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Preface

Metal catalysis still lies at the heart of modern chemistry. Application of chiral
metal complexes for asymmetric synthesis has become a key activity for organic
chemists in the past 20—30 years. Particularly, the second half of the twentieth
century documented vast progress in the development of transition metal-based
asymmetric synthesis. The Nobel Prize was awarded for this tremendous effort
in 2001 to William S. Knowles and Ryoji Noyori “for their work on chirally
catalysed hydrogenation reactions” and to K. Barry Sharpless “for his work on
chirally catalysed oxidation reactions” On the other hand, enantioselective
organocatalysis has recently become a field of central importance for the asym-
metric synthesis of chiral molecules. Since the ground-breaking work of, for
example, B. List and D. W. C. MacMillan in the early 2000s, this field has grown
at an extraordinary pace from a small collection of reactions to a flourishing area
of transformations. The use of metal complexes, however, never ceased to be an
important area of research. Parallel to the organocatalysis, application of chiral
Lewis acids is still the most important field of research. Moreover, there are
many important classes of synthetic transformations for which application of
chiral metal-based Lewis acids are essential.

Now, after many years of academic endeavor the stereocontrol in organic syn-
thesis has become also a major issue for the chemical industry. The basic crite-
ria for such applications, efficiency, economy, and ecology are equally well met
by purely organic molecules as well as by asymmetric metal-based reagents. In
fact, many transformations have been discovered or recently reinvented under
asymmetric control by using chiral Lewis acids while industrial application of
organocatalysis is still at an early stage.

This book was thought of as a panorama of modern chiral Lewis acid-type
catalysts and their broad applications. We tried to emphasize the most recent
contributions in the field as well as more prominent directions of development.
The first chapters venture into various parts of the periodic table, giving insight
into extensive application of alkaline metals, as well as classical Lewis acids such
as titanium, iron, copper, and zinc. Recently prepared chiral alkaline earth metal
complexes (calcium, strontium, and barium) showed that their strong Brensted
basicity and mild Lewis acidity are useful for construction of chiral catalysts for
various carbon—carbon bond forming reactions (Chapter 1). Alkaline earth
metal catalysis is undoubtedly also an important topic from the viewpoint of
green sustainable chemistry. The next chapters demonstrate broad application

xiii
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Preface

and growing interest in some of the most abundant metals on Earth: titanium
(Chapter 2) and iron (Chapter 3). The major advantages of titanium chemistry
are the possibility of adjusting reactivity and selectivity by ligands and the relative
inertness toward redox processes. Iron salts, on the other hand, are cheap, less
harmful, and benign. Chapters 4 and 5 detail the broad utility and application of
copper- and zinc-based Lewis acids in organic transformations for the synthesis
of important classes of compounds. Chapter 6 deals with growing interest in
non-noble metal catalysts useful for asymmetric reduction, while Chapter 7
provides insight into coinage metals copper, silver, and gold, which can be con-
sidered as prominent examples of carbophilic Lewis acids. Such compounds dis-
playing affinity towards carbon—carbon double or triple bonds are important in
a wide range of chemical reactions. The last three chapters provide information
on recent hot topics in the area: application of chiral lanthanide complexes
(Chapter 8), water-compatible Lewis acids (Chapter 9), and cooperative applica-
tion of chiral metal complexes and aminocatalysis (Chapter 10).

All chapters are thoroughly well written by experts in the respective fields. It is
my personal pleasure to express gratitude to all contributors to this book for
their effort to join this editorial enterprise. I am also grateful to the Wiley-VCH
team who made this project real.

Jacek Mlynarski
Krakow 2016



Alkaline-Earth Metal-Based Chiral Lewis Acids

Anna DomZzalska, Artur Ulikowski and Barttomiej Furman

Institute of Organic Chemistry, Polish Academy of Sciences, Warsaw, Poland

1.1 Introduction

Catalysis based on transition metal compounds has received considerable atten-
tion over the years. In this field, asymmetric catalysis based on chiral Lewis acids
is broadly recognized as a significant tool for the preparation of optically active
compounds. However, from the perspective of green sustainable chemistry, it is
highly preferred to find environmentally friendly processes and catalysts. In con-
trast to most transition and noble metal complexes, chiral alkaline-earth metal-
based catalysts offer high efficiency and stereoselectivity but also less toxicity
and less potential for harm. That is why the studies of asymmetric transforma-
tions with the use of these novel catalytic systems are attracting ever-growing
interest.

1.2 General Properties of Alkaline Earth Metal
Compounds

In alkaline-earth metal-catalyzed reactions, the amphoteric acid/base character
of the complexes is of extreme importance. The strong Bronsted basicity allows
for the abstraction of acidic protons, such as the a-protons of carbonyl com-
pounds. On the other hand, the significant Lewis acidity is used for stereocontrol
of the reaction [1-5]. These unique properties of alkaline earth metal complexes
are due to the chemical properties of Group II metals. Both the Bronsted basicity
and the Lewis acidity are directly connected to the electronegativity of the metals
[1, 2, 5]. For this reason, the calcium compounds are weaker Bransted bases and
stronger Lewis acids than barium and strontium complexes when coupled with
similar counterions [1, 2, 5]. However, the smaller ionic radius and smaller coor-
dination number of calcium makes it more amenable to chiral modifications
than strontium or barium [1, 4, 6]. Moreover, the character of the ligand exerts
an influence not only on the asymmetric environment construction but also on
the amphoteric acid/base character of the alkaline earth metal compounds.

Chiral Lewis Acids in Organic Synthesis, First Edition. Edited by Jacek Mlynarski.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Taking into account the character of ligands and the type of bonds between the
metal and the ligand, chiral alkaline earth metal complexes have been classified
into three types (Figure 1.1) [1, 2, 5].

In the first type of complexes, the metal is tightly connected to the anionic
chiral ligands through covalent bonds. Since these ligands act as Brensted bases,
it is difficult to control the basicity of the catalyst. However, when anionic chiral
ligands are bonded to the metal by a combination of one covalent and further
coordinative bonds (type II), the Bransted basicity can be controlled by changing
the remaining free counterion [1, 2, 5]. Thanks to the presence of a covalent bond
in both type I and type II complexes, there is a possibility for strict control of the
asymmetric environment [1, 2, 5].

On the other hand, the construction of chiral alkaline earth metal complexes by
attaching a ligand through only coordinative bonds (type III) is also possible [1, 2, 5].
The metal center interacts efficiently with Lewis bases, such as neutral coordinative
ligands, owing to its significant Lewis acidity [1, 2, 5]. In such complexes, the two
remaining anionic ligands act as effective Bronsted bases. Moreover, the Brensted
basicity of the whole compound should be enhanced by electron donation of the
ligands to the metal center [1, 2, 5].

1.3 Applications in Asymmetric Synthesis

Scientists all around the world still carry out research into highly stereoselective
reactions including asymmetric transformations which target optically active
compounds [1]. One of the most popular approaches in this regard is organoca-
talysis based on heavy transition metal compounds. However, there is a necessity
to find environmentally friendly catalytic systems from the viewpoint of green sus-
tainable chemistry [1, 2, 5, 7]. An alternative path is the use of the chiral alkaline
earth metal catalysts [1, 2, 5]. This approach also allows for enantiomeric or dias-
tereomeric enrichment, which is crucial for asymmetric synthesis, but is less envi-
ronmentally damaging [1-5]. Moreover, the unique chemical properties of Group
II metals, such as amphoteric acid/base character, divalent stable oxidation state,
and the high coordination numbers to the metal center allow to obtain three types
of chiral alkaline earth metal complexes, which collectively find applications in a
number of organic reactions [1, 2, 5]. We review many of these applications below.

1.3.1 Cycloaddition Reactions

Some of the fundamental processes in organic chemistry that have been devel-
oped over the years are cycloaddition reactions. This type of pericyclic process

\ 7 A
M i i
R R
Type | Type ll Type Il

Figure 1.1 Types of alkaline earth metal complexes.
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can be used to obtain cyclic adducts and asymmetric versions of such transforma-
tions are extremely useful methods to construct highly functionalized derivatives
in an optically active form. For instance, asymmetric 1,3-dipolar cycloaddition
reactions are some of the most efficient and often used tactics to synthesize five-
membered heterocyclic rings, in regio- and stereocontrolled fashion [1, 6, 8, 9]. In
particular, [3+2] cycloaddition reactions are a useful method for synthesizing chi-
ral pyrrolidine derivatives, which are important building blocks in the syntheses
of many natural products and pharmaceuticals [1, 4, 6]. Several enantioselective
metal catalyst systems have been employed to these reactions, but most of these
systems require additional bases [1, 10]. This inspired Kobayashi and Yamashita’s
investigation of asymmetric [3+2] cycloaddition reactions using chiral calcium
catalysts [4, 10-13]. They successfully applied chiral Box—calcium complexes to
reactions of glycine Schiff bases with B-substituted o,p-unsaturated esters, such as
methyl crotonate (Scheme 1.1), and obtained the desired chiral pyrrolidine deriv-
atives with high yields, complete diastereoselectivities, and excellent enantiose-
lectivities (Table 1.1) [10-12].

However, the results of their research indicate that the size and character of the
substituent in the aldehyde part of the imine could play an important role in the
enantioselectivity of the Box—calcium complex-catalyzed [3+2] cycloaddition
reactions [1, 3, 5]. In comparison with glycine Schiff bases that are prepared from
aromatic aldehydes (Table 1.1, entries 1-10; Table 1.2, entries 1-10), aliphatic alde-
hyde derivatives (Table 1.2, entries 11-12) are less stable. This stems from possible
tautomerization processes which lead to the formation of enamines. These com-
petitive processes could be crucial in Kobayashi’s group research. Moreover, aro-
matic substituents form better stabilized carbocations, which shifts the equilibrium
of the reaction toward the formation of the cyclic adducts and induces higher
enantioselectivity.

These catalytic systems have performed well in the constructing of highly sub-
stituted contiguous chiral carbon centers using amino acid derivatives containing
an a-alkyl group and a,f-unsaturated carbonyl compounds (Table 1.3) [1, 4, 5].

The chiral Lewis acids that were developed by Kobayashi and co-workers, pre-
pared from calcium alkoxides with chiral bisoxazoline ligands bearing active
methylene moieties, were classified as type II [3].

During the preparation of these catalysts, an anionic bidentate Box ligand is
produced by deprotonation. The chiral ligand is then bound to the metal by a
combination of covalent and coordinate bonds, assisted by the mild Lewis acidity
of alkaline earth metals (Figure 1.2) [3].

_ o
Ca(OPr), (10mol%) g2/ Rl

0] 2
+ RS N Ligand (10 mol%) . o)
X 2 ORS RY. A
R R s THF, —44-10 °C, 0.2 M OR®

RN VRS
R* R 3-72 h, MS 4A Hon

~

up to >99/<1 dr
up to >99% ee

Scheme 1.1 A Box-calcium complex-catalyzed [3+2] cycloaddition reaction of amino acid
Schiff bases with a,-unsaturated carbonyl compounds [1, 4].
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Table 1.1 Asymmetric [3+2] cycloaddition of a glycine ester Schiff base with a,f-unsaturated
carbonyl compounds [1].

0
o o Ca(OPn,(10mol%) R24/ R

R1/\)J\R2+ PhYN\)J\OtBU w phﬂ

0
THF,-30°C,02M  Ph™ N7"¢

Ph Time, MS 4A H  OBu
Entry R R? Ligand Time (h) Yield (%) ee (%)
1 MeO Me 1 3 Quant. >99
2 EtO Me 1 98 98
3 ‘BuO Me 1 77 87
4 MeO Et 2 24 Quant. 95
5 MeO Bu 2 24 Quant. 99
6 MeO "Heptyl 2 48 97 >99
7 NMe2 H 1 12 83 95
8 1:X=0 H 1 24 76 98
2: X=CH,

9 H 1 24 84 97
10 ‘Hex H 1 24 93 91
0] (0] O (0]

T TN

N N N N
Ph Ph
L1 L2

This type of bonding opens up the opportunity for strict control of the effec-
tive asymmetric environment. Furthermore, the Bronsted basicity of such com-
plexes can be controlled by changing the remaining free counterion [3].

While chiral Box—calcium complexes prepared from calcium isopropoxide
worked well in asymmetric [3+2] cycloaddition reactions, further investigations
showed that stronger Breonsted bases such as calcium amides (e.g., Ca(HMDS),)
could be employed successfully in these types of reactions (Scheme 1.2). Moreover,
they exhibit higher solubility in many solvents when compared with calcium
alkoxides, which makes them more suited to organic synthesis [1, 3-5].

Examination of the chiral alkaline earth metal complexes has shown that these
Lewis acids are useful catalytic systems in Diels—Alder cycloadditions as well.
For years, the [4+2] cycloaddition reaction has been one of the best methods for
the preparation of six-membered rings and Lewis acid-catalyzed asymmetric
Diels—Alder reactions have been widely reviewed to date [13, 14]. It has been
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Table 1.2 Asymmetric [3+2] cycloaddition of a Schiff base of a glycine ester with t-butyl
crotonate [1].

. O
/
o o Ca(O'Pr), (1 Oomol%) tBuO"‘/»/
+ L (10 mol%)
A~ r R
OBu Y OBu . . O
i THF, temp., 0.2 M R ‘g
Time, MS 4A H OBu
(1.2 equiv.)

Entry R Ligand Time (h) Temperature (°C)  Yield (%) ee (%)
1 Ph 1 10 86 86
2 p-CICgH, 2 -20 92 82
3 p-BrC¢H, 1 3 10 95 86
4 p-MeCeH, 3 12 -30 92 87°
5 m-MeCgH, 2 12 -20 Quant. 91
6 0-MeCgH, 1 3 10 86 78
7 3,5-Me,CeH; 1 12 10 Quant. 94
8 2-Naphtyl 1 3 10 97 92
9 p-MeOCgH, 1 12 10 76 86
10 2-Furyl 3 12 -30 97 90*
11 ‘Bu 2 12 -20 80 38
12 Cy 2 12 -20 97 29

a) The absolute configuration of the product was reversed.

O (0] O (0] O (0]
S/\l[l\j/\[\ljl/\) \l[l\j/\[\ljl/ - Phnn</\|’|\l/\N“/\8<Ph
Ph Ph PR Ph
L1 L2 L3

frequently reported that the reaction rate and selectivity depends on the Lewis
acidity of the metal and the Lewis basicity of the counterion [2]. Moreover, the
HOMO-LUMO energy gap plays an important role in the pericyclic reactions.
Classic Lewis acids promote these types of reactions by coordinating to the dien-
ophile and lowering the LUMO energy. On the other hand, investigations of
Shibasaki et al. have shown that the reaction of a silyloxydiene with fumarate is
likely promoted through a HOMO-raising mechanism. This reaction catalyzed
by chiral barium complexes yields a precursor for the synthesis of optically active
oseltamivir (Tamiflu) (Scheme 1.3) [3, 13].

The catalytic cycle of the Diels—Alder type reaction postulated by Shibasaki
and co-workers is based on the formation of a chiral barium-activated diene
(Figure 1.3) [13].

First, the silyloxydiene is activated by the fluoride cocatalyst, which facilitates
the formation of a barium dienolate through transmetalation with the barium
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Table 1.3 Asymmetric [3+2] cycloaddition of a Schiff base of a-amino esters
with o, p-unsaturated carbonyl compounds [1].

0 0 Ca(OPr),(10 mol%) RzoJ,{? R!
o ’\)J\o# + Phj//N \)\OR“ L (10 mol%) Ph‘”' -"/%Oth
b Re THF_, temp., 0.2 M N~ YR
Time, MS 4A H

Entry R' R* R® R*  Ligand Time (h) Temperature (°C) Yield (%) ee (%)
1 H ‘Bu Me Me 1 12 10 Quant. 90
2 H ‘Bu Me Et 1 10 Quant. 91
3 H ‘Bu Me Bn 1 10 93 90
4 H ‘Bu ‘Pr Me 1 3 10 32 59
5 H ‘Bu Et Me 2 12 -30 82 96
6 H ‘Bu Bn ‘Bu 2 12 -30 90 92
7 H ‘Bu "Bu Me 2 12 -20 94 94
8 H ‘Bu ‘Bu Me 2 12 -30 98 87
9 H ‘Bu CH,CH,SMe Me 2 12 -20 81 81
100 H ‘Bu CH,O'Bu ‘Bu 2 12 -20 80 93
11 Me Me Me Me 2 12 0 79 96
12 Et Me Me Me 2 12 0 64 96
13> "Bu Me Me Me 2 18 0 81 98
14 Me Me Et Me 2 24 -20 42 89
15> Me Me "Bu Me 2 72 -30 50 93
16° Me Me Bn ‘Bu 2 72 -30 98 85
17 Me Me CH,OBu ‘Bu 2 24 10 80 97
18** Bu Me CH,0O'Bu ‘Bu 2 24 0 87 95

a) L-Amino acid was used.
b) 20mol% of catalyst was used.

alkoxide. This achiral diene is reactive enough to produce the barium alkoxide
intermediate with the dienophile in a concerted or stepwise manner. Finally, the
free oxygen electron pair attacks the trimethylsilyl group that is attached to the
ligand, leading to catalyst regeneration and formation of an optically active
silylated cyclohexane derivative [3, 13].

Investigations of Shibasaki et al. have proved that asymmetric Diels—Alder reac-
tions with ketone-derived silyloxydienes do not depend on acid catalysis. Moreover,
unlike chiral barium catalytic systems, calcium, strontium, and magnesium com-
plexes were not effective (Table 1.4). Only Lewis acids prepared from a barium
alkoxide and a chiral diol bearing a phosphine oxide moiety gave the expected prod-
uct [13]. This result shows the importance of the metal Brensted basicity for the
development of effective metal catalysis [1].
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Figure 1.2 Type Il chiral alkaline earth metal complexes. Alkaline earth metal-chiral

bisoxazoline complexes [1, 3].
'Ca N"'
Me Sl S|Me JO
3 MeO 4

/\)J\ + ph N (10 mol%)
it Ph.,,,

OMe 1// OBU™ THF, 30°C, 0.2 M, ol
h 12 h, MS 4A H OBy

88%, 96% ee

Scheme 1.2 Catalytic [3+2] cycloaddition reaction using a Box—calcium complex prepared
from calcium amide and bisoxazoline derivative.

OTMS
OTMS ;
CO,Me M(OPr), .CO,Me
Z o+ J/ Ligand *
X MeO,C CHxCl, (0.2 M) CO,Me

Scheme 1.3 Asymmetric Diels-Alder reaction of a silyloxydiene with fumarate catalyzed by
chiral alkaline earth metal complexes.

A great deal of attention has been given to hetero-Diels—Alder reactions [2, 15]
because of their potential for efficiently constructing functionalized six-membered
heterocyclic rings in an enantioselective fashion. Despite many developments in
this field and the large number of catalytic systems that have been developed, many
groups still carry out research focused on this powerful method of heterocycle
synthesis. The investigations of Zhu et al. on the enantioselective construction of
dihydropyran derivatives are an excellent example. Working toward an effective
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OTMS F ol
wCOMe oS MCS OSiMe
+ CsF IVieg 3
CO,Me O Ba _CsF Z
e x -
MegFSi_ 0~Bé o
CBa Béo MesFSI_ O-B4_ o

¥y C5a)
\\\COZMe 5 O
. -
CO,Me
~

Diels—Alder pathway \' a
or 0 0
Michael-aldol pathway
- s OMe
i
MeO,C

Figure 1.3 The catalytic cycle of asymmetric Diels—Alder-type reaction postulated by Shibasaki.

method for the construction of optically pure oxygen-containing cycloalka[2,3-b]
indoles, they have reported that chiral calcium phosphate catalytic systems could
be successfully employed in the reaction of oxindole heterodienes with vinyl ethers
(Scheme 1.4) [3, 15].

The results of Cheng’s group have shown the importance of Lewis acid heterodi-
ene activation in achieving the desired product formation [3]. Moreover, the screen-
ing of catalysts for the hetero-Diels—Alder reactions revealed that strontium and
barium compounds could also catalyze this class of reactions [15]. However, the
lower yields and enantioselectivities that were obtained from strontium- and bar-
ium-based catalysts, versus calcium-based ones, indicate that the Lewis acidity of
the metal plays an important role in this type of catalysis.

1.3.2 Carbonyl and Imine Addition Reactions

However, chiral strontium catalysts proved to be successful in Mannich-type reac-
tions. This approach is the first example of this kind of catalytic reaction on sulfo-
nylimidates and provides the desired addition product, of N-Boc-imines to the ester
surrogate, with good yields and moderate enantioselectivity (Table 1.5) [16, 17].

Moreover, further works have revealed that high enantioselectivity could be
induced using a combination of Sr(O'Pr), and a bis(sulfonamide) chiral ligand
which bears a diphenylethylenediamine backbone (Scheme 1.5). In this catalytic
system, the strontium complex coordinates to the nitrogen of the sulfonylimidate
and increases the acidity of the a-proton of the sulfonylimidate, allowing depro-
tonation by Et3N [16, 17].
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Table 1.4 Influence of the alkaline earth metal complexes on the enantio-
and diastereoselectivity of the asymmetric Diels—Alder reaction.

OTMS . Y Z
CO,Me M(O'Pr), L COMe
Z 4 )f L
X MeO,C CH,Cl, (0.2 M) CO,Me
Y=0TMS, Z=H (endo: desired)
Y=H, Z=0OTMS (exo: undesired)
dr (%) ee (%)
Entry M Ligand Time (h) Yield (%) endo/exo endo
1 Mg 4 17 0 — —
2 Ba 4 17 45 3/1 4
3 Sc 4 17 0 — —
4 Gd 4 17 0 — —
5 Ba 5 0.5 97 4/1 1
6 Ba 6 2.5 72 3/1 77
7 Ba 6 42 74 3/1 61
8 Ba 7 1.5 34 5/1 73
9 Ba 8 17 62 6/1 73
10 Ba 8 23 64 3/1 88
Ph
Ph \
\ Ph—,
SO WILLIC S ST
0] . \
OH Me j)/\ O Qo HO"
\\\OH Me ~,, OH 0 F 0 X
ﬁPh
Ph
HO F HO X
BINOL: L4 . "
TADDOL: L& F»-GIUCAPO: L6  FUjiCAPO: L7 (X=H)
F5>-FujiCAPO: L8 (X=F)
] I Ar
O\ _0O
R
o T
Ar
R20,C 2 ReO,C R20,C
Rl Ar = 2,4,6-(Pr)3CqH, 1 1 XRE
/ XR® (5 mol%) A xR® R XR
o+ W (¢} + 0}
N Solvent, —40 °C N N
Boc Boc endo exo iaoc

Endo/exo > 99:1
Up to 99% ee

Scheme 1.4 Asymmetric hetero-Diels-Alder reactions of heterodienes with vinyl ethers.
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Table 1.5 Chiral alkaline earth metal complex-catalyzed catalytic Mannich reactions
of sulfonylimidates with N-Boc-imines.

NO
NO, fe) 0 2
Y
N N
_Boc 0.S. Alkaline earth metal Boc 025
N 2°>N alkoxide/amide (10 mol%) “NH N
| + J\ |
Et~ ~OiPr THF 0.2 M, RT, OiPr
MS 4A M
e
Entry Catalyst Time (h) Yield (%) Anti/syn
1 Ca(O'Pr), 48 68 11/89
2 Sr(O'Pr), 48 45 7193
3 Ba(OPr), 48 65 9/91
4 1/2[[St(HMDS),]5] 24 92 7/93
5 1/2[[Sr(HMDS),],] 48 76 6/94
6 1/2[[St(HMDS),],] 72 65 6/94
Ph Ph
0,S—-NH HN-SO,
_Boc 0.S. Sr(O'Pr), (10 mol%) Boc. 028
N 22N EtN SNH N
| + J\ ) |
Et O'Pr THF, 20 °C, 48 h, O'Pr
MS 4A Me

Scheme 1.5 Chiral strontium complex-catalyzed asymmetric Mannich reaction of
sulfonylimidates.

Shibasaki et al. have also reported that chiral strontium complexes could be applied
to asymmetric Mannich reactions. They found that, unlike Ca(O'Pr), and Ba(O'Pr),,
the use of Sr or Mg compounds as metal sources gives good results in asymmetric
reactions of a-isothiocyanate esters with ketimines. Moreover, the obtained results
have shown that the type of metal has an influence on the ratio of syn and anti-
products. Compared with magnesium complexes, the application of strontium com-
plexes reverses the diastereoselectivity and promotes the formation of anti-products
(Table 1.6) [18].

Likewise, chiral barium complexes which are prepared from a barium alkoxide
and optically active BINOL or aryloxide derivatives have been found to be effective
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Table 1.6 Catalytic asymmetric Mannich reactions of a-isothiocyanate esters with ketimines.

Y

—N I,,N_
MeO OH HO OMe
OMe MeO O
IIIDPh Ph II3I 7 Ph Ié'I
N~ 2  NCS. _CO,Me Metal source (10 mol%) 2 \N/« 2T
)I\ * Y ’ Solvent, temp., time M&)\(NH * R%(NH
R M s o an o
e Me MS 5A R MeCOZMe Me MeCOZMe
Anti Syn
Entry Catalyst R Solvent Temp (°C) Time (h) Yield (%) drsyn/anti ee (%)
1 Sr(OPr), p-BrCeH, CHCl; rt. 48 86 6/94 92
2 Sr(O'Pr), p-CICeH, CHCl; rt. 48 82 10/90 87
3 Sr(O'Pr)y p-FCeH, CHCl; rt. 48 71 6/94 90
4 Sr(O'Pr), p-CF3C¢H, CHCl; rt. 48 85 11/89 92
57 Sr(O'Pr); p-MeCgH,  CHCly/ rt. 20 97 6/94 95
THF
6° Sr(O'Pr); p-MeCgH,  CHCly/ rt. 24 99 8/92 93
THF
7°  Sr(O'Pr), p-MeOC¢H, CHCly/ rit. 24 91 4/96 97
THF
8" Sr(O'Pr), p-Me,NCgH, CHCly/ rt. 69 45 4/96 97
THF
9 Sr(O°Pr), O CHCly/ -5 47 76 6/94 95
( THF
o]
10°  Sr(OPr); 2-Thienyl CHCl3/ 0 48 70 13/87 90
THF
11 Sr(O'Pr), 3-Thienyl CHCly/ -5 48 74 12/88 92
THF
12 Sr(OPr), 2-Furyl CHCl;/ -10 48 84 17/83 84
THF
13 BuyMg  p-BrCeH, CHCl; -10 48 87 91/9 84
14  BuMg  p-CIC¢H, CHCl; -10 48 90 92/8 85
15 BuMg  p-FCeH, CHCl; 0 44 9 93/7 84
16  BuyMg  p-MeCgH, THF  -25 48 99 90/10 82

17 Bu,Mg <Oj©}< THF -5 17 9 92/8 81
o]

(Continued)
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Table 1.6 (Continued)

Entry Catalyst R Solvent Temp (°C) Time (h) Yield (%) drsyn/anti ee (%)
18 Bu,Mg 2-Naphtyl CHCIl; 0 48 99 93/7 95
19 Bu,Mg  3-Thienyl THF -25 48 80 93/7 81
20 Bu,Mg 2-Furyl CHCl; -5 48 70 93/7 80

a) CHCI;/THEF (2/1).

in reactions of B,y-unsaturated esters with imines, leading to an aza-Morita—
Baylis—Hillman-type product via isomerization of the initially formed Mannich
adducts (Table 1.7) [19].

Alkaline earth metal catalysis have been widely investigated in recent years also by
Ishihara et al. Their research has revealed that a chiral calcium phosphate, prepared
from a calcium alkoxide and phosphoric acid bearing a chiral BINOL backbone,
could be successfully applied in asymmetric Mannich reactions of 1,3-dicarbonyl
compounds with N-Boc-imines. In particular, these Lewis acids were effective for
enantioselective Mannich-type reactions with less acidic 1,3-dicarbonyl com-
pounds, including f3-ketoesters and thiomalonates (Table 1.8) [20-22].

Table 1.7 Chiral barium aryloxide-catalyzed Mannich reactions of p,y-unsaturated esters
with imines.

O .
n Ba(O'Pr), (10 mol%) Il
Nl’Pth . OBn L (10 mol%) PhoPanb o

R)\H > 0°C, THF,17-19 h R | OBn

Entry Ligand R Time (h) Yield (%) aly ee (%)
1 (S)-BINOL Ph 19 58 >15/1 14

2 (S)-Biaryldiol Ph 17 69 9/1 77

3 (S)-Biaryldiol p-MeCgH, 19 78 >15/1 80

4 (S)-Biaryldiol 2-Thienyl 17 73 >15/1 78

(S)-BINOL (S)-Biaryldiol
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Table 1.8 Chiral calcium phosphate-catalyzed asymmetric Mannich reactions.

T,
e
/ OtC
e
Ar

L |2
Ar = 4-(B-naph)-CgH,
NI/ Boc . O O (2.5 mol%) BOC\NH 0
AI’)\H R1JJ\/U\SR2 DCM, rt, 1 h Ar/f\Fp
0~ "R?
Entry Ar R R? Yield (%) ee (%)
1 Ph Ac Ph >99 90
2 p-MeCgH,y Ac 2,6-Xyl >99 94
3 p-MeOCgH, Ac 2,6-Xyl 94 92
4 Ph Ac 2,6-Xyl >99 (>99) 94 (98)?
5 p-CIC¢H, Ac 2,6-Xyl 90 90
6 p-BrC¢H, Ac 2,6-Xyl 99 91
7 1-Naphtyl Ac 2,6-Xyl 88 97
8 3-Thionyl Ac 2,6-Xyl >99 96
9 Ph 2,6-Xyl 2,6-Xyl 94 95
10 p-MeOCgH, 2,6-Xyl 2,6-Xyl 81 91
11 p-BrCgH, 2,6-Xyl 2,6-Xyl 89 95

a) 0.5mol% of the catalyst was used.

Rueping et al. confirmed that the BINOL-phosphoric acid calcium salt is a valu-
able catalytic system in asymmetric Mannich reactions. However, in contrast with
the work of Ishihara et al., their investigations have been based on using pyrone
(Table 1.9) and 1,3-cyclohexadione (Table 1.10) as carbonyl donors. This approach
yielded intermediates that are valuable in organic synthesis with high enantiose-
lectivities [22].

Alkaline earth metals possess multiple coordination sites, which enables them
to accept multidentate ligands; Kobayashi et al. used this concept to develop
chiral calcium catalysts such as (PyBox)-calcium complexes with neutral
ligands. They have reported that complexes constructed with a ligand that binds
via only coordinate bonds are useful in the addition of malonates to imines
(Table 1.11). However, only aromatic-substituted N-Boc imines yielded the
Mannich-type product in high yields and with moderate-to-good enantioselec-
tivities [23].
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Table 1.9 Chiral calcium phosphate-catalyzed asymmetric Mannich reaction of N-Boc-imine

with pyrone.
_ Y, _
O\ 0
SO
Ar
(0] .
B Ar = 2,4,6'(’P|’)3CeH2
o) | N -Bo (5 mol%)
| o
A OH Ar)\H Solvent, —40 °C
Entry Ar Solvent Yield (%) ee (%)
1 p-MeCcH, Bu,O 49 88
2 p-MeCgHy CHCl3 62 82
3% p-MeCgH, CHCl3 45 39
4 m—ClC6H4 Blle 43 76
5 0-BrCgH, Bu,O 55 86
6 O-BFC6H4 BUzo 43 73
78 0—BrC6H4 CHClg 67 84
8 Ph Bu,O 43 52

a) 10mol% phosphoric acid 1 was added.

1.3.3 Conjugate Addition Reactions

Conjugate addition reactions are one of the most powerful carbon—carbon and car-
bon-heteroatom bond forming strategies known in organic chemistry. Numerous
examples are known in the literature, some of which have been reviewed [24, 25].
Asymmetric Michael additions are crucial transformations in the syntheses of
medicinally relevant compounds and natural products [26].

The first example of an asymmetric Michael addition catalyzed by a chiral alka-
line earth metal complex was described by Kumaraswamy and co-workers in 2001
(Scheme 1.6). They developed an addition of malonates to o,p-unsaturated acyclic/
cyclic ketones and aldehydes, catalyzed by a calcium-BINOL complex, and obtained
the conjugate addition products with modest yields and enantioselectivities [27].

In the same report, thiophenol was used as a substrate, although furnishing a
racemic product. Addition of ethanol was found to be advantageous, increasing
the reaction rate and enantioselectivity.

In their next report, in 2003, the Kumaraswamy group proposed an asymmet-
ric epoxidation of chalcones using ‘BuOOH as the oxidizer (Scheme 1.7). A simi-
lar calcium-BINOL complex was used in the reaction [28]. However, in contrast
to the previous report, most additives were found to have a deleterious effect on



