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The design of new chiral catalysts for enantioselective syn-
thesis of all-carbon quaternary stereogenic centers is a critical
and challenging objective in modern chemistry.[1] Such
catalysts must be enantio-differentiating but also especially
active because the desired reactions involve additions of
carbon nucleophiles to sterically congested electrophilic sites.
Herein, we disclose a readily available chiral N-heterocyclic
carbene (NHC) that can be used to promote the catalytic
asymmetric conjugate addition (ACA)[2] of organozinc
reagents to cyclic g-keto esters [Eq. (1)]; these transforma-
tions give rise to the enantioselective formation of all-carbon



quaternary stereogenic centers that bear a readily functiona-
lizable carboxylic ester substituent in up to 95% ee.[3–5] In
nearly all of the catalytic ACA reactions (one exception), the
new chiral NHC (Cu complex generated in situ) delivers
significantly higher efficiency and asymmetric induction than
the previously reported systems.



We began our investigation by examining the ability of Cu
complexes generated from the reaction of 1[5a] and 2[5c]



(Scheme 1) with (CuOTf)2·C6H6 in promoting the ACA of
Me2Zn to five- and six-membered ring g-keto esters 4 and 5
(Table 1). With cyclopentenone 4a as the substrate and in the
presence of binaphthyl-based 1 and (CuOTf)2·C6H6



(2.5 mol%), less than 10% conversion is detected after 24 h
(Table 1, entry 1). When biphenyl complex 2 is used, there is
only 15% conversion and 6 is formed in 30% ee (Table 1,
entry 2). With six-membered ring enone 5a, Cu-based com-
plexes derived from 1 and 2 (Table 1, entries 4–5) promote the
ACA of Me2Zn more efficiently (60% and > 98% conver-
sion) and with improved enantioselectivity (73% ee and
33% ee), but only in comparison to the reactions of cyclo-
pentenone 4a and not at synthetically useful levels.



Faced with the inferior activity and asymmetric induction
provided by the Cu complexes of 1 and 2, we set out to
identify a more effective chiral catalyst. This initiative led us
to discover that complex 3,[6] a sulfonate-containing chiral
NHC (Table 1, entry 3), promotes the addition of Me2Zn to
4a with substantially higher efficiency (> 98% conversion,
17 h versus < 15% conversion with 1 and 2) and superior
enantioselectivity (84% ee versus ! 30% ee with 1 and 2).
Furthermore, catalytic ACA of Me2Zn to cyclohexenone 5a
proceeds efficiently with the Cu complex generated in situ
from 3, which affords 7 in 75% ee. Thus, in one case (compare



Scheme 1. Previously reported 1 and 2 and the new chiral NHC
complex 3.
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was much slower. The corresponding boronic acid was even slower
and the selectivity diminished slightly. All dimethyl (E)-alkenyl-
boronates investigated gave selectivities of ∼99:1.
Other substitution patterns gave lower selectivities, but, in



general, synthetically useful selectivities were usually observed.
Thus a (Z)-boronate and a 2,2-disubstituted systems still gave
enantioselectivities of >90:10 (with retention of configuration of
the alkenyl unit). Only in the case of a 1,2-disubstituted alkenyl-
boronate was poor (er ) ∼2:1) selectivity observed. Arylboronates
were unreactive under similar reaction conditions.



Operationally, these reactions are very simple to carry out.
Dimethyl boronates are prepared by esterification of boronic acids14
and can be used without isolation or purification. After the reaction,
the chiral ligand is readily recovered by precipitation with hexane
or column chromatography.
In summary, we have developed the first catalytic asymmetric



conjugate alkenylation methodology that does not rely on a heavy
metal. The alkenylboronates used are readily accessible as are the
binaphthol catalysts.15 Enantioselectivities are uniformly high for
a wide range of enones and alkenyl groups. Efforts are underway
to expand the scope of these reactions.
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Table 2. Alkenylation of Enones with Boronate 2a



entry Rʹ′a
catalyst
(mol %)



time
(h)



yield, %
(prod)b erc



1 Ph 10 36 93 (3a) 98.6:1.4
2 4-ClC6H4 10 36 96 (3b) 99.2:0.8
3 4-MeOC6H4 10 48 86 (3c) 99:1
4 4-MeC6H4 10 48 95 (3d) 99.4:0.6
5 2-MeC6H4 10 48 90 (3e) >99.5:0.5
6 1-naphthyl 10 36 98 (3f) >99.5:0.5
7 2-furyl 20 72 94 (3g) 98.5:1.5
8 PhCHdCH 20 72 84 (3h) 99:1
9 PhCHdCMe 10 60 94 (3i) 99.2:0.8
10 Me 20 72 95 (3j) 98:2
11 n-hexyl 20 72 94 (3k) 99.2:0.8
12 i-Pr 20 72 92 (3l) 97:3
13 COOMe 25 96 84 (3m) 98.4:1.6
14 Phd 20 48 89 (3n) 99.5:0.5
15 Phe 20 72 81 (3o) 99.1:0.9



a R ) Ph unless otherwise noted. b Isolated yields after chromatography.
c Determined by chiral HPLC analysis. “>99.5:0.5” denotes that none of
the other isomer was detected. d R ) 2,4-(MeO)2C6H3. e R )Me. Absolute
configuration of product based on rotation.9



Table 3. Alkenylation of Chalcone with Alkenylboronates



a Isolated yields after chromatography. b Determined by chiral HPLC
analysis. c Done in CH2Cl2/CF3Ph 3:1 at 55 °C.



Figure 1. Possible transition states.
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Catalytic enantioselective 1,4-additions

1 Key Concepts: Regioselectivity and Catalysis
1.1 Regioselectivity

	1,2- vs 1,4-Addition: α,β-unsaturated carbonyl compounds are ambident electrophiles. The incoming nucleophiles can attack either the C=O or C=C bonds
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	The regioselectivity is determined by a combination of the nature of R, X and of the nucleophile:
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	Fleming, Molecular Orbitals and Organic Chemical Reactions, 2010, p 188


This selectivity can be described by the Klopman-Salem equation and Hard-Soft Acid-Base theory:
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SimplifiedKlopmanequation:

WhenCoulombicinteractionspredominate,Nu/Earecalledhard
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	Klopman JACS, 1968, 90, 223


HSAB theory is a useful means of classifying the reactivity of nucleophiles + electrophiles, and serves as a good “rule-of-thumb”:
	
[image: image4.emf]Ingeneral:

HardNuandEatomsaresmall,charged,andnon-polarizable

SoftNuandEatomsarelarge,unchargedandpolarizable



	Pearson JACS 1963, 85, 3533; Pearson J. Chem. Ed. 1968, 45, 581


Relevance to 1,4-conjugate addition: Properties of Acrolein
	[image: image5.emf]
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	LUMO calculations: Houk JACS 1973, 95, 4094. Charges: Tidwell JOC 1994, 59, 4506 


These factors provide tremendous potential not only for the control of the regioselectivity, but also for the catalysis.
1.2 Common methods for achieving catalytic 1,4-conjugate additions

A catalyst is employed to control the regioselectivity (and ideally also the enantioselectivity) of the addition to only one of the reactive sites of an ambident molecule.  
1.2.1 LUMO-Lowering Mediated by Lewis Acid 

Classic Example: Diels-Alder reactions are strongly influenced by HOMO-LUMO interactions. Dramatic rate acceleration by AlCl3 catalysis was observed 50 years ago:
	[image: image6.emf]
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	Yates JACS 1960, 82, 4436 


The LUMO-lowering effect of Bronsted or Lewis acids has been calculated – again on acrolein as an example:
	[image: image7.emf]
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	Houk JACS 1973, 95, 4094


1.2.2 LUMO-Lowering by Catalytic Formation of Iminium Ions

A more recent discovery - analogy between Lewis acid-activated unsaturated aldehydes and unsaturated iminium ions
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	MacMillan JACS 2000, 122, 4243


1.2.3 Catalytic Generation of Soft Nucleophiles by Transmetallation:

By addition of catalytic amounts of other metals, the regioselectivity of organometallic addition to unsaturated carbonyls can be altered. This was first observed in the case of Grignard reagents: without the addition of Cu salts the 1,2-addition products (and derivatives thereof) are formed exclusively. When Cu salts are present in catalytic amounts, the 1,4-addition product is favored.
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	Kharasch JACS 1941, 63, 2308


1.2.4 Catalytic Generation of Soft Anions with Chiral Bases

Deprotonating weak acid with a chiral base can form a chiral ion pair that is significantly more nucleophilic than the neutral starting material:
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	Wynberg JACS 1981, 103, 417


2 Catalytic, Enantioselective Conjugate Additions
2.1 LUMO lowering
2.1.1 Lewis acid activation

Important Considerations

Lewis acid binding to carbonyl oxygen is reversible and dynamic – for ligand and substrate design this must be taken into account. Therefore, ligands and substrates are equipped with extra coordination sites to control these aspects to limit the number of possible transition states in the enantiodetermining step. The number of coordination sites is determined by the metal ion. 
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2.1.1.1 C2-Symmetric Bis(Oxazoline) (“Box”)-Based Complexes:

	Cu-Bis(Oxazoline) complexes are a versatile ligand/metal combinations for a large variety of reactions (including conjugate additions and cycloadditions). The best results are obtained with substrates bearing two coordination sites to the Cu atom (they can form stable 5- or 6-membered ring chelates with the chiral Cu complex).
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	Evans Acc. Chem. Res. 2000, 33, 325


Mukaiyama-Michael addition of silyl-ketene thioacetals proceed with very high selectivity; isolation of Cu-ligand-malonate complex showed distorted square-planar geometry; Cu-malonate in a boat conformation with shielded Re face:
	[image: image13.emf]


At the outset of this investigation, it was not clear that the
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axis of the chiral ligand. This is to be contrasted with the analo-
gous complexes of unsaturated imides 6, pyruvates, 7 (R )Me),



and glyoxylate esters 7 (R ) H), that exhibit high levels of asym-
metric induction in the Diels-Alder,3a,3b aldol,5 and ene5 reactions.
Direct evidence for the structure of the catalyst-alkylidene



malonate complex 5 was obtained by single-crystal X-ray
diffraction (Figure 1).16 Interestingly, there is significant distortion
in the alkylidene malonate-catalyst complex 5. The chelated
substrate forms a boat conformation with the copper atom at the
apex.17 This distortion of the bis(oxazoline) ligand out of the plane
approximately defined by the coordinated ester carbonyls is
probably essential for good levels of asymmetric induction. This
represents the first crystallographic characterization of a substrate-
bisoxazoline copper(II) complex and confirms our hypothesis3-6
that the substrate binds to copper in a distorted square planar
geometry in analogy to that observed in the X-ray structure of
the analogous dihydrate complex [Cu((S,S)-t-Bu-box)(H2O)2]-



(SbF6)2.10 The sense of asymmetric induction is consistent with
attack of the silylketene acetal nucleophile from the less hindered
si-face of the complexed alkylidene malonate, the stereochemical
outcome predicted from the crystal structure (Figure 1). In cases
where the !-substituent (R) on the Michael acceptor is sterically
demanding, we speculate that the trajectory of the nucleophilic
addition could also be important in achieving asymmetric induc-
tion. As the nucleophile is forced to approach the Michael acceptor
on a nonvertical trajectory to avoid nonbonding interactions with
substituent (R), the ligand is able to provide π-facial discrimina-
tion since the nucleophile is now forced to interact with the two
ligand substituents unequally.18
The malonate adducts readily undergo Krapcho decarboxyla-



tion19 (NaCl, wet DMSO, 130 °C, 24 h) to afford the differentiated
glutarate esters 8 in high yield, formally the conjugate adducts



of ester enolates and substituted acrylate esters (eq 4). As a
demonstration of the orthogonality of the ester groups, oxidative
hydrolysis (Br2 or NBS in THF/H2O)20 of the thioester yields the
corresponding free acid without interference from the methyl ester.
While space constraints do not permit a more detailed discus-



sion of the role of alcohol addends in rendering the preceding
process catalytic, it is noteworthy that this variant of the
Mukaiyama-Michael reaction has now been generalized to two
other processes that will be reported in due course.
Acknowledgment. Support has been provided by the NSF, Merck,



Pfizer, and NSC Technologies. T.R. gratefully acknowledges an NSERC
(Canada) Postdoctoral Fellowship.
Supporting Information Available: Experimental procedures, spec-



tral data for all compounds, crystallographic data, and stereochemical
proofs (PDF). This material is available free of charge via the Internet at
http://pubs.acs.org.
JA983864H



(16) X-ray data for Cu(t-Bubox)‚2a(SbF6)2: blue-green crystal, fw 1049.69,
crystal system trigonal, space group P32, a ) 12.9635(4) Å, b ) 12.9635(4)
Å, c ) 20.4970(8) Å, R ) 90°, ! ) 90°, γ ) 120°, V ) 2983.1(2) Å3, Z )
3, R1 ) 0.0397, wR2 ) 0.0980, data/parameters ) 7940/469, GOF ) 1.019.
(17) For an X-ray structure of an alkylidene malonate bound to TiCl4, see:



Kakkonen, H. J.; Pursuiainen, J.; Pakkanen, T. A.; Ahlgrén, M.; Iiskola, E. J.
Organomet. Chem. 1993, 453, 175-184.
(18) In a related case the impact of nonbonding interactions imposed by



carbonyl substituents in diastereoselective carbonyl addition has previously
been noted: (a) Heathcock, C. H.; Flippin, L. A. J. Am. Chem. Soc. 1983,
105, 1667-1668. (b) Heathcock, C. H. Aldrichimica Acta 1990, 23, 99-111.
(19) Krapcho, A. P. Synthesis 1982, 805-822.
(20) (a) Minato, H.; Kodama, H.; Miura, T.; Kobayashi, M. Chem. Lett.



1977, 413. (b) Minato, H.; Takeda, K.; Miura, T.; Kobayashi, M. Chem. Lett.
1977, 1095.



Table 1. Effect of Concentration and Solvent on Conversion in the
Michael Reaction between 2 and 3 (eq 2)a



entry concn (M) solvent conversion (%)b ee (%)c



1 0.2 CH2Cl2 40 90
2 0.2 CH2Cl2 >98d 91
3 0.5 CH2Cl2 87 91
4 0.2 CH2Cl2/PhMe(1:1) >98e 93
5 0.2 CH2Cl2/PhMe(1:3) >98 93
6 0.2 PhMe >98 92
a Reaction conducted with 2.2 equiv of 3 and 2 equiv of hexafluoro-



2-propanol (HFIP) relative to 2. b Determined by 1H NMR spectroscopy.
c Determined by chiral HPLC (see Supporting Information). d Slow ad-
dition of 3 to the reaction over a period of 8 h. e Isolated yield is 88%.



Table 2. Scope of the Catalyzed Michael Reaction between 2 and
3 (eq 3)a



entry substrate R time (h) yield (%)b ee (%)c



1 2a Phenyl 3 91 93
2 2b 2-Furyl 5 88 94
3 2c 2-Naphthyl 10 90 93
4 2d 3-Ts-Indolyl 48 99d 86
5 2e 2-MeOPh 12 92 99
6 2f Cyclohexyl 5 95 95
7 2f Cyclohexyl 12 96e 93
8 2f Cyclohexyl 20 99f 95
9 2g i-Pr 6 93 93
10 2h t-Bu 8 89 90
11 2i Methyl 5 91 -43
a Reaction conducted with 2.2 equiv of 3 and 2 equiv of hexafluoro-



2-propanol (HFIP) relative to 2 in PhMe/CH2Cl2 (3:1). b Isolated yield.
c Determined by chiral HPLC (see Supporting Information). d 20 mol
% catalyst used and 2.5 equiv of 3 added. e Five mol % catalyst used.
f Five mol % catalyst used on a 5-mmol scale.



Figure 1. X-ray structure of [Cu(t-Bubox)‚2a](SbF6)2 (5). Selected bond
lengths and angles: Cu-N1, 1.926 Å; Cu-N2, 1.955 Å; Cu-O1, 1.964
Å; Cu-O2, 1.950 Å; C1-N1-Cu-O1, 16.6°; C2-N2-Cu-O2, 7.0°.
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	Evans JACS 1999, 121, 1994


6-Membered chelates based on imide frameworks places the electrophilic center roughly in the equatorial plane of the square planar complex and closer to the bulky t-Bu group of the ligand. Note that the oxazolidine moiety is installed in the substrate to provide a second coordination site for the Cu complex (It can be transformed to a variety of carboxylic acid derivatives in following steps):
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Activated unsaturated carbonyls that form 5-membered ring chelates have also been developed. α-Ketoesters are highly electron-withdrawing and make particularly reactive electrophiles:
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Other metal-ligand complexes based on oxazoline frameworks are known. For example, Mg2+-catalyzed addition of hydrazines to imides provides pyrazolidinones:
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Higher oxidation state metals, for example Sc3+, can be more Lewis acidic but require an extra coordinating group to occupy 3 of 6 open sites in the octahedral geometry (in contrast to the previously mentioned square-planar geometry): Pyridine-bis(oxazoline) ligands (“PyBox”) are used:
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This complex is an excellent catalyst for enantioselective Friedel-Crafts-type addition to unsaturated acylphosphonates- useful ester surrogates: 
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2.1.1.2 Other Classes of Catalysts for Electrophile Activation:

The first catalytic, enantioselective Mukaiyama-Michael reaction used a BINOL-Ti oxide complex to add to cyclic ketones:
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Bandini and Umani-Ronchi were the first to demonstrate that one-point binding could also provide high enantioselectivity in the Friedel-Crafts alkylation. A chiral Salen ligand (Salen from salicylaldehyde and ethylenediamine) with bulky tert-butyl groups was employed, which creates a well-defined chiral geometry around the Al atom. 
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An improved version giving better selectivities using 3,3’-disubstituted-BINOL Zirconium complexes was described (Note: The bulky 3,3’-Br substitutents on the BINOL are necessary for a high chiral induction):
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In addition to Lewis acid catalysts, Brønsted acid catalysts also promote this type of reaction:
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2.1.2 Iminium catalysis

	- For these reactions to occur, α,β-unsaturated aldehydes (sometimes ketones) are required for the formation of the iminium ions. This is in contrast with the metal-catalyzed reactions in Section 2.2 where unsaturated aldehydes are difficult substrates. Therefore, the nucleophile has to be unreactive with the aldehyde (or ketone) in the absence of a catalyst to prevent an unwanted background reaction. Electrophilicity of iminiums is greater than that of aldehydes - importantly, the groups, which provide the chiral environment, are also LUMO lowering, leading to enhanced reactivity.
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	Catalytic cycle: Formation of iminium, addition of nucleophiles, followed by protonation of enamine and hydrolysis- generates and requires molecule of water for catalyst turnover 
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	- Equilibrium between E/Z isomers leads to Curtin-Hammett control of product distribution- addition to E isomer faster than to Z
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	-  Enantioselective Friedel-Crafts alkylations
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	- Enantioselective Mukaiyama-Micheal reactions employing 2-siloxyfurans as nucleophiles to furnish butenolide structures. Here, the nature of the catalyst governs the regioselectivity: Lewis acid-based catalysts will lead to the 1,2-addition products (1,2-diol derivatives, Mukaiyama-Aldol), whereas organocatalytic approaches (iminium catalysis) will lead to the corresponding 1,4-addition products (Mukaiyama-Michael). 
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	Treatment of 2-siloxyfurans with a variety of (,(-unsaturated aldehydes afforded syn-butenolide adducts with high diastereoselectivity and high enantioselectivity. Significantly, the use of different co-catalyst and solvent provided the opposite diastereomer with the same enantioselectivity.

This methodology was applied in the synthesis of spiculisporic acid and 5-epi-spiculisporic acid.
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	- Enantioselective Michael reactions of (,(-unsaturated ketones:
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	- Conjugate reduction, formally, a H– is added in a 1,4-fashion to (,(-unsaturated aldehydes. To render this process stereoselective, a β,β’-disubstituted aldehyde has to be used. 

In the following case, the Hantzsch ester (a dihydropyridine) is employed as the hydrogen source. It gets oxidized to a pyridine, thereby formally releasing an equivalent of H2. (compare also with nature’s reducing agent NADH, which essentially works via the same principle)
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	MacMillan JACS 2005, 127, 32

	- Asymmetric counteranion directed catalysis (ACDC). 

In this conjugate reduction of α,β-unsaturated aldehydes, the chiral 3,3’-BINOL derived phosphoric acid serves as the counterion to the iminium ion formed in situ. Electrostatic interactions keep the phosphate in close proximity to the electrophile, so that a face selection is induced. Important to note is that the bulky 3,3’-substituents on the BINOL are essential for asymmetric induction to occur.
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	(,(-unsaturated ketones: Neither ACDC catalysts nor chiral imidazolidinone catalysts gave good yields or enantioselectivies in the conjugate reduction of (,(-unsaturated ketones. A novel class of catalytic salts, in which both anion and cation are chiral was developed by List.
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2.2 Catalytic Generation of Soft anions

2.2.1 Soft anions by transmetallation of hard anions

A wide variety of organometallic compounds can transfer their substituents (e.g. alkyl- or aryl ligands) to other catalytically active metals. Thereby, the reactivity of these substituents to be transferred can be altered. (see also section 1.2.3. : Transmetallation of a ‘hard’ Grignard reagent RMgBr to ‘soft’ copper leads to a shift of 1,2-addition to 1,4-addition) Many different organometallic reagents are either commercially available or can be prepared readily, and therefore, the general approach to use them as alkyl- or aryl-donors for conjugate addition through transmetallation is attractive.

2.2.1.1 Copper-catalyzed addition of Grignard reagents

Some characteristics of Cu-catalyzed enantioselective 1,4-conjugate addition of Grignard reagents are: 

-
Grignard reagents have a relatively high reactivity. The competition of fast, uncatalyzed background 1,2-carbonyl addition and 1,4-addition.

-
Unlike in iminium catalysis, α,β-unsaturated aldehydes cannot be employed because of their high reactivity. Ketones, esters and thioesters have to be employed.

+
Chiral copper complexes based on phosphine-, phosphoramidite- and NHC-ligands are well known and available


+
Many Grignard reagents are commercially available, and inexpensive

Alexakis and Baeckvall Chem. Rev. 2008, 108, 2796; 
Feringa Chem. Rev. 2008, 108, 2824 & ACIE 2010, 49, 2486
Good results with respect to yields and enantioselectivites are obtained with Cu/ferrocenyl-ligand complexes. Important to note is the fact that both cyclic and acyclic substrates give good stereoselectivities. This catalytic system works best for linear, unfunctionalized Grignard reagents. To introduce a chiral center with a methyl group (from MeMgBr), which is the most frequent pattern in natural products, one needs to use the more reactive thioesters instead of esters.
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	- Mechanism of the enantioselective 1,4 addition of (,(-unsaturated carbonyl compounds promoted by copper complexes of chiral ferrocenyl diphosphine. The reaction is believed to run via a Cu-π-complex followed by a formation of a Cu-σ-complex. The transfer of R to the α,β-unsaturated carbonyl compound was found to be the rate-determining step. 
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Results with ferrocenyl-based bisphosphine ligands:
	cyclic enones
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	acyclic enones
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Thioesters employed in these reactions show a more “ketone-like” reactivity and can be easily used in follow-up reactions, e.g. in a direct transformation to aldehydes. The aldehydes can then be employed to construct another α,β-unsaturated thioester via Horner-Wadsworth-Emmons reaction, which allows the conjugate addition to be carried out iteratively. Up to seven chiral methyl groups have been introduced using this method in the synthesis of phthioceranic acid.
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	- Similarly good results in terms of enantioselectivities can be obtained with BINAP-derived catalysts. This catalyst system requires higher temperatures than the ferrocenyl-derived one, but has a broader nucleophile scope. In contrast to the ferrocenyl-based system, one does not need to employ a thioester to achieve good enantioselectivities with MeMgBr. 
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2.2.1.2 Cu-Catalyzed Conjugate Addition of C-Zn and C-Al Nucleophiles + Application to All-Carbon Quaternary Centers
	A recent addition to enantioselective conjugate additions is the formation of very sterically hindered, quaternary carbon centers by asymmetric conjugate addition to β,β’-disubstituted carbonyl compounds. As these substrates are less reactive due to their steric hindrance, more reactive organometallic reagents like trialkylaluminum reagents are employed. One of the first examples used highly reactive trialkylaluminums as nucleophiles with a Cu/phosphoramidite catalyst:
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	Alexakis ACIE 2005, 44, 1376 & Chem. Commun. 2010, 46, 7295


Dialkylzinc nucleophiles are more functional group compatible than trialkylaluminums- additions to enones with β-ester groups proceed without acyl substitution and with complete regiochemistry for the more hindered site. A chiral NHC-Ag complex was employed as catalyst in this case.
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Plot of Initial Rate vs. [1a]2 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction of substrate 3c using Method A (see Table 1 of main document).  Catalyst loadings range from 
5.0 to 17.5 mol%.  Rata data were collected by dividing the reaction mixture into 7 1H NMR tubes and then 
quenching each tube at different times by dilution with CD2Cl2.  Reaction progress was monitored over the 
first 20% of each reaction by integration of starting material and product 1H NMR resonances.   
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Non-cyclic unsaturated carbonyls are less reactive than cycloalkenones, thus double activation of the alkene is common. Meldrum’s acid derivatives (2 electron withdrawing groups) have been employed as activated α,β-unsaturated carbonyl compounds for the addition of dialkylzinc reagents with a Cu/phosphoramidite complex as catalyst.
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Recently Hoveyda reported asymmetric conjugate additions of aryl- and alkylaluminum reagents to ,-disubstituted acyclic enones.
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	Hoveyda ACIE 2013, 52, 8156


2.2.1.3 Conjugate reduction

A Chiral copper-hydride catalyst is prepared in situ for the asymmetric conjugate reduction of (,(-unsaturated carbonyl compounds. As in the case of the organocatalytic conjugate reduction (compare section 2.1.2), "H–" is the nucleophile that is added in a 1,4-fashion. As stoichiometric reducing agents, silanes (compounds bearing a Si-H bond) are employed. PMHS is a side-product of silicone production, thus inexpensive and widely available. 
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Lipshutz and Krause Chem. Rev. 2008, 108, 2916
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2.2.1.4 Rh-Catalyzed Asymmetric Addition of Boronic Acids and their Derivatives 

	Hayashi and Miyaura described the Rh-catalyzed addition of aryl boronic acids to unsaturated ketones in 1998 - since that time this field has developed greatly. Even though boronic acids are not “organometallic” reagents in a strict sense, they do transmetallate. This stems from the fact that the C-B bond is polarized in a similar fashion like a C-Mg bond in a Grignard reagent. This enables the R group from a boronic acid to be transferred to a metal. Boronic acids are readily available and the reaction with Rh catalysts shows a high functional group tolerance as well as mild reaction conditions. 
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	Mechanistic studies revealed the importance of water to help catalyst turnover and hydroxide to facilitate transmetallation and allow lower reaction temperatures:
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	Hayashi JACS 2002, 124, 5052 & Chem. Rev. 2003, 103, 2829

	An important discovery is that chiral dienes can be used as ligands rather than chiral phosphines- this leads to far more reactive catalysts. The reactions can be carried out at much lower reaction temperatures.
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	Diene ligands can provide exquisite chemo- and enantioselectivity - additions to unsaturated aldehydes proceed by 1,4-addition, not 1,2. This is in stark contrast to a Rh/phosphine catalyst, which furnishes the 1,2-additon product exclusively. 
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	Other boron-based reagents can also be used. Most importantly, potassium trifluoroborate salts which are air and moisture stable and easy to prepare and handle:
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	The use of tetraarylborate salts allows synthesis of all-carbon quaternary centers. The coordination of Ar3B to the carbonyl is proposed to assist activation of the electrophile to enable attack on the hindered β-position. One drawback of this methodology is that only one of four aryl groups can be transferred:
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Boron nucleophiles can transmetallate with other soft metals beside rhodium. 1,4-Additions of aryl-boronic acids to ,-unsaturated aldehydes have been performed with a combination of Pd and amine catalysts.
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2.2.1.5 Overview of some methods for conjugate additions
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2.2.2 Generation of soft anions by deprotonation

2.2.2.1 Deprotonation of terminal alkynes

	Terminal alkynes are relatively acidic (pKa ~ 23 in H2O) and are easily deprotonated by weak bases in the presence of π-acidic Lewis acids such as Cu. However, alkynes often act as “dummy ligands” as they are poor nucleophiles; in the first catalytic, asymmetric alkyne addition, highly reactive electrophiles were used to overcome this poor reactivity:
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	Carreira JACS 2005, 127, 9682


Alkyne 1,4-addition to less electrophilic substrates can be carried out at elevated temperatures. Unfortunately alkyne dimerization is a common side reaction, which can be avoided using very bulky and electron-rich phosphine ligands.
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Hayashi JACS 2008, 130, 1576
2.2.2.2 Deprotonation of nitroalkanes and malonates

Nitroalkanes (pKa ~ 10 in H2O) are readily deprotonated by weak bases - use of a bulky chiral cation gives high enantio- and diastereoselectivity in conjugate additions. Note that the chiral catalyst has to carry bulky 3,3’-substituents in order to achieve high ee's.  Malonates (pKa ~ 13 in H2O) are the classic Michael donors.
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2.3 Dual Activation of Nucleophiles and Electrophiles

2.3.1 3,3’-Disubstituted BINOL Catalysts in Conjugate Additions of Boronic Acids

Extensive computational studies by Goodman suggest that BINOL-derived boronates are more Lewis acidic than the parent boronates as the twisted orientation limits B-O interactions. Subsequently, this adduct with the ketone has a lower lying LUMO and a higher energy HOMO than the adduct of the parent boronate. Therefore, this is an example of a ligand-accelerated reaction. 
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This concept has been shown to be practical in synthetic applications:

Chong has demonstrated that BINOLs catalyzed the addition of alkynylboronates to unsaturated ketones. The proposed catalytic cycle is based on ligand exchange around the boron atom.
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Similarly high enantioselectivities were observed for attack of alkenylboronates- a six-membered ring transition state was proposed to explain the sense of addition:
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2.3.2 Al-Salen Catalyzed Conjugate Additions to Unsaturated Imides

Jacobsen has made extensive use of salen ligands for enantioselective conjugate reactions - in the initial report on addition of hydrazoic acid (pKa 4.72 in H2O), high ee was obtained for addition to β-alkyl-substituted imides. This was proposed to occur through a one-point binding, Lewis acid activation: 
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Jacobsen JACS 1999, 121, 8959
In the conjugate addition of cyanide to imides, high enantioselectivity was obtained for β-alkyl substrates but β-aryl ones showed no reactivity. An important observation was a 2nd order rate dependence on catalyst concentration, evidence for a bimetallic catalytically active species.
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Therefore, a new ligand was designed which contains two Al-salen groups tethered together - dramatic rate acceleration and higher ee’s were observed. Importantly, previously unreactive electrophiles could be used.
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