the metal binding swtdch is in principle most adapted to a

tripodal coordination mode, proved to be elusiveaftong time?

o
O "1/(
yﬂcﬁ
N N
R -
R

G

Figure 1.2.5: Structure of 1,1,1-tris(oxazolinyl)ethane ligands

% 3. Bellemin-Laponnaz, L. H. Gadehem. Commun. 2002, 1286.
% s. Bellemin-Laponnaz, L. H. Gadéngew. Chem. Int. Ed. 2002 41, 3473,Angew. Chem. 2002, 114, 3623.
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Attempts to synthesise these tripodal ligands bgusstial formation of the three
oxazoline units failed due to decarboxylation agldted decomposition of the precursors during
the formation of the third oxazoline ring. Direginghesis is not suited for the preparatiorGoef
type ligands (Figure 1.2.5). Coupling of a readigcessible bisoxazoline derivative with a
preformed activated monooxazoline ring affordsdbsired 1,1,1-tris(oxazolinyl)ethane ligands
(Scheme 1.2.4). This condensation reaction comssitine basis of the modular strategy.

) y — "D

Scheme 1.2.4: Modular assembly of the trisoxazolin@sby reaction of metalated bisoxazolines with 2-
bromooxazoline derivatives

The strategy, which is formally based on a {1+2hdensation scheme of a lithiated
bisoxazoline with a 2-bromooxazoline, has proverbéoefficient for the synthesis of highly
symmetric chiral 1,1,1-tris(oxazolinyl)ethane ligan(chiral C3-symmetric trisox with R 3Pr
and R =tBu).

Our synthetic method allows the high-yield accesssymmetric trisoxazolines and
tripods with mixed substitution patterns. The maeduynthesis turned out to be a versatile
method to combine three oxazoline units to forranigs possessing; as well asC; symmetry*®

With the aim to expand the library of pseu@gsymmetric trisoxazoline based ligaries
Tanget al. applied the modular synthesis in 2004. Couplingvben deprotonated bisoxazolines
and 2-halogenomethyl oxazolines gives access tcexipected trisoxazolines (Scheme 1.2.5).
This strategy allows the incorporation of a broadety of substituents at the stereogenic centre,
such as benzyl-butyl and indanyl groups, to form pseu@gsymmetric trisoxazolines and

trisoxazolines with mixed oxazoline units3®

RGREIO/H . &W)\(i

N X
R R

1; z R
R'R 172 <
‘ <IIR6 R R R

RO R4 RS X = Br, Cl

Scheme 1.2.5: Modular assembly of the trisoxazolinesl by reaction of metalated bisoxazolines with 2-
halogenomethyl oxazolines

% M.-C. Ye, B. Li, J. Zhou, X.-L. Sun, Y. Tang, Org. Chem. 2005 70, 6108.
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Notably, some pseud&s-symmetric trisoxazolines could not be obtained thg

previously described direct synthesis, demonstyatie superiority of the modular synthesis.

c. Conclusion

Both methodsl and Il for the synthesis of chiral trisoxazolines haveven to be
efficient. They allow the formation of a broad rangf ligands with various backbones and with
facile variation of the substituents present onstieeeogenic centre.

Inspired by the versatility of bisoxazoline ligantissoxazoline ligands have been applied
in asymmetric catalysis to test their catalytiaeéincy and selectivity. Examples of application
in asymmetric catalysis or in molecular recognitadrthe different types of trisoxazolinédsF

described above are presented in the next part.
3. Applicationsin asymmetric catalysis and molecular recognition

Katsuki et al. were the first to report the use of trisoxazolligands in asymmetric
catalysis”® Optically active trisoxazolin& was synthesised to mimic the active site of nomée
oxygenases and its copper(ll) complex was founldet@an efficient catalyst for enantioselective
allylic oxidation of cycloalkenes. Since this firdéscription of the successful application of a
trisoxazoline in asymmetric catalysis, trisox ligarwith different backbones have already found
use in several enantioselective reactions suchriasldrCrafts, Michael addition, 1,3-dipolar
cycloaddition, Diels-Alder reaction, addition okthylzinc to aldehydes and cyclopropanafion.
Excellent results have been achieved in some sktheactions. Molecular recognition has also

been the focus of research interest with some Idnisaxazolines.

a. Chiral trisoxazolines of typA andB

As previously said, the use Afin the Kharash-Sosnovsky reaction was the finsorted
application of chiral trisoxazolines in asymmetatalysis. After carefully examining the effect
of metal salt, solvent, oxidant, ligand structunel additive, it was found that phenyl-substituted
ligand A-2 in combination with Cu(OT$)could promote the oxidation of cyclopentene wigh e
value up to 93% in acetone. However, other cycleadis only afforded low yield and moderate

enantioselectivity (Scheme 1.2.6)%°
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OBz

@ > PhCQtBuU / 4A MS *
n @;)
n

5 mol% Cu(OTf)

a 7.5 mol% ligand
(@]
), =0 )
N—/ /3 N~/
A-2 '/Ph B CgH4-p-OMe
Yield ee Yield ee
(%) (%) (%) (%)
aln=1 30 93 (S) 73 85 (R)
azn=2 14 66 9 80 82®
azn=3 4 60 (9 64 88 R
a4 n=4 11 64 S 25 85 R

Scheme 1.2.6: Kharash-Sosnovsky reaction catalysedAbyndB-type chiral trisoxazolines

A-type ligands are potentially tetradentate and @areconsider that the nitrogen atom at
the core of the trisox might coordinate to the capgentre. It was anticipated that the structure
of the catalytic intermediate would be differentemhthe backbone do not possess a potentially
coordinating atom. Thug-type trisoxazolines were synthesised by Katstikl. and applied to
the same reactiofi.The results are summarised in Scheme 1.2.6 foeatdomparison with the
corresponding tetradentate ligand. Notably, ogand led to the formation of ti&enantiomer
and the other to the formation of tReenantiomer, under the same reaction conditions éve
both ligands had stereogenic centres with the sanmality. This suggests that the geometry of
the copper ion coordinated Byis different from the geometry of the copper imated byA-2.
Generally, the use @-type trisoxazoline led to higher enantiomeric and yields in the
oxidation of cycloalkeneal-a4.

Regarding the mechanism of allylic oxidation, atlydmination was expected to proceed
in the same way. Thus, Katsudti al. also tried ligandA in the asymmetric allylic reactioh.
After optimisation of the reaction conditions withe achiral version of the trisox, they applied

ligand A-2 in the asymmetric amination of compoun@Scheme 1.2.7).

37Y. Kohmura, K. Kawasaki, T. Katsuk$ynlett 1997, 1456.
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Acetone, 0°C

NHPh

L*/Cu(OTH),
b (0.05 eq)
0. X o
QO
L* N \\) 3/{\1 [\\|\>
3 L
AN2 > tBU tBu
"4 Ph
Yield (%) 4 3
ee (%) 28 7

Scheme 1.2.7: Allylic amination catalysed b#-2 trisox andtBu-BOX

Even if this application of th€s-symmetric trisoxazolinéd-2 was not successful one can
notice that the trisoxazoline gave higher seletstithan the bisoxazoline under the same reaction
conditions.

The same observation was made by Cétaal. when they applied trisoxazolire-1 in
the enantioselective addition of diethylzinc to baldehyde. They found that their ligand was

able to catalyse the addition of diethylzinc to zmdehyde with ee up to 82% (Scheme 1.28).

(0]

OH
Et,Zn B
H ©/v
L*
X

C

|
@] ~
Al 7 B
/\ /\

92% vyield, 82% ee <20% ee

Scheme 1.2.8: Addition of EbZn to benzaldehyde catalysed Al andiPr-Pybox

Noticeably, the tridentate bisoxazolin®i(-Pybox) achieved only less then 20% ee under
the same reaction conditions. This suggests that dhiral environment created by the

trisoxazoline was more effective for this reactiban the one from the Pybox.
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b. Chiral trisoxazolines of typ€

Kemp’s acid derive@-type trisoxazolines were also applied in asymmaaitalysis’ In
the allylic oxidation of cyclopentergl (Scheme 1.2.6) the phenyl-substituted ligand ptdee
be better than its analogues (methyl- and isopreplktituted trisox) but only a moderate ee
value was obtained: 94% vyield, 45% €&9.(In the asymmetric addition of diethylzinc to
aldehyde the isopropyl-substituted trisox was thestrefficient. However, the cyclohexane-
based ligands again only afforded moderate ee y¢#L89% ee, 46% yield).

c. Chiral trisoxazolines of typP andE

Benzene-based trisoxazolines were initially appliedmolecular recognition and the
group of Ahn mainly contributed to the use of tkism host-guest complexes. The first
successful result reported in the literature waspttomising application db-type trisoxazolines
as artificial receptors for alkylammonium iofisThe chiral recognition ofi—chiral primary
ammonium ions was mostly achieved inCa& or Cysymmetric environment. Ahret al.
accomplished for the first time the enantiomerimognition ofa—chiral primary ammonium ions

usingCs-symmetric trisoxazoline® as the acceptor (Figure 1.238).

O/>
- IIIPh
N

N” 0
-
PA
Racemic ammonium guest Enantioselectivity Extraction

a-phenylethylamine 71R®):29© 82
a-(1-naphtyl)ethylamine 70:30 99
phenylglycine methyl ester 780 :22 R 60
alanine methyl ester 5301 :47 R 41

e of the ammonium ion extracted from excess racemic REIH

Figure 1.2.6: Enantioselective binding of trisoxazolibetoward racemic ammonium salts and % extraction

With the knowledge that the three nitrogen atonesnfthe trisoxazolines can act as H-
bonding acceptors and that a central aromatic graap act as—donor for CHx interactions,

$5.-G. Kim, K.-H. Kim, J. Jung, S. K. Shin, K. HhA, J. Am. Chem. Soc. 2002 124, 591.
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Honget al. focused on the application of their benzene-bassaolx E as artificial receptors for
sugar and alcohof&.

In the course of their study on the selective makacrecognition of ammonium over
potassium ions using benzene-based trisoxazdres artificial receptors, Ahet al. found that
these ligands have significant affinities towardstagsium iong® This finding led to the
evaluation of the trisoxazolines as chiral ligandscatalytic enantioselective reactions that
involve complexes of potassium ions such as patassenolates. They applie®-type
trisoxazolines in the Michael addition of methyleplylacetate to methyl acrylate (Scheme
1.2.9).

O\ % O\ L*
ng . /Y P MO\

O/>
~ Haipr
N

Scheme 1.2.9: Enantioselective Michael addition catalysed bydH®tBu complexes

It was found that thé-type trisoxazolines in combination with potassitiutoxide
afforded the desired product in moderate to highdg with ee values up to 82% using the
butyl-substituted trisoxazoline. Ahat al. proposed that the ligand coordinates to the ptass
enolate in a tripodal fashion. Two control expenmtse confirmed this suggestion: D in
combination with sodiunt-butoxide proved to be unsuccessful in this reacti) bisoxazoline

D’ failed to promote this reaction.

%K. H. Ahn, S.-G. Kim, J. Jung, K.-H. Kim, J. Kir, Chin, K. Kim,Chem. Lett. 200Q 170.
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d. Chiral trisoxazolines of typE

PseudoCs-symmetric trisoxazolines have been employed inouar enantioselective
catalytic reaction&® Tanget al., who were interested in the potential “sidearnecff chose the
modular synthesis to prepare pseudgsymmetric trisoxazolines, trisoxazolines with nixe
oxazoline units and bisoxazolines functionalisethwi large variety of sidearms.

With the aim of probing the effect of the structuddferences between bisoxazolines and
pseudaCs-symmetric trisoxazoline$;-1 was first applied in the Friedel-Crafts reactionrafole
with alkylidene malonated (Scheme 1.2.10).

COR!
1
@ Re N COR L¥ICu(CIO,), ROLTNaR?
+
N COR! N
d N

Scheme 1.2.10: Enantioselective Friedel-Crafts reaction of indalth alkylidene malonates

The first enantioselective version of this reattwas reported by Jargenseral. with
bisoxazolines as chiral ligands and the catalsi-BOX/Cu(OTf) afforded ee values up to
69%2! Tang and coworkers found that the chiral catafysf/Cu(CIOy), could catalyse this
reaction with yields and ee values up to 99 and #88pectively’® A screening of the reaction
conditions and the ligands was carried out to imeriie enantiomeric excess and to understand
the differences observed between the ligafnd&*>*3 Al their results support the idea that
coordination of the side-armed oxazoline in tri$e4 tuned the electronic and steric properties
of the catalyst to influence the enantioselectiaityl reactivity and to lead to improved catalytic
properties compared to the bisoxazoline analogues.

PseudoCs-symmetric F-type trisoxazolines also proved to be efficienttive copper

catalysed Diels-Alder reaction of cyclopentadieri \ketoestee (Scheme 1.2.11).

40 See for example: a) M.-C. Ye, J. Zhou, Z.-Z. Hua¥igTang,Chem. Commun. 2003 2554; b) Z.-Z. Huang, Y-B.
Kang, J. Zhou, M.-C. Ye, Y. Tan@rg. Lett. 2004 6, 1677; c) M.-C. Ye, J. Zhou, Y. Tang,Org. Chem. 2006 71,
3576.

“LW. Zhuang, T. Hansen, K. A. Jgrgens&hem. Commun. 2001, 347.

423. Zhou, M.-C. Ye, Z.-Z. Huang, Y. Tanlj,Org. Chem. 2004 69, 1309.

43J. Zhou, Y. TangChem. Commun. 2004 432.
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0
o L*/Cu(ClO,), ; HAr
O AR

e O O” “COR
A ., O
o) 0 | o / '\
i o N e LN
N  N— | IJ N o tBu
z N N— tBU
R R 3 /
H1 R =tBu /\ B4
H2 R = Ph | BUF-1
L* Temp (OC) Y|e|d (%) exo/endo ee% (endo)
H1 -35 52 8/92 53
H2 -35 58 8/92 0
| 0 63 12/88 4
tBu-F-1 -35 64 3/97 71

Scheme 1.2.11: Enantioselective Diels-Alder reaction of cyclopdiene with ketoester

Here again, the bisoxazolined1 andH2) failed to achieve better activity as well as
selectivity than the trisoxazolines. It should h#ed that the tridentate bisoxazolihahowed
almost no selectivity as well as much lower catalgictivity and thus higher temperatures were

required to complete the reaction.

e. Conclusion

Despite the development of new synthetic strateglese are only few trisoxazoline
ligands known compared to the large number of l@goknes reported in the literature.
Nevertheless, inspired by the versatility of thétela trisoxazolines have been applied in
asymmetric catalysis and have proven to affordjumerous cases, superior catalysts than the
bisoxazolines-based systems.

However, one should notice that the trisoxazolisescessfully applied in asymmetric
catalysis are conformationally very flexible ane thay they coordinate to the metal centres in
the active catalysts remains an open, unsolvedtignedndeed the facial coordination to
transition metals has not been firmly establisloedafl these trisoxazolines.

The development of the class of 1,1,1-tris(oxazbjethane ligands gives us access to

highly symmetrical ligands which provide a geometfythe metal binding site that is most



General introduction 21

adapted to tripodal coordination of the metal cem@ind would lead to relatively rigid and well-

defined coordination geometry.
4. 1,1,1-tris(oxazolinyl)ethane: precedent in the group

The new class of chiral trisoxazolines developedun group was first applied in the
copper(l) catalysed cyclopropanation of styrenehwibutyl or ethyl diazoacetate (Scheme
1.2.12)*

0
)
] /:\o Gl R'=R=iPr G2 R'=tBu R=iPr
N N N ’,/RZ 1 1_;
4 g G4 R'=R=tBu G3 R'=iPr R=tBu
R L* R2
_ R L* / CuOTf COR COR
| A A
2 CH,Cl, = PH"
R =tBu R=Et
L* cistrans % eecis % eetrans cistrans % eecis % eetrans
G1 22:78 70 65 29:71 64 67
G2 22:78 72 66 29:71 72 78
G3 23:77 85 81 31:69 81 86
G4 19:81 73 70 31:69 68 70

Scheme 1.2.12; Copper-catalysed asymmetric cyclopropanationyese witht-butyl diazoacetate

The strong preference for theans diastereomer is similar to results which were
previously obtained with bisoxazoline derivativegariation of the stereoselectivity was
observed depending on the substituents presetieooxiazoline units and was maximised for the
non-symmetrical ligandG3. Although these results did not surpass those iradatawith
bisoxazolines, they revealed that mixed trisoxamsimight be sometimes more efficient than
highly symmetric trisox derivatives due to a bettempatibility with catalytic intermediates thus
achieving higher enantiofacial control.

Knowing that in many of the zinc-based peptidasasséhistidine) binding site acts as a
tripodal ligand for the metal ion, a trisoxazolmiet complex was applied as a functional
enzyme model in the kinetic resolution of racentoral esters by transesterification (Scheme
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1.2.13). In this system the trisox ligand acts asraic of both the tris(histidine) binding site and

the chiral environment of a protein skeletal stioef*

0O % L*/ Zi H O H O
® S , H 10% L* / Zinc 1 1
N Ph . N Me
[P0 NP —feon @7 equvy - Ry O RN o
O R O R2 O R2
substrate selectivity factor  selectivity factor  selectivity factor
with Zn(OTf), with Zn(OAc), with Zn(TFA),
Rl=R=Ph 1.8 35 3.8
Rl=Ph R=Me 1.3 2.7 3.0
Rl=R=Me 2.0 45 5.1
Rl=Me R=Bn 1.8 2.6 4.3

Scheme 1.2.13: Partial kinetic resolution of activated amino aegters by streoselective [trisox-Zn]-catalysed
transesterification

This was the first example of non-enzymatic zinc(tatalyst for asymmetric
transesterification of activated esters. The anhthe zinc(ll) complex obviously influenced
the selectivity factors. Upon going from the zinéldte to the zinc acetate complex and further
to the trifluoroacetate complex, an increase of sbkectivity factor for all the substrates was
observed (up to s = 5.1). The importance of theathiipod-zinc environment for the observed
stereoselectivity was inferred from the observatiiat the coordination of a range of
bisoxazolines to a zinc salt did not induce kined#®olution.

More recently it has been shown that @echiral trisox ligands are suitable supporting
ligands for scandium(lll) catalysed olefin polynsation. The trialkyl complex [SiEfr-
trisox)(CH:SiMes)3] was activated with two equivalents of the trigglt [PRC][B(CeFs)4], thus
affording a double charged species which was asdigs [SdPr-trisox)(CHSIMes)]**. This
dicationic species was found to be highly active tfee polymerisation of 1-hexene at low
temperatures, producing highly isotactic poly(14m) (Scheme 1.2.1%).

4 C. Dro, S. Bellemin-Laponnaz, R. Welter, L. H. @adngew. Chem. Int. Ed. 2004 43, 4479;Angew. Chem.
2004 116, 4579.

“B. D. Ward, S. Bellemin-Laponnaz, L. H. Gadegew. Chem. Int. Ed. 2005 44, 1668;Angew. Chem. 2005 117,
1696.
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S/ N-7 2 [PhC][B(CeFe)] S/ N_7

|Pr - 2 P&CCH28|M93

c iPr P ’/
Sc |Pr

M?\ﬁS;SZC 4 "CH,SiMe, Me;SiH,C”
Temp Reaction Yield S

o : . Activit M M,,/M
(°C) time (min)?2 (9) ey W W
-30 3 1.01 2030 750000 1.18
-20 1.5 1.90 7600 552000 1.87

0 1 2.18 1308 354000 2.36
21 0.5 3.02 36230 227000 2.22

2 reaction judged complete when reaction stoppedmsfi ° kg- mol[Sc]t-h?t

Scheme 1.2.14: Polymerisation of 1-hexene catalysed by the dicéti[Sc{Pr-trisox)(CHSiMes)]** species

In light of these results for a group 3 metal, f@ymerisation ofa-olefins with
lanthanide catalysts has also been investigatectalieg the first example of isospecific
polymerisation ofx-olefins with aCs-chiral thulium(lll) complex® It has also been shown that
the trisox ligand is a suitable supporting envireminfor a range of lanthanide metals, going
from lutetium to dysprosiuff. To summarise, th€s-symmetric environment is efficient at
transmitting the chiral information to the catatytisite in the stereoselective olefin
polymerisation, with a remarkable degree of tatstibeing observed for a rangewblefins.

We have seen that 1,1,1-tris(oxazolinyl)ethanenlitgaare versatile supporting ligands for
a variety of early and late transition metals a#§ aslanthanides and that the chiral centre on the
ligand framework is such that the chiral informatis efficiently transferred to the catalytically
active site. In addition, the facial coordinatianttansition metals in octahedral complexes has
been firmly established.

Nevertheless the formation of this structural motdy be impeded if the transition metal
centre stereoelectronically strongly favours a dehahedral coordination sphere. This is
generally the case for the heavifrtransition metal atoms/ions and their preferermrestjuare
planar coordination geometries. In order to assbkescoordinating behaviour of the trisox

ligands towards metal centres which favour or disfa facial coordination, depending on their

“° L. LukeSova, B. D. Ward, S. Bellemin-Laponnaz Mfadepohl, L. H. Gad&alton Trans. 2007, 920.
47 L. LukeSova, B. D. Ward, S. Bellemin-Laponnaz, Wadepohl, L. H. GadeQrganometallics, 2007, DOI:
10.1021/0m700504f.
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oxidation state (and thud electron count), the coordination chemistry i®fr-trisox with
rhodium(l) and (l1) has been investigated (Schdn2e15)?®

OWC)?

] =0

/ N-\,
§/N N “ipr
iPr

—i'Pr
[Rh(cod)}]BF, [RhBr3(H,0)s]

0
T e
CsBr, S/N /j
N/ “
\/, ! IPr

Rh-| Rh-2

Scheme 1.2.15:; Synthesis of [RhPr-trisox)(cod)|BR g and its reaction by way of oxidative addition w@kBr
giving the octahedral complex [Rhd@iPr-trisox)]h

A possible way to get all the three oxazolinesRaftrisox coordinated to rhodium is the
oxidation of the rhodium(l) complex to rhodium(liI clean oxidation oRh-1 was achieved by
stoichiometric reaction with CsBwhich acts both as an oxidant and ligand transf@gent. The
resulting RH'-complex [RhBs(iPr-trisox)] ®h-2) could also be directly obtained by heating
[RhBr3(H20)3] in the presence oPr-trisox.

The crystal structure dRh-1 indicates that the overall arrangement of the dioated
bisoxazoline unit is such that the uncoordinateazokne ring points towards the rhodium atom.
Thus, the unbound oxazoline appears to be reasgxtbange with a coordinated heterocycle
suggesting a potentially fluxional structure withvary low energy barrier for chemical
exchange. This was demonstrated by variable terpefal NMR studies.

The transformation described has shown that thedauation mode of the trisox ligand
adapts to the stereoelectronic requirements ofrié@l centre and may change in the process of
an elementary transformation such as the oxidaiilgtion of bromine. This may be viewed as a

model reaction for such reaction steps in a catatygcle. If the stereoselectivity determining

“8 L. H. Gade, G. Marconi, C. Dro, B. D. Ward, M. Reys, S. Bellemin-Laponnaz, H. Wadepohl, L. Sor&e,
Poneti,Chem. Eur. J. 2007, 13, 3058.
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step involves an octahedral species, the faciatdvoation of the trisox ligand and consequent
threefold symmetry of the trisox-metal fragmentlwiimplify the “stereoselection” whilst the
symmetry of the ligand will act “dynamically” in spies in which it is bidentate.

. 1,1,1-tris(oxazolinyl)ethane and the influence df; symmetry in catalysis
1. Czsymmetry in asymmetric catalysis

a. Introduction

Symmetry is a fascinating phenomenon which provideslless stimulation and
challenges. It gives an impression of harmoniouseasthetically-pleasing proportionality and
balance and reflects beauty or perfection. An amtthd appeal of symmetry is that of simplicity,
implying of safety, security, and familiarity. Synetny is to be found in many creations of nature
and in some of the greatest achievements of mankinchemistry, higher order symmetry has
always attracted interest. Given that rotationaésaare the only elements of symmetry
compatible with chirality,C,- and Cz-symmetrical molecules have attracted considerable
attention. In recent years, the aesthetic appe@h-aymmetrical molecules has been translated
into many widely used applications in asymmetriategsis and catalysis, in particular those
involving phosphines and bisoxazolié$?® In contrast, exploitation of; symmetry (Figure
1.3.1) is still in its infancy, as reflected in tlpaucity of trisoxazolines in comparison to

bisoxazolines.

Figure 1.3.1: (a) The Borromean rings, (b) Trillium flower, fldramblem of the Province of Ontario (Canada)

Nevertheless the usefulness and potential advat@ig€; symmetry in the design of

chiral stereodirecting ligands for asymmetric oatis has already been demonstrafed>?1n

49a) A. Pfaltz, W. J. DruryProc. Natl. Acad. Sci. USA 2004 101, 5723; b) S. Castillon, C. Claver, Y. Dia2hem.
Soc. Rev. 2005 34, 702; ¢) G. Desimoni, G. Faita, K. A. Jgrgenggimem. Rev. 2006 106, 3561.

¥ a) S. E. Gibson, M. P. Castal@hem. Commun. 2006 3045; b) S. E. Gibson, M. P. Castaldiigew. Chem. Int.
Ed. 2006 45, 4718;Angew. Chem. 2006 118, 4834; c) C. MobergaAngew. Chem. Int. Ed. 2006 45, 4721;Angew.
Chem. 2006 118, 4838.



26 General introduction

most of the case<C; symmetry is related to facially coordinating trab ligands because
threefold rotational symmetry represents the owlgsibility adapted to this topology of ligation,
in the same way th&, symmetry is related to simple chelat®n.

Transition metal complexes of threefold symmetigamds are of interest because three
equivalent open coordination sites can be obtaifadentially such systems could provide
highly stereocontrolled catalysis for reactions ebhproceed via octahedral intermediates. This
concept is discussed in the following paragraph.

b. Symmetry in metal complexes

In the most favourable case symmetry of the amgillgand fits symmetry of the
complex. In that case, a symmetrical stereodirgcligand may lead to a reduced number of
transition states and diastereomeric reaction nmtédiates in transformations occurring in the
coordination sphere of its complexes. In such faable cases, this degeneration of alternative
reaction pathways may lead to high stereoselegtimitatalytic reactions and greatly simplifies
the analysis of such transformations.

Let us consider the case @b- and Cs-symmetric ligands to explain the molecular
equivalence caused by rotational axes in metal texep?® C, symmetry is characterised by the
fact that upon rotation of thé,-symmetric species by 180° about the rotationad axi identical
species is obtained. This implies that two compemdich are identical in the case G
symmetry would be diastereomeric in the cas€,06ymmetry. Concerning threefold rotational
symmetry, each rotation of 120° about the rotasivis affords an identical species.

We can illustrate this by considering a square grlametal complex containing a
bidentateC,-symmetric ligand. This situation is the most faralle since it renders the two
remaining coordination sites identicak. homotopic (Scheme 1.3.4, A = B). In the case of
static x>-facial coordination of a tridentat€s-symmetric ligand the same type of favourable

1 Examples of the use of chir@ll;-symmetrical ligands in asymmetric catalysis: a) Btunner, A. F. M. M.
Rahman,Chem. Ber. 1984 117, 710; b) M. J. Burk, R. L. HarlowAngew. Chem. Int. Ed. Engl. 199Q 29, 1467;
Angew. Chem. 1990 102, 1511; ¢) M. J. Burk, J. E. Feaster, R. L. Harld@etrahedron: Asymmetry 1991, 2, 569; d)
H. Adolfsson, K. Warnmark, C. Moberd, Chem. Soc., Chem. Commun. 1992 1054; e) D. D. LeCloux, W. B.
Tolman,J. Am. Chem. Soc. 1993 115, 1153; f) D. D. Lecloux, C. J. Tokar, M. Osawa,RR.Houser, M. C. Keyes,
W. B. Tolman,Organometallics 1994 13, 2855; g) K. Kawasaki, S. Tsumura, T. KatsiBinlett 1995 1245; h) M.
C. Keyes, V. G. Young Jr., W. B. Tolma@rganometallics 1996 15, 4133; i) W. A. Nugent). Am. Chem. Soc.
1998 120, 7139; j) T. Fang, D.-M. Du, S.-F. Lu, J. XQrg. Lett. 2005 7, 2081.

2 Recent advances in the designGafchiral podands: a) G. Bringmann, M. Breuning, R.®Meifer, P. Schreiber,
Tetrahedron: Asymmetry 2003 14, 2225; b) G. Bringmann, R.-M. Pfeifer, C. RummEy Hartner, M. BreuningJ.
Org. Chem. 2003 68, 6859; ¢) T. Fang, D.-M Du, S.-F. Lu, J. Xorg. Lett. 2005 7, 2081; d) M. P. Castaldi, S. E.
Gibson, M. Rudd, A. J. P. Whité&ngew. Chem. Int. Ed. 2005 44, 3432;Angew. Chem. 2005 117, 3498; e) M. P.
Castaldi, S. E. Gibson, M. Rudd, A. J. P. WhiZeem. Eur. J. 2005 12, 138.

>3 H. B. Kagan, T.-P. Dang, Am. Chem. Soc. 1972 94, 6429.
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situation is created in octahedral complexes whieeethree remaining coordination sites are
homotopic (Scheme 1.3d, A=B =C).

a b

Scheme 1.3.1: Favourable situations in square plar@grgnd octahedrab) complexes withC,- andCs-symmetric
ligands respectively

An unfavourable situation is obtained by combimatal octahedral complexes a-
symmetric ligands. Introduction of a bident@esymmetric ligand in an octahedral environment
results in a complex with two sets of coordinatsites which are pairwise homotopic (A/D and
B/C) but mutually diastereotopic (Scheme 1.8)2Coordination of an additional monodentate
ligand affords a complex with three diastereotamordination sites (Scheme 1.22A # B #

C).

A A
//// \\\\\ '/,/ \\\\‘ .
Q Q @® monodentate ligand
B = C B = °C
D) [ ]
a b

Scheme 1.3.2: Unfavourable situation witkC,-symmetric ligands in octahedral environment

Thus, we can conclude th@t-symmetric ligands are adapted to square planangeies
whereasCs-symmetric ligands act similarly for octahedral eamments. To illustrate this, we
can analyse the case of a prochiral olefin whictoerdinated to a complex containing either a
bidentate ligand with a twofold rotational axisatridentate ligand with a threefold rotational
axis. These situations take place in common catatgctions such as hydroformylations or
hydrogenations. For our illustration, we considére tspecific example of a catalytic
hydrogenation where the coordination of the olefirassumed to occur before the oxidative
addition of hydrogen.

In a square planar complex containing a biden@tsymmetric ligand, there are two
homotopic free coordination sites. In that casar fmssibilities exist for the coordination of the
prochiral olefin (Scheme 1.38 since coordination to the second site would l&aa set of
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identical complexes due to tki2 symmetry of the ligand. The oxidative additionditiydrogen
affords an octahedral complex and renders the teardmation sites left diastereotopic. In
consequence, eight diastereomeric complexes astpmsScheme 1.313).
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Scheme 1.3.3: Square planar metal-olefin complexes containinglariiateC,-symmetric ligandd); eight
diastereomeric octahedral species after oxidatilktian of H, (b)

In contrast, in a square planar complex contaimitigdentateCs-symmetric ligand there
are two diastereotopic free coordination sites.tHat case, eight possibilities exist for the
coordination of the prochiral olefin (Scheme 1.&y But here the oxidative addition of
dihydrogen affords an octahedral complex wherethinee coordination sites are homotopic in

presence of a tridentat€s-symmetric ligand. In consequence, only four dissigneric
complexes are possible (Scheme 11§.4
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Scheme 1.3.4: Square planar metal-olefin complexes containingdantateCs-symmetric ligandd); four
diastereomeric octahedral species after oxidatiktian of H, (b)

To summaris€,-symmetric ligands should reduce the number of iplessliastereomers

in catalytic cycles involving square planar intethages wherea€;-symmetric ligands do so for
octahedral catalytic intermediates.

2. Déefinition of the research project

The stereochemical points made above have beetratad for static coordination of a
symmetrical chiral tripod. However, threefold symnmal chiral ligand may generate a
simplification in the stereochemistry of the keyatgic intermediates when it acts as a bidentate
ligand in the stereoselectivity determining stefmattis to say for metal complexes with a
stereoelectronic preference for non-octahedraldination geometries. This will be the case for
systems in which chemical exchange between therdiftx*~coordinated species takes place.

Such an exchange which induces an equilibrium betwedentical species for a symmetrical
tripod is depicted in Scheme 1.3.5.
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Scheme 1.3.5: Dynamic exchange af—coordinated tridendate ligand coordinated to aptemfragment (M)

We have seen that for the reduction of the numbé&raasition states and diastereomeric
reaction intermediates, octahedral complexes aecaged to threefold rotational symmetry in
the same way as square planar complexes are assom&, symmetry. However, one question
arises: What it is the effect of tridenta@-symmetric ligands on catalytic reactions with
intermediates preferring a bidentate coordinatiae?

To answer this question, trisoxazolines will be duse several model reactions. The
modularity of the ligand design will help us to gti&y this influence by applyings- as well as
Ci-symmetric ligands in the different catalytic reant studied. In addition a direct comparison
with the corresponding 2,2-bis(oxazolinyl)propangom which the structure of our
trisoxazolines directly stems, will lighten theeaf threefold rotational symmetry as well as the

role of the third oxazoline arm.

In chapter 2 the synthesis of né- and C;-symmetrical trisoxazolines is described
along with the study of the thermal rearrangemér#-bromooxazolines. The following chapter
is devoted to the study of palladium-catalysed amginic allylic substitution reactions. Finally,
chapter 4 focuses on the use of trisoxazolinesopper-catalysed aminations and Mannich

reactions.
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. Synthesisof highly symmetric trisoxazolines

1. Principlesof the synthesic strategy

Synthesis of 1,1,1-tris(oxazolinyl)ethane ligan@s lheen the focus of research interests
but attempts to obtain these ligands by sequewfalisation of the oxazoline rings were
unsuccessful. Starting from tris nitrile or tris acid derivatise decomposition and
decarboxylation were observed during the ring alesof the third oxazoline unit (Scheme
2.1.2).

R
Ov/g/(o7
I =Q
N / y .,
N R
R -
R

HO  NH,

HO  NH,
3 . 3
R
R R
\'CN \
NC o Rlozc/K/cole
COR!

R'=H,alkyl R=aryl, alkyl &= alkyl, Hal

Scheme 2.1.1: Attempts to synthesise the trisoxazoline usingdihect synthesis

The structure of these particular trisoxazolinethwine three heterocycle units bound to
the same quaternary carbon centre derives diréctig the 1,1-bis(oxazolinyl)ethane ligands.
The modular strategy developed in our group basedhe coupling of two synthons with
preformed oxazoline rings, a 1,1-bis(oxazolinylgeté derivative and an activateld-Bxazoline,
enables to overcome the difficulties described ab@and gives access to the 1,1,1-
tris(oxazolinyl)ethane ligands which will be abhisged “substituent-trisox?.Using this novel
synthetic approach the preparation of two chiralhhi symmetric ligands has first been
successfully achieved (Scheme 2. Heaction of readily accessible lithiated bisoxames

with the corresponding 2-bromooxazolines afforasi hr-trisox andBu-trisox in high yields.

! C. Moberg Angew. Chem. Int. EA998, 37, 248:Angew. Cheml998, 110, 260.
2 3. Bellemin-Laponnaz, L. H. Gadghem. Commur2002, 1286.
% S. Bellemin-Laponnaz, L. H. Gadéngew. Chem. Int. E@002, 41, 3473,Angew. Chen2002, 114, 3623.
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Scheme 2.1.2: First chiralCs-symmetric trisoxazolines synthesised in our group

In asymmetric catalysis small variations of theld structure can dramatically affect the
the selectivity of the transformation. This effectvell known in enantioselective reactions with
bisoxazoline ligandsand thus renders the development of trisoxazolviés new substituents
of great importance. Starting from variousamino alcohols, coupling between bisoxazolines
and 2-bromooxazolines with new substituents caoraffiovel highly symmetric trisoxazolines.
(R)-phenylglycinol, §-phenylalaninol (obtained by reduction of the esponding amino acitl)
and (R-29)-cis-1-amino-2-indanol (commercially available) werepoyed to synthesise new

chiral Cg-symmetric trisoxazolines (Figure 2.1.1).

HO NH, \ 2
(R)-phenylglycinol (9-phenylalaninol (R,29-cis-1-amino-2-indanol

Figure 2.1.1: The threez-amino alcohols used as starting material for ymétesis of new chiral trisoxazolines

In several different enantioselective catalyticctems, bisoxazolines possessing phenyl

substituents have proven to be more efficient ti@ncorresponding ligands with isopropyl or

4 G. Desimoni, G. Faita, K. A. Jergens@hem. Re\2006, 106, 3561.

®a) A. Abiko, S. Masamund,erahedron Lett1992, 33, 5617; b) M. McKennon, A. I. Meyerd, Org. Chem1993,
58, 3568.
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tbutyl groups. In terms of chiral environment, thenbyl substituent increases the flexibility. In
contrast, one major advantage of the indanyl estsirigidity. For the development of 1,1,1-
(trisoxazolinyl)ethane ligands the synthesis oftthe precursors had to be done first.

2. Bisoxazolines: Synthesis of synthons containing identical oxazolinerings

As introduced in the first chapter the design odznline-based ligands for asymmetric
catalysis has led to the development of a largaeetyarof bisoxazolines including 2,2-
bis(oxazolinyl)propane ligands (see Figure 1.138ynthetic strategies of the bisoxazoline

intermediates, 1,1-bis(oxazolinyl)ethanes, are dhasethose described for the latter.

a. Bisoxazolines with phenyl and benzyl substituents

The two target molecules are shown in Figure 2.TH synthesis of 1,1-bis[g-4-
phenyloxazolin-2-yllethanel) has already been reported in the literatuned 1,1-bis[(&)-4-

benzyloxazolin-2-yllethane2] was prepared using the same procedure.

Figure 2.1.2: 1,1-bis[(&R)-4-phenyloxazolin-2-yllethand) and 1,1-bis[($)-4-benzyloxazolin-2-yllethan&)

@ 1

2

The classical first step of the synthesis of 1d(dxazolinyl)ethane ligands is the
formation of a diamide starting from a diester ordiacid derivative. Reaction between

diethylmethyl malonate and the desired chiral anailcohol is depicted in Scheme 2.1.3.

NaH (cat.) H H
oo A oAy
R o O R

o O R A

R = ®)-Ph
or R=§-Bn

Scheme 2.1.3: Synthesis of the chiral diamide from diethylmetmadlonate

® J. Bourguignon, U. Bremberg, G. Dupas, K. HallmanHagberg, L. Hortala, V. Levacher, S. Lutsenko,
Macedo, C. Moberg, G. Quéguiner, F. Rafm@trahedror2003, 59, 9583.
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In the presence of a catalytic amount of sodiunridgdthe expected dihydroxy diamides
are obtained after transesterification followedrtyamolecular amidation. It has to be noted that
for the diamide bearing the phenyl substituentréaetion should not be carried out at more than
110°C due to racemisation of the chiral carbomatenzylic position.

Ring closure is the next step of the synthesis h&f bisoxazolines. Several mild
approaches have been developed for the cyclisafidrydroxy amides including activation of
the alcohol functions with mesylchloride followey &xposure to aqueous methanolic basse
of molybdenum oxide cataly§tor of a tetranuclear zinc carboxylate catalydto prepare
bisoxazolinesl and 2 the alcohol functions of the corresponding dihygraliamides are
activated with tosylchloride in the presence ofttrylamine and a catalytic amount of
dimethylaminopyridine (DMAP). The ring closure isrded out at room temperature over
several days without further addition of a basén€due 2.1.4).

o b on ——oeeRT o
Y ' O
R O O R ” o

1 R=@:-Ph

2 R=©-Bn

Scheme 2.1.4: Cyclisation of the dihydroxy diamides to form bisawlinesl and2

.Cyclisation gives bisoxazolinkin 60% yield,in agreement with the results repbiby

Moberget al® Bisoxazoline? is obtained with an overall yield of 45%.

b. Bisoxazoline with indanyl substituents

1,1-bis[(4R,59-4,5-indanediyloxazolin-2-yllethane must be preplastarting from the
strained (R-2S9)-cis-1-amino-2-indanol. However formation of a dihydyakamide followed by
ring closure is not mechanistically possible irsthase. Attack of the amide-oxygen onto the
carbon attached to the activated alcohol wouldlirerzan inversion of configuration of the latter

to give atrans indanyl substituent on the oxazoline ring, and ikinot possible. The synthesis

"a) E. J. Corey, K. Ishihar@etrahedron Lett1992, 33, 6807; b) S. E. Denmark, N. Nakajima, O. J.-C.diie, A.-
M. Faucher, J. P. Edward$, Org. Chem1995, 60, 4884; c) A. V. Bedekar, E. B. Koroleva, P. G. AmkonJ.
Org. Chem1997, 62, 2518; d) S. Dagorne, S. Bellemin-Laponnaz, R.t&¥gDrganometallic2004, 23, 3053.

8 A. Sakakura, R. Kondo, K. Ishihaf@rg. Lett.2005, 7, 1971.

°T. Ohshima, T. Iwasaki, K. Mashim@hem. Commur2006, 2711.
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can be successfully achieved using a procedurehwhimlves another mechanistical pathway

and which proceedsa the bis[oxazoline-2-yllmethane intermedi8t€Scheme 2.1.5).

HO NH; O (@]
\_,'J_ e) O \“'</\/K\\/
" ~o W ~— THF N N
- - + —_—— \\\‘

NH NH A
. 2 HCI
3

1) LDA, -78°C

&

THF
2) MeOTf, R.T.

O\H\/O
5%
4

Scheme 2.1.5: Reaction scheme of the synthesis of 1,1-big8)-4,5-indanediyloxazolin-2-yllethant

Following a reported procedure, condensation ofdmeesponding amino alcohol and
diethyl malonimidate affords the bisR®bS)-4,5-indanediyloxazolin-2-yllmethan& with 60%
yield® Treatment with lithium diisopropylamide (LDA) follved by addition of methyl
trifluoromethanesulfonate gives the desired mongdatkd bisoxazolind with 59% yield.

3. Bromooxazolines: From the 2H-oxazolines to the key intermediates

2-Bromooxazolines, the key intermediates in thearld) synthesis, are activated

monooxazolines and their synthesis involves thgirformation of 2-oxazolines.

a. Synthesis of A-oxazolines

Chiral 2H-oxazolines are part of the interesting class obx&zolines and are
intermediates for the functionalisation of positidrof oxazoline units* They are prepared by

condensation of am-amino alcohol and an activated esteleyerset al. reported the treatment

19D, M. Barnes, J. Ji, M. G. Fickes, M. A. FitzgeraB. A. King, H. E. Morton, F. A. Plagge, M. PriéisiS. H.
Wagaw, S. J. Wittenberger, J. ZhadgAm. Chem. So2002, 124, 13097.

1T G. Gant, A. I. MeyersTetrahedrorl994, 50, 2297.

123) W. R. Leonard, J. L. Romine, A. |. Meyeds,Org. Chem1991, 56, 1961; b) K. Kamata, |. Agatd, Org.
Chem.1998, 63, 3113.
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of a-amino alcohols with dimethylformamide dimethyladetDMF-DMA) which leads to the
formation of a formamidine intermedidt€. Acid-catalysed cyclisation produces théi-2
oxazoliness and6 by concurrent loss of dimethylamine (Scheme 2.1.6)

A

HO  NH,

\ < O N
R ( *
R
OMe
Me;N or K-r:l-gg\rlite
OMe MezN_\\
rKN
HO R
. ! 1
AN
o >N O N
OA N _J \J
5 6 7

Scheme 2.1.6: Formation of the B-oxazolines-7

Using the same synthetic strategy tie@azoline7 could be obtained in 70-90% vyield.

b. Synthesis of 2-bromooxazolines

Meyers and Novachek first reported the syntheses 2fbromooxazoline in 1996 starting
from the (4€)-4-tbutyloxazoline'®* They showed that lithiation of theH2oxazoline followed by
addition of 1,2-dibromo-1,1,2,2-tetrafluoroetharse smooth and non-oxidising Biprovider,
affords the activated monooxazoline. 2-Bromo-4athyloxazoline § and (4)-2-bromo-4-
isopropyloxazoline ) have first been synthesised using this mefifoBased on the same

synthetic procedure three novel 2-bromooxazolit8sl@) have been prepared (Scheme 2.1.7).

13 A, I. Meyers, K. A. NovacheKletrahedron Lett1996, 37, 1747.
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Scheme 2.1.7: Synthesis of the 2-bromooxazolines12

To achieve the synthesis of 2-bromooxazolldethe addition oftert-butyl lithium and
the following reaction with the Biprovider have to be done very slowly and at lomgerature
(-100°C) due to degradation under the standarditons. Activated monooxazolind® and11
are purified by bulb to bulb distillation and arepk in solution in tetrahydrofuran at -78°C to
avoid decomposition. The 2-bromooxazolitieis a white solid which is purified by sublimation

(cooling at -78°C). It has been observed that giefdy vary considerably.
4. The coupling step: New Cz-symmetric trisoxazolines

The two coupling partners for the synthesis of thsoxazolines, the bisoxazoline
derivatives and the 2-bromooxazolines, are acdessiloough straightforward synthesis; this
contributes to the efficiency of the overall appmioa

The three novel trisoxazolines were synthesiseddupling of the two precursors using
the modular strategy (Scheme 2.1.8). PreparatidPheatfrisox and Bn-trisox can be achieved by
standard reaction conditions used for the synthafsiBr-trisox andBu-trisox: after addition of
the 2-bromooxazoline to the lithiated bisoxazolatelow temperature the reaction mixture is
stirred at 70°C in tetrahydrofuran for several days obtain higher yields the coupling of 1,1-
bis[(4R,59-4,5-indanediyloxazolin-2-yllethang with (4R,59)-2-bromo-4,5-indanediyloxazoline
12 has to be carried out in toluene and at lower &ratpre (50-60°C). After two days, the
NMR spectrum of the reaction mixture showed tharehwere no precursors left and the low
yields observed were probably due to relative lista of Ind-trisox on the chromatography
column.
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R = (R)-Ph R = (9-Bn R = (4R,59-Ind

©“"(\O
>=

Ph-trisox \© Ind-trisox

(60%) (31%)
Bn-trisox
15
13 (56%)
14

Scheme 2.1.8: Synthesis of Ph-trisox, Bn-trisox and Ind-trisox

Both Ph-trisox and Bn-trisox are white solids. 8bié crystals for X-ray diffraction of
Ph-trisox could be obtained by slow diffusion ofnfsne into a solution of the trisox in
dichloromethane. The molecular structure of Plexim the solid state is shown in Figure 2.1.3

and selected bond lengths are given in Table 2.1.1.

(@) (b)
Figure2.1.3: Thermal ellipsoid plot (25%) of Ph-trisox: (a) ppective view; (b) view along the C(29)-C(10) bond
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Ph-trisox Bn-trisox
N(1)-C(1) 1.263 N(1)-C(1) 1.261
N(2)-C(11) 1.257 N(2)-C(11) 1.264
N(3)-C(20) 1.261 N(3)-C(21) 1.266

Table2.1.1: Selected bond lengths (A) for Ph-trisox and Bretxiigands

Similarly, Bn-trisox crystallises by slow diffusiaf pentane into a solution of the ligand
in dichloromethane. The structure of Bn-trisox epitted in Figure 2.1.4. and selected bond

lengths are given in Table 2.1.1.

(a) (b)
Figure 2.1.4: Thermal ellipsoid plot (25%) of Bn-trisox: (a) peective view; (b) view along the C(31)-C(32) bond

The molecular structures of Ph-trisox and Bn-trismkicate that the benzyl substituents
are more flexible than the phenyl groups. The Bwo#rligand should therefore give more rigid

structures upon complexation to a metal centre.
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Il. Synthesisof mixed tris- and bisoxazolines

1. Ci;-symmetric trisoxazolines via the modular approach

The novel approach, which consists in a modulathggis, allows the formation of
highly symmetric trisox as well as trisoxazolinethwdestroyed rotational symmett¥.To
synthesise chiralC;-symmetric trisoxazolines, several approaches arssiple. One is to
introduce three oxazoline units possessing the saonéiguration but at least one different
substituent (Figure 2.2.1). Another approach is to introduce an oxazolimg nvhich has the
opposite stereochemistry relative to the others \aitkl either the same (Figure 2.2.0) or a
different substituent (Figure 2.2L.10).

Rl

R3

R2

Figure 2.2.1: Different approaches to introdu€g symmetry in trisoxazolines
R is the substituent at the 4 position of the okiae unit
For typel, R'=R*#R® or R#R%R?

The modular approach developed in our group allitwesformation of trisox of typé as
well as of type | andlll. For further application in asymmetric catalysis were interested in
the preparation of trisox of tydeandll. For that purpose bisoxazolines with identicalzmlime
units were employed as coupling partners. The ggnhof three chiraC;-symmetric tripods
was achieved in moderate yields. The general wactheme along with the structure of the
different ligands prepared is depicted in Schen2el2 R,S,S-Ph-trisox (typell) was obtained
by coupling 1,1-bis[(8)-4-phenyloxazolin-2-yllethane with the correspongli activated
monooxazoline possessing the opposite stereochgmist

4 Recently, Ahnet al. reported the preparation &;-symmetricD-type trisox through an oxazoline exchange
reaction with amino alcohols in the presence of(@ihchloride with yields between 12 and 34%: S.Kém, H. R.
Seong, J. Kim, K. H. AhriTetrahedron Lett2004, 45, 6835.
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R4
1 R R3
R! = (9-Ph R! = (9-Ph Rl=R’=Me
R?=R'=H R?=H R®=(R)-Ph
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(48%) Phy-dm-trisox (45%)
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Scheme 2.2.1: Application of the modular strategy for the symtiseofC;-symmetric trisoxazolines (dm = dimethyl)

Ph-dm-trisox and Ph-dgitrisox are chiral ligands of tydepossessing one or two achiral

oxazoline units respectively (dm = dimethyl).
2. Synthesis of mixed 2,2-bis(oxazolinyl)propane ligands

There are two different possibilities to synthesigged bisoxazolines. The first one is to
introduce two oxazoline units bearing different sithients and the second one consists of the
introduction of one oxazoline ring possessing #imes substituent as the other but with inverted

stereochemistry (Figure 2.2.2).

.O (RR)-BOX

C,-chiral BOX

C,-chiral
introduction of inversion of
a new substituent a chiral centre
(R9-BOX
Cy-chiral BOX meso
achiral
a b

Figure 2.2.2: Transformation of &,-chiral bisoxazoline upon introduction of a new stithent @) or inversion of
the configuration of an oxazoline unig)(
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Introduction of non-identical rests on the oxazelings breaks th€, symmetry of the
ligand and gives rise to @-symmetric molecule (Figure 2.28. Whereas the inversion of a
chiral centre in &3 chiral tripod renders the system chiral &esymmetrical, the same process
carried out forC,-symmetrical chelate ligand generatemesestructure,i.e. an achiral ligand
possessing mirror symmetry (Figure 2.B)2For further application in asymmetric catalysi®
mixed bisoxazolines have been synthesised. Thdatyntstrategy employed to prepare mixed
bisoxazolines is depicted in Scheme 2.2.2. It $® @ossible to use other synthetic pathways to

get access to bisoxazolines bearing non-identicaaline units?>

DCC, HOBT
HO  NH,
\/OMO\/ 1) NaOH / EtOH \/O%(OH R;z‘Rl \ﬂ><[( RL
Il 2) HCI/ H,0 5 8 CH,Cl, \t

Rl=H, R?=(9-Ph 86% 19
RI=R’=Me 45% 20

NaH (cat.)

HO  NH,
N4
j Ao f‘l
Ri=H, R2=(S)-Ph R!=R?=Me
Rl=H, R’=(R)-Ph R!= H R=(R)-Ph
42% 21 55% 22

TsClI
NEt,
DMAP

1) SOCh / CH,Cl,
2) NaOH / EtOH
CH,Cl,

07><(o O%o
D S,
R) N N 'S R\ N N £
(R9-Ph-BOX Ph-dm-BOX
86% 60%
(overall yield: 30%) (overall yield: 14%)
23 24

Scheme 2.2.2: Synthesis of mixed bisoxazolines

15 See for example: J. I. Garcia, J. A. Mayoral, iie$? |. VallalbaTetrahedron: Asymmeti8006, 17, 2270.
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The first step is the mono-saponification of diétHynethylmalonate which gives the
corresponding mono-acid with 95% yiéfiPeptide coupling between the mono-acid and the
first a-amino alcohol in the presence ®,N'-dicyclohexylcarbodiimide (DCC) and 1-
hydroxybenzotriazole (HOBT) affords the mono-amidéroduction of the second group is done
by reacting the mono-amide with the desiredmino alcohol in the presence of a catalytic
amount of sodium hydride as described for the digmntermediate for the synthesis of 1,1-
bis(oxazolinyl)ethanes. Activation of the alcohahé&tions with tosylchloride and subsequent
cyclisation afforded thenesobisoxazoline in high yield but this activation pealnot to be
efficient in the synthesis of th@é;-symmetric bisoxazoline. Bisoxazolir®d has been obtained

by activation with thionyle chloride followed by disation under basic conditions.
[11. Instability of the 2-bromooxazolines

1. Ring-opening of the oxazoline unit: General aspects

The oxazoline unit is widely applied in ligand dgsifor asymmetric catalysis due to their
numerous advantages: i) they are rigid, quasi-pjaimathey are normally stable towards
hydrolysis and oxidation; iii) they can readily peepared in enantiomerically pure form from
optically pure a-amino alcohols; iv) the stereodirecting substiteseare located in close
proximity to the metal center upon coordinatiorotigh the nitrogen atom. However, depending
on the structure of the oxazolines, they are sonestinot stable towards hydrolysis. This is the
case for very strained oxazoline rings such &58-4,5-indanediyloxazolinerj. Ring-opening

through hydrolysis of thisi2-oxazoline has been confirmed by X-ray analysihi€gee 2.3.1).

Scheme 2.3.1: Thermal ellipsoid plot (25%) of &59)-4,5-indanediyloxazoline and of the ring-openimgduct
afforded through hydrolysis

8 R. E. StrubeQrg. Synth1963, 4, 417.
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Oxazoline units can undergo ring-opening under agertconditions, by way of
electrophilic attacks their acidolysi&® or glycolysis® and rearrangement in organometallic
compound<£? Ring-opening polymerisation of 2-oxazolines ioalse focus of current interest.
The main driving force of the polymerisations i tlee relief of ring strain, as it is for many
ring-opening polymerisations, but instead is tloemerisation of the oxazoline unit to the amide,
which is thermodynamically more stable. The ringopg of oxazolines has also been
employed as practical entry to interesting orgamitecules such as amino estets.

2. Thermally induced rearrangement of the 2-bromooxazolines

A practical limitation has been observed during $iyathesis of the trisoxazolines: the
thermal degradation of the 2-bromooxazolines. Teigradation can be easily noticed due to the
change of colour of the compound from colorlesgdibow/brown. It has first been observed for
the (4)-2-bromo-4-phenyloxazoline. The compound obtairfeams been characterised by
spectroscopic and spectrometric methods. The amlisow the ring-opening of the oxazoline
unit leading to a new compound, in particular tRespectrum shows the characteristic stretching
band of an isocyanate functionc{y = 2265 cnit). The'H NMR spectra of the two compounds
are represented in Figure 2.3.1, showing the sloftshe signals of the protons from the

oxazoline rings.

173. A. FrumpChem. Rev1971, 71, 483.

18.3) D. F. Elliott,J. Chem. Socl950, 62; b) E. M. Fry,J. Org. Chem1950, 15, 802; c) M. Fritz, H. Kéchling,
Chem. Ber1958, 673; d) B. Lindberg, H. Agbaclkcta Chem. Scand964, 18, 185.

M. Fritz, E. DrescheiChem. Ber1958, 670.

% a) A. B. Kazi, G. D. Jones, D. A VicidQrganometallics2005, 24, 6051; b) B. D. Ward, H. Risler, K.
Weitershaus, S. Bellemin-Laponnaz, H. WadepohKHLGade,Inorg. Chem2006, 45, 7777; c) A. L. Gott, S. R.
Coles, A. J. Clarke, G. J. Clarkson, P. Saotganometallics2007, 26, 136.

2L See for example: @) J. S. Hrkach, K. Matyjaszewsdkicromoleculed992, 25, 2070; b) R. Jordan, A. Ulmaa,
Am. Chem. Socl998, 120, 243 c) F. Wiesbrock, R. Hoogenboom, M. A. M. LeenM. A. R. Meier, U. S.
SchubertMacromolecule®005, 38, 5025 d) R. Hoogenboom, F. Wiesbrock, H. HuangAMM. Leenen, H. M. L.
Thijs, S. F. G. M. van Nispen, M. van der Loop,AC.Fustin, A. M. Jonas, Alain M.J.-F. Gohy, U. &hubert,
Macromolecule006, 39, 4719; e) C. Guerrero-Sanchez, R. Hoogenboom,. $cBubertChem. Commur2006,
3797.

22 a) A. Laaziri, J. Uziel, S. Jug@getrahedron: Asymmetr}998, 437; b) S.-H. Lee, J. Yoon, K. Nakamura, Y.-S.
Lee,Org. Lett.2000, 2, 1243.



Ligand synthesis and rearrangement of 2-bromooxags| 47
Br
2 o/\<N
2 2 1 a)
1
b1 -

2 2
Br N//C,O *
1 e b)
S ‘ —

— ‘ —
55 5.0 4.5 4.0 3.5

Figure 2.3.1: *H NMR spectra in chlorofornd; (300 MHz) of the (&)-2-bromo-4-phenyloxazoline (a) and its
corresponding rearrangement product (b); * = tetdabfuran

The ring-opening leading to the formation of arcignate-based product was confirmed
by X-ray crystallography. Suitable crystals for Array diffraction study of the rearranged
product of the (B, 59)-2-bromo-4,5-indanediyloxazoline were obtainedy(ffe 2.3.2).

Figure 2.3.2: Thermal ellipsoid plot (25%) of R, 2R)-2-bromo-1-isocyanato-2,3-dihydrd4iindene

Ring-opening of the oxazoline unit induces the sign of the absolute configuration of
the C(2) carbon atom. It is of interest to notd tha crystals employed for the X-ray diffraction
study of the rearrangement product consisted ofilgne diastereomeric form. Moreové

NMR spectrum of the compound indicates a diasteegmmratio of 95/5. Inversion of
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configuration was induced in the nucleophilic dttaxf the bromine atom ending up at the
opposite side of the position of the leaving group.

It has been found that the same rearrangementotmuall the bromooxazolines studied,
independent of the substituent present on the dmtele. The four rearrangement products that

have been characterised are displayed in Figurd.2.3

O
0 a &
/, /() C/ 7/ //
% Br., N By N
4 Br N \ / N
Br \_S; .
8 O
25 26 27 28

Figure 2.3.3: The four isocyanate derivatives characterised

At room temperature, the rate of rearrangemenesadepending on the substituent of
the monooxazoline derivative. Based on experimeakservations during the syntheses, we
could classify the bromooxazolines from the moréhwless stabléPr >> Me, >>Ph > Ind. The
(4R, 59-2-bromo-4,5-indanediyloxazoline is the least katberivative presumably due to the
presence of three strained rings. It has been wbdehat higher dilution in tetrahydrofuran
induce higher stability at room temperature. Notabhe derivative with phenyl substituent
seems to be more stable than the 4,4’-dimethyledetbound when the solution is diluted.

Knowing the structure of the rearrangement prodwet,initially proposed two different
rearrangement pathways (Scheme 2.3.2): a) heteralgavage of the C-Br bond followed by
nucleophilic attack of the Branion on the oxazolinium moiety; b) radical medkan with
homolytic cleavage of the Br-C bond or, possibha@ical chain mechanism.
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Scheme 2.3.2: Two possible reaction pathways for the rearranggmthe 2-bromooxazolines

In order to gain more insight into the reaction hreedsm several test reactions have been
carried out with the 2-bromo-4,4’-dimethyloxazolifidne conversion of the bromooxazoline into
the corresponding isocyanate derivative can bdyefmdiowed by *H NMR by monitoring the
two characteristic singlets of the brominated coomuts (Figure 2.3.4).
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Figure 2.3.4: '"H NMR spectra in chlorofornd, (200 MHz) of the 2-bromo-4,4’-dimethyloxazolineofen) and the

1-bromo-2-isocyanato-2-methylpropane (up): * =abyrdrofuran

The different reactions carried out in tetrahydrafy tetrahydrofurans or chloroformel;

and their corresponding results are summariseGier2.3.1.
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Additive / Reaction
Entry | Solvent Temperature Conditions time Rearrangement
1 THF R.T. HO 3d -
2 CDCk R.T. HO 1d -
3 THF R.T. compressed air 5h -
4 CDCk 15°C uv 3d -
5 THF 25°C uv 2d -
6 CDCh healt from the uv 2d complete
amp
CDCk -78°C to R.T. radical initiator 1d -
THFdg -78°C to R.T. radical initiator 1d -
rearrangement
9 THF-ds R.T. Br, 1d (~10%)
+ by-products
rearrangement
10 CDCg R.T. BuNBr 2d (10%)
starting material +
rearrangement
11 CDCg R.T. HBr 2h (~30%)
+ by-product
starting material
12 CDCg R.T. HBr 1d (~20%)
+ by-product
13 THF 75°C / 2d complete
14 CDCk 75°C / 2d complete

Table 2.3.1: Attempts to obtain the rearrangement product bfd@no-4,4-dimethyloxazoline

Addition of water (entries 1-2) to a solution cantag the bromooxazoline did not lead
to the rearrangement product even after three déy®action. Air was bubbled through a
solution of the monooxazoline derivative in tetrdfofuran and no reaction was observed. This
indicates that a radical reaction initiated by oxygis not involved. Exposure of a
tetrahydrofuran or chloroform solution of the comapd to UV irradiation (entries 4-5) was
unsuccessful. Notably, when the reaction mixtures wat cooled with a cryostat to room
temperature or lower, the conversion was completéry 6). Comparison of entries 4, 5 and 6,
enables us to conclude that the heat coming framamp was the source of reaction and that
photochemical reaction is not the cause of the éw@ation. Trying to obtain the isocyanate-
based compound by addition of a radical initiatoR2,2¢azobis(4-methoxy-2,4-
dimethylvaleronitrile), AIBN) to the bromooxazoling unsuccessful (entry 7-8). Addition of,Br
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mostly led to degradation of the bromooxazolinergjvunknown compounds. In view of the
results of entries 4-9, we assume that the reag@hway (b) from Scheme 2.3.2 is wrong and
that the rearrangement is not induced by a radiealvage of the Br-C bond. In the presence of
Br' anions (from BuNBr) rearrangement is observed but the reactioweiss slow (10%
conversion after 2 days; entry 10). Addition ofamecentrated aqueous solution of HBr led to the
formation of the isocyanate derivative (30%) witdm® by-products after 2 hours. The next day,
the degradation of the desired product was obseAedition of an acid to the compound is not
conclusive due to the total degradation of theyianate which has been partially obtained (the
same was observed in case of HCI). The most integesesults have been obtained when a
solution of the bromooxazoline has been heatediésnt3-14). In tetrahydrofuran, as well as in
chloroform, complete conversion of the bromooxamiinto the isocyanate derivative has been
observed after two days at 75°C. These resultinaamgreement with those observed for entry 6
where conversion is obtained when heat and UV angbined, knowing that irradiations do not
have any influence alone. A thermal heterolyticdBbond cleavage could be proposed for the
rearrangement (Scheme 2.3.2 (a)).

The thermal instability of the bromooxazolines Haeen confirmed by heating the
different derivatives or simply by removing therorfr their cold bath. In fact, after sublimation,
the (&R, 59-2-bromo-4,5-indanediyloxazoline must be kept &°€7 otherwise complete
rearrangement happens in less then two minutes. réagangements appeared to be quite
selective (~95%) and yields of 85-90% could be iole after distillation for the isopropyl,
dimethyl and phenyl derivatives.

The degradation of the 2-bromo-4,4’-dimethyloxazelhas been followed Bi# NMR at
60°C. The result showing the evolution of the conidions of the bromooxazoline and
isocyanate derivative in function of time is regnet®d in Figure 2.3.5.
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Figure 2.3.5: Proportions of 2-bromo-4,4’-dimethyloxazoline antirbmo-2-isocyanato-2-methylpropane in
function of time at 60°C (C = 0.42 mol-Lfollowed by*H NMR in THF-dg, 200 MHz)
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These results show that the conversion from thenboxazoline into the isocyanate
derivative is quite fast at 60°C. After twelve hgtnere is no bromooxazoline left. Trisoxazoline
syntheses by coupling between monooxazoline déresiand bisoxazolines are carried out in
solution of concentrations around 0.08-0.12 mot.dnd generally at higher temperature (70-
75°C). A low vyield is obtained after five days oéflux (17%Y for the 1,1,1-tris[4,4-
dimethyloxazolin-2-yllethane. The rearrangementthf bromooxazoline could explained this
result. For the other bromooxazolines, it has b@#served that higher temperatures are needed
to form the rearrangement product and this expldiashigher yields obtained for the coupling
reaction.

During the course of the tripod synthesis it hasnbebserved that the rearrangement
occurs more or less rapidly depending on the cdarateon of the tetrahydrofuran solution of the
2-bromooxazolines. To confirm this observation évelution of the concentration of bromine-
and isocyanate-based compound in function of tieeebeen followed bjH NMR starting with

different concentrations of 2-bromooxazoline. Theo tgraphs summarising the results are
depicted in Figure 2.3.6.
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Figure 2.3.6: Proportions of 2-bromo-4,4’-dimethyloxazoline anthrbmo-2-isocyanato-2-methylpropane as
function of time at different concentrations (falled by'H NMR in THF-ds, 200 MHz, 60°C)

The rate determining step of the rearrangementisgbly the heterolytic cleavage of the

Br-C bond because high activation energy is ne¢al&teak heterolytic bonds. The shape of the
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curves and the concentration dependence indicatettie bond cleavage step is not first order
related to the concentration of bromooxazoline. ffezhanism proposed in Scheme 2.3.2 a) is
in that case not possible. A process involvingatisstion of the bromine by attack of a second

bromooxazoline and further nucleophilic substitation the C5 carbon by the free bromine

appears to be more likely (Scheme 2.3.3).

Br@

Br R Br @ N/ Br O\\C
OAN + ,\?\_\O O)%l\f) N j\ O)%N + \\N Br
\—<R E) L{R N" R \_<R R>—/
r

Scheme 2.3.3: Reaction pathway proposed for the rearrangemettiediromooxazolines

The first step of this mechanism is similar to thueleophilic addition of an imidazole on
a 2-bromooxazoline which affords an oxazoline-immlaim?® The formation of this salt
stabilises the oxazoline ring which undergoes th€ Bond cleavage and activates its C5 carbon
for further nucleophilic attack. To confirm thatetmearrangement involves an ionic and not a
radical process, one more experiment has beeredatit. The evolution of the concentration of
the two compounds in function of time with the dubai of one equivalent tetrabutylammonium

bromine has been followed By NMR. The corresponding graph is depicted in Fégu3.7.
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Figure 2.3.7: Evolution of the concentration of 1-bromo-2-isocgm2-methylpropane in function of time with
additive @) and without additive{) (C = 0.57 mol.L*, followed by*H NMR in THF-dg, 200 MHz, 60°C)

Addition of an excess of Banions increases the reaction rate. In the presehone

equivalent tetrabutylammonium bromine the rearramegg is completed after two hours
indicating the involvement of the anion.

2V, Cesar, S. Bellemin-Laponnaz, L. H. GaBeganometallic002, 21, 5204.
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3. Conclusion

It has been found that 2-bromooxazolines rearrange isocyanate derivatives. The
iIsomerisation is thermally induced and is dependentthe concentration of the solution of
bromooxazolines in tetrahydrofuran. Upon heatindgyr@no-4-substituted oxazolines can be
converted into 2-bromo isocyanates with high seligt Yields of 85-90% are obtained with 2-
bromo-4-phenyloxazoline, 2-bromo-4-isopropyloxazelior 2-bromo-4,4’-dimethyloxazoline.
The mechanism of the rearrangement involves adigter cleavage of the Br-C bond probably

induced by a nucleophilic attack of a second braxaaoline.
V. Reaction with the a-bromo-isocyanate derivatives

1. Precedentin theliterature

Two of the isocyanates obtained by isomerisatiorthef bromooxazolines have been
reported previously: the 1-bromo-2-isocyanato-2hyigrropane 25) and the 1-(2-bromo-1-
isocyanatoethyl)benzene27), as well as other derivatives such as the 1-bf@mo
iIsocyanatopropane. RearrangemeniNehalogenateds-lactames in the presence of olefins or
alkynes leads to the isocynates by adding catadytiounts of radical generators or by irradiation
or heating (Scheme 2.4.1 (Af)A method based on the dehydrochlorination of camps of
type RNHCOCI in the presence of,® and HCI enables to obtaimter alia, 1-bromo-2-
isocyanato-2-methylpropane (Scheme 2.4.1%b)).

R? R® olefins C/,O
1 4 or alkynes Y
R “i\tR y X N €))
N radical initiator H 1
X o} or irradiation R R? RzR
or heating

X = halogene

R1 coc R1 Hel R1

A —NH, HX - >—NH-COCI ~—Nco  (b)
R R R

R R R

Scheme 2.4.1: Procedures described in the literature for thel®gis of the isocyanate derivatives

4 a) K. D. KampeTetrahedron Lett1969, 2, 117 : b) Farbwerke Hoechst A.-G969, Patent FR 1565226; c) K. D.
Kampe,1970, Patent DE 1930329; d) K. D. Kamg@istus Liebigs Ann. Che071, 752 142.

% a) K. H. Koenig, W. Rohr, A. Fischet972, Patent DE 2045907; b) K. H. Koenig, F. Zanker,Mangold, A.
Fischer,1972, Patent DE 2045906; c) F. Zank&®73, Patent DE 2156761.
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The mechanism of the rearrangemenildfalogenate@-lactames is not fully understood
but evidence for radical reactions have been féiffiVarious applications of this type of
isocyanates to generate new compounds, such as imiéazoles derivative®,
oxazolinylpiperazines derivativé$, oxazoloquinazoline¥ 2-amino-2-oxazoline$, fullerene
derivative§® and 1-amidino-2-imidazolidinonéSare reported in the literature.

Rearrangement of the 2-bromooxazolines does nettatifie position 4 of the oxazoline
unit and enantiomerically pure isocyanates are iobtaafter isomerisation. Considering the
reactivity of isocyanates, an interesting applmatmay be their use for the determination of the

enantiomeric excess of primary or secondary amines.
2. Reaction with phenylethylamine

The enantiomerically pure as well as achiral isoey@ derivatives have been reacted
with (§-1-phenylethylamine orac-phenylethylamine. Depending on the conditions, treac
between the isocyanates and the primary amine peated to lead to either tw-cyclised
regioisomers: a 2-imidazolidinone and an aziridiore to an O-cyclised 2-aminooxazoline
(Scheme 2.4.2).

N-cyclisation O-cyclisation
o Ph Ph
i ’/L PN N)\ HN)\
PHJ\NJ\N R . py N NH — L
N N — O NH OON
) \_<R \_<R

Scheme 2.4.2: Possible isomers formed by reaction between tiey@nate derivatives and phenylethylamine

%6 G. Hoerlein, H. Mildenberger, A. Kroeniger, K. Has, 1972, Patent DE 2125815.

2" a) A. Gobel, K. Schmitt, I. Linde-Rank&973, Patent DE 2205814 ; b) A. Gobel, K. Schmitt, inde-Ranke,
1973, Patent DE 2205815.

K. D. Kampe 1974, Patent DE 2252122.

29 3) K. D. Kampe,Justus Liebigs Ann. Chert974, 4, 593; b) K. D. Kampe, M. Babej, J. Kaisé874, Patent DE
2253554

K. D. Kampe 1995, Patent EP 653424.

%1 B. Kulitzscher, C. Sommer, B. Kammermei#996, Patent DE 19502790.
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Before the cyclisation, reaction between the isnay@and phenylethylamine leads to the
formation of an urea. This urea is obtained by @ohilic attack of the isocyanate function by
the amine. The subsequent step is the intramoleayleisation of this intermediate. Two
different reaction conditions have been employedetact the isocyanate derivatives with the
amine. They are depicted in Scheme 2.4.3.

NH,

) P
THF / -20°C
1.5h.

KOtBu / -40°C
overnight

Prod. A Pathway |
2)

Br N —

R NH,
Ph)\
Prod. B

THF/R.T. 0°C
3h. 1.5h.

Prod. C Pathway ||

Scheme 2.4.3: The two reaction pathways studied and the thrderdifit products observeBrod. A, Prod. B and
Prod. C

The reactions have been carried out for both macgrotocols with the isocyanate
derivatives with dimethyl, §-isopropyl and R)-phenyl substituents. In the two following

sections determination of the products formed tghdeathway | andPathway |1 is described.

a. Pathway |: characterisation d®rod. A

Following Pathway | the reaction between the isocyanate derivative thedprimary
amine at -20°C followed by the addition of potassitert-butoxide at -40°C leads to the
formation ofProd. A. It has been confirmed by variable temperattt&IMR studies in THFdg
that the urea is formed at low temperature. Tha liearing the isopropyl substitue@7) has
been characterised By, *°C {*H} and **N NMR spectroscopy (Figure 2.4.1).

Ph O
H H
29

Figure 2.4.1: Urea formed by reaction betwee)-(L-phenylethylamine and the isocyanate derivatisaring the
(9)-isopropyl substituent
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The NMR scale reactions conducted at low tempezgt@0°C) have shown that the urea
remains stable at least for five hours. Thus, wherbase is added, the reaction that occurs is the
intramolecular cyclisation of the urea. This cyatien has proven to be selective dhtiNMR
spectra of the reaction mixture show no by-produB@sed on the spectroscopic and mass
spectrometric data recorded it has been diffiauttdnclude whether the urea underghes O-
cyclisation.

Suitable crystals for an X-ray diffraction studywbkaeen obtained by slow diffusion of
pentane into a solution & od. A bearing the $)-isopropyl substituent in dichloromethane. The

molecular structure of the compound is depicte#figure 2.4.2. The selected bond lengths and
angles are summarised in Table 2.4.1.

Figure 2.4.2: Thermal ellipsoid plot (25%) of-2-isopropyl-N-(§)-1-phenylethyl)aziridine-1-carboxamid&lf)

C(1)-O(1) 1.228(3) C(1)-N(2) 1.342(3)
C(1)-N(1) 1.408(3) C(2)-N(1) 1.456(3
C(2)-C(3) 1.485(3) C(3)-N(1) 1.469(3)
N(2)-C(1)-N(1)  113.25(18) N(1)-C(2)-C(3)  59.94(15)
N(1)-C(3)-C(2)  59.06(15) C(2)-N(1)-C(3)  61.00(15)
C(1)-N(1)-C(2)  118.87(18) C(1)-N(1)-C(3)  119.14(19

Table 2.4.1: Selected bond lengths (A) and angles (°)

The formation of the 3-membered ring is confirmgdXsray diffraction. Addition of the
base to the pre-formed urea leads to the intraratalebl-cyclisation of the latter affording the
aziridine. Following the procedure Bathway | four aziridine derivatives have been isolated as
the kinetically favoured product (Figure 2.4.3).
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Figure 2.4.3: The compounds formed following the procedureBaihway |

Derivatives of this type of aziridines with two rhgt groups on the carbon C(2) (2,2-
dimethylN-(1-phenylethyl)aziridine-1-carboxamide30j or two hydrogen atoms on the C(2)
carbon N-(1-phenylethyl)aziridine-1-carboxamide) have altyeabeen published and were
obtained by reaction of the corresponding aziridiita 1-(1-isocyanatoethyl)benzerfe.

b. Pathway ||: characterisation d?rod. B andProd. C

Following Pathway |l the reaction between the isocyanate derivative thedprimary
amine at room temperature for three hours leadlsetdormation ofProd. B. This intermediate,

a white foam, upon attempted isolation has onlynbgearacterised by NMR spectroscopy after
evaporation of the solvenh vacuo After dissolution in tetrahydrofuran and additiah
potassiuntert-butoxide at 0°CProd. C is formed. This type of compounds has been istlatel
fully characterised.

The'H NMR of Prod. B does not correspond to that of the urea. Intergistiduring the
course of outH NMR experiments it has been observed that, anrgemperature, the urea is
not stable and rearranges after less then two hougive a product possessing the sdtde
NMR spectrum a$rod. B. Thus, it has been assumed that the latter isdyra cyclisation
product of the urea.

Identification of Prod. B and Prod. C proved to be not trivial. They present similar
resonance patterns in thid and**C {*H} NMR spectra with sometimes only slight variatiion
the chemical shifts. For the reaction between thena and the isocyanate derivative with the

4,4'-dimethyl substitution the twtH NMR spectra are given in Figure 2.4.4.

%2.a) A. P. Terentev, R. A. Gracheva, V. T. BezruchRoklady Akademii Nauk SS9B67, 172 622; b) R. G.
Kostyanovskii, K. S. Zakharov, M. Zarinova, V. F. d®henko, Izvestiya Akademii, Nauk SSSR, Seriya
Khimicheskayd975, 4, 875.
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R”-(CH,),
(Ph)(QH)CH-R’
CH, Prod. C
(Ph)(CH)CH-R l
o J(_J L
R"™-(CH,),

(Ph)(QH,)CH-R’
Prod. B AJL
CH,
(Ph)(CH)CH-R
N ML L

Figure 2.4.4: "H NMR spectra in chlorofornd, (400 MHz) ofProd. B andProd. C obtained by reaction between
phenylethylamine and the achiral isocyanate devigat

For both compounds all the signals expected in oasgclisation are present. Looking
only at the'H and °C {*H} NMR spectra it is not possible to conclude wteettthe
imidazolidinone or the aminooxazoline have beemft. Thereforé®N NMR and infrared data

have been collected. The results are summaris€dhle 2.4.2.

2 3 5N (@]
=
R
_______________________________ //o
,C NH,
Br N + ——> Prod.B— Prod.C
\___< =
R
Prod. B Prod. C
R Me iPr Ph Me iPr Ph
C1 160.5 161.5 161.6 158.3 159.2 160.7
C2 81.6 73.8 76.9 79.1 70.2 75.1
C3 60.0 61.7 61.3 65.1 70.0 67.9
N1 103 101 100 78 79 80
N2 112 97 / 177 160 /
IR - - - 1687 1672 1686

Table 2.4.2: °C {*H} and ™®N NMR (in ppm) and infrared datady in cm®) collected forProd B. andProd. C

From the results presented in Table 2.4.2 it isibts to draw a first conclusioRrod. C

is an aminooxazoline, an assignment supported figreint data. The chemical shifts of thal
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resonances of both nitrogens present in the contpatendrastically different. This would not be
expected for a cyclic urea and is in agreement wiéhformation of an aminooxazoline rifiy.
Moreover the chemical shifts of tHéC resonances (as well as thd resonances) are in
agreement with those reported for the cyclohexy-@methyloxazolin-2-yl)amine (C 158.3
ppm, C: 78.8 ppm, @: 65.0 ppm)** In addition the infrared data confirm the formatithe
aminooxazoline. The infrared spectra of the thregvdtives ofProd. C show an absorption
between 1672 and 1687 €mvhich is assigned to the-y stretching mode of the oxazoline. In
the literature, aminooxazolines display a vibragiomand between 1655 and 1687 tm
depending on the substituef{t® whereas those of imidazolidinones are observeddsst 1684
and 1716 ci.*®

Addition of potassiuntert-butoxide toProd. B leads to the formation d?rod. C. In
Table 2.4.2, thé®N resonances oProd. B could correspond to those of imidazolidinones.
HoweverN-cyclisation of the urea to forfarod. B can not be envisaged. Indeed, knowing that
Prod. C is an aminooxazoline is not possible that theamtrlecular cyclisation of the urea
afford an imidazolidinone. Based on the NMR datatle fact thaProd. C stems from th&®-
cyclisation and that thBrod. B derivatives appear as foam, we suggest that ttex lare the
hydrobromide salts of the corresponding aminooxaesl In summary, reaction between the
isocyanate derivatives and the primary amine geéeerdhe urea. The intramolecul@-
cyclisation of the latter then gives the hydrobrdensalts which, after addition of potassitert-
butoxide affords the aminooxazoline (Scheme 2.4.4).

Ph

Je NH2 A Ph
C h)\ o R HN ©  KOtBu
7 P )J\ M ® Br HN
Br N p N N Br ——— SN
Ao THF/R.T. H H THgth-T- Q" NH f;ch O)%N
R . 5h.
R “(
R
Prod. B Prod.C

Scheme 2.4.4: Reaction pathway for the synthesis of the aminooize®

% 1t has been calculated that in an aminooxazoleg®N nucleus of the C=N bond resonates at around 160 pp
and the®N nucleus of the H-N bond resonates at around 5. i an imidazolidinone, it has been found that th
N nucleus of the C-N bond resonates at around pb8and thé®N nucleus of the H-N bond resonates at around
88 ppm.

$*E. J. Crust, I. J. Munslow, P. Scalt,Organomet. Chen2005, 690, 3373.

T, H. Kim, N. Lee, G.-J. Lee, J. N. Kimigtrahedror2001, 57, 7137.

% T. H. Kim, G.-J. Lee). Org. Chem1999, 64, 2941.
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Formation of the salt also accounts for the diffiees observed in the chemical shifts in
the'H NMR spectra (see Figure 2.4.4). Addition of of I{ftom a 2M solution in diethylether)
to Prod. C in chloroformd; clearly confirms thaProd. B is the protonated aminooxazoline.
Indeed théH NMR spectrum oProd. C in the presence of HCl is similar to the oné®odd. B.

Using Pathway |1, four different hydrobromide salts have been cotiaressed by NMR
spectroscopy and their four corresponding aminoolk@es have been isolated (Figure 2.4.5).

h Ph Ph
Ph
)\ )\ HN)\
)\ N HN ' ® Br@
HN o ® BrO® )l\@ BrO ).\
Prod. B k@ Br 5 NH o NH 0" "NH
(@] NH \_§, \_§,
" O
33 34a 3da+b 35
H
n A P
H J\ N> ph N~ Ph N~ Ph
N Ph )\ )\ )%
Prod. C A\ o N 0" N O\ /N
(0] N \_§, \_§/
\—k// @

36 37a 37a+b 38

Figure 2.4.5: The compounds formed following the procedur®athway ||

c. Determination of the enantiomeric excess of prinaanne

Following Pathway | andll in the presence ahc-phenylethylamine and the isocyanate
derivative bearing the §-isopropyl substituent the aziridine3lg+b), the salt of the
aminooxazoline 34a+b) and the aminooxazolin@q{a+b) have been prepared. It is possible to
assign completely in thH NMR spectra the signals of the two diastereoigsmer all three of
them. Formation of either the 2-aminooxazoline be taziridine in principle enables the

determination of the enantiomeric excess of theary amine by NMR spectroscopy.
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This chapter is devoted to the application of th&xkazolines in palladium chemistry.
The synthesis and structural characterisation a$oxazoline-based palladium(ll) and
palladium(0) complexes are presented. The secona@acentrates on the study of the dynamic
fluxional behaviour of the Pd(ll) and Pd(0) commexFinally, the application of the palladium

complexes in asymmetric allylic substitution isatdissed.

I. Synthesis and structural characterisation of trisoxbased palladium

complexes
1. [Pd"Cl(trisox)] complexes

Palladium(ll) chloride complexes can easily be ot&d by reaction of the desired ligand
with a precursor from type [Pd{LL] where L is a labile ligand. A series of neutral
dichloropalladium(ll) complexes was synthesized regction of the trisox derivatives with
[PACL(PhCN}] in dichloromethane at room temperature (SchemelR. All four complexes
[PACh(iPr-trisox)] 89), [PAChk(Ph-trisox)] @0), [PACL(Bn-trisox)] @1) and [PdCJ(Ind-trisox)]
(42) were isolated as crystalline orange air-stabledsoThe analytical data confirmed the
formation of the target complexes and the resonaateern of the'H, **C{*H} and N NMR

spectra recorded at 296 K are consistent wihr@oordination of the trisoxazoline ligands.

0 © N

/ '<oz CH,Cl, <L =N

N N/ N- ; +(PhCNyPdC, —— "~ » 0 Pd

R” * rt, 1.5 h —N
R o 0
R = (9-iPr39
R = (R-Ph40
R=(9-Bn4l

R = (R59-Ind 42

Scheme 3.1.1: Synthesis of palladium(ll) complex88-42

It was possible to obtain crystals suitable foray-diffraction of [PAC)(iPr-trisox)] by
slow diffusion of diethylether into a solution 89 in dichloromethane. The molecular structure
of compound39 in the solid state is shown in Figure 3.1.1 arldcted bond lengths and angles
are given in Table 3.1.1.
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Figure 3.1.1: Thermal ellipsoid plot (25%) of [Pd&iPr-trisox)] 39

Pd-N(1) 2.050(2) Pd-N(2) 2.029(3)
Pd-CI(1) 2.2864(9) Pd-CI(2) 2.2825(8)
N(1)-C(3) 1.272(4) N(2)-C(9) 1.278(4)
N(3)-C(15) 1.256(4)

CI(1)-Pd-N(1)  92.31(8) N(1)-Pd-N(2)  88.7(1)
N(2)-Pd-CI(2)  91.84(8) Cl(2)-Pd-CI(1)  87.09(4)

Table 3.1.1: Selected bond lengths (A) and angles (°) for cemfPdC(iPr-trisox)] 39

Similarly, complex [PdGIPh-trisox)] crystallised by slow diffusion of pane into a
solution of40 in CH,Cl,. The structure ofi0 is depicted in Figure 3.1.2. Selected bond lengths
and angles are given in Table 3.1.2.

Pd-N(1) 2.030(2) Pd-N(2) 2.041(2)
Pd-CI(1) 2.2915(7)  Pd-Cl(2) 2.2606(8)
N(1)-C(1) 1.273(4) N(2)-C(12) 1.283(4)
N(3)-C(21) 1.294(4)

CI(1)-Pd-N(1)  91.58(7) N(1)-Pd-N(2)  89.42(10)
N(2)-Pd-CI(2)  91.02(8) Cl(2)-Pd-CI(1)  88.07(3)

Table 3.1.2: Selected bond lengths (A) and angles (°) for cemfiPdCh(Ph-trisox)]40
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Figure 3.1.2: Thermal ellipsoid plot (25%) of [Pd&Ph-trisox)]40

In both complexes the geometry around the metaireaa distorted square planar, as
expected ford® palladium(ll) complexes. The slight deformationpimbably due to the steric
repulsion of the chloro ligands and the isopropy ahenyl substituents respectively.

The trisoxazoline ligands adopt bidentate coordamatwith the third oxazoline unit
dangling, and the nitrogen donor pointing away fittv& metal centre. The free oxazoline ring is
oriented perpendicularly to the plane defined by six-membered metallacycle. The Pd-N and
Pd-Cl bond lengths are in the range of those fdondelated structureSAs expected, the C=N
bond length of the free oxazoline is slightly skothan those in the coordinated oxazoline units
(1.256(4) vs. 1.272(4) and 1.278(4) A 89 and 1.249(4) vs. 1.273(4) and 1.283(4) A40y.

The infrared spectrum of [PdgiPr-trisox)] displays a vibrational band at 1660"tm
which is assigned to the--y stretching mode of the free oxazoline ring andabsorption at
1650 cnt corresponding to thec-y Stretching mode of the coordinated oxazoline uriits
comparison, thec-y stretching frequency of fré@r-trisox is 1660 ci. For complex40, only
the band assigned to the-y stretching mode of the coordinated oxazoline usitsbserved at
1655 cmi* (1665 cnt for theve-y stretching mode of free Ph-trisox).

L A. El Hatimi, M. Gémez, S. Jansat, G. Muller, Morf-Bardia, X. Solans]. Chem. Soc., Dalton Trans. 1998
4229.
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2. A[Pd"(allyl)(trisox)] complex

Reaction of palladium allyl derivatives with our siaacommonly used tripotPr-trisox
yielded oily products. We then decided to focus tbe phenyl-substituted trisoxazoline
derivative Ph-trisox in order to obtain crystallio@mplexes. Reaction of commercially available
[Pd(;3-C3Hs)Cl]» with Ph-trisox in dichloromethane followed by thddition of one equivalent
of silver tetrafluoroborate did not lead to the esied compound. The desired?®(
allyl)palladium complex was prepared from [FCsHs)(cod)]BF: (cod = cyclooctadiene). The
latter was obtained by reaction of the correspapittl¢;*-CsHs)Cl]. dimer with cyclooctadiene
and silver tetrafluoroborate in good yields accogdio the procedure of Whiat al.> Reaction of
[Pd(;%-CsHs)(cod)]BR, with Ph-trisox in dichloromethane gave the expgaerresponding allyl
complex43 (Scheme 3.1.2).

0/3, Ph_l

o
"<oz CH,Cl,
N + [Pd(GHs)(cod)]BF, ———
Ph r, 1.5h
Ph

Ph-trisox

43

Scheme 3.1.2: Synthesis of [Pdf-CsHs)(Ph-trisox)]BR 43

Suitable crystals for an X-ray diffraction study rereobtained by slow diffusion of
pentane into a solution of compld8 in dichloromethane. The molecular structure ipldiged
in Figure 3.1.3 and selected bond lengths and aragke given in Table 3.1.3. For clarity, only a
single orientation of the allyl ligand is shownym@sponding to the major isomer.

2D. A. White,Inorg. Synth. 1972, 13, 55.
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C(31A)

Figure 3.1.3: Thermal ellipsoid plot (25%) of [Pg{-C;Hs)(Ph-trisox)|BR 43
Hydrogen atoms and the counteranion are omittedléoity

Pd-N(1) 2.104(2) Pd-N(2) 2.102(2)
Pd-C(32) 2.120(3) Pd-C(30) 2.131(3)
N(1)-C(1) 1.279(3) N(2)-C(10) 1.274(3)
N(3)-C(19) 1.264(3) C(32)-C31 1.405(5)
C(30)-C(31) 1.345(5)

C(32)-Pd-N(1) 102.16(9) N(1)-Pd-N(2) 88.14(7)
N(2)-Pd-C(30) 100.85(10) C(32)-Pd-C(30)  68.87(12)

C(32)-C(31)-C(30) 121.86(4)

Table 3.1.3: Selected bond lengths (A) and angles (°) for cemfPd(>-CsHs)(Ph-trisox)]BR, 43

The palladium atom adopts a planar coordinatiomggry with the7zallyl ligand and
two of the three oxazoline rings of the ligand lpeoordinated. As expected for [Rallyl)]
complexes of this typ&? the coordination geometry @8 is pseudo-square planar with the four
coordination sites occupied by the two nitrogenaterand the allylic termini C(32) and C(30).

As for the dichloropalladium derivative®9-42 the third oxazoline unit is dangling with the

% a) A. Albinati, C. Ammann, P. S. Pregosin, H. RiergOrganometallics 199Q 9, 1826; b) A. Albinati, R. W.
Kunz, C. Ammann, P. S. Pregosidrganometallics 1991, 10, 1800; c) P. von Matt, G. C. Lloyd-Jones, A. B. E.
Minidis, A. Pfaltz, L. Macko, M. Neuburger, M. Zether, H. Rieger, P. S. Pregositeglv. Chim. Acta 1995 78,
265.

“a) L. S. Hegedus, B. Akermark, D. J. Olson, OARderson, K. Zetterberg, Am. Chem. Soc. 1982 104, 697; b)

N. W. Murrall, A. J. Welch,). Organomet. Chem. 1986 301, 109; c) A. Togni, G. Rihs, P. S. Pregosin, C. Asmm,
Helv. Chim. Acta 199Q 73, 723.
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nitrogen donor pointing away from the palladium teenThe free oxazoline ring is oriented
perpendicularly to the plane defined by the six-rberad metallacycle. The Pd-N and Pd-C
bond lengths are within the range found for relatethplexes reported in the literatdrelere
again, as expected, the C=N bond length of thedxegoline is slightly shorter than those in the
coordinated oxazoline units (1.264(3) vs. 1.279¢8) 1.274(3) A).

The six-membered chelate ring adopts a slightlgted boat conformation. A disorder in
the central C-atom (C(31)) of theallyl ligand is found in the crystal structure tble complex
with a relative occupancy of about 2:1. This intksaa mixture of the two diastereomers in that
ratio, resulting of the reduction in tl& symmetry of the coordinated bisoxazoline due to the
presence of the third uncoordinated heterocycléhérmajor isomer, the allyl group is orientated
with the central C-H allylic bond pointing in tharse direction as the axial methyl group (see
Figure 3.1.3 where the structure of the major isosdepicted).

The infrared spectrum of [PgftCsHs)(Ph-trisox)]BR displays a vibrational band at 1658
cm* which is assigned to the-y stretching mode of the coordinated oxazoline ugi&65 cnt
for thevc=y stretching mode of free Ph-trisox). The absorpfrom thevc-y stretching mode of

the free heterocycle is not observed.
3. [Pd°(trisox)(alkene)] complexes

Having explored the coordination chemistry of theatxazolines with palladium(ll), we
then turned our attention to zero-valent palladicomplexes. Compared to the extensive work
on phosphine/-alkene palladium(0) complexes, there are only feell defined [P
alkene)] complexes that contain ancillary nitroglmor ligand$. In particular, we note that
there is no report of structurally characterizedOPccomplexes containing oxazoline-based
ligands.

Palladium(0) compounds are generally either fornredtu by reduction of a suitable
palladium(ll) precursor, or by starting from a zewaent palladium precursor complex

®a) 0. Hoarau, H. Ait-Haddou, J.—C. Daran, D. Criena, G. G. A. BalavoineQrganometallics 1999 18, 4718; b)
M. Kehnder, M. Neuburger, P. von Matt, A. Pfaltzfa Cryst. 1995 C51, 1109.

®a) F. Ozawa, T. Ito, Y. Nakamura, A. YamamaloQOrganomet. Chem. 1979 168, 375; b) K. J. Cavell, D. J.
Stufkens, K. Vriezelnorg. Chim. Acta 1981, 47, 67; c) B. Crociani, F. Di Bianca, P. Uguaglidti, Canovese, A.
Berton, J. Chem. Soc., Dalton Trans. 1991, 71; d) B. Milani, A. Anzilutti, L. Vicentini, A.Sessanta o Santi, E.
Zangrando, S. Geremia, G. MestroBr,ganometallics 1997, 16, 5064; e) R. A. Klein, P. Witte, R. Van Belzen, J.
Fraanje, K. Goubitz, M. Numan, H. Schenk, J. M.dfing, C. J. ElsevieEur. J. Inorg. Chem. 1998 319; f) M. W.
van Laren, C. J. ElsevieAngew. Chem. Int. Ed. 1999 38, 3715;Angew. Chem. 1999 111, 3926; g) C. Boriello, M.
L. Ferrara, |. Orabona, A. Panunzi, F. RufloChem. Soc., Dalton Trans. 200Q 2545; h) A. M. Kluwer, C. J.
Elsevier, M. Biihl, M. Lutz, A. L. SpekAngew. Chem. Int. Ed. 2003 42, 3501;Angew. Chem. 2003 115, 3625; i)
A. M. Kluwer, T. S. Koblenz, T. Jonischkeit, K. WkgeC. J. Elsevier,). Am. Chem. Soc. 2005 127, 15470; j) J. J.
de Pater, D. S. Tromp, D. M. Tooke, A. L. Spek,JBBeelman, G. van Koten, C. J. Elsevierganometallics
2005 24, 6411.
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containing labile ligands. Attempts to reduce tRelCh(trisox)] complexes described in the
previous sections did not lead to the isolatiorthef expected palladium(0) complexes (Scheme
3.1.3).

reducing agent

+ alkene no isolated product
toluene

-40°Cto R. T., 2 days

alkene: tetracyanoethylene
maleic anhydride
fumaronitrile
reducing agent: NaBH
NaBH(OMg)

Scheme 3.1.3: Attempts to reduce [Pd&iPr-trisox)]

Reduction 0f39 in the presence of an olefin was carried out bpgu®ither sodium
borohydride or sodium trimethoxyborohydride as midg agent. The reaction led to the
formation of brown solids'"H NMR spectra of these compounds showed the presehan
impure complex and all attempts at recrystallisatesulted in decomposition.

Considering these results, we decided to try tterradtive synthetic route, starting from
zero-valent palladium complexes. The Pd(0) precunss chosen based on interesting results
reported by Elsevieet al. in which mixed alkene complexes were used as psecs! for the
synthesis of palladium(0) speciésThe stability of these different mixed olefin colexes is
based on the appropriate combination of electronatiog and electron withdrawing olefin
ligands®

Palladium(0) precursors of the general formula fdj(alkene)] (nbd = norbornadiene;
alkene = maleic anhydride or tetracyanoethylenejevaynthesised, norbornadiene being the
electron rich olefin and maleic anhydride or teyawethylene being the electron poor olefins.
A number of palladium(0) complexes with differergainds, including a potentially tridentate
pyridine-bisoxazoline ligand, and alkenes were Isgsised using these precursors. Complexes

44-48 were obtained by substitution of the norbornadikyend by the respective tripod ligand

" A. J. Blacker, M. L. Clarke, M. S. Loft, M. F. Mah, M. E. Humphries, J. M. J. William€&hem. Eur. J. 200Q 6,
353.
8 K. Ito, F. Ueda, K. Hirai, Y. IshiiChem. Lett. 1977, 877.
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in tetrahydrofuran and were isolated as highlysainsitive yellow powders in 50 -75% vyield
(Scheme 3.1.4).

\%%%R‘Ph
o X__0

| \
D

Ph

Oﬁ-n\iPr 6] /§

- =0

o D
S/{\l I\}J Ph-trisox | ma N\ /N 4

\ / :/ “~—Ph

iPr Pd iP

44 %ox Bntrly’ /A/l
O

= |

\
R (|Pr BOX)(CHPYy) Ind-trisox \
o
| tcne
N
\ '/
Fid iPr

iPr P
(0]

+ isomers
( ) a8 47

Scheme 3.1.4: Synthesis of palladium(0) complexes of type [Pkiak)(tripod)}44-48
(nbd = norbornadiene, ma = maleic anhydride, tctetracyanoethylene).

For d™ palladium(0) complexes, two different moleculaogetries can be expected. The
first one is a trigonal planar geometry with thisdrazoline acting as a bidentate ligand. The
second molecular geometry possible is tetrahedithl the three nitrogen donors of the facial
tridentate ligand coordinated to the metal cer@rgstallisation by slow diffusion of pentane into
a solution of44 in diethylether gave suitable crystals for an X-wiffraction study. The
molecular structure is presented in Figure 3.1dlsmlected bond lengths and angles are given in
Table 3.1.4.
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Figure 3.1.4: Thermal ellipsoid plot (25%) of [Pd(may(-trisox)] 44

Pd-N(1) 2.127(5) Pd-N(2) 2.115(4)
Pd-C(1) 2.107(7) Pd-C(2) 2.082(6)
N(1)-C(7) 1.261(7) N(2)-C(13) 1.261(7)
N(3)-C(19) 1.254(9) C(1)-C(2) 1.448(9)
C(4)-0(3) 1.179(8) C(3)-0(1) 1.212(9)
N(1)-Pd-N(2) 85.6(2) N(2)-Pd-C(2) 116.9(2)
C(1)-Pd-N(1) 117.6(2) C(1)-Pd-C(2) 40.4(2)
Torsion angle C(3)-C(2-C(1)-Pd  -98.4°

Table 3.1.4: Selected bond lengths (A) and angles (°) for cemiPd(ma)(Pr-trisox)] 44

Complex44 possesses Y-shaped trigonal planar geometry Wwehrisoxazoline ligand
coordinated in a bidentate way whilst the thirdzotane unit is dangling with the nitrogen donor
pointing away from the metal centre. Two nitrogemak ligands are sufficient to stabilize the
metal centre in its low oxidation state with malaithydride as co-ligand. The cyclic anhydride
is oriented perpendicularly to the plane definedh®sy palladium atom and the two coordinated
heterocycles in order to optimize the orbital ogpging between the-orbital of the C=C bond
and thed orbitals of the metal centre. The Pd-N (2.127(5)akd Pd-C (2.082(6) A) bond
lengths are in agreement with reported values imilar complexes that contain bidentate
nitrogen-based ligands such tBUDAB (3,6-diaza-2,2,7,7-tetramethyl-octa-3,5-digte The
N(1)-Pd-N(2) angle of 85.6(2)° is greater than thosported for related complexes (typically

°D. D. Ellis, A. L. SpekActa Crystallogr. C 2001, 57, 235.
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77.2 - 77.5°}° This increase of the bite angle is due to thensdmbered chelate ring of a
bidentate trisoxazoline compared to the valuesvetinembered rings described in the literature.
As expected, upon coordination of the alkene anggtion of the C=C bond distance (1.448(9)
A) with respect to the free alkene (1.3322(9) Apkserved! Considering the presence of the
third dangling oxazoline unit, two diastereomers ba formed: one with the central oxygen of
the olefin pointing in the same direction as theefoxazoline unitX) and one with the central
oxygen of the olefin pointing in the opposite diren of the free heterocycl®) (Scheme 3.1.5).

/o
@

H >& /\*/R
i&f ~ 5,

Scheme 3.1.5: T:e two possible diastereomers for complexez [Adtnsox)]44-46

Notably although an equilibrium of these two dissteners is observed in solution at
ambient temperature, the crystals employed foxXthay diffraction study o#14 consists only of
one diastereomeric form.

Slow diffusion of pentane into a solution of [Pd{f®h-trisox)] in dichloromethane gave
suitable crystals for X-ray diffraction. In the stgls of the phenyl substituted compkx the
opposite diastereomerB)(is found exclusively. Apart from that, the mol&ustructure appears
similar to that of44. However, the quality of the data was only suéfiti to unequivocally
establish the molecular connectivity and configorgt but did not allow a more detailed
appreciation of the structure.

The infrared spectra of complex44-46 displayed the vibrational bands assigned to the
ve=n Stretching mode of the free oxazoline ring andhaf coordinated oxazoline units (Table
3.1.5). In case of comple48, the infrared spectrum (KBr-Pellet) also showeel pinesence of
one free and one coordinated oxazoline unit indigathe formation of a 7-membered
metallacycle. Absorptions at 1786-1794 trand 1722-1727 cthwere assigned to the-o
stretching mode of the anhydride (1784 cfor the free maleic anhydride).

193) T. Schleis, J. Heinemann, T. P. Spaniol, R.Hduipt, J. Okudadnorg. Chem. Commun. 1998 1, 431; b) M. L.
Ferrara, F. Giordana, I. Orabona, A. Panunzi, FfdR&ur. J. Inorg. Chem. 1999 1939.
M. Lutz, Acta Crystallogr. Sect. E 2001, 57, 01136.
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Vc=N Vc=N Vc=N
Vc=0
dangling oxazoline coordinated oxazolines tripodal ligand
44 1660 1650 1786, 1722 1660
45 1662 1655 1798, 1727 1665
46 1662 1655 1793, 1724 1664
48 1664 1653 1794, 1723 1663

Table 3.1.5: Selectedc-o andvc-y stretching mode (ct) of complexes [Pd(ma)(tripod¥-46and 48 andve-y
stretching mode (cl) of the corresponding tripodal ligand

4. Conclusion

Trisoxazoline-based palladium complexes in the axich states (0) and (ll) were
successfully synthesized. They were obtained staftom the appropriate palladium precursors.
For each family of complexes, [Pd@fisox)], [Pd(allyl)(trisox)] and [Pd(alkene)(tral)], at
least one compound could be structurally charasdrilt has been shown that, in the solid state,
trisoxazolines act as bidentate ligands with th@dthdangling oxazoline unit oriented
perpendicularly to the plane defined by the twatiigg heterocycles. Thig-coordination of the
trisoxazoline ligands was also confirmed by infdaspectroscopy.

We were then interested in the behaviour of thesaptexes in solution. It has been
observed, in théH NMR spectra at room or high temperature, thatadyic exchange between
the three binding sites occurs. The next part isf thapter describes our investigations into the

fluxional behaviour of th€z-symmetric ligands.
lI.  Dynamic behaviour of trisox-based palladium complegs in solution
1. [Pd''Cly(trisox)]complexes

The 'H NMR spectra of [PdG{trisox)] complexes described in the first part this
chapter were recorded at 296 K. They are consistéht C; symmetry compared to th@s
symmetry observed in those from the free trisoxaesl We obtained good qualityfN NMR
spectra by direct detection of the heteronuclea@®0 MHz NMR spectrometer. It was possible
to completely assign the signals in thé and**C NMR spectra of the coordinated oxazolines
and the non-coordinated oxazoline by combined'8B°N and*H-'*C NMR experiments. For
complexes39-42 the™N nuclei of the coordinated oxazoline rings resers@t= 160 — 167 and
appear as two singlets due to their diastereotypidihe signal assigned to the dangling
oxazoline arm is observed &t 238 — 240. In comple#l, for example, thé°N nuclei of the
coordinated oxazoline rings resonate at 161.3 &2d?1ppm and the signal assigned to the free

oxazoline unit is observed at 239.9 ppm. In consperj the">N nuclei of theCs-symmetric free
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ligand (Bn-trisox) resonate at 234.0 ppm. The™N correlated spectrum of complei. is
shown in Figure 3.2.1 with the directly recorded ¥R NMR spectrum displayed along the F1-

axis.

—160

=170

- 180
190
-200
210
220
230

£240

Figure3.2.1: 2D *H-"*N NMR correlated experiment (HMBC) from complékin CDCl

As indicated above, théH NMR spectrum of39 at 296 K is consistent with the
molecular structure established for the crystalkate. Separated sets of signals, which are
attributable to the protons of the three differsopropyl groups of the oxazoline units, indicate
the loss of local threefold symmetry for the tripgghnd. The same loss of degeneracy of the
three oxazoline units is observed in i€ NMR spectra (75 MHz, 296 K) and thtN NMR
spectrum (60 MHz, 296 K). Upon increasing the terapge to 373 K coalescence occurs. The
two doublets for the —CH(ds), isopropyl protons observed in the high temperatunéing
spectrum, representing effectiv®& symmetry, are consistent with a fast exchange katwe

ligating and non-ligating oxazoline rings (Figur2.2).
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Figure 3.2.2: Variable temperaturtH NMR of complex [PdGliPr-trisox)]39in 1,1,2,2-tetrachloroetharg{(400
MHz)

The effective threefold symmetry found for compEXat higher temperature was also
observed for complexek-42 These observations indicate the presence okefial process of
the trisox ligands with increasing temperature. Taubstitution mechanisms can be involved in
this fluxional process: either an associative atissociative mechanism. Both differ in their
entropy of activation which would be positive fodi@sociative mechanism and negative for the
associative case. In order to quantitatively sttidy exchange of the ligating arms and to gain
insight into the mechanism of this process, a syate series of magnetisation transfer

experiments have been carried out.

a. Principle of the magnetisation transfer

Magnetisation transfer is a method for determinkigetics of chemical exchange by
perturbing the magnetisation of nuclei in a patticsite or sites and following the rate at which
magnetic equilibrium is restored. The most commertysbations are saturation and inversion

and the corresponding techniques are often caBatufation transfer” and “selective inversion
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recovery”. The magnetisation transfer NMR techniqueas become a popular method for
measuring rates of chemical exchange processegaiticular for systems of biological
importance® Furthermore, this method often provides more tetainformation about the
exchange pathways than the classical line shapgsia

To determine the kinetics of exchange of the ligatarms on the metal centre we were
interested in the selective inversion transfer méthro explain the principle of the inversion
transfer, one may consider two nuclei, A and Bhwjs = 0 Hz and for both spin = 1/2. The
inversion transfer experiment consists in the $eednversion of the spin population of a
nucleus, here the one called A, using a 180° shppks®. After variable delays, a non selective

90° pulse is applied (Scheme 3.2.1).

time
_—

1 2 3 4

Scheme 3.2.1: Inversion transfer experiment

In Scheme 3.2.1, positichrepresents the selective 180° shaped ptigkich is applied
to A, 2 indicates the delay between the selective anchémeselective pulse (5.1G to 5 s),
position3 is the non selective 90° pulse ahdepresents the acquisition. The changes observed

in the'H NMR spectrum after inversion transfer are depi¢teScheme 3.2.2.

123) S. Forsén, R.A. Hoffmad, Chem. Phys. 1963 39, 2892; b) S. Forsén, R.A. Hoffmah,Chem. Phys. 1964 40,
1189; c) R.A. Hoffman, S. Forséh, Chem. Phys. 1966 45, 2049; d) J. R. Alger, J.H. PrestegaidMagn. Reson.
1977 27, 137; e) G. A. Morris, R. Freemah,Magn. Reson. 1978 29, 433.

132) K. Ugurbil, R. G. Shulman, T. R. Brown, ,Bioliegl Applications of Magnetic Resonance* (R. G. Bman,
Ed.), Academic Press, New-York979 537; b) D. G. Gardian, G. K. Radda, T. R. Bro®n,M. Chance, M. J.
Dawson, D. R. WilkieBiochem. J. 1981 194, 215; c) K. M. Brindle Prog. NMR Spectrosc. 1988 20, 257; d) J. G.
Sheldon, S.-P. Williams, A. M. Fulton, K. M. BriredlProc. Natl. Acad. Sci. USA 1996 93, 6399; e) M. S. Sanford,
J. A. Love, R. H. Grubbs]. Am. Chem. Soc. 2001, 123, 6543; f) J. S. Owen, J. A. Labinger, J. E. BercavAm.
Chem. Soc. 2004 126, 8247; g) H. Wadepohl, U. Kohl, M. Bittner, H. Kigl, Organometallics 2005 24, 2097; h)
L. M. Klingensmith, E. R. Strieter, T. E. Barder, LS Buchwald,Organometallics 2006 25, 82; i) J. Zhou, P. C. M.
Van Zijl, Prog. NMR Spectros. 2006 48, 109.

4 See Chapter 6.
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Scheme 3.2.2: Changes observed in thd NMR spectrum after selective inversion

Selective inversion of the spin population of A getes an inverted signal for A in the
'H spectrum f). If there is no chemical exchange between A anth® signals are of the same
intensity in casek) as in cased). Variation of the absolute intensities of thensit in the'H
NMR spectrum is observed in case of chemical exgbari nuclei A and Bd). Increasing the
delay between the selective 180° shaped pulse lamchadn selective 90° pulse leads to an
increase of the absolute intensity of the signal efhereas the absolute intensity of the signal of
B first decreases and then increases.

The magnetisation transfer experiment makes itipless directly monitor the exchange
of the different sites involved in the process. sThiethod has been used to determine the
activation parameters of the fluxional exchange¢hefligands in the [Pdgltrisox)] complexes.
Complexes40 and 41 could not be used for this study due to overlapmignals in the'H
spectra. We therefore turned our attention to cexgd39 and42 and the next two paragraphs,

respectively, describe the results.

b. Experimental determination of the activation parrs for the fluxional process in

complex39

With the aim to monitor the exchange of the protbesveen the coordinated oxazolines
and the non-coordinated oxazoline, it turned oat the most interesting signals for our study of
complex 39 were protonsa anda’, (-CHMe,) of the coordinated oxazolines and proton(-

CHMey,) of the non-coordinated oxazoline (Figure 3.2.3).
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Figure 3.2.3: *H NMR spectrum of [PdG{iPr-trisox)]39in 1,1,2,2-tetrachloroetharsz-at 296 K (400 MHz)

In a series of experiments carried out v8thin 1,1,2,2-tetrachloroethart; the protons
of the coordinated oxazolineg)(were selectively inverted with a shaped pulsdpfced by
monitoring of the time evolution of the intensitiesthe two sitesa/a’ andb. In Figure 3.2.4 an

example of the time evolution of the intensitieshia two sites at 302 K is shown.

T T T T T T T T T T T T T T T T T T T T T
2.8 2.6 24 22 2.0 1.8

Figure 3.2.4: Time dependence of the magnetisation of the iedesttea/a’ (left) and the one connected to it by
chemical exchange (right) at 302 K (in 1,1,2,2-tetrachloroethamg400 MHz)

Evolution of the absolute intensities of the signedn be measured as a function of the
delay (36 measurements between 5.4@nd 5 s) and as a function of the temperaturtevées

302 K and 318 K). 1,4-dimethoxybenzene was usednt&snal standard to determine the
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absolute intensities. The results of experimentghith magnetisation of protomswas inverted
are shown in Figure 3.2.5.

absolute intensity

Figure 3.2.5: Time evolution of the magnetisation in the twe@sifexponential traces, coordinated oxazolmes;
other traces, non coordinated oxazolineafter selective inversion of the coordinated mlizes resonance. Data
are represented in a 3D representation as a funefithe temperature

T (K) Kenema Kehem b ComEmed data
chem
302 3.19 2.63 2.91
304 3.96 3.23 3.59
306 4.77 3.90 4.34
308 5.58 4,74 5.16
310 6.87 5.78 6.32
312 8.19 6.98 7.58
314 9.57 8.46 9.01
316 11.52 10.07 10.79
318 13.71 11.93 12.82

Table 3.2.1: Rate constants.km(s”) for the fluxional process in compl®@in 1,1,2,2-tetrachloroetharus-

Varying the temperature, the time dependence ofrthgnetisation in the two exchanging
sites after inversion of protorswas fitted to the appropriate sets of equationt/ee from the
McConnell equation&*%"Fits of the theoretical curves to the experimedsah gave the NMR
spectroscopic rate constantguk » and kwr p for the fluxional exchange. It was found, as

expected for our system due to the overlapping afida’, that kimr b = 2 X kumr a- Taking the

5 H. M. McConnell J. Chem. Phys. 1958 28, 430.
63.J. Led, H. Gesmat, Magn. Reson. 1982 49, 444.
" See Chapter 5.
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statistical factors for the fluxional exchange loé three sites into accounig was converted
into the chemical rate constanige a and knemp USiNg the relation betweeml: and knemfor
A,B systemsvhere A is inverte@Kchema= 3 X kumr_a and knemp = 3/2knwr b) (Table 3.2.1)°

The Eyring plot resulting from the measured ratestants is shown in Figure 3.2.6.

In(KT) 30
35 4
4.0

4.5

5.0 ; ; ; ; .
310 3L5 32,0 325 33.0 335 T410 K-t

Figure 3.2.6: Eyring plot for the data reported in Table 3.X34,)

The analysis of the Eyring plot allows the detemion of the activation parameters of
the fluxional process of the ligand in [Pd@Pr-trisox)]. An enthalpy of activation for the
fluxional process ofAH*= 75.6+0.5 kJ.mot and an entropy of activation @S'= 14.0+1.5
J.mol* have been found. To confirm the previously quomtivation parameters, the
corresponding data from another series of magrietsaransfer experiments have been

analysed.

c. Experimental determination of the activation partere for the fluxional process in

complex42

To study the fluxional process 42, the exchange of the protons between the coortinat
oxazolines and the non-coordinated oxazoline wasitored. Regarding thtH NMR spectrum
of complex42 (Figure 3.2.7), it turned out that the most comeensignals for our study were
the ones of protons andb (respectively one proton of theHg group of the indanyl substituent)
of the coordinated oxazolines. The correspondirmgoprc of the non-coordinated oxazoline is
overlapping with the other proton of thélggroup of the indanyl substituecit

8 M. L. H. Green, L.-L. Wong, A. Sell@rganometallics 1992 11, 2660.
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Figure3.2.7: 'H NMR spectrum of [PdG{Ind-trisox)] 42 in 1,1,2,2-tetrachloroethartp-at 296 K (400 MHz)

In a series of experiments carried out within 1,1,2,2-tetrachloroetharty; the proton
of one of the coordinated oxazolinesvas selectively inverted with a shaped pulsepfadd by
monitoring the time evolution of the intensitiestie two sites andb. To confirm these results,
proton b was selectively inverted with a shaped pulse,ofedld by monitoring of the time
evolution of the intensities in the two sitasaandb. Evolution of the absolute intensities of the

signals was measured as a function of the delayn@surements between 5%Kand 5 s) and

as a function of the temperature (between 323 K 38Bd K in the presence of 1,4-
dimethoxybenzene as internal standard). The reatdtdisplayed in Figure 3.2.8.

absolute intensity

absolute intensity

Figure 3.2.8: Time evolution of the magnetisation in the differsites after selective inversion of the coordidat
oxazolines resonanee(left) andb (right) . Data are represented in a 3D represientats a function of the

temperature
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For the different temperatures studied, the timgeddence of the magnetisation in the
exchanging sites after inversion of protanand inversion of protorb was fitted to the
appropriate sets of equations derived from the Mu@d equations. Fits of the theoretical
curves to the experimental data gave the NMR spsmbpic rate constantsng a and Kivr b
for the fluxional exchange. It was found, as expecthat kvr a and kwmr b are equal. Taking
the statistical factors for the fluxional exchargethe three sites into accountyg was then
converted into the chemical rate constanisnk and knem b Using the relation betweems and
Kehem for ABC systemswhere A or B are inverted {lema= 3 X kumr_a and khemb = 3 kumr b)
(Table 3.2.2)8

T (K) Kenema Kehemb Combined data

kchem
323 2.54 2.65 2.59
324 2.73 2.76 2.75
325 2.93 3.07 3.00
326 3.35 3.33 3.34
327 3.59 3.54 3.57
328 3.89 4.20 4.05
329 4.36 4.30 4.33
331 5.25 5.06 5.16

Table 3.2.2: Rate constants.km(s”) for the fluxional process in complé® in 1,1,2,2-tetrachloroetharus-

The Eyring plot resulting from the rate constantstamed from inversion of the

coordinated oxazoline sites is shown in Figure®3.2.

In(k/T,
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Figure 3.2.9: Eyring plot for the data reported in Table 3.XJd,)

The analysis of the Eyring plot enables us to deitez the activation parameters of the
fluxional process of the ligand in [PdQhd-trisox)]. An enthalpy of activation for theuitional
process ofAH*= 79.4+2.0 kJ.mot and an entropy of activatiohS'= 9.3+6.0 J.mot have been

found. These results are discussed in the next part
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d. Solution dynamics of complex89-42

As previously stated, either an associative oisadatiiative ligand interchange mechanism
could be suggested for the dynamic behaviour ofdbmmplexes in solution. Values of the
activation parameters for the exchange processrmdigted using magnetisation transfer
experiments enable us to gain insight into the rmeidm. The results are summarised in Table
3.2.3.

39 42
AH* (kJ.mol%) 75.6 +0.5 79.4 +2.0
AS" (J.molY) 14.0+1.5 9.3 +6.0
AG*ggk (kJ.mol')  71.4 +0.6 76.4 +2.8

Table 3.2.3: Activation parameters for the dynamic exchangeoafirdinated and free oxazoline rings in complexes
39and42

Whereas the calculated enthalpy values are acepér such a dynamic process, the
small activation entropy values indicate neitheramsociative nor a dominantly dissociative
substitution mechanism. A reasonable intimate nmisha for the exchange between
coordinating and non-coordinating oxazolines maemeble an interchange process. Given the
mechanistic work carried out for substitutions @are-planar Pd(ll) complexéSwe assume
that the interchange has slightly associative atera(,-mechanism), which implies the
transient formation of a pentacoordinated palladlynsomplex in the transition state. This type
of mechanism via pentacoordination has been invalkedriezeet al for the case of tridentate
N,N,N-type ligand®®

We note that fluxional processes with potentiallyddntate ligands have been
encountered with terpyridine, bisoxazoline-phenghighonite or bisoxazoline-pyridine (Pybox)

ligands?*

19 3) J. B. Goddard, F. Basolmorg. Chem. 1968 7, 936; b) L. A. P. Kane-Maguire, G. Thomds Chem. Soc.,
Dalton Trans. 1975 19, 1890. Studies published more recently includet.cghi, L. I. Elding,Inorg. Chem. 1996
35, 735; d) T. Shi, L. I. Eldinginorg. Chem. 1997, 36, 528; e) Z. D. Bugéic, G. Liehr, R. van Eldik,J. Chem.
Soc., Dalton Trans. 2002 951.

2 R. E. Rilke, J. M. Ernsting, A. L. Spek, C. J.duigr, P. W. N. M. van Leeuwen, K. Vriezeprg. Chem. 1993
32, 5769.

2L 3) P. Wehman, R. E. Riilke, V. E. Kaasjager, Rl.®amer, H. Kooijman, A. L. Spek, C. J. Elseviér Vrieze,
P. W. N. M. Van Leeuwenrd. Chem. Soc., Chem. Commun. 1995 331; b) G. Zhu, M. Terry, X. Zhanggtrahedron
Lett. 1996 37, 4475; c) P. J. Heard, C. Jon@sChem. Soc., Dalton Trans. 1997, 1083; d) P. Braunstein, F. Naud,
A. Dedieu, M.-M. Rohmer, A. DeCian, S. J. Rettiyganometallics 2001, 20, 2966.
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2. The[Pd"(allyl)(Ph-trisox)] complex

In the'H NMR spectrum of comple®3 at room temperature, only three, well-defined
signals for the oxazoline protons are observedcaitig fast exchange between the three
heterocycles as well as between ¢ke andendo diastereomersxo being defined as the central
C-H allylic bond pointing in the same direction the axial methyl group (Scheme 3.23).
Formally, an apparent 180° rotation of thgallyl ligand around its bond axis to the central
metal interchanges an isomer of strucex@into the isomer of structuendo.

\ - \‘.\ J:)V\v
>\‘>Pd\//’<~ — )\/Pd\//%, ° - r;_/o
endo exo

R

Scheme 3.2.3: The two possiblexo andendo diastereomers

Five signals are observed for the allyl moiety mgeeted for a non-symmetricat-allyl
ligand (Figure 3.2.10), the partial assignment §diased on #H NOESY experiment. In Figure
3.2.10, according to the accepted nomenclaturbeoptanar allyl ligand, Hand H, respectively
refer to thesyn andanti protons in direct relation to the central hydrogéomm termed H

C
lm JNU\A; HS HSHA HA

I3 JQ_JL_JLJLJL
L

Figure 3.2.10: *H NMR of complex [Pd¢*-allyl)(Ph-trisox)]|BFR, 43 in chloroformé, at 296 K (400 MHz)

The'H NOESY experiment shows, in addition to the negafihase non-diagonal NOE

cross-peaks, weak EXSY signals betwesyn and anti protons, indicating slow exchange

2 The termsxo andendo were introduced by Fallet al. for the description of diastereomeriallyl complexes: a)
R. D. Adams, D. F. Chodosh, J. W. Faller, A. M. &as. Am. Chem. Soc. 1979 101, 2570; b) J. W. Faller, K.-H.
Chao,J. Am. Chem. Soc. 1983 105, 3893.
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betweens*-allyl and n*-allyl forms. Indeed ther-o-z isomerisation, well described in the

literature?® is the only way of exchange for thgn andanti protons (Scheme 3.2.4).

+ 1 T ¥
/\<N h XN XN xﬁ
N N N N N N N N
H, H Pd Pd Pd
H H ¢ 4 Hog | Haa /His
Iy 18 "Hia "Hia N
H H25 HlS HC HlS st H]_A
Hoa Hia Hoa H
C

Scheme 3.2.4: 7-0-m isomerisation explaining the exchange betwa@randanti protons in the allyl termini

A series of variable temperatutd NMR experiments were performed between 296 K
and 373 K. They indicate no spectral changes ®tlyl proton resonances, neither between the
pairs of thesyn or anti protons nor cross exchange among them. As prdyialiserved for
other non-symmetrical allyl complexes, this is astent with the stereochemical rigidity of the
allyl-Pd fragment on the time scale of the experntagin other words, it is not affected by the
interchange of the oxazoline coordination as welthee (possibly concomitant) interconversion
of exo andendo diastereomers:

In order to quantify the latter, a low temperatdt¢ NMR study was carried out.
Coalescence of the trisoxazoline ligand resonarmumsirred at 198 K, however, the low
temperature limit was not attained at 190 K (inhtbcomethaned,). Although the exchange of
the three oxazolines was not completely frozenestimate of the activation barriaG* for the
oxazoline exchange @&. 55 kJ.mof' may be derived. At low temperature, the resonaatem
of the ligand was thus consistent with the bidendiN chelation observed in the solid state.
Notably, the signals of the allyl fragment begurbtoaden at 190 K, presumably owing to the
slowing down of thexo/endo exchange, however, complete decoalescence wabtaohed.

The stereochemical rigidity of the allyl-Pd fragmhem the VT-NMR timescale and the
observation that the oxazoline exchange andefogéendo interconversion are associated with

similarly low activation barriers may indicate thmdth are mechanistically coupled, that is to say

#a) J. W. Faller, M. E. Thomsen, M. J. MattidaAm. Chem. Soc. 1971, 93, 2642; b) J. W. Faller, M. T. Tullyl.
Am. Chem. Soc. 1972 94, 2676; c) E. Cesarotti, M. Grassi, L. Prati, Fni2etin, J. Organomet. Chem. 1989 370,
407 ; d) S. Hansson, P.-O. Norrby, M. P. T. Sjog@nAkermark, M. E. Cucciolito, F. Giordano, A. tégliano,
Organometallics 1993 12, 4940; e) C. Breutel, P. S. Pregosin, R. SalzmAnitogni,J. Am. Chem. Soc. 1994 116,
4067 ; f) A. Gogoll, J. Ornebro, H. Grennberg, JB&ckvall,J. Am. Chem. Soc. 1994 116, 3631.

24\M. A Pericas, C. Puigjamer, A. Riera, A. Vidal-Fer, M. Gomez, F. Jimenez, G. Muller, M. Rocam@iaem.
Eur. J. 2002 8, 4164 and references cited therein.
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that the trisox fluxional process and the reorigoteof the allyl-Pd unit occur by the same route.

A possible pathway based on an oxazoline walkaisqutoposed in Scheme 3.2.5.

—_— \‘Ikpd%,’ —_ ™

~
P

endo exo endo

|

“.\ —_ —— "
.>’“\/PGL///%’ —= \.-O\Pd\//\“' — ‘ \P¢%,’
exo

endo exo

“">p¢//,\,,,

Scheme 3.2.5: Possible exchange pathway, based on a steredspetEfchange of the oxazolines
3. [Pd%alkene)(trisox)] complexes

a. VT-NMR spectroscopic study of complex#4$-46

'H NMR spectra of all complexes recorded at 296 Kresent a dynamic exchange
regime for the trisox ligand as well as the equilim between the two diastereomers due to the
different orientation of thezbonded maleic anhydride ligand relative to thedaen oxazoline
arm (see Scheme 3.1.5). The protons of the maleiyduide give rise to two different
resonances because the cyclic anhydride is origggguendicularly to the plane defined by the
palladium atom and the two coordinated heterocy(dee Chapter 3, 1.3). The signals of the
protons of the alkene ligand are shifted to loweq@iency with respect to the free olefin and the
alkeneCH carbon resonances observed in the region of 8B.8-ppm are strongly shifted to
higher field with respect to the free alkene (Tah24).

'H NMR 3¢ NMR
Ha Hg CcO CH
44 3.69 3.74 172.3 172.8 40.4
45 2.92 3.30 171.9 172.7 41.4
46 2.78 3.13 172.8 173.6 39.8
free alkene 7.05 164.6 136.8

Table 3.2.4: SelectedH and™*C NMR data in ppm for the alkene ligand in compke44-46
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The NMR chemical shifts listed in Table 3.2.4 ardhie range usually observed for other
zero-valent [Mly(alkene)] palladium and platinum complex@s.

Upon lowering the temperature, the fluxional preessare frozen for complexd4-46
and different sets of resonances attributable &t possible diastereomers are observed.
Variable temperaturtH NMR spectra were recorded between 296 K and 21& Komplex45,
and the low-temperature limiting spectrum (213.2iK)onsistent with the freezing up of the
diastereomers interconversion and the ratio wasdda be 1:1.1 (Figure 3.2.11).

Hal Hy He/ Hg

213.2K JJ\M MV
2232 K AN oMM
233.2K . MM
ssaak M
258.2 K M
263.2K M
273.2K M

‘33 32 31 30 29 28

Figure3.2.11: Variable temperaturtH NMR of complex [Pd(ma)(Ph-trisox}§5 in dichloromethane, (400
MHZz). Only the signals from the protons of malemhgdride are shown

It was possible to determine the activation baroérthe process using the relation
between the coalescence temperature and the tieatan entropy:
AG' =R . T..[22.96 + In(T/Av)]
T.: coalescence temperature
Av: difference, in Hertz, between the two signalg/fH: and H/Hg') when the fluxional

process is frozen

The activation barrieralues obtained with this method are summarisddbie 3.2.5.

% a) K. J. Cavell, D. J. Stufkens, K. Vriezaprg. Chim. Acta 198Q 47, 67; b) R. Van Asselt, C. J. Elsevier, W. J.
Smeets, A. L. Speknorg. Chem. 1994 33, 1521; ¢) R. Fernandez-Galan, F. A. Jalén, B. Rnk&no, J. Rodriguez
de la FuenteQrganometallics 1997, 16, 3758.
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Av(Hz) T.(K)  AG*(kJ.mol®) Nuclei studied

3.7 236.2 53.2 KHa
16.7 260.7 55.7 ElHg:

Table 3.2.5: Activation barrier values for complets

The isomer interconversion may, in principle besesliby either an olefin rotation or a
decoordination-coordination process that involves alkene and/or the ligand. TA&* value
measured for compless is 54.5 kJ.mot AG* values reported in the literature for alkene iotat
are usuallyca. 60-70 kJ.mot*® however energy barriers of 50 kJ.mohave also been

observed® In the case of compless, it is therefore difficult to derive the exact rhagism.

b. VT-NMR spectroscopic study of compldx

In the case of comple47, which contains tetracyanoethylene /abonded alkene, the
resonance pattern of the oxazoline protons is sterdi with effectiveC; symmetry and thus
rapid exchange between the three heterocycles. lirogvithe temperature leads to coalescence at
243 K and to the non-symmetrical low temperatuneiting spectrum at 198 K. The relative
instability of the complex in solution did not allous to gain more insight into the fluxional
process of the ligand. Indeed, it was not possiblearry out magnetisation transfer experiments
due to the long time needed to collect the datagentiwan fifteen hours, during which complex
47 decomposed. However, the complex was stable endaghmeasure different variable
temperaturéH NMR spectra at lower temperature. A simulatiorthe dynamic NMR spectra
was carried out using gNMR software in order teedeine the activation barrier of the fluxional
process involved. In Figure 3.2.12 a simulatiorth&f proton resonance of t#, group in the
indanyl substituent of the ligand at 223 K is resgrgted.

TN
/w\

a) b)

253 250 248 2145 243 240

Figure 3.2.12: Simulation of the dynamic NMR spectrum of compféxat 223 K in dichloromethang, (400
MHz) using the gNMR software: a) overlapping sp&ch) top = experimental spectrum, bottom = sinadat
spectrum

% R. Fernandez-Galan, F. A. Jalon, B. R. ManzanBpdriguez-de la Fuent®rganometallics 1997, 16, 3758.
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Simulation of the experimental spectra gave the N§pectroscopic rate constanivik
for the fluxional exchange.nlir Was then converted into the chemical rate constaimy the
relation knem= 3 kwwr (Table 3.2.6).

T (K) 228 226 223 220 217 214 211
Knvr 65 52 35 33 17 8 4
Kchem 195 156 105 99 51 24 12

Table 3.2.6: Rate constantyyr and knhemfor the fluxional process in complé¥ in dichloromethanel,

The analysis of the Eyring plot, resulting from ttaée constant values given in Table
3.26, enabled us to determine the activation braofethe fluxional process of the ligand in
[Pd(tcne)(Ind-trisox)] AG*egk = 4245 kJ.mot.

The fact that the activation barrier is lower tHan complexes44-46 indicates that the
fluxional process of the ligand is facilitated Iretlatter case.

c. VT-NMR spectroscopic study of complé8

Whereas the trisox-Pd complex¢447 contain threefold symmetrical tripods, complex
48 contains a bisoxazoline ligand to which a 2-pyinagthyl sidearm has been added. This
renders the ligand completely non-symmetrical &g there are potentially three species which
differ in the way the ligand is coordinated to tmetal center Apart from an isomer with two
oxazoline units bound to the metal, there are tlwsaty related but diastereomeric forms with
one oxazoline ring and the pyridyl arm bound to thetal. Whereas thtH NMR spectrum
recorded at 296 K represents an intermediate dynaegime, the exchange between the
different diastereomers was frozen out at 218 K.

A 1:1 equilibrium mixture of the bisoxazoline corepl and the two forms of the
oxazolin-pyridine isomer are observed. The oxaespgridine isomers possess near-identical
overlapping resonance patterns and therefore theng weated as one single species in the
analysis of the dynamic process. The fact thavtheordinated maleic anhydride can adopt two
possible orientations with respect to the pendamt @enders the situation more complex. By
means of a variable temperatuit¢ NMR study the high temperature limit for theseleange
processes between a total of six diastereomersittained (Figure 3.2.13).
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318.2K

382K T

3’2k OO

Figure 3.2.13: Variable temperaturtH NMR of complex48in dichloromethanel, (600 MHz). The resonances of
the protons of the apical methyl group of the td@we shown

An effective free enthalpy of activation for theevall process of bisoxazoline/oxazolin-
pyridine exchange afG¥s1sx= 63 kJ.mof was estimated with¢= 315 K andAv = 107.7 Hz.

4. Conclusion

The behaviour of the palladium complexes in sotutias been studied. It has been
observed that there is a dynamic exchange betweethtee binding sites either at room or at
variable temperature, depending on the type of ¢exngtudied. We were able to determine the
activation parameters of the exchange between cwihdg and non-coordinating oxazolines for
the palladium(ll) chloride complexes by carryingt omagnetisation transfer experiments.
Regarding the values obtained, we assume that dbstitition mechanism has a slightly
associative character. In case of the palladiumgllyl complex, we found that both the
interchange of the oxazoline coordination and the&erconversion of theaxo and endo
diastereomers may be concomitant. Palladium(0) éexep have shown fluxional behaviour in
solution already at room temperature. It was pdssib give an estimate of the activation
barriers for the fluxional processes observedHherfive complexes studied. The next part of this
chapter reports the results of the asymmetricialgubstitution, chosen to study the activity and
selectivity of the highly symmetric trisoxazolines.
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lll. Palladium-catalysed asymmetric allylic substitution

1. Thetest reaction

As analysed in the Chapter 1, octahedral complaresssociated to threefold rotational
symmetry in the same way that square planar corapldpr tetrahedral complexes) are
associated taC, symmetry. However we could expect a favourableasibn with tridentate
highly symmetrical ligands in square planar envyinent when the complex displays fluxional
behaviour.

In the preceding part of this chapter we have shthahthe Pd(Il) and Pd(0) complexes
undergo fluxional processes. Thus, in the squaaegnlcomplexes chemical exchange between
the differentx®~coordinated species takes place and the non-cmedi sidearm may play a
direct or indirect role at some earlier or lateaggt in the catalytic cycfé. Such an exchange
which induces an equilibrium between identical sggéor the highly symmetrical trisoxazolines

is schematically shown in Scheme 3.3.1.

(0]6) \2 L/O\ \\Z
— |

f— N *
%/N\ *

R

/
Pd R PR R
UL cL

Scheme 3.3.1: Dynamic exchange between the three symmetry tekateare planar Pd(ll) complexes bearifg
chelatingCs-symmetric trisoxazoline ligands

The palladium-catalysed allylic substitution isatatytic reaction which involves active
species with square planar coordination geometnysTthis catalysis may be viewed as a good
test reaction to understand the effect of triden@tsymmetric ligands on catalytic reactions
with intermediates having a bidentate coordinatmue.

For that purpose trisoxazolines will be used irs thmodel reaction. In addition a direct
comparison with the corresponding 1,1-bis(oxazdjeiiane and other functionalised
bisoxazolines will help us to shed light upon tbkerof threefold rotational symmetry as well as

the role of the third oxazoline arm.

2" a) H. Brunner, J. Kraus, H.-J. Lautenschlagdonatsh. Chemie 1988 119, 1161; b) H. Brunner, H.-J.
Lautenschlagergynthesis 1989 706; c) H. Brunner, H.-J. Lautenschlager, W. Anig, R. KrebberChem. Ber.
199Q 123, 847.
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2. Palladium-catalysed asymmetric allylic substitution: general aspects

a. Introduction

In the field of organic synthesis, the discoverytltd Wacker process in 1956 was the
starting point of the increasing interest for pdillan chemistry. The first-allyl/Pd complex was
reported in 195% and only six years later its application in C-Cnficforming substitution
reactions was discovered by Tsajial.?® First attempts to achieve enantioselectivity witie
help of a chiral ligand, and using a stoichiomedidiglic substitution, were described in 1973 by
Trost and coworker®. Since the successful report of catalytic asymmadtiylic alkylation
(‘AAA’) in 1977 it took almost 20 years of researahtil effective catalytic systems based on
chiral ligands were developétThe palladium-catalysed allylic substitution hasvremerged as
one of the most versatile asymmetric transformation

Among asymmetric bond forming reactions, the metahlysed asymmetric allylic

substitution is remarkable for several reasonsr{gh@.3.2)*

LG L* / Pd source Nu

R)\%R NuH, base NR

LG = Leaving Group

Scheme 3.3.2: General scheme for catalytic asymmetric allylibstitution

Notably, an asymmetric allylic substitution reantioan form many different kinds of
bonds using the same catalyst: the nucleophilitreenay be N, O, S, C, Elc., giving access to
C-N, C-O, C-S, C-C, C-Hetc. bonds. Depending on the metal and/or the nuclémpthe

reaction may proceed by an inversion or retentieashmanism.

b. Mechanism

The generally accepted catalytic cycle of the asgtnimallylic substitution reaction is
depicted in Scheme 3.3.3.

28 3. Smid, W. HafnerAngew. Chem. 1959 71, 284.

29 3. Tsuji, H. Takahashi, A. Miyak@gtrahedron Lett. 1965 4387.

9B, M. Trost, T. J. Dietschd, Am. Chem. Soc. 1973 95, 8200.

31 B. M. Trost, P. E. Stregd, Am. Chem. Soc. 1977, 99, 1649.

%2 a) B. M. Trost, D. L. van VrankerChem. Rev. 1996 96, 395; b) A. Pfaltz, M. Lautens, I@omprehensive
Asymmetric Catalysis Il, Eds: E. N. Jacobsen, A. Pfaltz, H. Yamamoto, r&ggni: Berlin,1999 chap. 24, 833; ¢) B.
M. Trost, C. B. Lee, IrCatalytic Asymmetric Synthesis |1, Ed.: I. Ojima, Wiley-VCH: New-York200Q chap. 8E,
593; d) B. M. Trost, M. L. CrawleyGChem. Rev. 2003 103, 2921; e) B. M. Trost). Org. Chem. 2004 69, 5813.
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Complexation of the substrate to the palladium@jva species is the first step of this
catalytic cycle. The initial complexation step isversible and therefore palladium can
interconvert between the twe faces of the olefin. The second step is the faonabf the
cationic z-allyl complexes after oxidative addition/ionisatidStructurally, ther-allylpalladium
intermediate is a square planar 16-electron comgbesisting of a ligand and a coordinated allyl
moiety>® These;®-boundz-allylpalladium complexes are in equilibrium withet corresponding
n* derivatives (see Scheme 3.2.4). It has to be nibidthe rate of the-o-7 isomerisation is
increased in the presence of an external ligant aschalidé? The ionisation step is followed
by the nucleophilic addition leading to the formoatiof a palladium(0)-product complex. The
nature of each of these three steps ultimatelyohétes the overall stereochemical event. Finally

decomplexation of the olefin affords the produd amgenerates the Pd(0) active species.

A Nu
[L,Pd]
decomplexation complexation
Lnl:id LP
_\— Nu
nucleophilic oxidative addition
addition ionisation

Scheme 3.3.3: Palladium-catalysed allylic substitution catalytiecle (L = ligand, LG = living group)

If the process has an odd number of inversionsteyeschemistry (or retentions), this
overall process leads to a compound with inversibrconfiguration. On the other hand, a

retention can result either from a double retentioa double inversion path (Scheme 3.3.4).

3. A. GodleskiQrganometallics 1984 3, 21.
% a) U. Burkhardt, M. Baumann, A. Tognfgetrahedron: Asymmetry 1997, 8, 155; b) T. Cantat, E. Genin, C.
Giroud, G. Meyer, A. Jutand, Organomet. Chem. 2003 687, 365.
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inversion
I net retention

inversion
p A
retention \\/l\ Il net inversion

inversion “ha

\ l\/\ Il net inversion

retention \\ \
\ IV net retention

retention
N J N J
Y Y
oxidative addition nuclepphilic
ionisation addition

Scheme 3.3.4: Overall stereochemistry for the asymmetric allglidstitution

Mechanistic work has demonstrated that the iomeatof the palladium-substrate
complex occurs with inversion of configuratidhln that case, one can think of this step as an
Su2-like displacement of the leaving group by theoming palladium “nucleophile”. The
outcome of the process after the nucleophilic aalditlepends on the nature of the nucleophile.
Use of “hard” nucleophiles, defined as those derifrem conjugate acids whos&pgreater
than 25, implies coordination of the nucleophiletie metal followed by reductive elimination.
This leads to retention of configuration after theleophilic addition giving the product with net
inversion of stereochemistry. On the other handjtexh of “soft” nucleophiles, defined as those
derived from conjugate acids witlKplower than 25, occurs with inversion of configimat
This step is also considered to bg2Slike with palladium(ll) displaced. To summarise,
palladium complexes associated to “soft” nuclegshdfford products with net retentidnf{om
Scheme 3.3.4) and combined with “hard” nucleophdésrd products with net inversionl (
from Scheme 3.3.4).

Because ionisation and nucleophilic attack occuamnantiperiplanar fashion for Pd-
catalysed asymmetric allylic substitution, both thdireaking and making events occur outside

the coordination sphere of the metal and thus enojposite face from the chirality control

% a) B. M. Trost, L. Weber]. Am. Chem. Soc. 1975 97, 1611; b) B. M. Trost, T. R. Verhoeveh,Am. Chem. Soc.
1976 98, 630; ¢) T. Hayashi, T. Hagihara, M. Konishi, Muidada,J. Am. Chem. Soc. 1983 105, 7767; d) J. C.
Fiaud, L. Y. Legros). Org. Chem. 1987, 52, 1907; e) |. Stary, J. Zajicek, P. KocovsKgrahedron 1992 48, 7229.
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element. Despite this potential obstacle, a wiageeaof chiral ligands have been employed with

Success.

c. Catalysts

Among the factors which contribute to high sterémdéevity in asymmetric
transformations, the steric, electronic and symimgtroperties of the reagents may play a role.
All these factors are needed to be consideredeindsign of new ligands.

The C,-symmetrical ligands BINAB® DIOP*! and CHIRAPHO$' which have proven to
be very efficient in asymmetric hydrogenation afied only modest success in asymmetric
allylic alkylation. Nevertheless, many other classéligands have shown excellent selectivities
in asymmetric allylic substitution reactions. Sédecclasses of ligands that have proven to be
efficient in the palladium-catalysed AAA are depittn Figure 3.3.1.

i—NH HNf
PPh Ph,

=), :
& QLQ &p &p

L N o

" @MQ

P Ph R

=}
Py

Figure 3.3.1: Some examples of chiral ligands applied in allglikylation

C,-symmetric diamine ligands))®® and bisoxazoline ligandsi}*® have both shown good
chiral induction. Chiral diphosphine ligands digptey a large bite angle (such K3 have been
widely applied in AAA and have been the objectsfdy in mechanistic work. However for
this catalysis,C, symmetry is not required to achieve high levels epfantioselectivity.

% a) B. M. Trost, D. J. MurphyQrganometallics 1985 4, 1143; b) P. S. Pregosin, H. Ruegger, R. Salzmann,
Albinati, F. Lianza, R. W. KunZDrganometallics 1994 13, 83.

P, R. Auburn, P. B. Mackenzie, B. BosnidhAm. Chem. Soc. 1985 107, 2033.

8P, G. Andersson, A. Harden, D. Tanner, P. D. Noi@hem. Eur. J. 1995 1, 12.

% A, Pfatz,Acc. Chem. Res. 1993 26, 339.

40a) B. M. Trost, D. L. van Vrankedngew. Chem. Int. Ed. Engl. 1992 31, 228; Angew. Chem. 1992 104, 194; b)
B. M. Trost, B. Breit, S. Peukert, J. ZambranoW.Ziller, Angew. Chem. Int. Ed. Engl. 1995 34, 2386;Angew.
Chem. 1995 107, 2577; ¢) B. M. Trost, M. R. Machacek, A. Aponidcc. Chem. Res. 2006 39, 747.
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Ferrocenyl-based ligands, such &9, (employing a chiral arm scaffold to extend theralh
environment for the approaching nucleophile wes® auccessfully applied in the AAAand
ferrocenyl ligands such as Josiphdé)(also impart excellent selectivities in certairsest?
Knowing that the different properties of the doatoms are transmitted to the allylic substrate
through the metal, ligands with electronically difintiated bidentate scaffolds suchNs or
O* were applied in AAA and induced high enantiosélityteven with less common substrates.

Many other metals (MJ? Ir,*® W*" Cu/® Rh,*® Rv°, Ni,>* PP also catalyse allylic
alkylation and may involved different stereocherhiaurses as palladium. For example, Mo-
catalysed AAA involved a net retention of steregulstry but by a double retention pathway
(IV from Scheme 3.3.4.

3. Trisox/palladium catalystsin allylic substitutions

a. Experimental conditions

Different classes of allylic substitutions can laried out enantioselectively with chiral
palladium-based catalysts depending on the typsubktrate and nucleophile chosen. In this

short part our experimental conditions are disalisse

“l a) T. Hayashi, A. Yamamoto, Y. Ito, T. Hagihalafrahedron Lett. 1986 27, 191; b) T. HayashiPure Appl.
Chem. 1988 60, 7.

“2 A, Togni, C. Breutel, A. Schnyder, F. Spindler,tandert, A. TijaniJ. Am. Chem. Soc. 1994 116, 4062.

“3a) P. Von Matt, O. Loiseleur, G. Koch, A. Pfal&, Lefeber, T. Feucht, G. HelmchéFetrahedron: Asymmetry
1994 5, 573; b) J. Sprinz, M. Kiefer, G. Helmchen, M. Belin, G. Huttner, O. Walter, L. Zsolnaligtrahedron
Lett. 1994 35, 1523; ¢) J. M. J. Williamsynlett 1996 705; d) G. Helmcherd. Organomet. Chem. 1999 576, 203;
e) G. Helmchen, A. Pfaltacc. Chem. Res. 200Q 33, 336.

“@) J. V. Allen, S. J. Coote, G. J. Dawson, C. BsE C. J. Martin, J. M. J. Williamd, Chem. Soc., Perkin Trans.
1 1994 15, 2065; b) D. A. Evans, K. R. Campos, J. S. TedrBwE. Michael, M. R. Gagnd, Am. Chem. Soc.
200Q 122, 7905; c) O. G. Mancheno, J. Priego, S. Cabrer&.RArrayas, T. Llamas, J. C. CarretefoQrg. Chem.
2003 68, 3679.

45a) B. M. Trost, I. Hachiya). Am. Chem. Soc. 1998 120, 1104; b) F. Glorius, A. Pfaltf)rg. Lett. 1999 1, 141; c)
B. M. Trost, K. Dogra, M. Franzini. Am. Chem. Soc. 2004 126, 1944; d) O. Belda, C. Moberggcc. Chem. Res.
2004 37, 159; e) D. L. Hughes, G. C. Lloyd-Jones, S. Wsk&r;, L. Gouriou, V. D. Bonnet, K. Jack, Y. Sun,D.
Mathre, R. A. ReameRroc. Natl. Acad. Sci. U.SA. 2004 101, 5379.

% a) R. Takeuchi, N. Ue, K. Tanabe, K. YamashitaSNiga,J. Am. Chem. Soc. 2001, 123, 952; b) B. Bartels, G.
Helmchen,Chem. Commun. 1999 741; ¢)G. Helmchen, A. Dahnz, P. Dibon, M. Schelwies, Reitwfen,Chem.
Commun. 2007, 675.

47 G. C. Lloyd-Jones, A. PfaltAngew. Chem. Int. Ed. Engl. 199534, 462;Angew. Chem.1995 107, 534.

“8a) A. W. Van Zijl, L. A. Arnold, A. J. Minnaard, BL. Feringa,Adv. Synth. Catal. 2004 346, 413; b) H.
Yorimitsu, K. OshimaAngew. Chem. Int. Ed. 2005 44, 4435;Angew. Chem.2005 117, 4509 c) A. Alexakis, C.
Malan, L. Lea, K. Tissot-Croset, D. Polet, C. FalajChimia 2006 60, 124;

“9P. A. Evans, D. K. LeakyGhemtracts 2003 16, 567.

0 a) B. M. Trost, P. L. Fraisse, Z. T. Baflpgew. Chem. Int. Ed. 2002 41, 1059;Angew. Chem.2002 114, 1101; b)
Y. Matsushita, K. Omitsuka, T. Kondo, T. Mitsudo,T&kahashimiJ. Am. Chem. Soc. 2001, 123,10405.

°1 G. Consiglio, A. Indolesel. Organomet. Chem. 1991, 417, C36.

°2J. M. Brown, J. E. MclIntyre]. Chem. Soc., Perkin Trans. 2 1985 961.
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Choice of the substrate
In the literature numerous substrates, precurdotiseor-allylpalladium complexes, have
been reported. Racemic allylic acetates are thd owmamon employed substrates and Figure

3.3.2 gives an overview of some symmetric (top) asyinmetric substrates (bottom).

h

OAc OA
/\)\ /\/ ¢
R R OAc
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Rl  OAc OAc . oA
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[ j k

Figure 3.3.2: Examples of symmetrid-f) and asymmetrid-k) allylic acetates

Trying to find a highly regioselective catalystrist the aim of our study, therefore we
turned our attention to symmetric allylic acetades more precisely to the most commonly used
substrate in allylic alkylatiomac-1,3-diphenylprop-2-enyl acetatel with R = Ph). Oxidative
addition / ionisation in that case lead to the fation of allylic termini with two equivalent
positions where the nucleophilic attack can ocaurcatalysts bearing @-symmetric ligand.
The two possible enantiomers that can be obtaified AAA of f-1 with a nucleophile are

shown in Scheme 3.3.5.

/\ —2 > Phj/\/Ph
N~ "
PhY\/ Ph L*/Pd Pd Nu
OAc th/</ Ph
/ \ Ph\/\/Ph
b -
a b Nu

Scheme 3.3.5: Asymmetric allylic alkylation ofac-1,3-diphenylprop-2-enyl acetate

Choice of the nucleophile

Asymmetric allylic substitution enables the formatiof C-C, C-N, C-O, C-H... bonds,
depending on the nucleophile employsgl malonate, amine, and sodium borohydride. To make
the comparison with results published in the ltiera possible, C-C bond formation was the

object of our study with the “soft” nucleophile déthyl malonate.



100 Dynamic coordination of chiral trisoxazolines to palladium

There are two possible ways to generate the caybaxi. In the classical pathway the

nucleophile is preformed by an acid-base reaction:

-+

NuH + NaH Nu Na + H,

The carbanion can also be generatedtu under the catalytic conditions usihgO-bis-
trimethylsilylacetamide (BSA) as base precurSofhe formation of the carbanion probably
occurs through the mechanism depicted in Schemé.3T8e oxidative addition of the allylic
acetate affords a cationicallylpalladium complex. The nucleophilic substitut of the acetate
on the BSA generates titrimethylsilylacetamide anion as well as the trihysilyl acetate
by-product. The third step of the cycle is an dwade reaction between NuH amd
trimethylsilylacetamide giving the carbanion. Figahe intermolecular nucleophilic attack on

therz-allyl yields the product and regenerates the galla(0) active species.

NSiMe;
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(;AC O—SiMe;
/\/OAC and_l
\I\/ AcOSiMe;
—® ONSiMe;.; —® @l\lsn\ﬂe3
(LpPd] L,Pd L,Pd ‘ﬁ
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NuH
/\/NU @Nu
)
LPd o)
F A NHSiMe,

Scheme 3.3.6: Mechanism of the formation of the nucleophile bgation with BSA

This method to generate the carbanion presentsadesdvantages: i) the carbanion is
formedin situ during the catalysis; ii) BSA is soluble in mogttbe solvents and allows the
variation of the reaction conditiong.g. use of dichloromethane as a solvent; iii) the
concentration of the nucleophile relative to thiathe catalyst remains constant and this can be
significant for the selectivity. In our studies tbecond of the protocols described has been used

to generate the carbanion.

3 B. M. Trost, D. J. MurphyQrganometallics 1985 4, 1143.
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Palladium source

The zerovalent Pédbay complex (dba = dibenzylidene acetone) combinech wit
diphosphine ligands is often used as palladiumcsour asymmetric catalytic allylic alkylations.
The [PdP,] catalyst is generated by substitution of the lealba ligand by the diphosphine.
However, Amatoret al. have shown that sometimes the substitution isalvedys complete and
the dba ligand may still coordinate to the metadtiand may thus influence the selectivity of
the reactior??

With the [Pdg>-CsHs)Cl]» dimer in the presence of the ligand the’[Bflactive species
is generatedn situ after reduction of the palladium(ll). The reduatioccurs in the presence of
the first equivalent of nucleophile (Scheme 3.3.7).

—|®
\d/ ) . L/—\L L L NuM L /L +/\/Nu + MCI

|

T’ e “pa
AN

Z A

active species

Scheme 3.3.7: Formation of the active species starting from[fhe(;*-CsHs)Cl], dimer

b. Preliminary results

Pfaltz and coworkers previously investigated thesction with the well established
bisoxazoline as stereodirecting ligands and thiiquéar system therefore provided the point of
reference for our work. The allylic alkylation a@hc-1,3-diphenylprop-2-enyl acetate with
dimethyl malonate as a nucleophile in the presefid@SA was carried out using the catalytic
systems prepardd situ by addition of the ligand to the palladium allyilaride dimer [PdC{*-
CsHs)]» precursor (Scheme 3.33).

O O
[Pd(CH:)Cl], (1.1 mol%)
PAc L* (2.5 mol%) MeG OMe
P N"ppy N
dimethyl malonate P Ph
BSA, KOAc S
THF, R.T.

Scheme 3.3.8: General scheme for the palladium-catalysed alblkylation ofrac-1,3-diphenylprop-2-enyl acetate

> C. Amatore, A. Jutand, F. Khalil, M. M'Barki, L. Miger, Organometallics 1993 12, 3168.
%5 B. M. StricknerJ. Am. Chem. Soc. 1983 105, 568.
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After 1.5 hours at 50°C in tetrahydrofuran to gatethe catalytic precursor, the reaction
mixture was cooled down to room temperature betaeting the catalysis. Using 2.2 mol% of
palladium and ligandPr-BOX, an enantiomeric excess of 89% and 89% tsolgield were
obtained after three days in reasonably good agreemith Pfaltz’ result8® Under the same
conditions, the analogous catalyst wiBr- trisox as stereodirecting ligand gave an eaevaff
95% and 90% vyield (Table 3.3.1).

These first results indicated higher selectivity fioe trisox-based catalyst and possibly
similar activity for both systems. The modular &gy of the ligand design enabled us to
synthesise three highly symmetric trisoxazolines:tiésox, Ph-trisox and Ind-trisox. A similar

comparative study was then investigated with tifiler@int BOX/trisox couple available.

N /\N)//

iPr-BOX iPr- trlsox
Yield (%) 89 90
ee (%) 89 95

Table 3.3.1: Results of asymmetric allylic alkylation witRr-BOX andiPr-trisox

c. Trisoxazolinevs bisoxazoline

The analogous comparative study with the other altaz derivatives shows that the
trisoxazoline-based catalysts generally induce #ebesnantioselectivity compared to their
bisoxazoline analogues (Table 3.3.2). This behaviappears to be independent of the

substituent as shown in Table 3.3.2.

o)
0\94(0 O\/H%Oz
| \ N-
&N NT>D &N N/\Ne R
R R R 0

Entry R Yield (%) ee (%)  Yield (%) ee (%)
1 (S-iPr 89 89 90 95
2 (R)-Ph 7 -72 28 -88
3 (S-Bn 88 83 92 88
4 (4R,59-Ind 13 -93 95 -98

Table 3.3.2 Results of asymmetric allylic alkylation with théfdrent bisoxazolines and trisoxazolines

P, von Matt, G. C. Lloyd-Jones, A. B. E. Minidis, Rfaltz, L. Macko, M. Neuburger, M. Zehnder, H.eRger, P.
S. PregosinHelv. Chim. Acta 1995 78, 265.
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Concerning the vyields, for the oxazolines bearing tsopropyl (entry 1) and benzyl
(entry 3) substituents both catalytic systems s&el@ad to the same conversion after three days
reaction. For the oxazolines with phenyl (entryoRjndanyl (entry 4) substituents the trisox/Pd
systems are clearly superior.

The catalyst bearing the Ind-trisox liganide. with the lowest internal degrees of
freedom, displays the highest selectivity and agti\Rigidity of the chiral environment around
the palladium centre could explain this superiority

Kinetic studies have been carried out in order bbaim more insight. The catalytic
conversions with the BOX and trisox ligands fromblEa3.3.2 have been monitored by gas
chromatography. The evolution of the conversiomdsinction of time for the four different

BOX/trisox couple is depicted in Figure 3.3.3.
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Figure 3.3.3: Comparison of the conversion curves for the trivdx@ystemss ) and the corresponding
bisoxazoline/Pd system *)

BOX/Pd complexes require longer induction peridusnt their corresponding trisox/Pd
catalysts. The most notable observation is theaateleration with the tripods compared to the
BOX ligands for all substitution patterns. The tawver frequencies (TOFs) derived from the
guasilinear section in the conversion curves asplayed in Table 3.3.3. The rate of the reaction
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is strongly dependent on the substituent of thpe@sve ligand. TheéPr substituent yields the
most active BOX-derivative whereas the indanyl gubht leads to the highest rate for the
trisox-based catalysts. WiiPr, Ph and Bn-based ligands the TOFs differ byctofeof four in

favour of the tripod, whilst a 64-fold acceleratias found for the indanyl-derivative.

0
@) WS .
OMO qu TOF ratio
g/N NQD N N\e R trisox/BOX
R R -

R g
(9-iPr 1.37 5.02 3.7
(R)-Ph 0.05 0.2 4.0
(9-Bn 0.91 3.73 4.1
(4R,59-Ind 0.19 12.2 64.2

Table 3.3.3: Turn-over frequencies TOF thderived from the conversion curves shown in Féggu3.3

Moreover, the effiency of the BOX and trisox ligandiere compared in the allylic
amination ofrac-1,3-diphenylprop-2-enyl acetate. Only the oxazlierivatives with isopropyl
substituents were investigated. The general reacitheme and results are displayed in Table

3.3.4.

(@]
" ()
OAc \ , N

N
S e [PA(7*-C5He)CIl (1.1 molos) -

L* (2.5 mol%)

THF, 50 °C, 5 d. R
0. X o
/ \
— &
/- )<
Yield (%) 16
ee (%) 53 63

Table 3.3.4: Results of allylic amination witiPr-BOX/Pd andPr-trisox/Pd catalysts

Again, the trisox-based catalyst shows higher agtand selectivity confirming that the

trisoxazoline derivatives lead to superior catalygsimparedo the bisoxazolines.
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The third oxazoline arm may play a direct or indireole at some earlier or later stage
during the catalysis. To see the influence of thiedtheterocycle on the efficiency of the
catalysts, a series of catalysts bearing oxazalerevatives as stereodirecting ligands have been

investigated.

d. Extension of the study to functionalised bisoxazedi

A series of modified bisoxazoline ligands contagnipotentially coordinating or non-
coordinating “sidearms” at the apical position weyathesised following literature procedurés.
Additionally, several dually functionalize@, symmetric systemsvhich are readily obtained
from the bis(oxazolinyl)methane, were also syntef® For practical reasons only oxazoline
derivatives with the isopropyl substituents werepared. The results of the asymmetric allylic
alkylations are summarised in Table 3.3.5 as wsetha previously discussed results for ithe
BOX/iPr-trisox couple (entries 1-2).

Increasing the steric bulk on the bridging carbtomagives better ee’s compared to the
BOX ligand however yields are significantly loweenfries 3-5). The two functionalised-
bisoxazoline derivatives with ketone-based armsudedthe same enantioselectivity as the
trisoxazoline probably due to steric hindrance, gine rise to lower yields tharPr-BOX and
iPr-trisox (entries 6-7). In contrast, the introdoctof the pyridylmethyl sidearm does not affect
the yield but the ee value drops to 66% (entryT8)s is probably due to the presence of three
iIsomeric active species, two of them coordinatedabyachiral pyridine and an oxazoline. The
same trend is followed with the introduction ofeee@nd pyridylmethyl sidearm (entry 9). In this
case the observed ee value (3%) can be rationabygetbur interchanging active species:
bisoxazoline, oxazoline-pyridine (two diastereomesad bispyridine. Finally the alkylation
catalyst with theC;-symmetric trisoxazoline, containing an achiral zodane unit, displays a
slightly lower ee value than thes-symmetric catalyst (91%s. 95%) (entry 10). For possible
explanations, see chapter 4 and the copper-catbiyreaation reaction.

To summarise, the highest yields were obtained fligands that contain a potentially
donating heteroatom as sidearm, with ligands tlatain nitrogen donors displaying slightly
higher activity than oxygen donors. The enantiagely of the product is also affected by the
nature of the sidearm. Ligands with no heteroatomtaining sidearms usually give lower yield

and moderate to good enantiomeric excesses depgendlithe bulkiness of the substituents.

®"a) J. Zhou, M. C. Ye, Y. Tangd, Comb. Chem. 2004 6, 301; b) M. Honma, T. Sawada, Y. Fujisawa, M. gisu
H. Wanatabe, A. Umino, T. Matsamura, T. Hagihara;Tlskano, M. Nakadal, Am. Chem. Soc. 2003 125, 2860.

8 M. Seitz, C. Capacchione, S. Bellemin-Laponnaz, tdépohl, B. D. Ward, L. H. GadBalton Trans. 2006
193.
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Entry Ligand Yield (%) ee (%)

07><(O
| \
1 }N NJ iPr-BOX 89 89

2 k y iPrtrisox 90 95
Ph
o%go
3 kh 1 P 15 86
/’\
Ph Ph
O O,
4 ik 1) Q 51 94
/’\
5 QIN N\J__ R 63 93
/’\
tBu
(6]
O O,
6 i{“ 1 S 74 95
/’\
Ph
O
O O
7 %k 1 T 68 95
/’\
N/
el
O (0]
8 %/N 1/ U 93 66
/’\
/N N=
) N
O O,
9

QIN N\j__ V 84 3
/’\
Sy

’%N N’Q// W 67 91

Table 3.3.5: Results of asymmetric allylic alkylation with diffet oxazoline derivatives
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To further explore this influence, a comparativeekic study of the catalytic conversion
with two representative non-symmetric side-arm-fiomalised ligands (-CtBu, entry 6 and -

CH.Py, entry 8) has been carried out and compared twélresults obtained foPr-BOX and
iPr-trisox systems (Figure 3.3.4).
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Figure 3.3.4: Comparison of the conversion curves for four catatystems

This study confirms that the introduction of a dimg sidearm leads to rate

enhancement; the best catalytic activity beinghtedavith the trisoxazoline ligan@r-trisox.

4. Conclusion

The mechanism of palladium-catalysed allylic alkgia involves four steps: after
coordination of the substrate to the palladium(Pgcses, an oxidative addition/ionisation
sequence results in the formation of tirallyl palladium(ll) complex; the nucleophile then
externally attacks therallyl intermediate giving rise to a palladium(Opesies bearing the
product which is displaced by way of substitutibrough another substrate molecule.

Since our catalytic systems were preparestu from palladium(ll) allyl chloride and the
trisox ligand, the first step in the formation bietactive catalyst involves the reduction of the
palladium(ll) precursor by a nucleophilic attack Biye malonate. The observation of an
induction period in the conversion curves is thos surprising. Introduction of an additional

donor function in the stereodirecting ligand gefigr@sulted not only in a rate enhancement but
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also in the reduction of this induction period. Tdeserved overall rate acceleration might be due
to the ability of the additional donating groupiiduce the formation of the palladium(0) species
both in the initial generation of the active specas well as in the product/substrate exchange
step at the end of the catalytic cycle. This medt@naspect, as well as the symmetry-related
simplification of the reaction network for the dgtds bearingCs-chiral tripods, may be at the

root of the superior performance of the trisox-sys.
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This chapter is devoted to the application of tligokazolines in copper(ll) chemistry.
The first part concentrates on generalities aboaingoselective copper-catalysed Lewis acid
reactions and on the description of the aim ofwbek. The study of the influence of the catalyst
loading on the activity and selectivity is presenie the following part. Finally, threefolds.
twofold symmetry in asymmetric catalysis is disats®y comparing the catalytic performance

of BOX- and trisox- containing copper(ll) Lewis dci
|. Introduction

1. Asymmetric Lewis acid copper-based catalysis

Many carbon-carbon or carbon-nitrogen bond-formiagctions are subject to Lewis
acid-promoted rate acceleratibrCycloadditions, conjugate additions and aldol tieas are
representative examples of such Lewis acid actimati If the Lewis acid complex is chiral, it
may control the stereochemical outcome of the m®cé&lectrophilic activation of carbonyl
compounds by metal-centred chiral Lewis acids iefficient method for the enantioselective
catalysis of nucleophile-electrophile reactionstf@ent transition metals have been applied in
Lewis acid-promoted catalytic reactiohmong them, copper(ll) is an efficient Lewis aeidd
therefore has been the focus of great interest.Ifiireg-Williams series for divalent ions in the
first transition series indicates that Cu(ll) forrtie most stable ligand/metal complexes and
dissociation of the chelating chiral ligand in sumobmplexes is negligible. The order of the
stability Mn(Il) < Fe(ll) < Co(ll) < Ni(Ill) <Cu(ll) > zZn(ll) has been found to be independent on
the nature of the coordinated ligand or on the remu ligand molecules involvedThe order
of stability is directly correlated with the secoiothisation potentials and ionic radii. Copper(ll)
displays a disposition to form square planar omgéted tetragonal complexes. For copper
complexes bearing bidentate chelating ligands dpatidn of a bidentate substrate is thus
favoured in the equatorial plane with the countebeing a weakly or non-coordinating ligahd.

Jahn-Teller distortion in thel® complex elongates the remaining apical sites whéaee

! M. Santelli, J.-M. Pons, Ihewis Acids and Selectivity in Organic SyntheSRC Press: New York996.

2 See for example: a) S. KobayasPire Appl. Chem1998, 70, 1019; b) B. BosnichAldrichimica Acta1998, 31,
76; c) S. Kobayashi, K. Manabacc. Chem. Re2002, 35, 209; d) A. Corma, H. Garci&hem. Rev2002, 102
3837; e) A. Yanagisawa, IModern Aldol ReactionsEd.: R. Mahrwald, Wiley-VCH2004, Vol. 2, 1; f) J. S.
Johnson, D. A. Nicewicz, IModern Aldol Reactions:d.: R. Mahrwald, Wiley-VCH2004, Vol. 2, 69; g) Y.
Yamashita, S. Kobayashi, Modern Aldol Reactionkd.: R. Mahrwald, Wiley-VCH2004, Vol. 2, 167; h) R. F. R.
Jazzar, E. P Kindig, IRuthenium in Organic Synthesisd.: S.-1. Muharashi, Wiley-VCH004, 257.

3 H. Irving, R. J. P. Williams). Chem. Sod.953, 3192.

“B. J. Hathaway, D. E. BillingZoord. Chem. Re\1970, 5, 143.
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counteranion may (or may not) reside. These coraidas act jointly to provide well-defined
complexes that may exhibit excellent propertiesaalysts.

In the field of chiral copper(ll)-based Lewis acidtalysis, the catalyst, in general,
consists of a cation coordinated to an opticallyvacbidentate ligand to give a chiral complex
with at least one vacant site suitable for coornitimeand activation of the reagent. The substrates
generally used in these catalysis are often capzfbdhelating to the chiral Lewis acidic metal
complex (Scheme 4.1.1).

T 2+2X' 0] O ‘I z 2X
g o L1 g o

N Y- R N
Cu Cu
i
o} o)
X = OTf, ClO,, SbF;..
Y = CH,, CHCH;, NR"... R)J\Y/U\R'

R, R' = alkyl, aryl ...

Scheme 4.1.1: Lewis acid catalysts possessing two vacant Leuwits sites for the coordination of the chelating
substrate

This chelating-assisted catalysis is applied iniows types of reactions and
transformations. Among these processes, thoseysathlwith chiral metal(ll) complexes
frequently reach enantioselectivities greater t8@%> An important outcome of the chelation
criterion is that the analysis of the catalyst-stie complex usually leads to an unambiguous
prediction of the sense of asymmetric induction.ifduce a good level of enantioselection, the
coordinated reagent should be suitably orientdedwvtour a selective attack to one specific face.

Co-symmetric bisoxazolines are among the most popalasses of chiral ligands
satisfying the various requirements needed for gdack selectivity. Coreyet al first
demonstrated that this class of ligands combingld Mn(1l) and Fe(lll) leads to effective chiral
Lewis acid catalysts for Diels-Alder reactich$he versatility of chiral bisoxazoline/copper(ll)
complexes in such reactions has been first illtetran 1993 by Evanet al” They reported that
[Cu(tBu-BOX)](OTf), complex acts as an effective chiral Lewis acid foe Diels-Alder
reaction described in Scheme 4.1.2.

®a) D. A. Evans, T. Rovis, J. S. JohnsBore Appl. Chem1999, 71, 1407; b)Lewis Acids in Organic Synthesis
Ed.: H. Yamamoto, Wiley-VCH: New York2000, Vols. 1 and 2; c) S. Kobayashi, Y. Mori, Y. Yarhasg, In
Comprehensive Coordination Chemistr2004, 9, 399.

®a) E. J. Corey, N. Imai, H.-Y. Zhand, Am. Chem. So991, 113 728; b) E. J. Corey, K. Ishihar@etrahedron
Lett. 1992, 33, 6807.

"D. A. Evans, S. J. Miller, T. Lectkd, Am. Chem. So&993, 115, 6460.
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Q )OJ\ chiral catalyst Z H
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Scheme 4.1.2: Diels-Alder reaction of a 2-oxazolidinone derivatiwith cyclopentadiene

From these investigations it appears that coppet(iflate is uniquely effective in
delivering cycloadducts in high diastereo- and é@oareric excesses (-78°C, > 98% ee) out of
the ten metal triflates tested at the tifr&ince thenC,-symmetric bisoxazolines, including those
immobilised on heterogeneous medlizave proven to be efficient ligands in Lewis acigpper-
catalysed reactions yielding valuable enantioméyiemriched compound!®

During the course of the studies reported in ttexdiure it has been observed that the
isolation of the [Cu(BOX)" precursors is not a prerequisite for their sucesssnantioselective
catalysts. They can efficiently be prepaneditu when the chiral bisoxazoline ligand is mixed
with an inorganic copper salt in an organic solyentchiral BOX/metal complex is usually
instantaneously formed, which is the precatalysthaf reaction in question. Therefore, any
structural information is important to understameé tarrangement at the metal centre of the
molecules involved in the reaction and in the stelhemical outcome. Work to date has revealed
that bisoxazoline/copper complexes provide a rggjdare planar template with a defined chiral

environment.
2. Problem set and aims of the study

Similar to palladium chemistry described in the vivas section we expected a
favourable effect of highly symmetrical trisoxar@s on the catalyst performance in square
planar copper(ll) complexes undergoing fluxionabgasses. The substitutional lability of the
copper(ll) complexes promotes this fluxionality.uBh in the square planar complexes chemical
exchange between the symmetry-equivalértoordinated species takes place, with the non-
coordinated sidearm playing a direct or indiredé rat some stage in the catalytic reaction. The

expected interconverting key intermediates areasprted in Figure 4.1.1.

®D. A. Evans, S. J. Miller, T. Lectka, P. von MattAm. Chem. So999, 121, 7569.

°D. Rechavi, M. LemaireChem. Rev2002, 102, 3467.

193) A. K. Ghosh, P. Mathivanen, J. Capielltetrahedron: Asymmetr§998, 9, 1; b) K. A. Jargensen, M.
Johannsen, S. Yao, H. Audrain, J. Thorhadgs,. Chem. Red999, 32, 605; c) J. S. Johnson, D. A. EvaAsc.
Chem. Res2000, 33, 325; d) G. Desimoni, G. Faita, K. A. Jgrgensemem. Rev2006, 106, 3561.



114 Dynamic coordination of chiral trisoxazolines topgeer
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Figure4.1.1: The three symmetry-equivalent square planar Ca¢liwplexes bearingf-chelatingCs-symmetric
trisoxazoline ligands

The application of trisoxazoline ligands in Lewsdacopper-catalysed reactions is aimed
to see if the use of these tridentate ligands mayesa limitation encountered with the
bisoxazoline-based catalysts: the high catalystitag required. To that end trisoxazolines have
been used in two model reactions, an asymmetamination and a Mannich reaction. A direct
comparison with the corresponding 2,2-bis(oxazdjprppane ligands will help us to find out
whether the third donating arm influences the &@gtiand/or the stereoselective outcome of
catalysis carried out with lower catalyst loadindsis concept and the results obtained are
described in the following part.

Finally, the conceptual differences in exploitingiofold and threefold rotational
symmetry in the design of chiral ligands for asyrimmecatalysis have been addressed in a
comparative study of the catalytic performance WB®X and trisox containing copper(ll)
catalysts. The results of this study are discussé#ue last part of this chapter.

1. Highly symmetric trisoxazolines in enantioselective copper(l1) Lewis acid

catalysis
1. From bisoxazoline/copper(l1) to trisoxazoline/copper(I1) catalysts

Some bisoxazoline ligands are commercially avaglabuch asR)- and §-Ph-BOX as
well as §-tBu-BOX. These bisoxazolines belong to the most lyidesed ligands in the
literature and their catalytic performance is ditesny to the efficiency of 4-aryl- and 4-alkyl-
substituted BOX-based catalysts.

After formation of the bisoxazoline/copper(ll) colayp, the next step is coordination of
the dicarbonyl substrate compound to the catalyss. generally accepted that the dicarbonyl
compound utilizes both carbonyl functionalities feoordination to the copper centre.
BOX/copper(ll) catalysts have proven to be highKicent for the addition reactions to
dicarbonyl compounds and for the reactions wheee l#éiter act as pro-nucleophile. This is

probably because the Lewis acidity of copper(ll)optimal for this class of substrates and
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because the bidentate coordination of the dicalboompound to the metal centre leads to a
chiral environment with efficient shielding of ooéthe carbonyl faces. The latter is illustrated
in Figure 4.2.1 for a [Cu§j-tBu-BOX)(dicarbonyl)f* species.

2+
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Figure4.2.1: Coordination of the dicarbonyl substrate to cofieione of the approach is blocked by tBel
group

In Figure 4.2.1 theipperface of “left” carbonyl functionality is shielddz thetert-butyl
group and therefore the nucleophilic/electrophdiitack occurs from the back of the dicarbonyl
compound. Thus, BOX/copper(ll) catalysts providehdral environment at the Lewis acidic
centre leading to highly selective reactions.

Based on the high stereoselectivity observed fer ltisoxazoline-based Lewis acid
catalysts, the trisoxazoline-based complexes mayaacselective catalysts. The conceptual
approach in which the high rotational symmetryra thiral trisoxazoline renders the reversible
pathways leading to the active catalyst equivalexrst been presented above (see Figure 4.1.1).
The three active species bearing a ligand withderiate coordination mode have a similar
chiral environment at the Lewis acidic centre tattlf the BOX/copper catalysts (Scheme
4.2.1).

€Y (b)

Scheme 4.2.1: Dynamic exchange between the three catalytic @aspecies (a); the copper/bisoxazoline catalyst (b)
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A possible facial coordination by a chiral tridemltdigand was thought to stabilise the
restingstate of the copper complexes. The additional dkszdigation is expected to deactivate
the complexes in their Lewis acidity as shown irthaoretical study on BOX/copper(ll)
catalysts’ Jgrgensenet al. calculated the energy of the LUMO orbital of th& 1
electron[Cu(BOX)(substraté)]and the 19 electron [Cu(BOX)(substrate){Ci)]** complexes.
An important factor for the reactivity of [Cu(BOX){bstratef complexes is the energy of the
LUMO orbital which is the orbital responsible fonet interaction with the HOMO of the
incoming electron rich reagent. For the 19 electtomplex possessing a third nitrogen donor it
has been found that the dicarbonyl is less regctivehe LUMO was found to be 1.04 eV higher
in energy than for the 17 electron complex. Morepttee Cu-O bond of the reacting carbonyl
oxygen atom was found to be longer in the 19 edactomplex. This bonkkngth change shows
that the carbonyl functionality of the substratéess coordinated to the Lewis acidic centre. This
accounts for higher LUMO energy and thus for trduced activity of the 19 electron complex
compared to the 17 electron complex.

Therefore the transformation of the resting state the active 17 electron Cu(ll) species
necessitates the decoordination of an oxazolineamd the opening up of the system (Scheme
4.2.2). This required "hemilability® is provided stereoelectronically by the strong atyic
Jahn-Teller effect of the® Cu(ll) centre.

@) @]
g N
* ’N\ N /N *
R T X, R
R\~
i L
resting state active catalyst
19 electron species 17 electron species

Scheme 4.2.2: Coordination/decoordination equilibrium betweea firoposed resting and active states of the
trisox/copper catalysts

13, Thorhauge, M. Roberson, R. G. Hazell, K. AgdasenChem. Eur. J2002, 8, 1888.
12p_Braunstein, F. Naudngew. Chem. Int. E@001, 40, 680;Angew. ChenR001, 113 702.
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2. Mode reactions

Based on results published by Jgrgensen and cowgorkigh bisoxazoline/copper(ll)
Lewis acid catalysts the asymmetrieamination and Mannich reactions were chosen ds tes

reactions.

a. Mannich reaction

The Mannich reaction is an effective carbon-carlimnd-forming process for the
construction of nitrogen containing compoundghis reaction has been employed numerous
times successfully as a key step in natural progycthesis as well as in medicinal chemisfry.
The first catalytic enantioselective Mannich-tygaction was reported in 1997 by Kobayaethi
al. using chiral zirconium/BINOL complexes as catadystin 2001, Jgrgensen and coworkers
disclosed a highly enantioselective catalytic difslannich reaction where 2-ketoesters were
treated withN-protecteda-iminoesters in the presence of bisoxazoline/cqpipecomplexes
(Scheme 4.2.3%°

o Tse
)\ . Iﬁl\ Cu'/BOX
EtCO; Et C)K‘/'\C Et
R CO,E Oz Oz

Oﬁo
o I I
Ph Ph

Scheme 4.2.3: Diastereo- and enantioselective direct Mannicletiea of activated carbonyl compounds with
iminoesters catalysed by a chiral Lewis acid

Lewis acid-catalysed reaction of 2-ketoesters withtosyl a-iminoesters gave
enantiomeric excesses up to 97% using the china{HBE-BOX)](OTfy, complex. The reaction
allowed the formation of highly functionalised 4esglutamic acid ester derivatives which could
be converted into highly functionalised opticalbtige a-aminos-lactones-®

In 2003, the group of Jargensen reported the ugeketoesters as pro-nucleophiles in
the catalytic asymmetric direct Mannich reactiorithman activatedN-tosyl a-iminoester. This

133) S. Kobayashi, H. IshitarGhem. Rev1999, 99, 1069; b) A. Cérdovadcc. Chem. Reg004, 37, 102.

4 3) E. F. Kleinmann, I'Comprehensive Organic Synthedisls: B. M. Trost, |. Flemming, Pergamon PresswvNe
York, 1991, Vol. 2, chap. 4.1; b) M. Arend, B. Westermann, Risch, Angew. Chem. Int. EdL998, 37, 1044;
Angew. Cheml998, 110, 1096; ¢) S. Denmark, O. J.-C. Nicaise damprehensive Asymmetric Catalydisls.: E.
N. Jacobsen, A. Pfaltz, H. Yamomoto, Springer: Befl999, Vol. 2, 93.

5 H. Ishitani, M. Ueno, S. Kobayaski, Am. Chem. So997, 119, 7153.

8 K. Juhl, N. Gathergood, K. A. Jgrgenséngew. Chem. Int. EQ001, 40, 2995;Angew. Chen001, 113 3083.
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new chiral Lewis acid-catalysed reaction is an eaglyy to the formation of chiral quaternary
carbon centres. Moreover the utility of this casedycould be enhanced by the development of a
diastereoselective decarboxylation reaction of M@nnich adducts providing an attractive
approach to optically active-keto a-amino acid derivatives. The direct asymmetric Mahn
reaction off-ketoesters with an activatédttosyl a-iminoester described by Jgrgensral. is
depicted in Scheme 4.2'4.

(o) o) _Ts
T Cu(OTf),/BOX O HN
+ | ~
)J\KU\OR J\C £t CHCly/-20°C )J\@ COLE
©. ¥ COR

O%O R =tBu, 68% ee
BOX: &' 1{

N N R = Et, 42% ee
Ph Ph

Scheme 4.2.4: Diastereo- and enantioselective direct Mannicktiea of f-ketoesters witl-iminoesters catalysed
by a chiral Lewis acid

It was found that the size of the alkoxy moietytlué f-ketoesters is critical. In order to
obtain high enantioselectivities, ttert-butyl ester moiety was required, while the coroegpng
ethyl esters gave only low to moderate selectwibé 22-42% in the presence of 10 mol% of
[Cu(Ph-BOX)](OTfy. It was therefore interesting to choose the latiacleophile for the
Mannich reaction catalysed by [Cu(trisdX)]to try to optimise the reaction conditions and to

find out whether high selectivities with this lessdective substrate could be obtained.

b. a-amination reaction

As a second model reaction the direeamination ofa-substituteds-ketoesters with
azodicarboxylates which forms enantioselectivelgpoa-nitrogen bonds has been chosen. This
reaction is of interest for the synthesis fhydroxy«w-amino acids such as oxazolidinone
derivatives, and is a simple procedure for the &drom of an asymmetric carbon centre attached
to a nitrogen atom® An efficient bisoxazoline/copper(ll) catalysed sien has been reported

recently by Jargensen and coworkers. They disclisedirst directz-amination off-ketoesters

M. Marigo, A. Kjeersgaard, K. Juhl, N. Gathergo#d,A. JgrgensenChem. Eur. J2003, 9, 2359. This type of
reaction was first developed by: D. A. Evans, SNélson,J. Am. Chem. So&997, 119, 6452.

'8 For a review on asymmetricamination reactions see: J.-P. Genet, C. Greckalergne, IrModern Amination
Methods Ed: A. Ricci, Wiley-VCH: Weinheim2000, chap. 3.
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catalysed by a chiral Lewis acid complex with azadboxylate derivatives as nitrogen fragment
source (Scheme 4.2.5).

o O

.COBn
Bnozc:\N Cu(OTf), / BOX O HN
N
OEt + I )J\( \C B
N CH,CI OBn
A B b
Oﬁo
BOX: S/N NJ
Ph Ph

Scheme 4.2.5: Enantioselective direet-amination of ethyl 2-methylacetoacetati#h dibenzyl azodicarboxylate
catalysed by [Cu(Ph-BOX)](OT{)

High yields and excellent enantioselectivities wereserved using 2,2-bis[gt4-
phenyloxazolin-2-yl]propane (Ph-BOX) as ancillaigaind. Originally performed in the presence
of 10 mol% of catalyst, they observed that the tieagroceeds with catalyst loadings of 0.2 - 1
mol% without loss in selectivity (Table 4.2.1). Hewver further reduction of the catalyst loading
led to a significant drop in the stereoselectiatyhe transformation.

Catalyst loading Yield ee
(mol%) (%) (%)

10 98 98

1 92 98

0.5 91 96

0.2 91 96

0.05 65 55

Table 4.2.1: Variation of the catalyst loadings in the enarglestive direct-amination of ethyl 2-
methylacetoacetate with dibenzyl azodicarboxylate

3. Influence of the third oxazoline unit on the catalyst loading

a. Reaction conditions

The [Cu(trisox)f* precursors have been efficiently prepairdsitu by reacting the
desired copper(ll) salt with the trisoxazoline hgain the organic solvent chosen for the

catalysis. The reactions do not require any spegxidtautions and have been carried out in air
illustrating the practical applicability of the mess.

19 M. Marigo, K. Juhl, K. A. JeargenseAngew. Chem. Int. EQ003, 42, 1367, Angew. Chen003, 115, 1405.
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The different solutions containing the catalystcprsors with variable catalyst loadings
have been prepared from a mother solution and #meesprocedure was followed for the
Mannich reaction and for theamination reaction. The homogeneous stock solsittmmtaining
the copper(ll) salt and the desired ligand havenbs@red under air for 30 min. Successive

aliquots have been then taken to obtain the desatadyst loading for each run.

b. Trisoxazolines in the asymmetric Mannich reaction

The Mannich reaction of ethyl 2-methylacetoacetaitdh an activated\-tosyl a-imino
ester was first investigated. After optimizationtbé reaction conditions, the Mannich reaction
catalysed by the [CiRr-trisox)f* catalyst afforded high activity and selectivityheT best
catalyst efficiency has been found using the cdpipegoerchlorate salt in a 1/3 mixture of
acetone and diethyl ether at -28°C (Scheme 4.2.6).

Ts
O O . . -
TS\ll\l Cu(ClOy), / iPr-trisox Q HN
+
OEt J\COZEt acetone / BD, 1/3 )J>-,/\COZEt

-28°C /36 h. CO,Et

Scheme 4.2.6: Enantioselective Mannich reaction of ethyl 2-meglegtoacetate witN-tosyl a-imino methyl ester
catalysed by [CuPr-trisox)](CIQy),

With a ligand/metal ratio of 1.5 and using 10 mad¥catalyst the reaction proceeds in
good vyield (84%). The diastereoselectivity, meagurg HPLC, is ata. syn/anti = 13/87. The
[Cu(iPr-trisox)](CIQy). precursor gives the reaction product with an deoelee of 90%
(enantiomeric excess of the major diastereomer).

Using the reaction conditions described above,eth@ution of the catalytic efficiency
when decreasing the catalyst loadings has beestigaged. This study has been carried out in
the presence of 10, 1, 0.1 and 0.01 mol% of iPuirisox)](ClQ,).. As a direct comparison the
same stepwise reduction of the catalyst loadingdeas investigated in the presence of [Bu(
BOX)](ClO,).. The results are summarised in Table 4.2.2.
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iPr-trisox iPr-BOX
Catalyst loading Yield ee Yield ee
(mol%) (%) (%) (%) (%)
10 84 90 84 84
1 75 89 70 84
0.1 59 91 56 80
0.01 36 90 35 66

Table 4.2.2: Variation of the catalyst loadings in the enantiesgve Mannich reaction of ethyl 2-
methylacetoacetate witki-tosyl a-imino methyl ester catalysed by [GB(-trisox)](CIQ,), and [Cu(BOX)](CIQ),

Upon reduction of the catalyst loading by a fadbi(®, that is to say in the presence of
only 0.01 mol% of catalyst, the enantioselectivigmains unchanged with the [@Ref-
trisox)](ClOy), catalyst (90% ee). Throughout the dilution setles,diastereoselectivity remains
constant. With the bisoxazoline ligand and in thespnce of 10 mol% of catalyst, 84% ee (84%
yield) is observed showing lower selectivity congghto the corresponding trisoxazoline-based
system. For the BOX-based systems, reducing theysatloading leads to a decrease of the
stereoselectivity. From 84% ee in the presence 1@ A mol% of catalyst loading the
enantiomeric excess drops to 80% ee at catalysteotration of 0.1 mol% and more
dramatically to 66% ee at catalyst concentratio.01 mol%.

c. Trisoxazolines in the asymmetreamination reaction

The a-amination reaction of ethyl 2-methylacetoacetatth wibenzyl azodicarboxylate
as nitrogen source has subsequently been the édaus interest. Jargensen and coworkers have
shown that high yields and excellent enantioseliigs can be obtained in the presence of 10
mol% of [Cu(Ph-BOX)](OTf) and that the reaction proceeds without loss iacseity with a
catalyst loading of 0.2 mol% (further decrease I tatalyst concentration induces lower
selectivity, see Table 4.2.1). The concept of stectronic hemilability of the divalent
copper(ll) has been tested by exploring this catalwith the corresponding trisoxazoline ligand.

Influence of the variation of the catalyst loadings the outcome of the reaction have
been investigated for both [Cu(Ph-BOX)](OF8nd [Cu(Ph-trisox)](OT#) catalysts to make a
direct comparison of the catalytic efficiencies.eTreactions were carried out under air in
dichloromethane at 0°C over 16 hours and with anigmetal ratio of 1.2 (Scheme 4.2.7).
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e} o CO,Bn
BnOLs Cu(OTfy, / L* 0 HI?I/
OEt * \ N
M N~ CH,Cl,/0°C, 16 h - COBn
COBn 212 COZEt

Scheme 4.2.7: Enantioselectivei-amination reaction of ethyl 2-methylacetoacetaité @ibenzyl azodicarboxylate
catalysed by [Cu(Ph-trisox)](OT,fand [Cu(Ph-BOX)](OTH

Catalyst loadings going from 10 to 0.01 mol% haeerbsurveyed during the course of
the study and the activities and selectivities ol upon successive reduction of the catalyst
loading are summarised in Table 4.2.3.

iﬁ% Y
g R s,

Ph-trisox Ph-BOX
Catalyst loading Yield ee Yield ee
(mol%) (%) (%) (%) (%)
10 97 99 98 98
1 91 99 93 98
0.1 72 99 72 55
0.01 49 48 41 15

Table 4.2.3: Variation of the catalyst loading in the enantiestivea-amination reaction of ethyl 2-
methylacetoacetate with dibenzyl azodicarboxylatalygsed by [Cu(Ph-trisox)](OTfand [Cu(Ph-BOX)](OTH

Using 10 mol% of the tripodal system [Cu(Ph-trid@R)rf),, an enantiomeric excess of
99% is observed for the reaction of ethyl 2-metbgtaacetate with dibenzyl azodicarboxylate
and the product is obtained with 97% yield. Deargaghe amount of catalyst to 0.1 mol%
affects moderately the yield and does not affe@ #mantioselectivity. However, further
reduction of the catalyst loading by a factor of [Hads to a significant decrease in
enantioselectivity for this reaction. Concerning thisoxazoline-based catalyst for 10 and 1
mol% catalyst loading the system displays the santwity and selectivity as the one of the
corresponding tridentate ligand. Neverthelessadlyewith 0.1 mol% of catalyst a decrease in
both activity and stereoselectivity is observed.réldramatic is the drop of the selectivity when
the reaction is carried out with 0.01 mol% of cgdal

Comparing the outcome of both Mannich reaction amdmination reaction after
variation of the catalyst loadings indicates tteg tifference between tridentate- and bidentate-
based catalysts is less significant in the lataction. The influence of the third oxazoline donor
is less pronounced in tlieamination reaction.
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d. The active catalyst: bidentate coordination modtheftrisoxazoline

A considerable number of copper complexes bearexgally coordinated tripodal
nitrogen donor ligands have been structurally attarzed. Copper(ll) complexes with facial
coordination of Cz,-symmetrical tris(pyrazolyl)methane ligafidand tris(2-pyridyl)methane
ligand* have been characterized by X-ray diffraction. Heevehe opening up of these systems,
as postulated for the transformation of the ressitage into the active species, is rarely observed.
Direct evidence for the assumption of a partiabgabrdinated trisoxazoline ligand in the active
state of the catalyst has been obtained in ourpgtpuGuido Marconi. Crystallisation of the
reaction intermediate which results from the reactiof a [Cu(trisox]" precursor with
deprotonated ethyl 2-methylacetoacetate gave simgjestals of [CLPr-trisox)k*-O,0x
MeCOCHCOOEL)](BR) as well as of the analogous and isomorphous etk salt. The
molecular structure of the tetrafluoroborate sathie solid state is depicted in Figure 4.2.3.

Two of the oxazoline groups of thr-trisox ligand are coordinated to the centralpssp
atom whilst the third oxazoline unit is danglingthvthe nitrogen donor pointing away from the
metal centré” The geometry of the complex is square pyramidah i fluorine atom of the
BF,-counterion occupying the apical position. The migmbered metallacycles formed by the
copper centre and the deprotonafekietoester, and by the metal and the bisoxazolmele
within one molecular plane. There are two possiedi for the coordination of the substrate
(ketone and the ester functionalities could bindhe opposite fashion), however, in the solid
state only one diastereoisomer has been observed.

Given this arrangement of substrate and ligand al &s the coordination of the
counterion, it appears likely that electrophilitagk on the metallate@-ketoester occurs on the
face which is liberated by the decoordination @f ftlemilabile third oxazolin¥. This would lead
to products having the correct absolute stereocsteynias observed in the Mannich addition.
However, the substitutional lability of the coppBr¢omplexes, and thus the possibility of rapid

equilibria, limits the usefulness of interpretasdmsed on X-ray structural data.

% 3) K. Fujisawa, T. Ono, H. Aoki, Y. Ishikawa, Y.ijdshita, K. Okamoto, H. Nakazawa, H. Higashimimarg.
Chem. CommurR004, 7, 330; b) D. L. Reger, C. A. Little, M. D. Smith,. G. Long,Inorg. Chem2002, 41, 4453;
c) D. Martini, M. Pellei, C. Pettinari, B. W. Skeit, A. H. White Inorg. Chim. Act&2002, 333 72.

2L a) M. Kodera, Y. Tachi, T. Kita, H. Kobushi, Y. 8ij K. Kano, M. Shiro, M. Koikawa, T. Tokii, M. Olal H.
Okawa,Inorg. Chem2000, 39, 226; b) M. Kodera, Y. Kajita, Y. Tachi, K. Kanimorg. Chem2003, 42, 1193; c) P.
J. Arnold, S. C. Davies, J. R. Dilworth, M. C. Damt, D. V. Griffiths, D. L. Hughes, R. L. Richard3, C. Sharpe,
Dalton Trans.2001, 736; d) T. Astley, P. J. Ellis, H. C. Freeman, M. Hitchman, F. Richard Keene, E. R. T.
Tiekink, J. Chem. Soc., Dalton Trark995, 595.

2 |n this copper(ll) complex, the bidentate coortiima mode of the trisoxazoline, with the nitrogesndr of the
free unit pointing away from the metal centre, imikr to that of the ligand in palladium(ll) andlpadium(0)
complexes (see chapter 3)
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Figure 4.2.3: Thermal ellipsoid plot (25%) of [CiRr-trisox)k*0O,0-MeCOCHCOOE)](BE)
4. Conclusion

It has been shown th&-symmetric trisoxazolines form highly efficient en@selective
copper(ll) Lewis acid catalysts which are basedhenconcept of a stereoelectrohiemilability
of the divalent copper. The trisoxazoline, dynantyoeoordinated to the copper(ll), is thought to
stabilise the resting state by (weak) coordinatibrthe third donof? The opening-up of the
system generates the 17 electron active speciea. direct comparison with the analogous
bisoxazoline systems, the tripod/copper catalystgehproven to be more efficient in the
enantioselective Mannich reaction as well as thengoselectivea-amination of prochirajs-

ketoesters.
I11. Stereochemical consequences of threefold symmetry

1. Introduction: Inverting chiral centresin C, and C3 symmetric stereodirecting ligands

In the last section we have seen tGaisymmetric trisox ligands allow the reduction of
the catalyst loading compared @-symmetric BOX ligands but the enantioselectivisynot
greatly influenced by the addition of the third dlamg arm (for 10 and 1 mol% catalyst). This is

%3 Stereochemical models are based on this concegptfdd example: a) M.-C. Ye, J. Zhou, Y. TadgOrg. Chem.
2006, 71, 3576; b) R. Rasappan, M. Hager, A. Gissibl, Os&eOrg. Lett.2006, 8, 6099.
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expected by considering the proposed model of ttievea species based on a partially
decoordinated tripod. At first sight one could dode thatCs-symmetric trisox behave asCa-
symmetric bisoxazoline in terms of enantioseletgtivdowever, from the point of view of ligand
design there is a remarkable difference betw€gnand Cs-chiral podands which becomes
apparent when one chiral elemeaig(a chiral centre) out of n (n = 2,3 respectivety)nverted,
while leaving all other structural features uncheshgrlhe rotational symmetry is thus destroyed:
whereas the inversion of a chiral centre G,asymmetrical chelate ligand will generatenase
structurej.e. an achiral ligand possessing mirror symme@y,(the same process carried out for
one of the three ligand arms o€a-chiral tripod will leave the system chiral aGg-symmetrical
(Figure 4.3.1).

QU

<,

(RR)-BOX
C,-chiral (RR,R-trisox
Cs-chiral
inversion of
a chiral centre
(RS-BOX
meso
achiral (RR,9-trisox
C,-chiral

Figure 4.3.1: Transformation of &,-chiral chelate (left) and @s-chiral podand (right) upon inversion of the
configuration at a chiral ligand arm

The modular nature of BOX and trisox ligands alldes a systematic investigation of
the implications that such an inversion has onstieeeoselective outcome of the catalysis. The

ligands employed in this work are represented gufg 4.3.2.
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Figure 4.3.2: Overview of the bis- and trisoxazoline ligands égpd in this study

The effect on the catalytic performance is invedid by direct comparison @3-
symmetrical R,R,R-Ph-trisox with Cj;-symmetrical R,S,¥Ph-trisox and the pair of
bisoxazoline ligandsR,R-Ph-BOX and R,9-Ph-BOX. In addition, the combination of chiral
and achiral podand arms has been investigateccamgarative study of Bidm-trisox and Ph-
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dmp-trisox with the bidentate Ph-dm-BOX, the lattepnesenting aminimal structurein
asymmetric oxazoline/copper(ll) catalysis. Tlmeamination of a/f-ketoester by dibenzyl

azodicarboxylate previously developed has beenerhas test reaction for this study.
2. Effect of theinversion of one of the chiral centresin BOX and trisox ligands

a. Catalytica-amination of ethyl 2-methylacetoacetate

The test reaction introduced above has been caaigdusing(R,R,R)Ph-trisox and
(R,S,$Ph-trisox as stereodirecting podands as wellhas hisoxazolinesR,R-Ph-BOX and
(R,S)-Ph-BOX. The results of the catalytic runsf@ened with 1 mol% of catalyst are
summarised in Table 4.3.1.

i g% a G N@@ s
Db Pe o

(R,R,R)Phtrisox R,R-Ph-BOX (R,S,S)-Ph-trisox  R,9-Ph-BOX

ee (%) 99 08 -41 0

Yield (%) 91 93 94 88

Table 4.3.1: a-amination of ethyl 2-methylacetoacetate with dibgmzodicarboxylate with 1 mol% of catalyst

The selectivity of the transformation catalyseddmpper(ll) complexes ofR,R,R)Ph
trisox and the chelatingR(R-Ph-BOX is almost identical. This is as expecteddu on the
proposed model of the active catalyst that contaipartially decoordinated podand. In it, the
dangling oxazoline ring adopts a remote orientatjpee next part), and the trisox system
therefore effectively coordinates like the corragiing bisoxazoline. Whereas the use of the
meseBOX ligand R,9-Ph-BOX leads to a racemic product, the catalgstméd with the
stereochemically mixe@;-symmetrical R,S,$Ph-trisox gives the reaction product with -41%

ee. In this case a closer look at the real acfpeeiss is required.
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b. Active species and consideration of “first coordiioia sphere” symmetry

In the case of th€;-chiral R,S,$Ph-trisox, the interplay of three isomeric formmis
dicoordinated trisox has to be considered, all géhbeing catalytically active. These three

diastereomeric catalysts, which are thought takelved, are depicted in Figure 4.3.3.

o o

O U O N
&WJ}//O inversion of W/J}//(_)

N| ¢ N- a chiral centre N| N N

\5 ——
Cs-symmetric C,-symmetric
\\Cllu c::a/
I B — 1
\Cu’/

fcs C,-chiral fcsmeso(1) fcsmeso(2)

Figure 4.3.3: Effect of the inversion of a chiral centre in-Risox (top) leading to an equilibrium between thre
diastereoisomeric active species in solution (bo}to
The local environmenti.g. the arrangement of the coordinated oxazoline )imgshe
metal centre is the most important parameter indiseussion of the effect, which the formal
inversion of one of the chiral centres R,§,$Ph-trisox has on the catalyst system. As is tgadi
apparent, only one of the three isomers expectdzt tim equilibrium with each other, contains
the metal centre in an essentially-chiral BOX-like environment to be found for therdk
symmetry-equivalent species of the catalyst derfveich theCs-symmetrical derivativéR,R,R)-
Ph-trisox. This local molecular shape and, spedific the effective local symmetry of a
coordinated ligand at a metal centre will be desigd agirst coordinationsphere symmetrgfcs
symmetry) and will play a key role in the followimiiscussion? The other two isomeric forms
have afcs mesarrangement of the oxazoline substituents. Githenorientation and distance of
the dangling ligand arm (see Figures 4.2.3 and4}.Bie catalytic behaviour of the latter two

4 The term first coordination sphere (fcs) symmesryntroduced to designate the effective local sytmgnof a
coordinated ligand at a metal centre. This is mdanfavoid confusion with the stereochemical terracdl
symmetry”, for which Mislow and Siegel have givestect definition with reference to the symmetifytioe whole
molecule: K. Mislow, J. Siegel, Am. Chem. Soit984, 106, 3319.
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forms should be similar to that of the complex beathe achiral ligandR,9-Ph-BOX. This
line of argument is supported by structural datioled for intermediates of the catalytic cycle
with both theCs- (see Chapter 4, 11.3) and tlig-chiral tripods. The crystal structure of the Iatte
is discussed in the following part.

c. Crystal structure of a copper(ll) complex with-chiral (R,S,$Ph-trisox

The crystal structure of [C(iPr-trisox)*0,0-MeCOCHCOOEL)](BF) is depicted in
figure 4.2.3. From the structure it is clear tha third oxazoline ring will have little influence
upon the attack of an electrophile on the acyldedlexpected to approach from the left) and that
the complex may therefore be effectively treated ésubstituted) bisoxazoline/Cu derivative.

It has also been possible to crystallise the stér@mically mixedC;-trisox complex
[Cu"{(R,S,$Ph-trisox}*0,0-MeCOCHCOOEt)(HO)]*(CIOs) by a similar reaction of
(R,S,9-Ph-trisox/Cu with the deprotonat¢dketoester. The X-ray structure of this complex is
depicted in figure 4.3.4 along with selected bathths and angles in Table 4.3.2.

Figure 4.3.4: Thermal ellipsoid plot (25%) of [({( R,S,$-Ph-trisox}(k*-0,0-MeCOCHCOOEL)(HO)]*(CIOy,).
The counter-anion is omitted for clarity

Cu(1)-N(1) 1.973(4) Cu(1)-N(2) 1.990(4)
Cu(1)-0(1) 1.921(4) Cu(1)-0(2) 1.886(3)
Cu(1)-0(7) 2.293(4)

N(1)-Cu(1)-N(2)  87.42(16) N(1)-Cu(1)-0(2)  177.36(16)
N(1)-Cu(1)-O(1)  90.92(16) N(2)-Cu(1)-O(1)  169.48(17)
N(2)-Cu(1)-0(2)  90.12(16) O(1)-Cu(1)-0(2)  91.33(16)

Table 4.3.2: Selected bond lengths (A) and angles (°) for cemplf [CU'{(R,S,$-Ph-trisox}k?*-O,0"
MeCOCHCOOE)(HO)]*(CIOy)
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In this acylenolate complex, the trisox ligand adop bidentate coordination [Cu-N
bonds lengths: 1.976(3) and 1.990(4) A], the thischzoline unit pointing away from the
coordinated oxazoline rings and thus also generam effective bisoxazoline/copper system.
Similar to complex with theCs-symmetric iPr-trisox, the coordination geometry is square
pyramidal with an oxygen atom of a water molecuteupying the apical position [Cu(1)-O(7)
2.293(4) A].

As already discussed above, three stereochemid&liynct ways of coordination of the
trisox ligand are to be expected: one leading tical,-symmetric species and two representing
fcs achiralmesospecies (Figure 4.3.3). One of the two diasteremnspecies with afcs meso
arrangement of the coordinated bisoxazoline unisteflised, the one with the phenyl
substituents of the coordinated oxazoline unitated on the same side as the dangling free

oxazoline ring.

d. A steady state kinetic model for the behaviourhaf $tereochemically mixedR(S,$Ph-

trisox/copper catalyst

In order to understand the observed enantiomegessxfor the catalytie-amination of
ethyl 2-methylacetoacetate of 41%, the ratio ofttiree isomeric active species as well as their
relative catalytic activity needs to be establisheat this purpose a kinetic study was carried out
using the different catalysts bearifg,R,R)Ph-trisox, R,S,$Ph-trisox as well asR,R-Ph-
BOX and R,9-Ph-BOX as stereodirecting ligands. The convergiorves under the standard
catalytic conditions of 1 mol% of catalyst loadifay the four catalysts are depicted in Figure
4.3.5.
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Figure 4.3.5: Conversion curves of the Cu-catalyz@dmination (1 mol% of catalyst loading) for the faatalysts
bearing R,R,R-Ph-trisox, R,S,$Ph-trisox as well aR,R-Ph-BOX and R,9-Ph-BOX

Whereas the R,R-Ph-BOX derivative displays the highest activitijrst order rate
constant derived from an exponential fitting anislyaf the conversion curverk = 2.484 i),
the correspondingiesesystem R,9-Ph-BOX proved to be the least active catalygt €&0.756
h™). Since it is thought that the stereodirectingufid in the active trisox/copper catalyst acts as a
bidentate ligand and thus effectively correspormdthe BOX analogues, the behaviour of both
the homo and heterochiral systems should be expida reasonable approximation using the
kinetic data: The copper(ll) catalyst bearing t8echiral trisox ligand R,R,R-Ph-trisox
possesses an activityrfg = 1.638 i) which is close to that of thH@,-chiral bisoxazoline whilst
the activity of the catalytic system based on thtetochiral tripod lies between this value and
the conversion rate of thmeseBOX catalyst (kss= 1.074 H). The latter may indeed be an
indication that both th&es Co-symmetric chiral isomer as well as the tmesoforms may play a
role in the transformation catalyzed W, $,$-Ph-trisox/copper.

The behaviour of the “desymmetrised” trisox/Cu batis may be rationalised in terms of
a general steady state kinetic model for the tlpessible active bisoxazoline-copper species
which are expected to be in rapid exchange witlh @flcer in solution. This assumption is based

on the well established substitutional labilitydifalent copper complexes.
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General model for the catalysis with-€ymmetric chiral tripods

Given is a trisoxazoline in which two of the het®rdes bear a substituent A whilst the
third substituent, B, is assumed to be differertisTleads to three dicoordinate species in
solution, in which the copper atom is either cooatied by two equally substituted oxazoline
rings (A,A) or by a non-equal combination, (A,B) @,A). The two latter are diastereomers,
however, since they differ only in terms of theeotation of the third, dangling oxazoline ring
which is pointing away from the active centre, thayay be assumed in reasonable
approximation to be equivalent (both in terms divaty and stability). All three catalyst isomers
will transform the substrate to a given product ifhwenantioselectivities of gg, eeg and ega

(ees = e&a) as shown in Scheme 4.3.1.

[CuL*] + substrate =— (ALA) =—= (A,B) =—= (B,A)
. OWSZ Kan Kag Kea
o &N N/\Ne B

A A

€6an €6 €&

Scheme 4.3.1: Model scheme describing the behaviour &fssymmetric trisox ligand in copper catalysis

Designating two enantiomers of the product gauid R, it is possible to express the rate
of formation of these two products as a functiornihaf different rate constants, selectivities and
the proportions x and x of (A,A) that give respectivelydPor Psas well as the proportiongx
and x of (A,B) and (B,A) that give respectively®r Ps, with Pz being assumed to be the major

product:
dPy
T:XRKAA[(A ) A)]+2XRkAB[(A ) B)]
dPg
dt =XsK aal (A, A2 X K pg[ (A, B)]

In this simplified form, the properties of (A,B) @r{B,A) are treated as equal. In that case, the
ratio of the two rates of formation is:

dPr (XrK aal(A, A)+2-Xg ksl (A, B)])
dPs (XK pl(A, A)J+2-xc K g[(A, B))

Knowing that and that
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€€pn=Xr— Xg €€,5= Xz — Xg.
Xgt+Xs=1 Xg tXo =1
the four proportionsg Xs, Xg and »x can be expressed in terms of partial enantionexcesses

(eexa and egg):

_(1 +eeAA) _(1 _eEAA) _(1 +€€ AB) _(1 —€¢ AB)
Xe=— Xg =5 B =72

The composition of the total amount of catalytigattive species is as follof:
Cieay=I(A,A)]+2[(A,B)]

Assuming steady state conditions gives the follgnerpression for the observed ee-values:

(Kaa[Coat —=2[(A, B)|leeaa+2-k sgeepns|(A, B)))

O KaulCon—21(A, B)[ 72K s[(A, B)]) (ea.D)

This general equation could be applied to the dfieC;-symmetric chiral trisoxazolines.
Application to the (R,S,S)-Ph-trisox/copper system

In the case of the R;S,$Ph-trisox ligand, the *“hetero-substituent” B i: a
stereochemically inverted Ae. B = -A (B =S A = R) and the two species (A,B) and (B,A)
possess the twmeseconfigurations. Consequently g = eea a = 0, which gives the simplified
expression:

(K aalCear—2:[(A,— A)lleenn)

CC KnlCon—21(A, A+ 2k s 1A, —A)) (e.2)

In order to apply this equation, the pseudo finsteo rate constants derived from the
conversion curves discussed above for the diffeBfDX and trisox copper systems may be
employed. It is assumed that the (A,-A) and (-Aagjive species from the trisox-based catalyst
have approximately the same activity as mhesofA,-A)-BOX/Cu catalyst and that the (A,A)
active (trisox-derived) species has the same #&gtag the (A,A)-BOX/Cu catalyst. Assuming
furthermore, that the meso a@g-symmetric active species give the same enantictbatees as
their corresponding BOX/copper catalysts, as intply the data reported in the previous
section, the relative concentrations and activiteds the components of theR(S,$Ph-
trisox/copper may be estimated.

% To write this equation, the quantity of complexu[®]?* is assumed to be negligeabig. the equilibrium is
shifted to the right (see Scheme 4.3.1).
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In a first step the concentration of thiesespecies, [(R,S)] is calculated by re-arranging

equation 2:

(k an(e€an—€8€))
(ee-ka_atkanleesn—ee))

(A~ A= Con (€9.3)

Using the experimental value ee= 411 % and the catalyst concentratiGg, of 1.5
pmol/L in equation 3 (as well ag.k = krs = 0.756, ka = krr = 2.484 H and ega = eqg = 0.98
derived from the two BOX-systems) gives a concéianeof 0.6130.005 pmol/L for eacmeso
diastereomerR,S) and §R) of the R,S,$Ph-trisox-Cu catalyst and of 0.27@005 pmol/L for
the Co-symmetric active specie§S§. This shows that the amount of eactesospecies is
significantly greater than the proportion of tli-symmetric species and that the former
therefore possesses slightly greater stablitg < 1 kcal.mof'). The greater amount of tieeso
isomers in the equilibrium of exchanging specieslld¢oexplain the observed preferred
crystallisation of a catalyst-substrate intermezliaith the R,S,$Ph-trisox in which the two
oxazoline units adopt a heterochiralationship as demonstrated above. The dominatidhe
fcsmesoactive species also explains the magnitude opsieeido-first order rate constant found
for the C;-symmetric tripod. This is closer to that obserf@dthe R,9-Ph-BOX-Cu than to the
one of theC,-symmetric bisoxazoline fgs= 1.074, lks= 0.756 and kg = 2.484 H').

3. Effect of the combination of chiral and achiral oxazolinesin C;-symmetric tripods

a. Desymmetrisation ofs-symmetric trisox and dicoordinate isomers generate

The inversion of one chiral centre inGy-chiral tripod is one way of systematically
distorting such a threefold symmetric species Wit consequences for copper(ll) Lewis acid
catalysis discussed above. Another such operatiothe successive replacement of chirally
substituted oxazoline rings in a trisox system bRiral oxazolines. This transformation of the
threefold symmetric chiral ligand Ph-trisox is sctagically represented in Figure 4.3.6.
Exchanging one 4-phenyloxazolin-2-yl unit by a 4d#hethyloxazolin-2-yl unit results in the
non-symmetrical tripod Bhdm-trisox and upon a similar replacement of a sdcoxazolinyl

ring one arrives at Ph-dntrisox.
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Figure 4.3.6: Successive replacement of chiral oxazoline unig trisox system by achiral oxazoline rings (dm

=dimethyl)

Figure 4.3.6 also shows the expected equilibriavéenh the three diastereomeric

dicoordinate copper(ll) complexes which have défarsets ofcs symmetries for the two non-

symmetrical tripodal ligands. Whilst the Atm-trisox/copper system is composed of one isomer

with fcs C, symmetry and two which afes chiral but unsymmetrical, the proposed equilibrium

of the catalytic species derived from Phgnisox comprises ondcs achiral and two

unsymmetrical chiral species.
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b. Catalytic a-amination of ethyl 2-methylacetoacetate with tlerepchemically “mixed”

trisox/copper catalysts

The results of thea-amination of ethyl 2-methylacetoacetate with dibgn
azodicarboxylate with 1 mol% of catalyst using tepper(ll) complexes oR,R-Ph-BOX, Ph-
dm-trisox,Ph-dm-trisox as well as Ph-ciBOX are summarized in Table 4.3.3.

@%6 C;ﬁl g Meas
v O

(R,R-Ph-BOX Ph-dm-trisox Ph-dm-trisox Ph-dm-BOX
ee (%) 98 -97 82 83
Yield (%) 93 90 73 85

Table 4.3.3: a-amination of ethyl 2-methylacetoacetate with dibgmzodicarboxylate using 1 mol% of catalyst

It is notable that the replacement of one 4-phewadolin-2-yl by a 4,4'-
dimethyloxazolin-2-yl unit barely affects the cattlperformance (97% ee, 90% vyield) and even
the introduction of the second 4,4’-dimethyloxaae?yl ring within the trisox system only
leads to a reduction of the selectivity of the sfanmation to 82 % ee (1 mol% of cat.) and a
lower yield due to a decreased catalytic actiiRgmarkably, the bisoxazoline-copper catalyst
bearing Ph-daBOX as the stereodirecting ligand generates the €dpling product with an
enantiomeric excess of 83 % (88% ee for 10 mol%atélyst). This catalyst with the bidentate
ligand which only contains one chiral centre magrétiore be viewed as possessingrthieimal
catalyst structurdor efficient stereoselective catalysis of thenigformation.

The relative activities of the copper(ll) Lewis d@atalysts bearing the bisoxazolines Ph
BOX, Ph-dmBOX and dmBOX as well as the trisoxazolines Rdm-trisox,Ph-dm-trisox and
dm-trisox were established in a kinetic study & #symmetric C-N coupling under pseudo-first
order conditions for the respective catalyst. Theversion curves are depicted in Figure 4.3.7
and display the general trend that the replacenoénd 4-phenyloxazolin-2-yl by a 4,4'-

dimethyloxazolin-2-yl unit leads to reduced actjvit
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Figure4.3.7: Asymmetric C-N coupling for the stereochemicaliyiXed” catalysts involving the bisoxazolines-Ph
BOX, Ph-dm-BOX and daBOX as well as the trisoxazolines Rim-trisox, Ph-dmtrisox and dm-trisox
In general, the ligands with two 4-phenyloxazoluyt2rings give rise to more active
catalysts than the ones with one 4-phenyloxazoih-@nit. The catalysts with the achiral
ligands dmBOX and dm-trisox possess very low activity andyantcomplete conversion of the
substrates is observed even after more than 4Qdwrofion time. An exponential analysis of the
conversion curves gives the pseudo-first order catestants k» and kg in equation 1 (Table

4.3.4) and the relevant data s andeeyg for both systems are derived from the data listed i
Table 4.3.3.

(R,R)Ph Ph-dm Ph-dm Ph-dm dm dm
BOX trisox BOX trisox BOX trisox
ee (%) 98 -97 83 82 0 0
k (h‘l) 2.484 0.594 0.222 0.096 0.060 0.012

Table 4.3.4: Enantiomeric excesses and pseudo-first ordercmatstants of the asymmetric amination of ethyl 2-
methylacetoacetate with dibenzyl azodicarboxylaté the copper(ll) Lewis acid catalysts
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c. Estimate of the relative amounts of catalytic seedor Ph-dm-trisox/copper and Ph-

dmy-trisox/copper catalysts

Equation 1 can be applied to the catalytic systath the C;-symmetricPh,-dmtrisox,
where A= Sand B= dm and the quantity of tHesC,; symmetric (A,B) = (Ph,dm) isomer can be

expressed in equation 4 by rearrangement of equétio

(C cat kAA( €€pn— ee))

(A, B)]= (2-k \g(eE—€R5)+2:k \\(EE,,—€0))

(eq.4)

For the Ph-dmtrisox/Cu catalyst, in which A is achiral and tresa = 0, concentration
of mixed (A,B) is given by the simplified equatién

(CcatkAAeE)

A B2k peae 2-eelk Koy (a:9)

Numeric calculation of quantities of respective tsymmetrical (A,B) isomer is given in
table 4.3.5 and shows that all three isomers rekewmaexchange equilibrium are present in about

equal amount.

[(AA)] [(AB)] + [(BA)]
(%) (%)
07/%/(‘8
RIAN A=Ph
© B =dm 56 £10 2x22%10
Ph,-dm-trisox
& ~<87\
INA
N N\K A=dm
R : B = Ph 18.4 +8 2x40.8+8
Ph-dm.-trisox

Table 4.3.5; Estimated composition of the non-symmetriBg-trisox/copper(ll) catalysts. The relative amounits
fcs C,-symmetric species are given in bold and thosdctachiral species in italics.

Therefore, the relatively high enantioselectivifytiee catalysts bearing the fthm-trisox
andPh-dm-trisox is a consequence of the significantly geeaictivity of the species giving the
best eefcs-C,-symmetric (Ph,Ph) compared fics-Ci-symmetric (Ph,dm) for BRdm-trisox (11
times more active) anids-chiral (Ph,dm) compared fos-achiral (dm,dm) for Ph-dgrrisox (19

times).
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4. Conclusion

The aim of this study was to shed some light oh®implications which the use of chiral
tridentate podands may have in stereoselectivdysataas compared to the more established
bidentate chelates. The different order of thetimtal axis in symmetrical systems, whilst not
affecting the principals of stereoselection by iimtelecular interaction between substrate and
catalyst, becomes apparent when the symmetry ostéreodirecting ligand is systematically
reduced or modified. Here, the twofold rotationgignetry may in principle be mapped onto
mirror-/centrosymmetry (as may play a role whenalhinolecules adopt a conformation which
renders their shape close to achiral) whilst sudtenario is not possible for chiral threefold
symmetric systems. Regarding only the systems rgdigated tripods, this study underscores
the previous observations of superior performande the catalysts bearingCs-chiral
stereodirecting ligands as compared to systemsower symmetry (see Chapter 3). The
simplified behaviour with regard to potential cgtdl equilibria in solution along with the
stereochemical non-ambiguity of the active catalypecies appear to play the principal

underlying role in this trend.
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The aim of this work was to study the effect of threefold rotational symmetry as well as
the role of the third oxazoline arm on catal ytic reactions with intermediates preferring a bidentate
coordination mode. For that purpose, new C;- and Cz-symmetric 1,1,1-tris(oxazolinyl)ethane
ligands have been synthesised and applied in several model reactions.

Chapter 1 provides an introduction to the chemistry of oxazoline-based ligands,
especidly to trisoxazoline ligands. The synthetic strategies of the latter are reviewed, along with
their applications in asymmetric catalysis and molecular recognition.

Chapter 2 is dedicated to the synthesis of highly symmetrical chiral 1,1,1-
tris(oxazolinyl)ethane ligands bearing phenyl, benzyl or indanyl substituents. A description of
the preparation of mixed bis- and trisoxazolines is also given. The last two parts of this chapter
focus on the isomerisation of the brominated monooxazoline derivatives. It has been shown that
the thermally induced rearrangement of the 2-bromooxazolines generates the corresponding o-
bromo-isocyanate derivatives. Reaction of the latter with phenylethylamine leads selectively to
the N-cyclised aziridines or to the O-cyclised 2-aminooxazolines depending on reaction
conditions.

In Chapter 3, the coordination chemistry of the trisoxazoline ligands with palladium is
first described. We have been able to isolate stable palladium(Il) chloride or allyl complexes by
reacting the desired trisoxazoline ligand with respectively [Pd(PhCN),Cl,] and [Pd(;*-
CsHs)(cod)]BF, as precursor. A number of palladium(0) complexes with different ligands,
including a potentially tridentate pyridine-bisoxazoline ligand, and akenes have been
successfully synthesised using the most adapted Pd(0) precursor, namely the [Pd(a kene)(nbd)]
complex. The dynamic behaviour of these complexes in solution has then been studied and
activation parameters have been determined. Both 7zalyl-Pd(ll) and Pd(0) complexes are
fluxional at room temperature, i.e. under the conditions of the asymmetric alylic akylations. In
the last part of the chapter, the systematic comparison of the cataytic efficiency of trisox- and
bisox-palladium systems in alylic substitution is described. We have demonstrated that the
trisoxazoline-based complexes are superior catalysts in direct comparison to the corresponding
bisoxazoline-based catalysts. By using various Cz-symmetric trisoxazolines, in addition to
bisoxazolines that contain a hetero-sidearm, we have found that the use of potentially tridentate
ligands in this reaction results in a rate enhancement and in an increase in enantioselectivity
relative to the corresponding catalysts bearing purely bidentate stereodirecting ligands. The
results show that the additional donor function appears to play a role in the product/substrate
exchange step aswell asin theinitial generation of the active catalyst.
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Finally, Chapter 4 describes the exploitation of the dynamic coordination of the
trisoxazolines to copper (I1) in two copper-catalysed asymmetric reactions. It has first been
shown that Cz-symmetric trisoxazolines form highly efficient enantioselective copper(Il) Lewis
acid catalysts which are based on the concept of a stereoelectronic hemilability of the divalent
copper. In a direct comparison with the analogous bisoxazoline systems, the trisox/copper
catalysts have proven to be more efficient in an enantioselective Mannich reaction as well as an
enantioselective g-amination of prochiral (-ketoesters in presence of low catalyst loadings.
Fianally, the implications of the use of chiral tridentate podands in stereoselective catalysis
compared to the ones of the more established bidentate chelates have been lighten. In addition,
the study underscores the superior performance of the catalysts bearing Cs-chiral stereodirecting

ligands as compared to systems of lower symmetry as observed in the palladium chemistry.
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. General methods and instrumentation

1. Materials

All manipulations, except those indicated, werefgrened under a nitrogen atmosphere using
standard Schlenk techniques and a glove box.

(9-valinol, (§-phenylalaninol andR)-phenylglycinol were obtained by reduction.efaline, L-
phenylalanine and D-phenylglycine respectivefy. The compounds 2,2-bisfQ+4-
isopropyloxazolin-2-yl]-1-(pyridin-2-yl)propaneU},® 2,2-bis[(&)-4-isopropyloxazolin-2-yl]-1-
phenylpropane R)? and 2,2-bis[(&)-4-isopropyloxazolin-2-yl]-1,3-diphenylpropan®)® were
synthesized according to literature procedures.-bBR4S)-4-isopropyloxazolin-2-yl]-4,4-
dimethylpentan-3-one S}, 2,2-bis[(4)-4-isopropyloxazolin-2-yl]-1-phenylpropan-1-oner)(
2,2-bis[(45)-4-isopropyloxazolin-2-yl]-1,3-di(napht-2-yl)propa  R) and 2,2-bis[(&)-4-
isopropyloxazolin-2-yl]-1,3-di(pyridin-2-yl)propan@/) were obtained according to previously
published protocol$.The iPr-BOX, Ph-BOX, Bn-BOX, Ind-BOX and dm-BOX ligandgere
obtained by methylation of the corresponding 2gdxazolin-2-yllethane. The trisoxazolines
iPr-trisox and dm-trisox were prepared following frecedures developed in our grouphe
palladium precursors [(cod)RACsHs)]BF4°® [(#%47°-nbd)*-ma)Pd] and [¢7%-nbd)¢?
tcne)Pdf were prepared according to published methods.

Ethyl 2-methylacetoacetate and dodecane are conathgr@vailable and were purified by bulb
to bulb distillation prior to use. All other reagenwere commercially available and used as

received. All palladium(0) complexes synthesizederstored in the glove box.
2. Solvents

Solvents were predried over activated 4 A molecsiaves and were refluxed over potassium
(tetrahydrofuran, toluene and hexane), sodium/gatas alloy (pentane and diethyl ether) or

calcium hydride (dichloromethane) under an arganoaphere and collected by distillation.

L A. Abiko, S. Masamunéfetrahedron Lett. 1992, 33, 5517.

2J. Zhou, M. C. Ye, Y. Tang, Comb. Chem. 2004, 6, 301.

¥ M. Honma, T. Sawada, Y. Fujisawa, M. Utsugi, H.n&f@abe, A. Umino, T. Matsamura, T. Hagihara, M. arak
M. NakadaJ. Am. Chem. Soc. 2003, 125, 2860.

4 M. Seitz, C. Capacchione, S. Bellemin-LaponnaAMadepohl, B. D. Ward, L. H. Gad@alton Trans. 2006, 193.
®a) S. Bellemin-Laponnaz, L. H. Gadghem. Commun. 2002, 1286: b) S. Bellemin-Laponnaz, L. H. Gadeagew.
Chem. Int. Ed. 2002, 41, 3473,Angew. Chem. 2002, 114, 3623.

®D. A. White,Inorg. Synth. 1972, 13, 55.

" A. M. Kluwer, C. J. Elsevier, M. Biihl, M. Lutz, A.. Spek,Angew. Chem. Int. Ed. 2003, 42, 3501;Angew. Chem.
2003, 115, 3625.
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Deuterated solvents were dried over calcium hyd(@B.Cl,, C,D,Cl, andCDCls), distilled

under reduced pressure and stored under argorflonhalve ampoules.
3. Nuclear Magnetic Resonance (NMR)

'H and™*C NMR spectra were recorded on the following speséters:

- Bruker DRX 200 {H 200 MHz,**C 50 MHz),

- Bruker Avance 300"H 300 MHz,**C 75 MHz),

- Bruker Avance Il 400'd 400 MHz,**C 100 MHz),

- Bruker Avance Il 600'H 600 MHz,*C 150 MHz,">N 60 MHz).
'H and **C assignments were confirmed when necessary withugie of DEPT-135 and two
dimensional *H-'H and **C-'H NMR correlation experiments.'H and *C spectra were
referenced internally to residual protio-solvettt)(or solvent t°C) resonances, and are reported
relative to tetramethylsilan® & O ppm).
15N NMR spectra were recorded on a Bruker Avances00 spectrometer equipped with a
cryogenically cooled direct detection probe (QNfeprobé™, optimized for detection of'P,
3¢ and™N). The experimental parameters for the dirgist detection were optimized with a
0.2 M solution of a non-enriched-ligand titanium complex (ext. standard: liquid YyHFor
routine direct®N NMR detection concentrations of not less thanN).&re necessary. Selected
parameters are: Puls-program: inverse gated desturglaxation delay 6 sec; 98N-puls (10
psec); pre-acquisition delay 400 psec; time dorG&k; sweep 500 ppm; acquisition time 1 sec;
number of accumulations 5000.

Chemical shifts are quoted én(ppm) and coupling constants in Hertz (Hz).
4. Infra-red Spectroscopy

Infrared spectra of KBr pellets were recorded oWaasian 3100 FT-IR spectrometer between

4000 and 250 cth Infrared data are quoted in wavenumbegsni?).
5. Mass Spectrometry

Mass spectra were recorded by the mass spectrosetrices of the University of Strasbourg
and of the University of Heidelberg,
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6. Elemental Analysis

Elemental Analysis were carried out by the analtgervices of the University of Strasbourg

and of the University of Heidelberg.
7. Gas Chromatography

Gas chromatography analysis were obtained on dadanriFocus GC apparatus equipped with a
capillary column (BPX5, 5 % phenyl, polysilphenyéesiloxane, nonpolar, 30 m x 0.25 mm x
0.5um): Tip; = 200°C, Tet = 220°C (Flame lonization Detector), carrier gde:

8. HPLC

Determinations of the enantiomeric excesses wemgedaout using a Kontron 2000 HPLC
equipped with a Daicel Chiralcel OD column (0.4@%cm) and a Thermo Finnigan Surveyor
HPLC equipped with a Daicel Chiralcel AD-H colunth46 cm x 25 cm) and the corresponding

pre-column (0.40 cm x 1 cm). Eluant: hexane/isopngb (ratio depending on the compound).
9. X-Ray Crystallography

Intensity data were collected at low temperature,Strasbourg on a Nonius Kappa CCD
diffractometer for compound89 and 44 and in Heidelberg on Bruker Smart 1000 CCD
diffractometer for compoundg 7 hydrolysed, 13, 14, 28, 31a, 39, 40, 43, 44 and49.

Data were corrected for Lorentz, polarization abdoaption effects (semiempiri€abr
empiricaf) in Heidelberg. The structures were solved usiegvly atom or direct methods and
refined by a full-matrix least squares procedurgeblaonF? with all measured unique reflections.
All non-hydrogen atoms were given anisotropic displnent parameters. Hydrogen atoms were
included at calculated positions and refined witidang model.

The calculations were performed using the progr&iRDIF,'° SIR* SHELXS-86
SHELXL-97"% and OpenMoleN? Graphical representations were drawn with*XRnisotropic
displacement ellipsoids are scaled to 25% proligbili

8 G. M. Sheldrick SADABS-2004/1, Bruker AXS,2004.

°N. Walker, D. StuartActa Cryst., 1983, A39, 158.

19p T. Beurskens, G. Beurskens, R. de Gelder, &i&G6randa, R. O. Gould, R. Israel, J. M. M. SpiitiRDIF-
99, University of Nijmegen, The Netherland999.

1'M. C. Burla, M. Camalli, G. Cascarano, C. GiacazG. Polidori, R. Spagna, D. Viterbb,Appl. Cryst. 1989,
22, 389.

12G. M. Sheldrick SHELXS-86, University of Géttingen]986; G. M. Sheldrick Acta Cryst. 1990, A46, 467.

13 G. M. Sheldrick SHELXL-97, University of Gottingen]997.

4 OpenMoleN, Interactive Intelligent Structure Sin, Nonius B.V., Delft1997.
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II. Chapter 2

1. Bisoxazolineswith identical oxazoline units

1,1-bis[(4R)-4-phenyloxazolin-2-yllethanel),*® 1,1-bis[4,4-dimethyloxazolin-2-yllethaleand
bis[(4R, 59)-4,5-indanediyloxazolin-2-yllmethan&){® were obtained according to procedures
reported in the literature.

1,1-bis[(45)-4-benzyloxazolin-2-yllethane)

Diethyl methylmalonate (2.8 mL, 16.3 mmol) ar§-phenylalaninol
O\A\/O were added in a Schlenk flask. NaH (10 mg, 0.25 mB@% dispersion in
{\1 |\}\> mineral oil) was then added under nitrogen to taskfwhich was sealed and
~ heated to 130°C. After 16 h, the ethanol was remaveler vacuum to leave
@ a white solid pure enough to be used for the neésp svithout further
purification (5.9 g, 95%). To an ice-cooled solatiof the dihydroxy diamide
prepared in the previous step (5.9 g, 15.4 mmabthylamine (17.2 mL, 123.2 mmol) and
DMAP (188 mg, 1.54 mmol) in Ci€l, (200 mL) a solution of TsCIl (5.9 g, 30.8 mmol) in
CH.CI; (30 mL) was slowly added. The mixture was warmedotmm temperature, stirred for
three days and washed with a saturated aqueousosotdi NH,Cl and brine. The organic phase
was dried over N&O, and concentrateth vacuo to give a yellow oil. Purification by flash
chromatography (CHCl,/MeOH/EgN, 97/3/1) gave the desired product as a colodds2.4 g,
45% yield).
'H NMR (200 MHz, CDC4, 296 K)4 1.46 (d,J = 7.2 Hz, 3H, Els), 2.67 (ddJ = 8.5 Hz, 13.7
Hz, 2H, (H, g), 3.11 (dd,J = 5.0 Hz, 13.7 Hz, 2H, B ), 3.48 (q,J = 7.2 Hz, 1H, ® pyiagd),
4.00 (dd,J = 7.4 Hz, 8.3 Hz, 2H, B2 ox9, 4.20 (M, 2H, €1 ox9), 4.42 (M, 2H, Eloxg), 7.23 (M,
10 H, Haron).
% {*H} NMR (50 MHz, CDCk, 296 K)d 15.2 CH3), 33.9 CHoridgd, 41.4 CH2 g,), 67.2
(CHoxa), 72.1 CH2 ox9), 126.5, 128.5, 129.Lfom), 137.7 Cquat-aron), 166.1 (NCO).
FT-IR (KBr): v 1661 cnit (S, Vc=n).
MS (EI): mVz (%): 257.1 (100)M1-CH,Ph]" 348.2 (50) M]".

' SHELXTL, Bruker AXS GmbH, Karlsruhel997.

16 3. Bourguignon, U. Bremberg, G. Dupas, K. HallmanHagberg, L. Hortala, V. Levacher, S. Lutsenko, E
Macedo, C. Moberg, G. Quéguiner, F. Rafetrahedron 2003, 59, 9583.

7S.E. Denmark, C. M. Stiff]. Org. Chem. 2000, 65, 5875.

8D, M. Barnes, J. Ji, M. G. Fickes, M. A. Fitzgera$. A. King, H. E. Morton, F. A. Plagge, M. PriéisiS. H.
Wagaw, S. J. Wittenberger, J. ZhadgAm. Chem. Soc. 2002, 124, 13097.
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elemental analysis calcd (%) fopH24N.O,: C 75.83, H 6.94, N 8.04; found: C 75.62, H 6.99,
N 7.96.

1,1-bis[(&R, 59-4,5-indanediyloxazolin-2-yllethand)(

A solution ofLDA (0.9 mL, 2 M in THF/pentane, 1.8 mmol)

\WC\‘\H\'\}/O was added dropwise to a solution of bi§(4 59-4,5-
indanediyloxazolin-2-yllmethane (552 mg, 1.7 mmiol)THF (25

@ \% mL) at -78°C. The brown reaction mixture was alldwe warm to

ambient temperature and stirred for an addition& B prior to the addition of methyl

trifluoromethanesulfonate (0.20 mL, 1.8 mmol). Tdworless solution was stirred for 12 h and

was concentrated to dryness. The residue was obgissin dichloromethane (60 mL) and

washed with a saturated aqueous solution of@MH10 mL) and brine (10 mL). The organic

extract was dried over N&QO, and concentrateish vacuo to give a yellowish solid. Purification

by flash chromatography (Hexane /EtOAc, 50/50) gaeedesired product as a white solid (340

mg, 59% yield).

'H NMR (400 MHz, CDCl,, 296 K)6 1.35 (d,J = 7.2 Hz, 3H, El3), 3.03 (m, 2H, E> 19, 3.39

(m, 3H, GH2 ind: CHbridgd, 5.30 (M, 2H, OElyyg), 5.52 (d,J = 8.0 Hz, 2H, NCloxs), 7.28 (M, 6H,

CHaron), 7.45 (m, 2H, Glaron).

¥C {"H}INMR (100 MHz, CD,Cl,, 296 K) 6 14.6 CHs), 33.9 CHbridgd, 39.7 CH2 1nd), 76.6

(NCHoxa), 83.2 (CCHoxg), 125.3, 127.2, 128.Zfrom), 139.9, 141.9Cquat-aron), 165.6 (NCO).

FT-IR (KBr): v 1653 cm’ (S, Vc=n).

MS (El): m/z (%): 344.4 (81)¥]".

elemental analysis calcd (%) fop&E20N.O,: C 76.72, H 5.85, N 8.13; found: C 76. 61, H 5.89,

N 8.17.

2. 2H-oxazolines

(49-4-isopropyloxazoline, [®)-4-phenyloxazoline §) and (4)-4-benzyloxazoline §) were
obtained by condensation d&){valinol, (R)-phenylglycinol and $)-phenylalaninol respectively
with the reagent dimethylformamide-dimethyl acg2@MF-DMA) according to a procedure
developed by Meyer al.*® 4,4-dimethyloxazoline was purchased from Acros.

YW. R. Leonard, J. L. Romine, A. I. MeyedsOrg. Chem. 1991, 56, 1961.
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(4R, 59)-4,5-indanediyloxazolinerj

H (IR, 29-cis-1-amino-2-indanol (2.24 g, 15 mmol) and DMF-DMA nee
o)%N combined without solvent. After the reaction miguwas stirred for 12 h, the
\—/ volatiles were removed and the mixture was twiceoampically concentrated by
\© addition of 100 mL portions of hexane. p-Toluen&mit acid (10 mg) was added to

the resultant formamidine and the mixture was ddutvith hexane (125 mL), the
round-bottom flask was fitted with a liquid/solickteaction apparatus containing 20 g of 4A
molecular sieves and refluxed for 3 days. The gmuivas washed with 10% KHG@15 mL)
and brine (15 mL). The organic extract was driedrdvaSO, and concentrateish vacuo to give
the product as a white solid (1.82 g, 76%).
'H NMR (CD.Cl,, 200 MHz, 296 K) 3.25 (ddJ = 1.1 Hz, 17.9 Hz, 1H, B 1ng), 3.50 (ddJ =
6.8 Hz, 18.0 Hz, 1H, B; ng), 5.29 (dddJ = 1.7 Hz, 6.9 Hz, 8.2 Hz, 1H, ®G,), 5.55 (ddJ =
1.4 Hz, 8.0 Hz, 1H, NBys), 6.80 (d,J = 1.6 Hz, 1H, OEIN), 7.28 (m, 3H, Elaon), 7.46 (M,
1H, CHarom)-
3¢ {*H} NMR (CD-Cl,, 50 MHz, 296 K)J 39.6 CH>), 75.8 (NCHoxa), 81.9 (QCHoxs), 125.3,
127.3, 128.4Qarom), 139.8, 142.0Qquat-aron, 154.4 (NCO).
FT-IR (KBr) v 1617 cni (Ve-n).
MS (El) m/z (%) 159.1 (66)M]".
elemental analysis calcd (%) fopdH,7N3O03 (465.54): C 74.82, H 5.85, N 9.03; found: C 74.70,
H 5.81, N 8.99.

3. 2-bromooxazolines
The 2-bromooxazolines were synthesized based oocagure described in the literatdfe.

2-bromo-4.,4-dimethyloxazolind)

Br tBuLi (21 mL, 1.5 M in pentane, 31.3 mmol) was addeabwise to a solution
A

SN of 4,4-dimethyloxazoline3(mL, 28.4 mmdl in anhydrous THF (150 mL) at -78°C. The
\—Q“ bright yellow solution of the anion was allowedstr at -78°C for an additional 0.5 h
prior to the addition of 1,2-dibromo-1,1,2,2-teluairoethane3.8 mL, 31.3 mmg| was
subsequently allowed to warm slowly to ambient terafure overnight, and then concentrated
to about 5 mL. The brownish mixture was purifiedébghort bulb-to-bulb distillation to yield a

colorless solution of the expected 2-bromooxazahn€HF (2.69 g of pure compound, 53%).

2 A, I. Meyers, K. A. NovacheKetrahedron Lett. 1996, 37, 1747
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'H NMR (CDCk, 600 MHz, 296 K) 1.34 (s, 6H, €l3), 4.13 (s, 2H, E)).

¥%C {*H} NMR (CDCl3, 150 MHz, 296 K)J 28.1 CH3), 68.8 Cquat methy), 81.8 CHy), 141.2
(NCO).

15N NMR (CDCE, 60 MHz, 296 K) 252.6 ).

HRMS (EIl):m/z : calcd for GHgBrNO ([M]*) 176.9789, found: 176.9800.

(49-2-bromo-4-isopropyloxazolin®Y

tBuLi (17.9 mL, 30.4 M was added dropwise to a solution ofS§4-

o N isopropyloxazoline 3.12 g, 27.6 mmglin anhydrous THF (150 mL) at -78°C. The
bright yellow solution of the anion was allowedstir at -78°C for an additional 0.5

\_3, h prior to the addition of 1,2-dibromo-1,1,2,2-gdluoroethane3;6 mL, 30.4 mmq|l

B

-

was subsequently allowed to warm slowly to ambi&hperature overnight, and then
concentrated to about 5 mL. The brownish mixtures vparified by a short bulb-to-bulb
distillation to yield a colorless solution of thepected 2-bromooxazoline in THF (2.91 g of pure
compound, 55%).

'H NMR (CDCk, 300 MHz, 296 K)30.91 (d,J = 6.7 Hz, 3H, El3 isopropy), 0.99 (d,J = 6.7 Hz,
3H, CH3 isopropy)s 1.80 (M, 1H, @& isopropy) 3.96 (M, 1H, € oxs), 4.15 (pseudo-t] = 8.2 Hz, 1H,
CH2 ox9, 4.45 (dd,J = 8.3Hz, 9.7 Hz, 1H, B3 ox).

¥%C {*H} NMR (CDCls, 75 MHz, 296 K)J 18.4, 18.1 CH3 isopropy), 32.5 CH isopropy)» 72.9 CH
oxa)s 3.2 CH2 0xd, 141.7 (NCO).

HRMS (EI):m/z : calcd for GH1oBrNO ([M]") 190.9946, found: 190.9891.

(49-2-bromo-4-benzyloxazolinel Q)

tBuLi (3.6 mL, 1.5 M in pentane, 5.4 mmol) was addiedpwise to a
solution of (4)-4-benzyloxazoline (784 mg, 4.9 mmol) in anhydrd#= (50
0

N
W mL) at -90°C. The bright yellow solution of the aniwas allowed to stir at -
90°C for an additional 0.5 h prior to the additioh 1,2-dibromo-1,1,2,2-

tetrafluoroethane (0.64 mL, 5.4 mmol), was subsetiyallowed to warm slowly to ambient

w

/

temperature overnight, and then concentrated tatébal. The brownish mixture was purified
by a short bulb-to-bulb distillation to yield a odkss solution of the expected 2-bromooxazoline
in THF (634 mg of pure compound, 54%).

'H NMR (CDCk, 400 MHz, 296 K 2.78 (dd,J=8.0 Hz, 13.9 Hz, 1H, B, &), 3.17 (dd J=5.3

Hz, 13.8 Hz, 1H, 6, ), 4.19 (ddJ=7.1 Hz, 7.8 Hz, 1H, B; ox9, 4.42 (dd J=8.1 Hz, 9.4 Hz,
1H, CH; oxg), 4.48 (M, 1H, Eloxs), 7.31 (M, 5H, Elarom)-
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13C {*H} NMR (CDCl3, 100 MHz, 296 K) 41.1 CH> &), 67.9 CHoxa), 74.5 CHz oy, 126.8,
128.7, 129.2CHaron), 136.7 Cquat-aron), 142.7 (NCO).
HRMS (EI):m/z: calcd for GoH10BrNO ([M]") 238.9946, found: 238.9953.

(4R)-2-bromo-4-phenyloxazolind.{)

tBuLi (3.9 mL, 1.7 M in pentane, 6.6 mmol) was addidpwise to a

solution of (R)-4-phenyloxazoline (890 mg, 6 mmol) in THF (100 »at -100°C.

O\_(N The light brown solution of the anion was allowed dtir at -100°C for an
@ additional 0.5 h prior to the addition of 1,2-dibro-1,1,2,2-tetrafluoroethane (0.8

mL, 6.7 mmol). The reaction mixture was then alldve warm slowly to ambient

w

/

temperature overnight, and was concentrated totabeonl. The crude product was extracted
from the reaction mixture with pentane (4 x 10 nilje residue was purified by a short bulb-to-
bulb distillation to yield a colorless solution thfe expected 2-bromooxazoline in THF (453 mg
of pure compound, 33%).

'H NMR (CDCk, 600 MHz, 296 K 4.33 (pseudo-t] = 8.3 Hz, 1H, El; oxd, 4.82 (ddJ = 8.4
Hz, 10.1 Hz, 1H, €5 ox9, 5.27 (ddJ = 8.2 Hz, 10.1 Hz, 1H, Boyy), 7.25-7.42 (M, 5H, Baron).

3 {*H} NMR (CDCl3, 150 MHz, 296 K) 70.1 CH oxs), 77.4 CHa oxd, 128.1, 128.9, 129.4
(CH arom), 140.4 (Guat aron), 143.5 (NCO).

HRMS (El):m/z: calcd for GHgBrNO ([M]") 224.9789, found: 224.9740.

(4R, 59)-2-bromo-4,5-indanediyloxazolinéZ)

tBuLi (3 mL, 1.5 M in pentane, 5.1 mmol) was addedpavise to a solution
of (4R, 59-4,5-indanediyloxazoline (736 mg, 4.6 mmol) in wtous THF (50 mL)
at -85°C. The bright yellow solution of the anioasvallowed to stir at -85°C for an
additional 0.5 h prior to the addition of 1,2-dibro-1,1,2,2-tetrafluoroethane (0.6

us]
=

e
[
Tz

1
A\

mL, 5.1 mmol), was subsequently allowed to warnwbjlato ambient temperature
overnight, and then concentrated to dryness. Theecproduct was sublimed to yield the
expected 2-bromooxazoline as a white solid (346385).

'H NMR (CD.Cl,, 400 MHz, 296 K) 3.38 (ddd,) = 18.3 Hz, 1.0 Hz, 0.4 Hz, 1H,H3 |ng) 3.52
(dd,J = 18.4 Hz, 6.5 Hz, 1H, B, |ng) 5.56 (dddJ = 7.9 Hz, 6.5 Hz, 1.7 Hz, 1H, Gy, 5.61
(d,J=7.9 Hz, 1H, NGloya) 7,34 (M, 3H, Elaron) 7.48 (M, 1H, Elaron).

3¢ {*H} NMR (CD,Cl,, 100 MHz, 296 K) 39.3 CH>), 76.9 (NCHoxs), 86.7 (QCHoyxs), 125.3,
125.4, 127.6, 128.90Harom), 139.6, 140.8Cquat-aron), 150.4 (NCO).

15N NMR (CDxCl,, 60 MHz, 296 K) 238.0 ().
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HRMS (FAB):m/z: calcd for GoHgBrNO ([M]*) 236.9789, found: 236.9782.
4. Cs-symmetric trisoxazolines

1,1, 1-tris[(R)-4-phenyloxazolin-2-yllethanelB)

tBuLi (1.2 mL, 1.7 M in pentane, 2 mmol) was added
dropwise to a solution of 1,1-bispF4-phenyloxazolin-2-yllethane
(535 mg, 1.8 mmol) in THF (60 mL) at -78°C. Theulésg yellow
solution was stirred for an additional 30 minutésmpto the addition
of 1.2 equivalent of (R)-2-bromo-4-phenyloxazoline (453 mg, 2
mmol). The reaction mixture was allowed to warmadjoto room temperature for 12 h and then
concentrated to remove the pentane and finalhstdtdenk tube was sealed. The stirred solution
was heated at 70°C for five days. The resultingngeasolution was evaporated to dryness. The
residue was redissolved in dichloromethane (100 arid washed with water (10 mL). The
organic extract was dried over )5, and concentratedh vacuo to give a yellow solid.
Purification by crystallisation from Ci&l./pentane gave the desired product (470 mg, 60%
yield).
'H NMR (200 MHz, CDC}, 296 K)6 2.06 (s, 3H, €l3), 4.27 (ddJ = 7.8 Hz, 8.3 Hz, 3H, B,
oxa), 4.76 (ddJ = 8.3 Hz, 10.1 Hz, 3H, & ox9, 5.32 (ddJ = 7.7 Hz, 10.1 Hz, 3H, Bus), 7.30
(m, 15H, GHaron).
3¢ {*H} NMR (50 MHz, CDC}, 296 K)6 21.4 CHs), 45.2 ((CH)C(oxa)), 69.7 CHoxa), 76.0
(CH2 ox9, 126.9, 127.6, 128.Thron), 142.1 Cquat-aron), 166.1 (NCO).
FT-IR (KBr): v 1665 cnm' (s, Vc=n).
MS (El): m/z (%): 465.7 (92)M]".
elemental analysis calcd (%) foedH,7/N3O3: C 74.82, H 5.85, N 9.03; found: C 74.70, H 5.81,
N 8.99.

1,1,1-tris[(45)-4-benzyloxazolin-2-yl]lethanel 4)
o tBuLi (1.8 mL, 1.5 M in pentane, 2.6 mmol) was
j/g,o added dropwise to a solution of 1,1-bis§y4l-
J /O benzyloxazolin-2-yllethane (768 mg, 2.2 mmol) inA K80

\@ mL) at -78°C. The resulting yellow solution wasrtd for

an additional 30 minutes prior to the addition oR 1

equivalents of (8)-2-bromo-4-benzyloxazoline (634 mg, 2.6 mmol). Teaction mixture was

allowed to warm slowly to room temperature for Buts and then concentrated to remove the
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pentane and finally the Schlenk tube was sealed. skinred solution was heated at 70°C for
three days. The resulting orange solution was ez to dryness. The residue was redissolved
in dichloromethane (100 mL) and washed with waidy inL). The organic extract was dried
over NaSQ, and concentratedn vacuo to give an orange oil. Purification by flash
chromatography (CHCl./MeOH/EgN, 97/3/1) gave the desired product as a whiteds@R0
mg, 56% yield).

'H NMR (400 MHz, CDCJ, 296 K)§ 1.76 (s, 3H, El3), 2.68 (ddJ = 8.5 Hz, 13.7 Hz, 3H, &,

Bn), 3.11 (dd,J = 5.1 Hz, 13.7 Hz, 3H, 8, &), 4.07 (dd,J = 6.9 Hz, 8.3 Hz, 3H, B; oy, 4.23
(dd,J = 8.5 Hz, 9.0 Hz, 3H, B; ox9, 4.46 (M, 3H, Cloxa), 7.24 (M, 15H, Elaron).

3¢ {H} NMR (100 MHz, CDC}, 296 K)§ 20.9 CHs), 41.2 CH; &), 44.6 ((CH)C(oxa),
67.2 CHoxd), 72.5 CH2 ox9), 126.4, 128.4, 129.L o), 137.7 Cquat-aron), 165.0 (NCO).

15N NMR (60 MHz, CDCH4, 296 K)5 234 (N).

FT-IR (KBr): v 1664 cni (S, Vc=n).

MS (FAB): m/z (%): 508.5 (100)1]*.

elemental analysis calcd (%) fogB33N3O3: C 75.71, H 6.55, N 8.28; found: C 75.55, H 6.52,
N 8.33.

1,1, 1-tris[(R, 59-4,5-indanediyloxazolin-2-yllethanég)

tBuLi (0.52 mL, 1.5 M in pentane, 0.77 mmol) was edd
/ "( % dropwise to a solution of 1,1-bisR459-4,5-indanediyloxazolin-
N 2-yllethane (222 mg, 0.64 mmol) in toluene (60 nalt)-85°C.
@ 8 The resulting yellow solution was stirred for andéidnal 30
minutes prior to the addition of a solution oR(4S)-2-bromo-
4,5-indanediyloxazoline (346 mg, 1.45 mmol) in ctaduene (4 mL). The reaction mixture was
allowed to warm slowly to room temperature for 1Zd then concentrated to remove the
pentane and finally the Schlenk tube was sealed.stilred solution was heated at 60°C for two
days. The resulting orange solution was evaporatattyness. The residue was redissolved in
dichloromethane (100 mL) and washed with a satdratpieous solution of NaHG@10 mL)
and brine (10 mL). The organic extract was driedrdvaSO, and concentrateich vacuo to give
an orange foam. Purification by flash chromatogyafttexane /EtOAc, 80/20) gave the desired
product as a yellowish solid (100 mg, 31% yield).
'H NMR (400 MHz, CBCly, 296 K)d 1.60 (s, 3H, €l3), 3.04 (ddJ = 1.8 Hz, 18.0 Hz, 3H, 8,
ind), 3.33 (dd,J = 7.2 Hz, 18.1 Hz, 3H, B, 19, 5.29 (ddd,J = 2.1 Hz, 7.2 Hz, 8.0 Hz, 3H,
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OCHoxa), 5.49 (d,J = 8.0 Hz, 3H, NCloyxs) 7.25 (M, 9H, Elaron), 7.36 (d,J = 7.2 Hz, 3H,
CHaron).

3¢ {*H} NMR (100 MHz, CDCl,, 296 K)5 21.3 CHs), 22.4 ((CH)C(oxak), 39.9 CH> ing),
76.9 (NCHoxs), 84.0 (QCHoxg), 125.5, 125.8, 127.5, 128.Con), 140.4, 141.9Cquataron), 164.7
(NCO).

FT-IR (KBr): v 1653 cnit (S, Vc=n).

MS (FAB): m/z (%): 502.4 (100)N1]*.

elemental analysis calcd (%) fog8,/N3O3: C 76.63, H 5.43, N 8.38; found: C 76.50, H 5.47,
N 8.45.

5. Ci-symmetric trisoxazolines

1-((4R)-4-phenyloxazolin-2-yl)-1,1-di((@-4-phenyloxazolin-2-yethand 6)

tBuLi (2 mL, 1.5 M in pentane, 3 mmol) was addedpivise to a solution of 1,1-
bis[(49)-4-phenyloxazolin-2-yllethane (794 mg, 2.5 mmal) THF
</ /N_ (80 mL) at -78°C. The resulting orange solution w#ged for an
s additional 30 minutes prior to the addition of #Quivalent of (R)-
@ © 2-bromo-4-phenyloxazoline (673 mg, 3 mmol). Theusoh was
allowed to warm slowly to room temperature for Iduts and then
concentrated to remove the pentane and finall\5tttéenk tube was sealed. The stirred solution
was heated at 70°C for five days. The resultingngeasolution was evaporated to dryness. The
residue was redissolved in dichloromethane (100 arid washed with water (10 mL). The
organic extract was dried over }©, and concentratedn vacuo to give an orange oil.
Purification by flash chromatography (Hexane/EtOA0/50) gave the desired product as an
slightly orange solid (350 mg, 30% yield).
'H NMR (CDCk, 400 MHz, 296 K) 1.38 (s, 3H, @3 oxd, 1.39 (s, 3H, B3 ox9, 2.04 (s, 3H,
CH3 apica), 4.11 (d,J = 8.0 Hz,1H, CH2 methyi oxd, 4.13 (d,J = 8.0 Hz,1H, CH2 methyi oxd, 4.26 (dd,
J=2.5Hz, 8.0 Hz1H, CH2 phenyl oxd, 4.28 (ddJ = 2.4 Hz,7.9 Hz,1H, CH2 phenyl oxds 4.78 (M,
2H, CH3 phenyl oxd, 5.32 (ddJ = 7.7 Hz,9.8 Hz,1H, CH ), 5.35 (dd,J = 7.6 Hz,10.0 Hz,1H,
CH oxa), 7.25-7.38 (M, 5H, B aron).
¥%C {*"H} NMR (CDCls3, 100 MHz, 296 KY 21.6 CH3 apica) 27.9 CH3 oxd, 44.8 ((CH)C(0xa)),
67.5 Cquat methyl oxdy 69.5 (GH), 75.8, 75.9 CH2 phenyl 0xds  79.8 CH2 methyl oxd, 126.8, 126.9,
127.4, 127.5, 128.5, 128.6Klaron), 142.2 Cquat aron), 163.0 (NCO methyi oxd, 166.2, 166.3 (RO

phenyl oxz)-
HRMS (FAB):m/z: calcd for GgH2gN303 ([M+H)]") 466.2131, found: 466.2137.
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elemental analysis calcd (%)dE,7/N3Os: C 74.82, H 5.85, N 9.03; found: C 74.80, H 5.R1,
9.10.

1,1-Bis((4)-4-phenyloxazolin-2-yl)-1-(4,4-dimethyloxazolina®ethane 17)

tBuLi (4.4 mL, 1.5 M in pentane, 6.6 mmol) was addedpwise

0]
O\/K%/‘(‘Oz to a solution of 1,1-bis[@-4-phenyloxazolin-2-yllethane (1.8 g, 5.5
N N/\N}‘

mmol) in THF (100 mL) at -78°C. The resulting remugion was stirred

for an additional 30 minutes prior to the additadnl.2 equivalents of 2-

© bromo-4,4-dimethyloxazoline (1.17 mg, 6.6 mmol),swsubsequently
allowed to warm slowly to room temperature for Iduts and then concentrated to remove the
pentane and finally the Schlenk tube was sealed.sfilred solution was heated at 70°C for four
days. The resulting orange solution was evaporttattyness. The residue was redissolved in
dichloromethane (100 mL) and washed with waterr(il(). The organic extract was dried over
NaSO, and concentrateth vacuo to give an orange oil. Purification by flash chatography
(Hexane/EtOAc, 95/5 to 50/50) gave the desired ybds a white solid (906 mg, 39% yield).
'H NMR (CDCk, 400 MHz, 296 K) 2.13 (s, 3H, €), 4.27-4.34 (m, 3H, B,), 4.79-4.85 (m,
3H, CHy), 5.33-5.41 (m, 3H, B), 7.25-7.42 (m, 15H, B a0n).
3¢ {*H} NMR (CDCls5, 100 MHz, 296 K)5 21.7 CHs), 45.1 ((CH)C(oxa)), 69.6, 69.6, 69.6
(CH), 75.9, 75.9, 76.00H,), 126.8, 126.8, 126.9, 127.6, 127.6, 127.6, 12828.7, 128.7
(CHarom), 142.0, 142.1Gquat aron)s 165.9, 166.0, 166.1 @D).
FT-IR (KBr): v 1654, 1677 cf (S,Vc-n).
HRMS (FAB):m/z : calcd for GsH2gN3Os ([M+H]") 418.2131, found: 418.2118.
elemental analysis calcd (%)4E,7N303: C 71.92, H 6.52, N 10.06; found: C 71.85, H 6.N0,
10.10.

1-((4R)-4-phenyloxazolin-2-yl)-1,1-di(4,4-dimethyWazolin-2-yl)ethanel8)

tBuLi (1.7 mL, 1.5 M in pentane, 2.6 mmol) was addedpwise
o "(8 to a solution of 1,1-bis[(4,4-dimethyloxazolin-Zethane (485 mg, 2.2
</{\l N/\Nﬁ%\‘ mmol) in THF (80 mL) at -78°C. The resulting brigyellow solution
@ . was stirred for an additional 30 minutes prior ke taddition of 1.2
equivalents of (B)-2-bromo-4-phenyloxazoline (588 mg, 2.6 mmol),
was subsequently allowed to warm slowly to room gerature for 12 hours and then
concentrated to remove the pentane and finall\5tttéenk tube was sealed. The stirred solution

was heated at 75°C for five days. The resultingngeasolution was evaporated to dryness. The
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residue was redissolved in dichloromethane (100 anid washed with water (10 mL). The
organic extract was dried over 0, and concentratedn vacuo to give an orange oil.
Purification by flash chromatography (Hexane/EtOA0/50) gave the desired product as an
orange oil (360 mg, 45% yield).

'H NMR (CDCl, 400 MHz, 296 K) 1.30 (s, 3H, €3 ox9, 1.31 (S, 9H, B3 o9, 1.91 (s, 3H,
CH3 apica), 4.00 (d,J = 8.0 Hz,1H, CH> methyl oxd, 4.01 (d,J = 8.0 Hz,1H, CH2 methyi oxd, 4.04 (d,J

= 8.0 Hz,1H, CH2 methyl oxd, 4.05 (d,J = 8.0 Hz,1H, CH2 metnyl oxd, 4.17 (pseudo-t) = 8.1 Hz,
1H, CH2 phenyl ox3, 4.69 (ddJ = 8.4 Hz,10.1 Hz,1H, CH2 phenyl ox» 5.24 (ddJ = 8.4 Hz,10.1 Hz,
1H, CH o), 7.23-7.34 (M, 5H, B aom).

%C {*"H} NMR (CDCls3, 100 MHz, 296 KY 21.8 CH3 apica) 27.8 CH3 oxd, 44.4 ((CH)C(0xa)),
67.3, 67.4 Cquat methyl oxy 69.4 (), 75.8 CH2 phenyl oxd, 79.6, 79.7 CH2 methyi 0xd, 126.8, 127.5,
128.5 CHarom), 142.4 Cquataron), 163.1, 163.2 (IBO methyl oxd, 166.4 (NCO phenyi oxa-

HRMS (FAB):m/z : calcd for GiH2gNsO5 ([M+H]™) 370.2131, found: 370.2135.

6. Precursorsof the non-symmetric bisoxazolines
Monoethyl malonate was synthesised according tmeegure described by Struffe.

2.2-dimethyl malonic acid ethyl monoesh((S)-2-hydroxy-1-phenylethyl) monoamid&9)

To a solution of monoethyl malonate (6.54 g, 41 Mo
voﬁ“p CH.Cl, (250 mL) DCC (9.3 g, 45 mmol) and HOBT (6.1 g, 45
It mmol) were added under argon flow. After 2 houigisg, (S-
CH phenylglycinol (6.1 g, 45 mmol) was added and tbkiteon was
stirred at room temperature for 3 days. The reactioxture was filtered through Celite to
remove the DCU formed and washed with,CH (4 x 100 mL). The organic solution is washed
with an aqueous solution of KHGQ.0% (350 mL), with HO (300 mL) and with brine (300
mL) and is then dried over N&Q,. Evaporation of the solvent gave the product asise solid
(9.8 g, 86% vyield). The compound was used in the step without further purification.
'H NMR (CDCh, 400 MHz, 296 K) 1.31 (t,J = 7.1 Hz,3H, CH3 etny), 1.52 (S, 3H, B3 briggd,
1.53 (s, 3H, Gz pridgd, 2.56 (br s, 1H, @), 3.91 (pseudo-t] = 3.9 Hz,2H, CH2 future oxd, 4-25 (0,
J=7.1 Hz,2H, CH; ethy), 5.10 (m, 1H, @), 7.25 (d,J = 6.3 Hz,1H, NH), 7.31-7.35 (m, 3H,
CHarom), 7.39-7.42 (m, 2H, Baron).

2L R. E. StrubeQrg. Synth. 1963, 4, 417.
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¥%C {*H} NMR (CDCls, 100 MHz, 296 K)J 13.9 CHs etny), 23.6, 23.8 CH3 bridgd, 49.9 Cquat
bridgds 55.9 CH), 61.7 CH2 ethy), 66.5 CH2 future oxd, 126.5, 127.8, 128.8Cron), 138.9 Cquat
arom), 172.3 (QCO), 174.9 (NCO ).

MS (FAB): m/z (%): 262.1 (11) M-OH]*, 280.1 (100) }+H]".

HRMS (FAB):m/z : calcd for GsH2,NO, ([M+H]") 280.1549, found: 280.1521.

2.2-dimethyl malonic acid ethyl monoester N-(2-lopdr-1,1-dimethylethyl) monoamid@@)

H - To a solution of monoethyl malonate (5.84 g, 36 0f) in
o N
~ M \( CH,Cl, (250 mL) DCC (8.3 g, 40.1 mmol) and HOBT (5.4 §.14
O O

OH mmol) were added under argon flow. After 2 hounsisy, 2-amino 2-

methyl 1-propanol (3.6 g, 40.1 mmol) was added #mel solution was stirred at room
temperature for 3 days. The reaction mixture whsréd through Celite to remove the DCU
formed and washed with GBI, (4 x 80 mL). The organic solution is washed withaaueous
solution of KHCQ 10% (100 mL), with HO (100 mL) and with brine (100 mL) and is then
dried over NaSQ,. After evaporation of the solvent the crude pradwes purified by flash
chromatography (Hexane/EtOAc, 50/50) to give thadpct as a colorless oil (3.8 g, 45% vyield).
'H NMR (CDCk, 400 MHz, 296 K) 1.26 (M, 9H, €3 ethys CH3 future oxds 1.41 (S, 6H, €13 briagd,
3.56 (s, 2H, €2 future oxd, 4.18 (9, = 7.1 Hz,2H, CH: ey, 4.33 (br s, 1H, 6), 6.48 (br s, 1H,
NH).

%C {*H} NMR (CDCl3, 100 MHz, 296 KY 14.0 CH3 ethy), 23.7 CH3 bridgd, 24.5 CH3 future oxd
50.0 Cguat bridgd, 56.0 Cquat future oxp 61.7 CH2 ethy), 70.3 CH2 future oxd, 172.7 (NCO), 175.1
(OCO).

MS (FAB): mVz (%): 200.1 (12) M-CH,OH]", 214.1 (6) M-OH]", 232.1 (100) 1+H]".

HRMS (FAB):mVz : calcd for GiH2oNO, ([M+H]Y): 232.1549, found: 232.1559.

N-((9-2-hydroxy-1-phenylethy)-N'-8)-2-hydroxy-1-phenylethyl)-dimethylmalonamid&lj

A solution of R)-phenylglycinol (4.5 g, 32.5 mmol)
HMH and 2,2-dimethyl malonic acid ethyl monoester §-g-
o O O on hydroxy-1-phenylethyl) monoamide (9.1 g, 32.5 mmiol
toluene (20 mL) was heated at 110°C for 2 dayshe t
presence of a catalytic amount of NaH. The whitxcimitate obtained was filtered and washed
with ELO (3 x 40 mL). Evaporation of the solvents gavegheduct as a white solid (5 g, 42%
yield).
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'H NMR (DMSO-<ds, 200 MHz, 296 KY 1.37 (S, 3H, €3 priggd, 1.39 (S, 3H, B3 briagd, 3.37 (br
s, 1H, QH), 3.59 (pseudo-t] = 5.0 Hz,4H, CH2 uwre od, 4.89 (M, 2H, El), 7.17-7.31 (m, 10H,
CH aron), 7.25 (dJ= 7.8 Hz,2H, NH).

¥%C {*H} NMR (DMSO-ds, 50 MHz, 296 K)d 23.1, 24.1 CH3 pridgd 49.4 Cquat bridgd, 55.4
(CH), 64.4 CHa future ox), 126.6, 126.8, 128.@Chiom), 141.2 Cquat aron), 172.7 (GTN).

N-((R)-2-hydroxy-1-phenylethyl)-N'-(2-hydroxy-1,1-dimeikethyl)-dimethylmalonamide2@)

(R)-phenylglycinol (730 mg, 5.3 mmol) and 2,2-dimdthy
H H - malonic acid ethyl monoester N-(2-hydroxy-1,1-difydé¢thyl)

QNMNT monoamide (1.23 g, 5.3 mmol) were heated at 110t@G thours

HO © 0 OH in the presence of catalytic amount of NaH. Afteamoration of
the ethanol formed the crude product was purifigdflash chromatography (CG&@l,/MeOH,
95/5) to give the product as a colorless oil (948 B5% yield).
'H NMR (CDClk, 400 MHz, 296 K) 1.22 (s, 3H, €3 future oxds 1.23 (S, 3H, €3 fuure oxd, 1.44
(s, 3H, GH3 bridgd, 1.46 (S, 3H, €3 pridgd, 3.48 (d,J = 11.5 Hz,1H, CH2 methy sigd, 3.63 (d,J =
11.5 Hz,1H, CH2 methyi sidd, 3.79 (dddJ = 1.0 Hz, 4.0 Hz, 11.5 HAH, CH2 phenyi siag, 3.88 (ddJ
= 6.1 Hz, 11.5 Hz1H, CH2 phenyi sigy, 5.03 (dddJ = 4.1 Hz,6.5 Hz,7.0 Hz,1H, CH phenyi sidd,
6.51 (brs, 1H, N methyisidd, 7-11 (sJ = 7.3 Hz, 1H, M phenyisiag 7.23-7.35 (M, 5 H, B aron).
%C {"H} NMR (CDCl3, 100 MHz, 296 K} 23.7, 23.8 CH3 bridgd, 24.0, 24.5CHs3 future oxd, 50.0
(Cquat bridgds 55.7 Cquat methyl sidy 595.9 (GH), 66.2 CH2 phenyi sidys 69.6 CH2 methyi siag, 126.4,
128.0, 128.9CHar0m), 138.7 Cquataron), 173.9, 174.0Q0).
MS (FAB): mVz (%): 305.1 (36) M1-OH]", 323.2 (100) M1+H]".
HRMS (FAB):m/z: calcd for G7H27N2O4 ([M+H] ) 323.1971, found: 323.2009.

7. Mixed bisoxazolines
1-((4R)-4-phenyloxazolin-2-yl)-1-((8)-4-phenyloxazolin-2-yl)-1-methylethan23)
To an ice-cooled solution of N§(-2-hydroxy-1-phenylethyl)-
{Mﬁ N'-((R)-2-hydroxy-1-phenylethyl)-dimethylmalonamide (4.8, 13
N N

P mmol), triethylamine (14.5 mL, 104 mmol) and DMAP6Q mg, 1.3

-

@ mmol) in CHCIl, (200 mL) a solution of TsCl (5.4 g, 28.5 mmol) in
CH.CI; (30 mL) was slowly added. The mixture was warmedotmm

temperature, stirred for 10 days and washed witfatarated aqueous solution of MH and

brine. The organic phase was dried oves3{&a and concentrateiash vacuo to give a dark brown
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oil. Purification by flash chromatography (Hexan€JBc, 80/20) gave the desired product as a
yellowish oil (3.7 g, 86% vyield).

'H NMR (CDCk, 400 MHz, 296 K) 1.73 (s, 3H, €l3), 1.76 (s, 3H, E3), 4.22 (pseudo-t] =

8.1 Hz,2H, CHy), 4.72 (dd,J = 8.4 Hz, 10.1 Hz2H, CHy), 5.28 (dd,J = 7.7 Hz,10.1 Hz,2H,
CH), 7.25-7.35 (m, 10 H, B 40n).

%C {"H} NMR (CDCls, 100 MHz, 296 K) 24.4, 24.7 CH3), 38.9 Cquat bridgd, 69.5 (CGH), 75.5
(CHy), 126.6, 127.6, 128. THaron), 142.4 Cquat aron), 170.3 (NCO phenyl oxa)-

HRMS (FAB):m/z: calcd for GiH23N-0, ([M+H]") 335.1760, found: 335.1771.

1-((4R)-4-phenyloxazolin-2-yl)-1-(4,4-dimethyloxazoliny®)-1-methylethaned4)

To a cooled solution (0°C) of NRJ-2-hydroxy-1-phenylethyl)-
O%O N'-(2-hydroxy-1,1-dimethylethyl)-dimethylmalonamid€/37 mg, 2.29
</{\1 ,\}{, mmol) in CHCI, (150 mL) was added dropwise SQ@.80 mL, 10.9
\ mmol). The reaction mixture was stirred overnight ambient
@ temperature, cooled to 0°C and quenched by addifi@agueous NaHC9
(65 mL). After an additional 5 min of stirring, tleEgueous phase was separated and extracted
with CH,Cl, (3 x 70 mL). The combined organic phases wereddrner NaSO, and the solvent
was evaporated to give 800 mg of the chlorinatedpmund. The colorless oil was used directly
without further purification. A solution of the drinated product (800 mg, 2.23 mmol) and
NaOH (223 mg, 5.58 mmol) in ethanol (125 mL) wasthd to reflux for 3 hours and then
cooled to room temperature followed by evaporatbthe solvent under reduced pressure. To
the resulting crude product was added in,Cll (50 mL) and a saturated agueous solution of
NH4CI (40 mL), the phases were separated and the agu@ger was extracted with GEl, (3 x
50 mL). The combined organic phases were dried bggbO, and the solvent was evaporated
to give the oily yellowish crude product. Purificat by flash chromatography (Hexane/EtOAc,
50/50) gave the product as a colorless oil (3916085 yield).
'H NMR (CDCk, 600 MHz, 296 K) 1.30 (s, 6H, €3 ox9, 1.58 (S, 3H, €3 bridgd, 1.60 (s, 3H,
CH3 bridgds 3.97 (S, 2H, €2 methyl 0xd, 4.11 (pseudo-t] = 8.0 Hz,1H, CH2 phenyi oxd, 4.62 (dd,J =
8.4 Hz,10.1 Hz,1H, CH2 phenyl ox3» 5.19 (ddJ = 7.6 Hz,10.1 Hz,1H, CH oxa), 7.23-7.35 (m, 5H,
CH arom).
% {H} NMR (CDCl3, 150 MHz, 296 K)j 24.4, 24.5 CH3 bridgd, 28.0, 28.1 CHs o), 38.5
(Cquat bridgg: 67.1 Cquat methyl oxy 69.4 (), 75.5 CH2 phenyl 0xds 79.4 CH2 methyl oxd, 126.6, 127.5,
128.6 CHarom), 142.5 Cquat aron)s 167.4 (NCO methyi oxd, 170.5 (NCO phenyl oxa-
HRMS (FAB):m/z : calcd for G7H23N,O, ([M+H]") 287.1760, found: 287.1757.
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8. Isocyanate derivatives

1-bromo-2-isocyanato-2-methylpropamd)

2-bromo-4,4-dimethyloxazoline in THF was heate®%tC over 1 d. The
,/C// resulting brown mixture was purified by bulb to lbudlistillation to give the
\*{,N product as a colorless ail.

’ 'H NMR (CDCk, 600 MHz, 296 K) 1.49 (s, 6H, €l3), 3.48 (s, 2H, E,).

¥%C {*H} NMR (CDCl3, 150 MHz, 296 K)J 25.6 CH3), 28.7 CH2), 57.6 Cquat metny), 141.5
(NCO).
15N NMR (CDCk, 60 MHz, 296 K) 51.7 NCO).
HRMS (El):m/z : calcd for GHgBrNO ([M]") 176.9789, found: 176.9791.

Br

(29)-1-bromo-2-isocyanato-3-methylbutars)

0 (49-2-bromo-4-isopropyloxazoline in THF was heated®atC over 2 d.

//

Br N, The resulting brown mixture was purified by bulblaolb distillation to give a

\*3_ colorless oail.

'H NMR (CDCk, 600 MHz, 296 K) 0.99 (d,J = 6.7 Hz, 3H, El3 isopropy), 1.01
(d, J= 6.8 Hz, 3H, 3 isopropy), 1.97 (M, 1H, @ isopropy), 3.49 (M, 1H, E), 3.56 (m, 2H, El,,
CH).
¥%C {*H} NMR (CDCl3, 150 MHz, 296 K)d 17.3 CHs isopropy), 19.6 CH3 isopropy), 32.3 CH
isopropy)s 36.0 CHy), 62.7 CH), 124.0 (NCO).
15N NMR (CDCk, 60 MHz, 296 K) 35.5 NCO)

FT-IR (KBr) v 2265 cni (S,Vc=n isocyanath
HRMS (EI):m/z : calcd for GH1oBrNO ([M]") 190.9946, found: 190.9947.

(1R)-1-(2-bromo-1-isocyanatoethyl)benze2&)(

o (4R)-2-bromo-4-phenyloxazoline in THF was heated &6ver 3 d. The
B /,/ resulting brown mixture was purified by bulb to budlistillation to give a
\—/ colorless oil.
@ 'H NMR (CDCk, 300 MHz, 296 K 3.55 (ddJ = 9.1 Hz, 10.6 Hz, 1H, 8, oy,
3.66 (dd,J = 3.9 Hz, 10.6 Hz, 1H, B; ox9, 4.95 (dd,J = 3.9 Hz, 9.1 Hz, 1H,
CHoxa), 7.32-7.45 (m, 5H, Baron).
3%C {*H} NMR (CDCl3, 75 MHz, 296 K)) 38.5 CH; ox3), 60.5CH oxa), 126.1, 128.9, 129.@CH

arorr); 1337 (Cquat arora, 1380 (N:O)
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FT-IR (KBr) v 2265 cn (S, Vc=n isocyanath
HRMS (EI):m/z : calcd for GHgBrNO ([M]") 224.9789, found: 224.9764.

(1R,2R)-2-bromo-1-isocyanato-2,3-dihydro-1H-inde28)(

o Solid (4R, 59-2-bromo-4,5-indanediyloxazoline in a Schlenk &@&°C was

£ put at room temperature. Rearrangement occurrdéteifollowing 2 minutes.
'H NMR (CD,Cl,, 600 MHz, 296 K) 3.30 (dd,J = 8.3 Hz, 16.0 Hz, 1H, 8, 19
3.60 (dd,J = 7.3 Hz, 16.0 Hz, 1H, B, i), 4.39 (dd,J = 7.5 Hz, 15.4 Hz, 1H,
BrCH), 5.22 (m, 1H, N®) 7.29-7.42 (m, 4H, Baron).

3¢ {*H} NMR (CD,Cl,, 150 MHz, 296 K)5 40.7 CH,), 52.8 (BCH), 66.9 (NCH), 123.4,

124.6, 127.8, 129.10Har0n), 139.3, 139.8Cquat aron)-

15N NMR (CDxCl,, 60 MHz, 296 K) 36.0 (\).

FT-IR (KBr) v 2257 cni (S, Vc=n isocyanath

HRMS (FAB):m/z : calcd for GgHgBrNO ([M]*) 236.9789, found: 236.9796.

9. Urea

1-((§-2-bromo-1-isopropylethyl)-3-(8)-1-phenylethyl)urea20)

To a solution of the @-1-bromo-2-isocyanato-3-methylbutane in

Ph O
)\N )LN Br tetrahydrofurardgs at -20°C was added one equivalent o$)- (
H H phenylethylamine. After 5 min the NMR spectroscageta were collected

at -20°C.

'H NMR (THF-dg, 400 MHz, 253 K) 0.91 pseudo-t, J = 6.9 Hz,6H, CH3 isopropy), 1.36 (d,J =
6.9 Hz, 3H, Gl3 phenyi sid, 1.83 (M, 1 H, € isopropy)» 3.59-3.75 (M, 3H, B promine side CH2), 4.94
(pseudo-quint, J = 7.0 Hz,1H, CH phenyi siad, 5.86 (d,J = 8.2 Hz,1H, NH bromine sidd, 6.25 (d,J =
8.2 Hz,1H, NH phenyi siad, 7.16-7.24 (m, 1H, B aon), 7.27-7.36 (M, 4H, B aron).

3¢ {*H} NMR (THF- dg, 100 MHz, 253 K) 18.0, 19.0 CH3 isopropy)> 22.8 CH3 phenyi sia» 30.3
(CH isopropy), 38.5 CH2), 48.9 CH phenyi sidd, 54.8 CH bromine sigd, 125.8, 126.5, 128.2CHarom),
145.5 Cquat aron), 157.2 CO).

>N NMR (THF-ds, 40 MHz, 253 K) 86.4 (NH bromine sidd, 94.1 (NH phenyl sia)-
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10. Aziridines

2.2-dimethyIN-(1-phenylethyDaziridine-1-carboxamidg0)

o To a solution of the 1-bromo-2-isocyanato-2-metigfane 25)
ph)\N)J\NV; (521 mg, 2.9 mmol) in THF (25 mL) at -20°C was atldéhe

: phenylethylamine (0.38 mL, 2.9 mmol). The reactmomture was stirred at
-25°C for 2.5 h and then cooled down to -40°C ptiothe addition of potassiutart-butoxide in
solution in THF (2.9 mL, 2.9 mmol). The reactiorxtare was then stirred overnight in the bath,
quenched with water, extracted with &Hb (3 x 25 mL) and dried over NaQ,. After
precipitation by adding pentane to the crude diebin CHClI,, the product was obtained as a
white solid (318 mg, 50%).
'H NMR (CDCk, 400 MHz, 296 K 1.20 (s, 3H, €3 aziidind, 1.25 (S, 3H, €3 azirigind, 1.48 (d,
J=6.9 Hz, 3H, El3 phenyi siay 2.08 (s, 2H, E), 4.98 (pseudo-qtl = 7.0 Hz,1H, CH), 5.34 (br
s, 1H, NH), 7.21-7.32 (m, 5H, B aron).
¥%C {"H} NMR (CDCl3, 100 MHz, 296 K 21.9 CH3 phenyi sia}» 22.6 CH3 aziridind, 37.2 CH2),
41.4 Cquat aziriding, 50.1 CH), 126.2, 127.2, 128.6H aron), 143.5 Cquat aron), 162.4 CO).
15N NMR (CDCk, 60 MHz, 296 K) 71.1 (N azirigind, 116.4 NH).
FT-IR (KBr) v 1642 cm' (S,V aziridind, 3282 cn (S, Vnn).
HRMS (FAB):m/z : calcd for GsH1oN2O ([M+H]") 219.1497, found: 219.1407.

(29-2-isopropyIN-((19)-1-phenylethylaziridine-1-carboxamidglé)

. 0 To a solution of the @-1-bromo-2-isocyanato-3-methylbutane

Ph/E\NJ\Ny)\ (26) (508.1 mg, 2.6 mmol) in THF (25 mL) at -20°C wadded the §)-
H phenylethylamine (0.34 mL, 2.6 mmol). The reactiixture was stirred

at -25°C for 1.5 h and then cooled down to -40°@rgdo the addition of potassiutart-butoxide
in solution in THF (2.6 mL, 2.6 mmol). The reactionxture was then stirred over night in the
bath, quenched with water, extracted with(e{3 x 25 mL) and dried over B&O,. The crude
was purified by flash chromatography (Hexane/EtO3@/50) to yield a white solid (359 mg,
59% vyield). Crystallisation from Ci€l./pentane gave white crystals suitable for X-ray
diffraction.
'H NMR (CDCk, 600 MHz, 296 Ky 0.95 (d,J = 6.8 Hz, 3H, El3 isopropy), 1.04 (d,J = 6.7 Hz,
3H, CH3 isopropy), 1.41 (M, 1H, @& isopropy), 1.49 (d,J = 6.9 Hz,3H, CH3 phenyi sia), 1.85 (d,J =
4.1Hz,1H, CHy), 2.08 (m, 1H, ® 4iriding, 2.34 (d,J = 6.6 Hz, 1H, El,), 4.93 (pseudo-qt] =
7.0 Hz, 1H, ® phenyisiad, 5.50 (br s, 1H, N), 7.24-7.35 (m, 5H, B aon).
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¥%C {*H} NMR (CDCls, 150 MHz, 296 K) 19.1, 20.0 CH3 isopropy), 22.3 CH3 phenyl sia, 30.7
(CH2), 30.9 CH isopropy)s 45.4 CH aziriding, 50.1 CH phenyl siad, 125.9, 127.3, 128.7CH arom),
143.5 Cquat aron), 164.5 CO).

15N NMR (CDCk, 60 MHz, 296 K) 49.6 (N azirigind, 109.9 NH).

FT-IR (KBr) v 1659 cni (S,V aziriding, 3343 crit (S,Vnh).

MS (EI) m/z (%) 105.1 (100) [ethylbenzerieP32.2 (20) |]".

elemental analysis calcd (%) fof£,0N.O (232.32): C 72.38, H 8.68, N 12.06; Found: C I2.1
H 8.63, N 11.88.

(29-2-isopropyIN-(1-phenylethyaziridine-1-carboxamid&lé+b)

)(])\ To a solution of the @-1-bromo-2-isocyanato-3-methylbutane
PHJ\N Ny)\
H

(26) (775 mg, 4 mmol) in THF (25 mL) at -20°C was adidie
phenylethylamine (0.34 mL, 2.6 mmol). The reactimixture was
stirred at -25°C for 1.5 h and then cooled dowrd@’C prior to the addition of potassiutert-
butoxide in solution in THF (2.6 mL, 2.6 mmol). Tlheaction mixture was then stirred over
night in the bath, over 48 h at room temperatuosenghed with water, extracted with,@t(3 x
25 mL) and dried over N8O, The crude was purified by flash chromatography
(Hexane/EtOAc, 50/50) to yield a colorless oil (578, 62% yield).
'H NMR (CDClk, 400 MHz, 296 K) 0.93 (d,J = 6.8 Hz, 3H, El3 isopropyl dia ), 0.94 (d,J = 6.8
Hz, 3H, CH3 isopropyl dia 3, 1.02 (d,J = 6.7 Hz,3H, CH3s isopropyl dia ), 1.03 (d,J = 6.7 Hz,3H, CH3
isopropyl dia 2, 1.41 (M, 2H, ® isopropyi dia 1+), 1.48 (d,J = 6.9 Hz,6H, CH3 phenyi side dia 193 1.84 (d.J
= 4.1 Hz,2H, CH; gia 149, 2.08 (M, 1H, ®© azridine dia 3, 2.15 (M, 1H, & aziridine dia 3, 2.29 (d,J =
6.6 Hz, 1H, ®2 gia 9, 2.35 (d,J = 6.6 Hz, 1H, El2 gia 1), 4.92 (M, 2H, © phenyi side dia 141 5.50 (br
S, 2H, NH gia 149, 7.23-7.35 (M, 10 H, B arom dia 14}
*C {*H} NMR (CDCl3, 100 MHz, 296 K)5 19.1 CH isopropyl dia 1+ 20.0 CH3 isopropyl dia 14}
22.1 (CH3 phenyi side dia)y 22.3 CH3 phenyi side dia 30.7 CH2 dia 9, 30.9 CH isopropyi dia 1+), 31.0
(CH2 dia 9, 45.1 CH aziridine dia 2, 45.4 CH aziridine dia 3, 50.1 CH phenyl side dia 148 125.9, 126.0,
127.3, 127.4, 128.TCH arom dia 1+3 143.4 Cquat arom dia ) 143.5 Cquat arom diay 164.5 CO gia 1+2-
FT-IR (KBr) v 1658 cni (S,V aziriding, 3294 crit (S,Vnh).
HRMS (FAB):m/z : calcd for G4H»:N,O ([M+H]") 233.1654, found: 233.1662.

(2R)-2-phenyIN-((19-1-phenylethyaziridine-1-carboxamidg?)

- 0 To a solution of the @®)-1-(2-bromo-1-isocyanatoethyl)benzene

Prm/\N)J\N\7"\\ (27) (141 mg, 0.6 mmol) in THF (15 mL) at -20°C wasded the
H
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phenylethylamine (0.08 mL, 0.6 mmol). The reactmomture was stirred at -25°C for 2.5 h and
then cooled down to -40°C prior to the additionpotassiuntert-butoxide in solution in THF
(0.6 mL, 0.6 mmol). The reaction mixture was thémedd overnight in the bath, quenched with
water, extracted with Ci€l, (3 x 25 mL) and dried over N&O,. The crude was purified by
flash chromatography (Hexane/EtOAc, 50/50) to yeelblorless solid (86 mg, 54% vyield).

'H NMR (CDCk, 400 MHz, 296 K) 1.48 (d,J = 6.9 Hz,3H, CH3), 2.14 (d,J = 3.8 Hz, 1H,
CH,), 2.74 (d,J = 6.7 Hz, 1H, El,), 3.37 (ddJ = 3.9 Hz,J = 6.7 Hz, 1H, CH aziridind, 4.95 (M,
1H, CH), 5.62 (dJ = 6.3Hz, 1H, M), 7.24-7.35 (m, 10H, B 4ron).

3¢ {*H} NMR (CDCls, 100 MHz, 296 K)J 22.0 CHs), 35.1 CH.), 40.3 CH), 50.2 CH
aziriding, 126.0, 126.2, 127.4, 127.7, 128.5, 12&H Grom), 143.1 Cquataron), 163.7 CO).

>N NMR (CDCk, 60 MHz, 296 K) 63.9 (N azirigingd, 114.9NH).

FT-IR (KBr) v 1655 cm' (S, V aziridind, 3356 ¢ (S, Vnn).

HRMS (EI):mVz : calcd for G7H1gN2O ([M]") 266.1419, found: 266.1415, calcd fafHgN ([M -
CONHGgHg] ") 119.0735, found: 119.0717.

11. Hydrobromide salts of the 2-aminooxazolines

General procedure to obtain the hydrobromide s&ltsa solution of the desired isocyanate in

THF was added 1-phenyl-1-ethylamine (1 equivalettjoom temperature. The mixture was
stirred 3 h and the solvent was then evaporatedcuo. The white foam obtained was used in
the next step without further purificatiold NMR spectra show complete conversion into the

desired product without by-products.

2-(1-phenylethylamino)-4,4-dimethyloxazoline hydrofmide @3)

'H NMR (CDCE, 400 MHz, 296 K) 1.42 (s, 3H, El3), 1.49 (s, 3H, €3

HN ing) 1.61 (d,J = 7.0 Hz, 3H, ®l3ing), 4.25 (d,J = 8.6 Hz, 1H, El,), 4.33 (d,J =
O—).’\\?\IHB@ 8.6 Hz,1H, CH,), 4.80 (g, = 6.9 Hz,1H, CH), 7.25-7.41 (M, 5H, B aron).

¥%C {*™H} NMR (CDClz, 100 MHz, 296 K)J 23.3 CHs), 26.9, 27.0 CH3 1in),

53.7 CH), 60.0 Cqua), 81.6 CH>), 125.7, 128.1, 129.@Haron), 141.3Cquat aron)s

Ph

160.5 (\CN).

>N (CDCh, 60 MHz, 296 K)5 103.4 (NH), 112.1 (MH (ing).

MS (FAB): mVz (%): 817.1 (3) [(AAH}Br3]", 640.2 (5) [(AAH}Br+phenylethylamin€] 517.1
(80) [(AAH),Br]*, 340.2 (30) [(AAH)+phenylethylamin&] 219.2 (100) [(AAH)], 115.0 (100)
[(AAH)—ethylbenzene], 100.0 (62) [(AAH)-phenylethylamine-isopropyl] (AA =

aminooxazoline, AAH = protonated aminooxazoline).
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(49-2-((1R)-1-phenylethylamino)-4-isopropyloxazoline hydroimide (34a)

'H NMR (CDCk, 600 MHz, 296 K)o 0.94 (d,J = 6.8 Hz, 3H, Gis
)Pi isopropy)» 1.02 (d,J = 6.7 Hz, 3H, 3 isopropy), 1.60 (d,J = 7.0 Hz, 3H, El3), 1.85
H)'\,'\@ 5,© (M, 1H, H isopropy), 3.89 (ddd)) = 6.7 Hz,8.7 Hz, 1H, @ 1ing), 4.38 (dd,J = 6.5
0" NH Hz, 9.0 Hz,1H, CH,), 4.62 (pseudo-t] = 8.9 Hz,1H, CH,), 4.79 (9,J = 6.7 Hz,
1H, CH), 7.27-7.40 (m, 5H, B aron).
%C {*™H} NMR (CDCls, 150 MHz, 296 K) 17.8, 18.2 CH3 isopropy)> 23.3 CHb),
32.1 CH isopropy), 53.8 CH), 61.7 CH 1ing), 73.8 CHy), 125.8, 126.2, 128.1, 128.7, 129@TH(
aron)» 141.2 Cquat aron), 161.5 (NCN).
>N (CDCl, 60 MHz, 296 K) 97.0 (NH 1ing), 101.3(NH outside the rin}
MS (FAB): Mz (%): 668.2 (6) [(AAH)Br+phenylethylamin€] 545.2 (10) [(AAH)Br]*, 465.3
(10) [(AA)(AAH)] ¥, 354.2 (15) [(AAH)+phenylethylamin&] 233.1 (100) [(AAH)], 129.0 (35)
[(AAH)—ethylbenzene], 100.0 (28) [(AAH)-phenylethylamine-isopropyl] (AA =

aminooxazoline, AAH = protonated aminooxazoline).

(49)-2-(1-phenylethylamino)-4-isopropyloxazoline hydromide 84a+b)

'H NMR (CDClk, 600 MHz, 296 Ky 0.93 (d,J = 6.8 Hz, 3H, 13 isopropy
» dia 1), 0.99 (d,J = 6.7 Hz, 3H, @3 isopropyi dia }» 1.01 (d,J = 6.7 Hz, 3H, €13 isopropyl
O_;;\\_@;ng@ gia 1), 1.08 (d,J = 6.7 Hz, 3H, Cl3isopropyl dia ), 1.66 (d,J = 6.9 Hz, 6H, El3 gia1+),
1.82 (m, 1H, ® isopropyl dia 3, 1.89 (M, 1H, ®& isopropyl dia 3, 3.95 (ddd,J = 6.8 Hz,
8.6 Hz, 1H, ® (ing ia ), 4.01 (ddd,) = 6.8 Hz,8.6 Hz, 1H, G (ing dia 3, 4.35 (dd,
J=6.4 Hz,8.9 Hz,1H, CHz gia 1), 4.43 (ddJ = 6.5 Hz,8.9 Hz,1H, CH; gia 9, 4.66 (pseudo-t] =
8.8 Hz,1H, CH; gia ), 4.75 (pseudo-t) = 8.8 Hz,1H, CHz dia 9, 4.48 (M, 2H, @ gia 1.3, 7.30-
7.42 (M, 10H, @ arom dia 14)-
%C {"H} NMR (CDCl3, 150 MHz, 296 Ky 17.6, 17.7, 17.9, 18.TH3 isopropy! dia 1} 23.2 CHa
dia 1), 23.3 CH3 dia 9, 32.0 CH isopropyt dia 3, 32.2 CH isopropyi dia 3, 53.7 CH dia 1+9, 61.7 CH ring dia
1), 61.7 CH ting dia 9, 73.6 CH2 dia 1), 73.6 CH2dia 9, 125.6, 125.7, 128.0, 128.0, 128&H;r0m dia
142), 141.2 Cauat arom dia) 141.2 Cauat arom dia s 161.4 (\CN gia ), 161.5 (NN dia ).
>N (CDCh, 60 MHz, 296 K 102.0 (NH ousside the rin}

Ph
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(4R)-2-((1R)-1-phenylethylamino)-4-phenyloxazoline hydrobromids)

oh 'H NMR (CDCk, 400 MHz, 296 K) 1.70 (d,J = 6.9 Hz, 3H, Ei3), 4.34
HN)\ (dd,J = 7.4 Hz,J = 8.3 Hz, 1H, ®,), 4.94 (m, 2H, €3, CH), 5.27 (ddJ = 7.4
O-;‘_’\\?;HBf@ Hz,8.7 Hz,1H, CH ing), 7.24-7.26 (M, 2H, B aron), 7.32-7.44 (M, 8H, B aron).
— 3¢ {*H} NMR (CDCls, 100 MHz, 296 K)5 23.6 CHs), 53.6 CH), 61.3 CH
@ ing), 76.9 CHy), 125.8, 126.2, 127.8, 127.9, 128.8, 12TBifon), 141.8, 143.0
(Cquat aron), 161.6 (NCN).
>N (CDCh, 60 MHz, 296 K) 99.9 (NH outside the rink

12. 2-aminooxazolines

2-(1-phenylethylamino)-4,4-dimethyloxazolingoy

J\ To a solution of the hydrobride s&é8 (290 mg, 0.97 mmol) dissolved in
HN Ph THF at 0°C was added solid potassitent-butoxide (131 mg, 1.16 mmol). The
O N cloudy solution was stirred for 1.5 h, quenchedhwit,O and extracted with

\"/ CH,CI,. The crude product was purified by flash chromedppy (Hexane/EtOAc,
50/50) to yield 124 mg of a colorless solid (59%).

'H NMR (CDCk, 400 MHz, 296 K) 1.20 (s, 3H, @3 oxd, 1.24 (S, 3H, €3 0x), 1.48 (dJ= 6.8
Hz, 3H, CH3 phenyl siah, 3.84 (dJ = 7.6 Hz, 1H, €l,), 3.87 (d,J = 7.6 Hz,1H, CH,), 4.76 (q,J =
6.8 Hz, 1H, ®), 7.20-7.30 (M, 5H, B aron).

%C {*™H} NMR (CDCl3, 100 MHz, 296 K 22.8 CH3 phenyl sid}, 28.8 CH3 oxg), 52.3 CH), 65.1
(Cquatod, 79.1 CHy), 125.9, 127.1, 128.8H aron), 143.9 Cquat aron), 158.3 (NCO).

>N NMR (CDCk, 60 MHz, 296 K) 77.6 (\), 176.7 NH).

FT-IR (KBr) v 1687 cni (S,Ve-=n).

HRMS (FAB):m/z : calcd for GsH1gN,O ([M+H]") 219.1497, found: 219.1485.

(49-2-((1R)-1-phenylethylamino)-4-isopropyloxazoling7/a)

J\ To a solution of the hydrobromide sdfa (501.2 mg, 1.6 mmol) dissolved
H‘N Ph in THF at 0°C was added solid potassitert-butoxide (202 mg, 1.8 mmol). The
o N cloudy solution was stirred for 1.5 h, quenchedhwit,O and extracted with
\_y CH,CI,. The crude product was purified by flash chromedppy (Hexane/EtOAc,

50/50) to yield 210 mg of a yellowish oil (56%).
'H NMR (CDCk, 600 MHz, 296 K) 0.75 (d,J = 6.8 Hz, 3H, El3 isopropy), 0.80 (d,J = 6.8 Hz,
3H, CH3 isopropy), 1.48 (d,J = 6.9 Hz,3H, CH3 phenyi siay, 1.60 (M, 1H, & isopropy), 3.78 (M, 1H,
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CH oxa), 3.95 (dd,J = 6.3 Hz, 8.0 Hz1H, CHy), 4.17 (ddJ = 8.1 Hz,8.8 Hz, 1H, ®&,), 4.78 (q,
J=7.0 Hz, 1H, ® phenyi siad, 7.22-7.25 (M, 1H, B aron), 7.29-7.34 (M, 4H, B arony).

¥%C {*H} NMR (CDCls, 150 MHz, 296 K) 17.7, 18.4 CH3 isopropy): 23.2 CH3 phenyl sia, 33.1
(CH isopropy)s 52.4 CH phenyi siad, 70.2 CHa, CH oxa), 125.9, 127.0, 128.4CH aron), 144.3 Cquat
arom), 159.2 (NCO).

>N NMR (CDCE, 60 MHz, 296 K) 78.6 (\), 160.0 NH).

FT-IR (KBr) v 1672 cni (S,Ve-=n).

HRMS (FAB):m/z : calcd for G4H,:N,O ([M]¥) 233.1654, found: 233.1643.

(49-2-(1-phenylethylamino)-4-isopropyloxazoling/éa+b)

J\ To a solution of the hydrobromide s&#atb (848.4 mg, 2.7 mmol)
H‘N Ph dissolved in THF at 0°C was added solid potassienabutoxide (202 mg, 1.8
o)\\] mmol). The cloudy solution was stirred for 1.5 hjegched with KO and
\_§/ extracted with ChLCl,. The crude product was purified by flash chromedpgy
(Hexane/EtOAc, 50/50) to yield 389 mg of a colosled (62%).
'H NMR (CDCk, 400 MHz, 296 Ky 0.81 (d,J = 6.7 Hz, 3H, (H3 isopropy dia ), 0.86 (d,J = 6.8
Hz, 3H, CH3 isopropyl dia ), 0.90 (d,J = 6.8 Hz, 3H, 13 isopropyi dia 3, 0.98 (d,J = 6.8 Hz, 3H, CHs
isopropyl dia 2, 1.53 (d,J = 6.9 Hz, 3H, CH3 phenyi side diak 1.57 (d,J = 6.8 Hz, 3H, €3 phenyi side diap
1.65 (qd,J = 6.6 Hz, 13.3 Hz, 1H, B isopropyi dia 3, 1.77 (qdJ = 6.6 Hz,J = 13.2 Hz, 1H, €l
isopropyl dia 2, 3.85 (M, 2H, @& oxa dia 1+), 3.98 (ddJ = 6.6 Hz, 7.8 Hz, 2H, B> gia 1+3, 4.24 (M,
2H, CH3 gia 149, 4.83 (9, = 6.8 Hz, 2H, & phenyi side dia 14 7-22-7.25 (M, 2H, B arom dia 1+),
7.34-7.39 (M, 8H, 8 arom dia 1+}; -°C {*H} NMR (CDCls, 150 MHz, 296 K) 17.7 CH3 isopropyl
dia 1+2, 18.4 CH3 isopropyl dia ), 18.7 CH3 isopropyl dia }» 22.8 CH3 phenyi side diap 23.2 CH3 phenyi side dia
1), 30.9 CH isopropyi dia 3: 33.1 CH isopropyi dia 3, 52.4 CH phenyi side dia X, 52.5 CH phenyi side dia »
70.1 CH ring dia 142, 70.3 CH2 gia 149, 125.6, 125.9, 127.0, 127.2, 128.4, 12&6l (rom), 143.3
(Cquat arom dia 144.9 Cquat arom dia)y 159.2 (NCO gia 2), 159.4 (NCO gia 1)
FT-IR (KBr) v 1676 cm' (S,Vc=n).
HRMS (El):m/z: calcd for G4H20N20 ([M]") 232.1576, found: 232.1576.
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(4R)-2-((1R)-1-phenylethylamino)-4-phenyloxazolings)

To a solution of the hydrobromide s8§ (257.7 mg, 0.74 mmol) dissolved

H.
)N\ Phin THF at 0°C was added solid potassiteri-butoxide (202 mg, 1.8 mmol). The
O\_\/N cloudy solution was stirred for 1.5 h, quenchedhwit,O and extracted with

g CH,CI,. The crude product was purified by flash chromedpgy (Hexane/EtOAc,
@ 50/50) to yield 95 mg of a yellowish solid (48%).

'H NMR (CDCk, 400 MHz, 296 K) 1.61 (d] = 6.8 Hz, 3H, Ei3), 4.06 (pseudo-t) = 7.5 Hz,

1H, CH,), 4.63 (pseudo-t] = 8.5 Hz, 1H, @), 4.95 (q,J = 6.7 Hz, 1H, €l), 5.14 (ddJ= 7.7

Hz, 8.5 Hz, 1H, ® (ing), 7.30-7.41 (M, 10 H, & ar0n).

3¢ {*H} NMR (CDCls;, 100 MHz, 296 K)5 22.9 CHs), 52.6 CH), 67.9 CH oxs), 75.06 CH>),

125.9, 126.5, 127.3, 128.5, 128@H arom), 144.8, 144.0Qquat aron), 160.7 (NCO).

>N NMR (CDCh, 60 MHz, 296 K) 79.8 (\).

FT-IR (KBr) v 1686 cni (S,Ve=n).

HRMS (EI):m/z : calcd for G7H1gN>O ([M]") 266.1419, found: 266.1432

[11. Chapter 3

1. Palladium(ll)chloride complexes

General Procedufe

Bis(benzonitrile)palladium(ll) dichloride (0.142 naoth and [trisox] (0.149 mmol) were
dissolved in CHCI, (1 mL). The reaction mixture was stirred for 90 nainroom temperature
and pentane was added (8 mL) to form an orangepiae. The crude product was washed

twice with pentane (8 mL) and driédvacuo to give the complex as an orange powder.

(1,1,1-tris[(&)-4-isopropyloxazolin-2-yllethane)palladium(ll) diloride (9)

_ Yield : 85%. Crystallisation from Ci€I/EtO gave orange
\< crystals suitable for X-ray diffraction.
cl 'H NMR (300 MHz, CDG}, 296 K)d 0.74 (m, 6H, CH(El3)2, 2 C), 0.87

b, -
o)”"
¢l (M, 9H, CH(GHs)s, 2 C, 1 F), 0.92 (dJ = 6.8 Hz, 3H, CH(E), F),
o\)\< 1.81 (m, 1H, GI(CHs)2, F), 1.91 (s, 3H, Bs apics), 2.87 (M, 2H,

2235, E. Denmark, R. A. Stavenger, A.-M. FaucheP.Edwards,). Org. Chem. 1997, 62, 3375.
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CH(CHs3),, C), 4.03 (m, 2H, €5 oxa F), 4.27 (M, 3H, €5 oxa C, Hoxa F), 4.44 (M, 2H, 65 oxa
C), 4.66 (M, 1H, Eloxs C), 4.81 (M, 1H, Boxs C).

3¢ {*H} NMR (75 MHz, CDCk, 296 K)¢ 13.1, 13.6, 17.8, 18.3, 18.5, 18.6 (CHig),), 22.5
(CH3 apica), 29.3, 29.7 CH(CHz),, C), 32.1 CH(CHa),, F), 45.2 ((CH)C(oxa)), 69.3, 69.6 CH.
oxa C), 70.0, 70.4QHoxa C), 71.5 CH2 oxa F), 72.0 CHoxa F), 160.1 (KO, F), 165.8, 166.7
(NCO, C).

15N (60 MHz, CDC}, 296 K)d 160.2 161.21, C) 239.9 K, F) (C = coordinated oxazoline, F =
free oxazoline).

FT-IR (KBr): v 1660 cni (s,vc-n free oxazoline), 1650 cM(s,vc-n coordinated oxazoline).
HRMS (ESI):m/z : calcd for GoHz3CloNsNaOsPd (M+Na]") 564.084, found: 564.084; calcd for
CaoHesClaNgNaOsPdh ([2M+Na]") 1105.174, found: 1105.177.

elemental analysis calcd (%) fopd33CI.N3OsPd: C 44.42, H 6.15, N 7.77; found: C 44.28, H
6.27, N 7.67.

(1,1, 1-tris[(R)-4-phenyloxazolin-2-yllethane)palladium(Il) dichide (40)

Yield: 89%. Crystallisation from Cj€l/pentane gave
orange crystals suitable for X-ray diffraction.
'H NMR (600 MHz, CDC4, 296 K) & 2.27 (s, 3H, El3), 4.36
(pseudo-tJ = 8.4 Hz, 1H, Elyoxa F), 4.58-4.61 (M, 2H, @0k C),
4.75 (pseudo-t) = 8.9 Hz, 1H, Elyxa C), 4.80 (pseudo-t] = 9.2
Hz, 1H, (Hooxa C), 4.90 (dd) = 8.6 Hz, 10.2 Hz, 1H, Boxa F),
5.40 (dd,J = 8.3 Hz, 10.1 Hz, 1H, Ko, F), 5.91 (ddJ = 2.3 Hz,
9.0 Hz, 1H, Gloys C), 6.08 (dd,) = 3.5Hz, 9.6 Hz, 1H, Boys C), 7.25-7.27 (M, 3H, Earon),
7.32-7.40 (m, 15H, Baron).
3¢ {*H} NMR (150 MHz, CDC}, 296 K)J 22.4 CHs), 45.6 ((CH)C(oxa)), 68.5 CHoxa C),
68.7 CHoxa C) 69.7 CHoxa F), 76.7 CHaoxa F), 76.9 CHooxa F), 77.3 CHooxa C), 77.4
(CHaoxa C), 126.1, 126.6, 126.&4om F), 128.3, 128.4, 128.5, 128.9, 129.0, 12T . C),
139.4, 139.5Cquat-arom C), 140.5 Cquat-arom F), 161.8 (O, NC), 167.1, 168.0 (€O, C).
15N (60 MHz, CDCH4, 296 K)§ 160.8 161.6N, C) 239.9 K, F), (C= coordinated oxazoline, F=
free oxazoline).
FT-IR (KBr): v 1655 cnit (s,Vc=n).
HRMS (ESI):mvz : calcd for GgH27NsO3Pd (M-2CI]%) 570.103, found: 570.110.
elemental analysis calcd (%) fopdH,7CIoN3OsPd: C 54.18, H 4.23, N 6.54; found: C 53.01, H
4.29, N 6.60.
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(1,1,1-tris[(&)-4-benzyloxazolin-2-yllethane)palladium(ll) dichide @41)

Yield: 68%.
'H NMR (600 MHz, CDGC}, 296 K) ¢ 1.55 (s, 3H, El), 2.37
(pseudo-t,J = 11.2 Hz, 1H, @ g, C), 2.79 (ddJ = 7.4Hz,
13.9Hz, 1H, G, g, F), 2.93 (ddJ = 8.5Hz, 13.4Hz, 1H, B, g,
C), 3.01 (ddJ = 5.3 Hz, 13.8Hz, 1H, B, g, F), 3.44 (ddJ =
1.4Hz, 13.8Hz, 1H, B, &, C), 3.82 (dd,J = 1.6 Hz, 13.2 Hz,
1H, CH; g, C), 4.06 (pseudo-l = 8.1 Hz, 1H, El; oxa F), 4.17
(pseudo-t,) = 8.6 Hz, 1H, Gl oxa C), 4.26 (pseudo-§, = 8.8Hz, 1H, G, oxa C), 4.30 (pseudo-t,
J=9.1 Hz, 1H, Gy oxa F), 4.37 (ddJ = 1.9 Hz, 8.9 Hz, 1H, B, oxa C), 4.49 (M, 1H, € oxs F),
4.54 (dd,J = 1.6 Hz, 8.8 Hz, 1H, B, oxa C), 5.04 (M, 1H, € o C), 5.10 (M, 1H, € o C),
7.19-7.24 (m, 4H, 8 4o, 7.28-7.35 (M, 9 H, B a10n), 7.45 (M, 2H, € ar0n).
3¢ {*H} NMR (150 MHz, CDC}, 296 K)J 20.9 CHs), 39.2, 39.4CH; g, C) 40.6 CHy gn, F)
45.0 ((CH)C(oxa)), 66.2 CH oxa C), 67.1 CH oxa F) 67.2 CH oxa, C), 72.8, 72.9GH; oxa C),
73.3 CH2oxa F), 126.8, 127.1, 1267.8€4om F), 128.6, 128.7, 128.8, 129.7, 129.8, 13Cofs
C), 135.4, 135.9Cquat-arom C), 136.5 Cyuat-arom F), 161.0 (NCO, F), 166.6, 166.8 (€O, C).
5N (60 MHz, CDCH4, 296 K)o 161.3, 162.2N, C), 239.9 K, F), (C= coordinated oxazoline, F=
free oxazoline).
FT-IR (KBr): v 1655 cn* (S, Vc=n).
HRMS (FAB):m/z : calcd for G,H33NsOsPd (M-2CI%) 613.156, found: 613.151
elemental analysis calcd (%) fogH833CIoN3OsPd: C 56.11, H 4.86, N 6.13; found: C 56.04, H
4.80, N 6.19.

(1,1,1-tris[(&R, 59-4,5-indanediyloxazolin-2-yllethane)palladium(dichloride @2)

Yield: 73%.
'H NMR (400 MHz, 1,1,2,2-tetrachloroethadg-296 K) & 1.50 (s,
3H, CH3), 2.09 (d,J = 18.2 Hz, 1H, El5 ng, C), 2.48 (d,) = 18.6 Hz,
1H, CH3 g C), 3.03 (ddJ = 6.8 Hz, 18.2 Hz, 1H, B, ,4,C), 3.08
Y (dd, J = 5.8 Hz, 17.8 Hz, 1H, B, g C), 3.37 (M, 2H, 65 g F),
@ 5.11 (dddJ = 1.4 Hz, 5.8 Hz, 7.2 Hz, 1H, @Gy C), 5.15 (dd,) =
5.7 Hz, 7.2 Hz, 1H, OBy, C), 5.41 (ddJ = 5.9 Hz, 7.3 Hz, 1H,
OCHoxa F), 5.49 (d,J = 7.6 Hz, 1H, NEloys F), 6.25 (dJ = 6.8 Hz, 1H, NGloys, C), 6.26 (d,]
= 6.5 Hz, 1H, NGloxa C), 7.16-7.46 (m, 10 H, Kuon), 8.41 (M, 1H, Elaon), 8.50 (m, 1H,
CHarom).
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13C {*H} NMR (100 MHz, 1,1,2,2-tetrachloroethamke- 296 K) 4 20.8 CHs), 37.3, 38.8, CH.
ind), 45.2 ((CH)Coxas), 73.3, 74.0 (ICHxa C), 76.4 (NCHoxa F), 85.1, 86.7, (OHox,s C), 87.8,
(OCHoxa F), 124.9, 125.0, 125.3, 125.7, 127.6, 127.9,,2828.1, 128.3, 128.9, 129.7, 129.9
(CHaron), 138.2, 138.5, 138.5, 138.6{ar.arom C), 139.5, 140.5Cquar-arom F), 160.3 (O, F),
166.6, 167.6 (KO, C).

5N (60 MHz, 1,1,2,2-tetrachloroethadg- 296 K) 6 161.5, 162.8 N, C), 238.3 K, F) (C=
coordinated oxazoline, F= free oxazoline).

FT-IR (KBr): v 1653 cn (s,vc-n free oxazoline), 1649 c(s,vc-n coordinated oxazoline).
HRMS (ESI):m/z : calcd for GyH27CloNsNaOsPd (M+Na]") 701.891, found: 701.035; calcd for
Ca2H27CIN3OsPd (M-CI]*) 642.078, found: 642.077.

elemental analysis calcd (%) fog8,,Cl,N3OsPd: C 56.61, H 4.01, N 6.19; found: C 56.70, H
4.18, N 6.10.

2. Palladium(l1) allyl complex
The palladium(ll) complex was obtained followingmcedure described in the literatifre.

(m3-allyD)( 1,1,1-tris[(4&R)-4-phenyloxazolin-2-yllethane)palladium(1B3)

Ph-trisox (65 mg, 0.14 mmol) in dry GEl, (2 mL) was

0O ~ 1BF4 added to a solution of [(cod)Rd(CsHs)]BF, (47.3 mg, 0.14

</{\| N/ ‘NQ mmol) in dry CHCI, (1 mL). The reaction mixture was stirred for

$ \/ 45 min, filtered through Celite and washed with,CH (2 x 1
@/zj mL). The solvents were evaporated to give a whoeder which

was washed twice with pentane (5 mL) and dried umdeuum to
yield the complex (50 mg, 52%). Suitable crystalsdn X-ray diffraction study were obtained
by slow diffusion of pentane into a solution of tw@mplex in CHCI.,.
'H NMR (400 MHz, CDC4, 296 K)6 1.89 (d,J = 12.5 Hz, 1H, K any), 2.22 (s, 3H, E), 2.52
(d,J=12.6 Hz, 1H, Hauy), 2.78 (ddJ = 2.0 Hz, 7.0 Hz, 1H, Klay), 3.44 (d,J = 6.9 Hz, 1H,
Ha anyi), 4.40 (pseudo-t] = 8.3 Hz, 3H, €1, ox9, 4.89 (M, 1H, K aiy), 5.03 (ddJ = 8.7 Hz, 10.4
Hz, 3H, GH ox9, 5.47 (dd,J) = 7.9 Hz, 10.4 Hz, 3H, Boxa), 7.33 (M, 15H, Elaron).
%C {*H} NMR (100 MHz, CDC}, 296 K)§ 20.8 CHa), 45.9 ((CH)C(oxa)), 61.1 Ci any Cs
alyl), 71.6 CHoxa), 77.0 CH2 oxg9, 115.6 C2 anyi), 127.0, 128.6, 129.Zfon), 140.2 Cquat-aron
167.6 (NCO).

% D. Franco, M. Gomez, F. Jiménez, G. Muller, M. &mora, M. A. Maestro, J. Mahi@raganometallics 2004,
23, 3197.
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FT-IR (KBr): v 1658 cnit (S, Vc=n).

MS (FAB): mVz (%): 612.1 (100)\1-BF,4]".

elemental analysis calcd (%) forsH3,N3OsPdBF, with CH,Cl,: C 50.51, H 4.37, N 5.35;
found: C 50.47, H 4.32, N 5.41.

3. Palladium(0) complexes

[Pd(ma)(trisox)] complexes: General Procedure

Trisox (0.54 mmol) in dry THF (3 mL) was added tsa@ution of [(?n?*nbd)n*ma)Pd] **
(0.54 mmol) in dry THF (4 mL). After stirring for5lmin, the reaction mixture was filtered
through Celite and concentrated under reduced ymeds 2 mL. Pentane (10 mL) was then
added to the solution, after which a yellow powdss obtained. The crude solid was washed

with pentane (3 x 7 mL) and dri&avacuo to give the complex as a yellow powder.

(1,1,1-tris[(4)-4-isopropyloxazolin-2-yllethane)(maleic anhydiipalladium(0) 44)

Yield: 54%. Crystallization from ED/pentane gave yellow crystals
o/w.mipr suitable for an X-ray diffraction study.
'H NMR (300 MHz, CDCY, 296 K)¢ 0.81 (d,J = 6.8 Hz, 9H, CH(El3)),
y{“ ,\‘,j 0.96 (d,J = 7.0 Hz, 9H, CH(Els)), 1.85 (S, 3H, B3 apica), 2.23 (br m, 3H,
a/iPr CH(CHs),), 3.69 (d,J = 3.7 Hz, 1H, GH,05), 3.74 (d,J = 3.7 Hz, 1H,
ﬂ C4H203), 4.20 (m, 6H, €3 ox9, 4.33 (M, 3H, Eloxy).
3¢ {*H} NMR (75 MHz, CDCk, 296 K) § 14.8 (CHCHs),), 18.4
(CH(CHa)2), 21.9 CHs3 apica), 30.5 CH(CHz),), 38.9 CHma), 40.4 CHma), 44.6 ((CH)C(oxa)),
69.5 CHoxa), 72.8 CH2 oxg, 164.3 (NCO), 172.3 Cquarmd, 172.8 Cquat ma-
FT-IR (KBr): v 1786, 1722 ci (Ve=o), 1660 cnt (vc-y, free oxazoline), 1650 ¢Mm(ve=y,
coordinated oxazoline).
HRMS (ESI):m/z : calcd for G4HssNsNaOsPd (M+Na]") 590.146, found: 590.162; calcd for
CagH7o0NsNaOLPd, ([2M+Na]') 1157.302, found: 1157.329.
elemental analysis calcd (%) fop#83sCI:N3OgPd: C 50.75, H 6.21, N 7.40; found: C 50.86, H
6.19, N 7.37.

24 A. M. Kluwer, C. J. Elsevier, M. Buihl, M. Lutz, A.. Spek,Angew. Chem. 2003, 115, 3625;Angew. Chem. Int.
Ed. 2003, 42, 3501
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(1,1,1-tris[(R)-4-phenyloxazolin-2-yllethane)(maleic anhydriddladium(0) é5)

Yield: 75%.
o/y-ph 'H NMR (600 MHz, CRCl,, 296 K)4d 2.16 (s, 3H, €l3), 2.92 (d,J = 3.9
7>\( Hz, 1H, GH,05), 3.30 (d,J = 3.8 Hz, 1H, GH,0s), 4.46 (br s, 3H, 8,
</ oxa), 4.86 (pseudo-t] = 9.2 Hz, 3H, G5 ox9, 5.40 (ddJ = 6.7 Hz, 10.1 Hz,
3H, CHoxg), 7.33-7.48 (M, 15H, Baon).
I\A\ 3¢ {H} NMR (150 MHz, CDCl,, 296 K)d 22.2 CHs), 38.9 CHmy), 41.4
"o 0 (CHme), 45.6 ((CH)C(0xaY), 76.2 CHz ox)s 76.6 CH2 ox, 76.7 CHoxa),
127.0, 127.2, 127.9, 128.7 , 12T4%n), 140.7 Cquat-aron), 166.5 (NCO), 171.9 Cquarmd, 172.7
(Cquat ma-
FT-IR (KBr) v 1798, 1727 ci (Vc-0), 1662 crit (ve-n, free oxazoline), 1655 cM(ve=n,
coordinated oxazoline).
HRMS (FAB):m/z : calcd for GgH27N30sPd (M-ma]’) 571.109, found: 571.114.
elemental analysis calcd (%) fos®829N30sPd: C 59.16, H 4.36, N 6.27; found: C 58.02, H
4.32, N 6.35.

(1,1,1-tris[(&)-4-benzyloxazolin-2-yllethane)(maleic anhydriddipdium(0) @6)

Yield: 56%.
o/§...\/ 'H NMR (400 MHz, CRCl,, 296 K)o 1.53 (s, 3H, €l3), 2.78 (ddJ =
8.1 Hz, 13.2 Hz, 2H, B, g, 1H, GH»03), 3.13 (br m, 2H, €, g, 1H,
h/}{\, h}j CsH,03) 3.87 (br m, 2H, €, &), 4.14 (br m, 3H, € oo, 4.27
b (pseudo-t] = 8.8 Hz, 3H, ®l2 ox), 4.51 (M, 3H, Eloyy), 7.22-7.34 (m,
15H, Harom).
3¢ {*H} NMR (100 MHz, CD,Cl,, 296 K)J 21.8 CHs), 39.8 CHma),
40.5 CH. gr), 41.2 CHma), 45.0 ((CH)C(0xak), 68.2 CHoxd), 72.8 CH2 ox), 127.1, 128.9,
130.2 Caron), 139.8 Cquataron), 164.4 (NCO), 172.8 Cquat md, 173.6 Cuat m))-
FT-IR (KBr): v 1793, 1724 ci (Ve=o), 1662 cnt (vc-n, free oxazoline), 1655 ¢Mm(ve=y,
coordinated oxazoline).
HRMS (FAB):m/z: calcd for G,H33N30sPd (M-ma]’) 613.156, found: 613.162.

0Ny SO
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(2,2-bis[(45)-4-isopropyloxazolin-2-yl]-1-(pyridin-2-yl) propai@naleic _anhydride)palladium(0)

(48)
\\ Yield: 69%.
N
¢ 'H NMR (600 MHz, CDCl,, 296 K)o 0.48-0.53 (m, 2H, CH(B5),), 0.74-
o o 0.98 (m, 10H, CH(E),), 1.71, 173 (s, 3H, &3 apica), 2.33 (br m, 1H,

y{“ ,\\,J CH(CHs),), 2.45 (br m, 1H, €(CHa)), 3.43 (d,J = 15.2 Hz, 1H, €, py),
iPr 3.52 (d,J = 16.1 Hz, 1H, @, py), 3.60-3.68 (M, 2H, §£1,05), 4.02-4.32 (m,
ﬂ 6H, CH2 oxa CHoxa), 7.11 (M, 2H, Elgon), 7.61 (M, 1H, Elaron), 8.41 (M, 1H,
CHarom.

(+isomers) 3¢ I} NMR (150 MHz, CD.Cl,, 296 K) & 13.6,13.8, 18.4 (CHIH3).),
26.1 CH3 apica), 29.1, 29.6 CH(CH)y), 37.5, 39.3 CHpma), 43.9 CH2 ), 42.7 ((CH)C(oxa),
67.8, 68.2 CHoxa), 72.2 CH2 oxd, 121.6, 122.8, 136.0Cfon), 156.3 Couataron), 169.1 (NCO),
172.8, 173.8Cquat ma-

FT-IR (KBr): v 1794, 1723 ci (Vc-0), 1664 crit (Vc-n, free oxazoline), 1653 cM(Ve=n
coordinated oxazoline).
HRMS (FAB):m/z: calcd for GoH29N30,Pd (M-ma]’) 419.130, found: 449.131.

(1,1,1-tris[(R,59-4,5-indanediyloxazolin-2-yl]lethane)(tetracyanodéime) palladium(0)47)

Ind-trisox (105 mg, 0.21 mmol) in THF (2 mL) wasdad to
a solution of [¢%n%nbd)n*tcne)Pd] (68 mg, 0.21 mmol) in THF (2
O/@ mL). After stirring for 2 h, the reaction mixtureaw filtered through
O\%%\\:NO Celite and concentrated under reduced pressurento. Pentane (10
‘</{\] ,\} mL) was then added to the solution, after whichedow powder
@ NC\F?d/CN was obtained. The crude solid was washed threestimith pentane
Nc>:_<CN (7 mL) and driedn vacuo to yield 70 mg (50%) of the complex as a
yellow powder.
'H NMR (400 MHz, CBCly, 296 K)d 1.60 (s, 3H, €l3), 2.77 (d,J = 18.0 Hz, 3H, El; 1ng), 3.28
(dd,J = 6.4 Hz, 18.3 Hz, 3H, & ng), 5.40 (pseudo-t) = 6.6 Hz, 3H, OC€lu,), 5.66 (dJ = 7.4
Hz, 3H, NQHoxg) 7.28 (M, 3H, Elaron), 7.38 (M, 6H, Elaron); 7.73 (M, 3H, Elaon).
13C NMR (100 MHz, CBCly, 296 K)§ 20.6 CHs), 38.6 CH: ing), 45.6 ((CH)C(oxa)), 77.8
(NCHoxa), 86.9 (QCHoxg), 114.6, 115.0end, 125.7, 126.2, 128.3, 129.€4on), 139.3, 139.6
(Cquat-aron), 159.7 (NCO).

'H NMR (400 MHz, CBCly, 203 K)J 1.54 (s, 3H, €ls), 1.88 (dJ = 18.2 Hz, 1H, €l 1ng), 2.42
(d,J = 18.3 Hz, 1H, €l 1ng), 3.01 (dd,J = 6.8 Hz, 18.4 Hz, 1H, 8, 1nd), 3.18 (dd,J = 5.2 Hz,
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18.3Hz, 1H, El3 1ng), 3.38 (d,J = 18.4 Hz, 1H, €3 1ng), 3.46 (ddJ = 5.7 Hz, 19.2 Hz, 1H, &,
ind), 5.14 (pseudo-t] = 7.0 Hz, 1H, OElos), 5.36 (pseudo-t] = 6.1 Hz, 1H, OElus), 5.53 (d,J
= 7.8 Hz, 1H, NGlox), 5.58 (d,d = 7.0 Hz, 1H, NGy, 5.61 (pseudo-t) = 6.4 Hz, 1H,
OCHoxa), 5.76 (d,J = 7.2 Hz, 1H, NGlog), 7.35 (m, 10 H, Eaom), 7.76 (d,J = 7.8 Hz, 1H,
CHarom); 7.87 (d,J = 7.5 Hz, 1H, Elaron).

3C NMR (100 MHz, CBCl,, 203 K) 6 20.6 CHs), 37.1, 37.4, 38.1, 38.4CH, ), 44.3
((CH3)C(oxa}), 76.0, 77,0 (Hoxa), 77.7, 84.0, 86.7, (CHoxa), 87.0, (NCHoxs), 113.8, 114.4
(Ciend, 124.8, 125.1, 127.6, 129.640n), 137.5, 138.9Cuar-aron), 160.2, 168.0 (KO).

FT-IR (KBr): v 1653 cni (Vc=n, coordinated oxazoline), 1649 €rfwc-y, free oxazoline).
HRMS (FAB): mVz : calcd for GyH27N3OsPd (M-tcne]) 607.109, found: 607.115; calcd for
CagH27N;0sPd (M]*) 735.121, found: 735.129.

4. Magnetisation transfer experiments

Acquisition of the data

The magnetisation transfer experiments were caroetd on a Bruker Avance Il 400
spectrometer. To invert selectively the desirechaiga selective shaped pulse was employed.
The two major parameters defining the selectivesqquspl and pll, have been optimised

manually (spl = power of the excitation, p11 = Wwidf the excitation).

Pulse program
For both study, the pulse program employed (t1it) was as followed:

1ze

2d1
4u plO:fl
pll:spl:fl phl:r
vd
pl ph2
go=2 ph31

d11 wr #0 if #0 ivd
lo to 1 times td1
exit

ph1=0 2
ph2=00221133
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
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;p2 : f1 channel - 180 degree high power pulse

;d1 : relaxation delay; 1-5* T1

;d11: delay for disk 1/0O

[30 msec]

;vd : variable delay, taken from vd-list

:NS:8*n
:DS: 4

;td1: number of experiments = number of delaysdHist

Acquisition parameters

The relevant acquisition parameters are summaiis€dble 5.3.1.

39 42

General

PULPROG tlir_car tlir_car

TD 16384 16384

NS 8 8

DS 0 0

SWH (Hz) 30.78.82 30.78.82

AQ (s) 2.6608117 2.6608117

RG 128 228

DW (us) 162.400 162.400

DE (us) 6.50 6.50

D1 (s) 10.000 10.000

D11 (s) 0.0300 0.0300

P2 (1s) 30.00 30.00

VDLIST carole carole
Channel f1

NUC1 1H 1H

P1 (1s) 10.00 10.00

P11 1s) 35000.00 88666.70

PL1 (dB) -4.80 -4.80

PL1W (W) 19.72301865 19.72301865

SF01 (MHz) 399.8911325 399.8911325

SP1 (dB) 55.00 46.18

SP1W (W) 0.00002065 0.00015739

SPNAM1 Gaus1.1000 Re-burp_car
SPOAL1 0.500 0.500
SPOFFS1 (Hz) 0.00 0.00

Table 5.3.1: Important acquisition paramaters
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In Figure 5.3.1 is depicted the graphical edithaf pulse program used for compk&

Figure5.3.1: Graphical edit of the pulse program (study of ctax39)

In Figure 5.3.2 is depicted the graphical edithaf pulse program used for comphx

Figure5.3.2: Graphical edit of the pulse program (study of cteaxg2)

Theoretical fit of the experimental data

Varying the temperature, the time dependence ofrthgnetisation in the two exchanging sites
after inversion of the desired proton was fittedhte appropriate sets of equations derived from

the McConnell equatiorfs:® The fits of the experimental data with derived Mo@ell

% H. M. McConnell J. Chem. Phys. 1958, 28, 430.
% 3.J. Led, H. Gesmal, Magn. Reson. 1982, 49, 444.
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equations were carried out using the software SRjot&’ Fits of the theoretical curves to the
experimental data gave the NMR spectroscopic ratstants kur Which are summarised in
Table 3.2.1 for comple89 and in Table 3.2.2 for comple of Chapter 3.

5. Asymmetric allylic alkylation

Allylic acetate was prepared by acetylation of toeresponding commercially available allylic
alcohol with acetic anhydrid@.

General procedure

A degassed solution of [PE(CsHs)Cl], (6.4 pmol, 1.1 mol%) and ligand (14.5 pmol, 2.5
mol%) in 0.7 mL THF was stirred at 50°C for 1.5After cooling down to room temperature,
rac-1,3-diphenylprop-2-enyl acetate (147 mg, 0.58 mynmITHF (2.2 mL,) dimethyl malonate
(0.2 mL, 1.75 mmol)N,O-bis(trimethylsilyl)acetamide-BSA- (0.4 mL, 1.75 rofpand a few
milligrams of potassium acetate were added. Thectioga mixture was stirred at room
temperature. After the desired reaction time thectien mixture was diluted with GBI,
washed with a saturated aqueous solution of ammomitloride and the organic extract was
dried over NaSQOy. The residue was purified by flash chromatograitp)Ac/ Hexane, 90/10)

to yield a colorless oil. Yields and ee-valuesthgeaverage of at least 2 corroborating runs.

Determination of enantiomeric excesses

Theee-values of the product were determined by HPLCgisiDaicel Chiralpak AD-H column.
HPLC method: Hexand?rOH 95/5, 1 mL/min,g; = 14.6 min, > = 20.5 min, detection at 260,
254 and 250 nm.

The absolute configuration was assigned by comgdhia observed value of the optical rotation

with literature dat&®

Kinetic studies

The comparative studies of the catalytic activitiesre conducted for each experiment using
palladium catalysts preparéd situ by reacting the respective ligand with the [PeCsHs)Cl]»
dimer at 50°C for 1.5 h in THF. The catalytic altylalkylations were carried out at room
temperature. The progress of the reaction was wm@oitby measuring the appearance of the

product by GC, using dodecane as internal standard.

2" The files are saved on a DVD and are availablerfore informations.
8|, D. G. Watson, S.A Styler, A. K. Yudid, Am. Chem. Soc. 2004, 126, 5086.
293, Sprinz, G. Helmchefigtrahedron Lett. 1993, 34, 1769.
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GC method: F; = 200°C, Tet = 250°C, 20 mL/min He flow, splitless, temperatypr®gram:
900C, l mln, 3OOC/m|n Up tO 250°C, 250°C, 10 m[ifﬁotjecane: 41 mln, hproduct: 133 mln

6. Asymmetric allylic amination

General procedure

A degassed solution of [P¢CsHs)Cl]» (6.4 umol, 1.1 mol-%) and ligand (14.5 pmol, 2.6lm
%) in 0.7 mL THF was stirred at 50°C for 15 min.bSequentlyrac-1,3-diphenylprop-2-enyl
acetate (147 mg, 0.58 mmol) in THF (2.2 mL) andphotine (35 pL, 0.40 mmol) were added.
The reaction mixture was stirred 5 days at 50°C wandked out by quenching with agueous
ammonium chloride, extracting the organic compowiith CH,Cl, and drying with NgSQO,.
The residue was purified by flash chromatography(Eentane, 1/1) to yield a colorless oil.
Yields and ee-values are the average of at leagtr@borating runs.

Determination of enantiomeric excesses

Theee-values of the product was determined by HPLC uaimicel Chiralpak OD column.
HPLC method: Hexand?rOH 99/1, 1 mL/min,g = 5.6 min, k> = 9.5 min, detection at 265, 257
and 250 nm.

V. Chapter 4
1. Copper(ll) complex

[Cu((R.S,S)-Ph-trisox)B-ketoesten)](CIQ) (49)

A mixture of Cu(ClQ),-6H0 (54 mg; 0.143 mmol) and
Clo
;Ph _I * (RS 9-trisox (70 mg; 0.150 mmol) in THF (2 mL) was et for

(/)//\N 1.5 hours. A 5.8-1® M solution of diethylmethylmalonate t

o_ ¥ BuOK (2.7 mL, 0.157 mmol) was subsequently added tre

5 h/(ré\ N/ ? resulting green mixture was stirred overnight. Aftemoval of the
— O/Cli \ volatiles in vacuo, the crude product was washet tiéxane (3 x 5
0/§\’<o mL) and the green solid was dried under vacuums Tolid

material was extracted with toluene and the resylguspension
was filtered through a Teflon microfilter (0j2m). Slow vapour diffusion of hexane into the

solution at -4°C gave green crystals of the comdd®@ mg; 52%).
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elemental analysis calcd (%):d840CICUN3Oy1: C 54.75, H 5.11, N 5.32; found: C 54.39, H
5.09, N 5.36.

2. Asymmetric Mannich reaction

N-tosyl a-imino ester was prepared from ethyl glyoxylate gmtbluenesulfonyl isocyanate
following a literature procedur®.

The catalyst solutions for the enantioselective Mem reaction of thgg-ketoester were obtained
by taking the appropriate amount of a stock sotuind diluting to 1 mL.

General procedure:

A stock solution of CuCI@6H,O (8.3 mg, 22.5umol) and the desired ligand (33u8nol) in
acetone/ED (1.5 mL, 1/3 v/v) was prepared under air. The bgemeous solution was stirred
for 30 min and successive aliquots were taken taiohhe desired catalyst loading for each run.
To each catalyst solution was added ethyl 2-metieftamcetate (22.pL, 0.15 mmol) and the
solution was cooled down to -28°C. N-tosylmino ester (36QuL, 0.18 mmol) in solution in
toluene (0.5 mol.LY) was then added. After 36 h at -28°C, the solvea® removedn vacuo and
the residue was purified by flash chromatographig{&,/MeOH 100/1) to yield a colorless oil.

Yields and ee-values are the average of at leastrdborating runs.

Determination of enantiomeric excesses

Theee-values of the product was determined by HPLC usiicel Chiralpak AD-H column.
HPLC method: Hexandg?rOH 95/5, 0.8 mL/min, minor diastereomey; £ 53.2 min, k> = 55.9

min, major diastereomelzit= 59.5 min, > = 66.2 min, detection at 213, 220 and 254 nm.
3. Asymmetric a-amination

The catalyst solutions for the enantioselective Mem reaction of thgg-ketoester were obtained
by taking the appropriate amount of a stock sotuind diluting to 1 mL.

General procedure:

A stock solution of Cu(OT$)(8.1 mg, 22.5umol) and the ligand (2@mol) in distilled CHCI,
(1.5 mL) was prepared under air. The homogeneolgi@o was stirred for 30 min and
successive aliquots were taken to obtain the desiegalyst loading for each run. To each

% G. R. Heintzelman, S. M. Weinreb, M. Parva&zQrg. Chem. 1996,61, 4594
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catalyst solution was added ethyl 2-methylacet@deei21.4ul, 0.15 mmol) and the solution
was cooled down to 0°C. Pre-cooled dibenzyl azobmeylate (54.8 mg, 0.18 mmol) in solution
in CH,CI, (0.5 mL) was then added. After 16 h at 0°C, thedpct was isolated by flash
chromatography (Hexane/EtOAc, 75/25) to yield aodebks oil. Yields and ee-values are the

average of at least 2 corroborating runs.

Determination of enantiomeric excesses

Theee-values of the product was determined by HPLC usaiicel Chiralpak AD-H column.
HPLC method: Hexang?rOH 90/10, 1 mL/mingh= 35 min, k> = 40 min, detection at 213 and
254 nm.

Kinetic studies

The comparative studies of the catalytic activitresre conducted for each experiment using
copper catalysts preparatsitu by reacting the respective ligand with the Cu(@¥8It at room
temperature for 0.5 h in GBIl,. The catalytiez-amination reactions were carried out at 0°C. The
progress of the reaction was monitored by measutiey disappearance of the ethyl 2-
methylacetoacetate by GC, using dodecane as ihtsgemalard.

GC method: F; = 200°C, et = 250°C, 20 mL/min He flow, splitless, temperatyr@gram:
40°C, 1 min, 25°C/min up to 270°C, 270°C, 2 Misubstrate= 3.5 MIN, & dodecane= 6.4 mMin.
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V. X-ray experimental data

X-ray experimental data for palladium comple88s44:

39 40 43 44
Empirical formula GoH33CIbN3OsPd - GgH27CLNsOsPd  GaH34BCILF4N;O5Pd G4H3sN306Pd
Formula weight 540.81 642.84 784.74 567.96
Temperature /K 173 100(2) 100(2) 173
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P21212¢ P24 P2 P24
Unit cell dimensions
alA 8.7083(1) 10.2954(10) 9.1344(4) 10.4450(2)
b /A 10.8395(1) 10.0926(10) 20.6281(10) 10.0975(2)
c/A 24.8911(4) 13.0348(13) 9.3599(4) 14.0887(3)
yej 101.537(2) 111.4780(10) 90.161(5)
Volume / A?' 2349.56(5) 1327.0(2) 1641.17(13) 1485.91(5)
z 4 2 2 2
Density (calcd.) / Mgrﬁ 1.53 1.609 1.588 1.27
Absorpt. Coeff. / mm 1.042 0.938 0.790 0.661
Fooo 1112 652 796 588
Crystal size / mm 0.10x 0.06x 0.06  0.20x 0.05x 0.05 0.30x 0.30% 0.30 0.20x 0.16x 0.10
0 range for data collect. 2.5 to 30.02 2.02 to 32.08 1.97 to 32.01 2.5 t030.
/O
Index ranges -12<h<12, -15<h< 14, -13<h<12, -14<h< 14,
-15<k< 15, -14< k< 15, -30< k< 25, -14<k< 14,
-34<1<35 0<l<19 0<l=<13 -19<1<19
Reflections collected 32759 15547 8556
Independent refl. R 6871 [0.040] 8646 [0.0583] 8670 [0.0224] 4583MD)]
Completeness to® = 99.9 95.6 100 99.8
30.02° /%
Absorption correction Empirical Semi-empirical ~ Semi-empirical from Empirical
(SHELXA) from equivalents equivalents (SHELXA)
Max. and min. transm. 0.928 and 0.901 0.7458 B0/, 0.7974 and 0.7974 1.0000 and 0.9401
data / restraints / param. 4997 /0/ 262 8646344 8670/81/43 3495/1 /306
Goodness-of-fit off- 1.323 1.084 1.072 1.966
Final R indices [ > R1 = 0.033, R1 =0.0372, R1 = 0.0290, R1 = 0.038,
2a(1)] wR2 = 0.037 wR2 = 0.0688 wR2 = 0.0748 wR2 = 0.061
Rindices (all data) R1 = 0.058, R1 = 0.0560, R1 = 0.03083, R1 = 0.051,
wR2 = 0.108 wR2 = 0.0750 wR2 = 0.0760 wR2 =0.120
Abs. struct. parameter -0.02(3) 0.000(19) -0.02)1(15 -0.04(3)

Res. density, max diff. 1.115 and -0.304 1.430 and -0.609 1.218 and -0.603 0.895 and -0.317
peak & hole / e-K
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X-ray experimental data for compou8tia and copper complefo:

3la 49
Empirical formula G4H20N,0 Empirical formula GoHs6CICUN;Oq1
Formula weight 232.32 Formula weight 973.97
Temperature /K 100 Crystal size /mm 0.2:0.2:0.1
Crystal system Orthorhombic Crystal system tetnago
Space group P2,242¢ Space group P 42,2
Unit cell dimensions alA 15.9231(8)
alA 5.1912(7) b/A
b/A 11.6401(15) c/A 36.637(3)
c/A 21.277(3) VA3 9289.2(9)
Jii 90 Z 8
Volume / A 1285.7(3) De /M-gni® 1.393
z 4 w imm* 0.593
Density (calcd.) / Mgm 1.200 Max., min. transmission 0.926. 0.890
factors e

Absorpt. Coeff. / mm 0.076 Index rangesh,k,| -13...13,0...19, 0...44
Fooo 504 9 range /° 1.4..25.7
Crystal size / mm 0.15x0.15x0.10 Fooo 4088
0 range for data collect. /° 1.91to0 28.70 Refl. collected 117733 [0.0729]
Index ranges O<hsg7,

0<ks< 15, Refl. indep. R 8663

0<1<28
Reflections collected 10195 Data / rest. / par. 3B6®4 / 615
Independent refl.Ri,] 1931 [0.0669] Goodness-of-fit d¥f 1.064
gg'rgg‘!e}gzness to 0 100.0 Rindices [>20-()] R1 0001532;)5 WR2
Absorption correction Semi-empirical from Rindices (all data) R1 =0.0657, R2 =

equivalents 0.1485
Max. and min. transm. 0.8624 and 0.7746 Absolutecsire 0.002(17)

parameter
data / restraints / param. 1931/0/201 Lar;;@ﬁt\_jaual peaks 0.522 and -0.754
Goodness-of-fit orlF2 1.088
FinalRindices [ > 2a(1)] R1 = 0.0429,
wR2 = 0.0961
Rindices (all data) R1 = 0.0615,
wR2 = 0.1048

Abs. struct. parameter
Res.

peak & hole / e-i

4(2)

density, max diff. 0.052, 0.215 and -0.212










Résumé

l. Introduction

Depuis pres de vingt ans, le cycle oxazoline ocaupe place prépondérante dans la
conception de nouveaux ligands chiraux azotés.dsom de leur accessibilité, de leur nature
modulaire et de leurs larges applications dansrélastions métallo-catalysées, les molécules
contenant un cycle oxazoline chiral sont devenus des classes de ligands les plus
communément utilisés en catalyse énantiosélediiepuis la premiere publication en 1986 de
I'utilisation en catalyse asymeétrique d’un ligartdral contenant un cycle oxazoline, une grande
varieté de ligands contenant un ou plusieurs cya&azolines incorporants difféerents
hétéroatomes, centres chiraux supplémentairesattéastiques structurales spécifiques, ont été
utilisés avec succés dans de nombreuses réactianta@sélectives.

Il existe déja plusieurs publications dans la rétare portant sur la synthese et
I'utilisation de ligands trisoxazolinBsmais aucun de ceux-ci ne sont du type 1,1,1-
tris(oxazolinyl)éthane qui devrait donner la géameda plus adaptée pour coordiner un métal de

facon tripodale (Figure 1).

R =iPr, tBu, Ph, Bn, Ind

O

O ’//(O
(N=S

R O

R

Figure 1: Trisoxazolines du type 1,1,1-tris(oxazolinyl)éthane

Le but de ce travail a été de concevoir de nouvamnds trisoxazolines de haute
symétrie, basé sur une méthode de synthese déeel@psein du groupe. Nous avions ensuite
comme objectif d’étudier leur comportement en ga@énantiosélective et plus particulierement
de déterminer leur intérét par rapport aux ligatelsymétrieC, bien établis dans la littérature.

Une étude de linfluence de la symétfig en catalyse asymétrique par comparaison

directe entre des systémes trisoxazoline-métakekazoline-métal a donc été effectuée.

1 H. A. McManus, P. J. GuinGhem. Rev2004 104, 4151.
2J. Zhou, Y. TangChem. Soc. Re2005 34, 664.



ll. Synthése des ligands

L'originalité du ligand trisoxazoline développé aein du laboratoire et employé pour
nos études provient du fait que les trois entitegzolines sont toutes reliées au méme atome de
carbone. Les tentatives de synthése d'une tellecutd par formation séquentielle des trois
cycles oxazolines ont échoué en raison de la déxgdiion et décomposition des précurseurs
durant la formation de la trisoxazoline. Une nole/ehéthode récemment mise au point permet
de réaliser la synthése de dérivés du type 1,i5(bxazolinyl)éthane par couplage entre une

bisoxazoline lithiée et une 2-bromooxazoline (FeRy.

Oﬁ)\(o )B\r 07)#/(8
&N/ NQ + 9N g/{\l /‘N—zD
O N R o 0 N\@ R
R R

Figure 2: Synthése du ligand trisoxazoline

Trois nouvelles trisoxazolines de symeétigont été développées durant ce travail avec
les substituants suivant sur le cycle oxazolin®)-@henyl, (H)-benzyl et (R 59-indanyl. La
modularité de cette voie de synthése permet ausbiethir des trisoxazolines a groupement
mixtes en effectuant le couplage entre une bronmummke avec un groupement R et une
bisoxazoline contenant de groupements R’. Desxaignlines de symétri€; ont également été
synthétisées pour étre utilisées dans les réaatmasytiques étudiées.

Il a également été démontré que les 2-bromooxalimtermédiaires clé de la synthese
des trisoxazolines, se réarrangent thermiquement gonner les dérivés-bromo-isocyanate
correspondants. Ces derniers, apres réaction avphdnylethylamine, généerent sélectivement
des aziridines, produits d¥-cyclisation, ou des aminooxazolines, produitsQleyclisation,

selon les conditions réactionnelles employées.
lIl. Application en chimie du palladium

L'utilisation de ligands tridentates de syméti@z dans des réactions ou ceux-ci
interviennent en tant que ligands bidentates desstapes stéréosélectivement déterminantes
devrait simplifier la stéréochimie des intermédiaircatalytiques clés. Ceci s’appliquerait aux
systémes pour lesquels il y a échange entre l&vetites espéced-coordinées et pour lesquels

le troisieme bras non-coordiné joue un role diratindirect dans des étapes clés du cycle



catalytique. La réaction de substitution allyliqoatalysée au palladium est une réaction
appropriée pour tester cette hypothése.

Des complexes de palladium(ll) ont été synthétisasréaction entre les trisoxazolines
respectives et le précurseur [Pd(Ph&Np. A température ambiante, la perte de la symé&lsie
du ligand est observée en RMN dd et indigue un mode de coordination bidentate ale |
trisoxazoline. Des études RMN a température vagiabhsi qu'une série d’expériences de
transfert de magnétisation montrent un échangee dasr cycles oxazoline coordinés et non-
coordinés. Pour les complexesPltrisox)PdCl](1) et [(Ind-trisox)PdCJ|(2), les valeurs des
paramétres d'activation du processus fluxionnel pmtétre déterminéedl:(AH*= 75.6+0.5
kJ.mol*, AS'= 14.0+1.5 J.ma}; 2: AH*= 79.442.0 kJ.mot, AS'= 9.3+6.0 J.mol). Les faibles
entropies d’activation n’indiquent la présence hindmécanisme de substitution associatif, ni
d’'un mécanisme de substitution dissociatif dominpatir ce processus fluxionnel. Tenant
compte des études meécanistiques effectuées contdesasubstitutions sur les complexes de
Pd' plan carré, nous présumons que I'échange entlescgxazoline coordinés et libres a un
caractére légérement associatif impliquant ainsifdemation d'une espéce intermédiaire
pentacoordinée de palladium(ll).

Des complexes de palladium(0) ont également étésispar réaction entre le ligand
désiré et le précurseur [Pd(nbd)(alcene)] (alcene aghydride maléique (ma) ou
tetracyanoéthylene (tcne)) en substituant le nodmtiene par le ligand. Pour les complexes
[(Ph-trisox)Pd(ma)] et [Pr-trisox)Pd(ma)] une analyse par diffraction d®gons X indique une
géomeétrie trigonale plane avec le ligand trisoxazotoordiné de facon bidentate et le dernier
site de coordination occupé par I'alcene qui adtpte des deux orientations diastéréotopiques
différentes possibles. En RMN d#i, la symétrie des signaux du ligands indique umagge
dynamique des cycles oxazolines pour ces compledasi qu'un équilibre entre les
diastéréomeres présents en raison des différeritedations possibles de I'alcene par rapport a
I'hétérocycle libre. Des études RMN a basse tentpéraont permis de figer les processus
fluxionnels et dans certains cas d’'obtenir |a gaerid’activatiomMG* des échanges observés.

Le but de notre étude est de déterminer si la poésd’un troisieme bras sur le ligand
chiral modifie l'activité et la sélectivité en chtse asymétrique ayant dans I'espéce active un
ligand bidentate. Comme citée précédemment, ldiogaiest utilisée est la réaction d’alkylation

allylique (Figure 3).



OAc [Pd/L¥] CH(CO,Me),
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Figure 3: Réaction d’alkylation allylique étudiée

Dans cette optiqgue, nous nous sommes penchés wilisdtion de ligands diazotés
purement bidentates qui nous permettraient d’effactine comparaison logique. Nous avons
donc réaliser une comparaison directe entre quatiples différents trisoxazoline/bisoxazoline
qui se distinguent par le substituant présent’sétérocycle (Figure 4).
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Figure 4. Comparaison des courbes de conversion entre $é8nsgs avec ligands bisoxazoline ou
trisoxazoline
Les systémes trisoxazoline/palladium induisent erenégal une meilleure
énantiosélectivité comparés a leurs analogues #&sdixe/palladium. Une réduction
significative de la période d’induction ainsi quaiaugmentation de la vitesse de réaction ont
également été observés avec les ligands trident@es derniéres observations ont été

confirmées avec I'étude de systemes comportanbidegazolines fonctionnalisées avec un bras
coordinant.

I\VV. Application en chimie du cuivre

Les ligands bisoxazolines sont intensivement @slisn catalyse asymétrique d’acide de
Lewis avec le Cu(ll) avec en général de bonnesitas et sélectivités. Cependant, I'utilisation
d’'une charge catalytique importante est nécessainaison de la labilité des ligands coordinés

au cuivre. Un ligand tridentate favorisant une domation faciale est censé limiter cette



décoordination en stabilisant I'état stationnaine cbmplexe. En effet, la coordination du
troisieme cycle oxazoline devrait inhiber les préfirs d'acide de Lewis du complexe, comme
montré récemment dans des études théoriques suatigseurs de type Gbisoxazoline. Le
passage de lI'espéece au repos a l'espéce activeekedtfons nécessite la décoordination d’'une
unité oxazoline et I'ouverture du systeme (FigureL® ligand présentant une syméttg cette
décoordination permet I'obtention de la méme esp@tioe, quelle que soit le cycle oxazoline

concerné.
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Figure5: Equilibre entre I'espéce active et I'état statiaine

Pour tester ce concept d’hémilabité du cuivre(#$ domplexes du type [étrisox)] ont
été utilisés dans la réaction asymétrigue de Méanaitre urf3-cétoester et une imine activée et

dans la réaction catalytiquesdamination d’'ur3-cétoester (Figure 6).
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Figure 6;: Réactions de Mannich etcdamination étudiées

Pour les deux réactions, il a été montré que Igantis trisoxazolines sont actifs et
sélectifs dans les catalyses énantiosélectivesyple acide de Lewis avec le cuivre(ll). En
comparaison directe avec leurs analogues bisox&zplies trisoxazolines se sont avérés étre
plus efficaces pour des charges catalytiques fifkaction de Mannich avec 10 et 0.01 mol%
de catalyseur: 90% et 90% ee respectivement pdustx; 84% et 66% ee respectivement pour
la BOX). Un ligand tridentate, limitant la labilitéombiné a la symétri€s, limitant le nombre
d’espéces actives possibles, aboutit donc a uremgstcatalytique supérieur aux systémes

contenant les bisoxazolines correspondantes.






Kurzfassung

Diese Arbeit beschreibt die Koordinationschemie diel katalytische Anwendung der
Familie der 1,1,1-Tris(oxazalinyl)-ethanliganden Trisox”). Die hier beschriebenen
Untersuchungen behandeln in erster Linie den Hinflar dreizahligen Rotationssymmetrie der
Liganden sowie die Rolle des dritten Oxazolinarms kiatalytischen Reaktionen, deren
Intermediate einen bidentaten KoordinationsmodugsTdsoxliganden beinhalten.

Zu Beginn wird die Synthese hochsymmetrischer tra 1,1,1-Tris-
(oxazalinyl)ethanliganden, die Phenyl-, Benzyl- mdedanylsubstituenten tragen, sowie
nichtsymmetrischer Bis- und Trisoxazoline besclaieldie gemischte Substituenten an der 4-
Position des Oxazolins tragen. Bei den bromiertaamdbxazolin-Zwischenstufen wurde eine
Isomerisierung beobachtet, bei der durch thermisdiuzierte Umlagerung aus den 2-
Bromoxazolinen die korrespondierendeiBromo-isocyanat-Derivate entstehen. Diese reagiere
mit Phenylethylamin in Abh&ngigkeit von den Reaksibedingungen selektiv entweder zu den
N-zyklisierten Aziridinen oder de@-zyklisierten 2-Aminooxazolinen.

Anschliel3end wird die Koordinationschemie der Txawlinliganden mit Palladium
beschrieben. Es konnten erfolgreich Palladium(lpetd- und -allyl-Komplexe und
Palladium(0)-Komplexe synthetisiert werden. Im Zuder Untersuchung des dynamischen
Verhaltens dieser Komplexe in Losung wurden dieiidtungsparameter des Austauschs der
Oxazolinreste bestimmt. Ein sys-tematischer Vecglaler katalytischen Effizienz von Trisox-
und Bisox-Palladium-Systemen zeigte, dal3 die Trlsasierten Komplexe den jeweils
korrespondierenden Bisox-Systemen Uberlegen sire zOsatzliche Donorfunktion des dritten
Oxazolinarms scheint eine wichtige Rolle beim Pktdbubstrat-Austausch und der Bildung der
aktiven Katalysatorspezies zu spielen.

Abschliel3end werden zwei kupferkatalysierte Kaaty beschrieben, bei denen die
dynamische Koordination der Trisoxazoline an Kufferausgenutzt wird. Es konnte gezeigt
werden, dalRCs-symmetrische Trisoxazoline hocheffiziente Kupf@flomplexe fur die
enantioselektive Lewissaurekatalyse bilden, derktivédt auf der Hemilabilitét des divalenten
Kupfers basiert. Im direkten Vergleich mit den aggn Bisoxazolinsystemen erwiesen sich die
Trisox/Kupfer-Katalysatoren insbesondere bei nggelii Katalysatorbeladungen als effizienter in
der enantioselektiven Mannich-Reaktion und der sosglektivena-Aminierung prochiraley>
Ketoester. Zusatzlich wurden die Auswirkungen detzZhNng chiraler tridentater Podanden im

Vergleich zu den besser etablierten bidentatenxBiwelatliganden untersucht.






Abstract

This thesis describes the coordination chemisty @atalytic applications of the 1,1,1-
tris(oxazolinyl)ethane (“trisox”) family of ligandsThe studies described herein are primarily
concerned with the effect of the threefold rotagiosymmetry of the ligands, as well as the role
of the third oxazoline arm in catalytic reactionswhich there are intermediates that possess a
bidentate coordination of the trisox ligand.

The syntheses of highly symmetrical chiral 1,1lid¢txazolinyl)ethandigands bearing
phenyl, benzyl or indanyl substituents, and of rdixes- and trisoxazolines is described. The
isomerisation of the 2-bromooxazolines was obseniaed which the thermally induced
rearrangement generates the correspondHiigomo-isocyanate derivatives. Reaction of the
latter with phenylethylamine led selectively to tRecyclised aziridines or to th@-cyclised 2-
aminooxazolines, depending on the reaction conditio

The coordination chemistry of the trisoxazolineahgs with palladium is then described.
Palladium(ll) chloride and allyl complexes and amier of palladium(0) complexes were
successfully synthesised. The dynamic behaviotinede complexes in solution was studied and
activation parameters were determined for the exgbaof the oxazoline moieties. The
systematic comparison of the catalytic efficiendytiisox- and bisox-palladium systems in
allylic substitution is described. It was demonistdathat the trisoxazoline-based complexes are
superior catalysts in direct comparison to the esponding bisoxazoline-based catalysts. The
study showed that the additional donor functioneapp to play a role in the product/substrate
exchange step as well as in the initial generagfdhe active catalyst.

Finally, the exploitation of the dynamic coordirmatiof the trisoxazolines to copper(ll) in
two copper-catalysed asymmetric reactions is desdrilt has been shown th@t-symmetric
trisoxazolines form highly efficient enantioseleeticopper(ll) Lewis acid catalysts, in which
their success is based on the concept of a stectamichemilability of the divalent copper. In
a direct comparison with the analogous bisoxazaliystems, the trisox/copper catalysts have
proven to be more efficient in an enantioselectiviannich reaction as well as an
enantioselectiver-amination of prochiraj3-ketoesters in presence of low catalyst loadings. T
conclude the implications of the use of chiral énthte podands in stereoselective catalysis

compared to the more established bidentate chdlatesbeen highlighted.
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