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Abstract

m Chapter 1

Enantioselective Conjugate Additions of Carbon Nucleophiles to Activated Olefins:
Preparation of Enantioenriched Compounds Containing All-Carbon Quaternary
Stereogenic Centers

Methods for enantioselective conjugate addition of nucleophiles to activated olefins
generating products containing all-carbon quaternary stereogenic centers are critically
reviewed. Enantioselective conjugate addition has been shown to be a powerful and
concise approach to construct carbon—carbon bonds to prepare compounds containing
sterically hindered stereogenic centers and has seen great advances in the past several
years. Owing to the difficult nature of additions to relatively unreactive conjugate
acceptors, compared to additions generating tertiary stereogenic centers, and construction

of a sterically-hindered bond, in many cases, new and active catalysts had to be



developed. The review discusses the areas where significant advances have been made as

well as current limitations and future outlook.

m Chapter 2

Development of New and Active Catalysts for Cu-Catalyzed Enantioselective Conjugate
Addition of Alkyl- and Arylzinc Reagents

Through development of new chiral catalysts, we have found an active and
enantiodiscriminating bidentate, sulfonate-containing NHC-Cu catalyst that effects
enantioselective conjugate addition of alkyl- and arylzinc reagents on notoriously
difficult trisubstituted cyclic enones. Products are prepared with high levels of selectivity
and participate in a variety of further functionalizations. The enantioselective additions

are efficient and practical, not requiring rigorously anhydrous or oxygen-free conditions.
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m Chapter 3

Cu-Catalyzed Enantioselective Conjugate Addition of Alkyl- and Arylaluminum Reagents
to Trisubstituted Enones
Outlined in this chapter is the first effective solution for Cu-catalyzed enantioselective

addition of alkyl and aryl nucleophiles to trisubstituted cyclopentenones generating



products bearing a B-all-carbon quaternary stereogenic center. Products are obtained in
up to 97% yield and 99:1 er, only requiring 5 mol % of an in situ generated Cu—NHC
catalyst. The methodology was highlighted as one of the key steps in the total synthesis
of clavirolide C. Not only five-membered rings, but six- and seven-membered rings
serve as proficient partners in the enantioselective process. Moreover, in cases for the
enantioselective aryl addition, in situ prepared Me,AlAr can be used without purification,
filtration, or isolation, only requiring the corresponding aryl halides. The additions have

also been extended to trisubstituted unsaturated lactones and chromones.

2.5 mol %
Ph

o 5 ~N \/N
Xﬁ A%Ag . \\)j
"R | ﬂ ot

n-Pr
<=\
SA‘\J 5 mol % Cu(OTf),

/ i alkylsAl or arylAlMe, 97% yleld 94% yield, 49% yield,
96:4 er 93.5:6.5 er 98:2 er

o
3.75 mol % NHC-Ag
7.5 mol % Cu(OTf),
MesAl, thf, =78 °C, 36 h;
Et3SiOTf, -78 °C, 24 h
/ 72%yield, clavirolide C
2 mmol scale 92:8 er 17 steps,
3.5% overall yield
m Chapter 4

Cu-Catalyzed Enantioselective Conjugate Addition of Vinylaluminum Reagents to Cyclic
Trisubstituted Enones

An enantioselective protocol for the formation of g, A-disubstituted cyclic ketones
containing a synthetically versatile vinylsilane is disclosed. Enantioselective conjugate
addition of in situ prepared silyl-substituted vinylaluminum reagents to «,/~unsaturated
ketones promoted by 5 mol % of chiral CuU-NHC complexes delivers desired products

with high efficiency (up to 95% vyield after purification) and enantioselectivities (up to



>08:<2 er). Several functionalizations utilizing the vinylsilanes, vicinal to an all-carbon
quaternary stereogenic center, are shown, including an oxidative rearrangement, vinyl
iodide formation and protodesilylation, accessing products not previously attainable.
Furthermore, the enantioselective protocol is demonstrated as the key transformation in
the total synthesis of riccardiphenol B.
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Chapter 1

Chapter 1.
Enantioselective Conjugate Additions of Carbon
Nucleophiles to Activated Olefins: Preparation of
Enantioenriched Compounds Containing All-

Carbon Quaternary Stereogenic Centers

1.1 Introduction

Catalytic enantioselective synthesis of compounds containing all-carbon quaternary
stereogenic centers is a challenging and important objective in organic synthesis.! Steric
and electronic repulsion between the four carbon substituents make the formation of
quaternary stereogenic centers a difficult task even without the formidable task of
rendering the process both catalytic and enantioselective. Much research has been
dedicated to developing methods that allow access to all-carbon quaternary stereogenic
centers. Some of the methods that has emerged for the synthesis of sterically congested
compounds include enantioselective cycloadditions [cyclopropanations (2+1),> Diels-

Alder (4+2)°], metal-catalyzed cross coupling reactions (Heck,* a-arylation®), and

(1) (a) Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A.; Yamamoto, H., Eds; Springer:
Berlin, Germany, 1999. (b) “Catalytic Asymmetric Synthesis of All-Carbon Quaternary Stereocenters,”
Douglas, C. J.; Overman, L. E. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 5363-5367. (¢) Quaternary
Stereocenters: Challenges and Solutions for Organic Synthesis; Christoffers, J.; Baro, A., Eds; Wiley-
VCH, Weinheim, 2006.

(2) For a recent review and a lead reference, see: (a) “Recent Developments in Asymmetric
Cyclopropanation,” Pellissier, H. Tetrahedron, 2008, 64, 7041-7095. (b) “Synthetic Studies on
Nemorosone via Enantioselective Intramolecular Cyclopropanation,” Abe, M.; Saito, A.; Nakada, M.
Tetrahedron Lett. 2010, 51, 1298-1302.

(3) For lead references, see: (a) “Highly Enantioselective Diels-Alder Reactions of Maleimides Catalyzed
by Activated Chiral Oxazaborolidines,” Mukherjee, S.; Corey, E. J. Org. Lett. 2010, 12, 632-635. (b)
“Catalytic Enantioselective Construction of All-Carbon Quaternary Stereocenters by an Organocatalytic
Diels-Alder Reaction of a-Substituted o,p-Unsaturated Aldehydes,” Kano, T.; Tanaka, Y.; Osawa, K.;
Yurino, T.; Maruoka, K. Chem. Commun. 2009, 1956-1958.
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Chapter 1

enantioselective olefin metathesis reactions.® Other methodologies that has been
extensively studied Hoveyda laboratories, which allows the efficient construction of all-
carbon quaternary stereogenic centers, are enantioselective allylic substitution (EAS)’
and conjugate addition (ECA) reactions.® The latter method, which is the subject of this
review, has been shown to be a powerful and concise approach to construct carbon—
carbon bonds and prepare compounds containing all-carbon quaternary stereogenic
centers.

Catalytic enantioselective methods that prepare compounds with quaternary
stereogenic centers are an important goal in organic synthesis. One such reason is that, in
nature, many natural products and biologically active agents contain quaternary

stereogenic centers (Scheme 1.1).” For example, guancastepene B has demonstrated

(4) For a review, see: The Asymmetric Intramolecular Heck Reaction in Natural Product Synthesis,
Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2964.

(5) For lead references, see: (a) “Palladium-Catalyzed Enantioselective a-Arylation and a-Vinylation of
Oxindoles Facilitated by an Axially Chiral P-Stereogenic Ligand,” Talyor, A. M.; Altman, R. A
Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 9900-9901. (b) “Highly Chemo- and Enantioselective
Synthesis of 3-Allyl-3-aryl Oxindoles via the Direct Palladium-Catalyzed a-Arylation of Amides,” Luan,
X.; Wu, L.; Drinkel, E.; Mariz, R.; Gatti, M.; Dorta, R. Org. Lett. 2010, 12, 1912-1915.

(6) For a review and a lead reference, see: (a) “Catalytic Enantioselective Olefin Metathesis in Natural
Product Synthesis. Chiral Metal-Based Complexes that Deliver High Enantioselectivity and More,”
Hoveyda, A. H.; Malcolmson, S. J.; Meek, S. J.; Zhugralin, A. R. Angew. Chem., Int. Ed. 2010, 49, 34-44.
(b) “H-Bonding as a Control Element in Stereoselective Ru-Catalyzed Olefin Metathesis,” Hoveyda, A. H.;
Lombardi, P. J.; O’Brien, R. V.; Zhugralin, A. R. J. Am. Chem. Soc. 2009, 131, 8378-8379.

(7) For two recent reviews and a lead reference, see: (a) “Enantioselective Copper-Catalyzed Conjugate
Addition and Allylic Substitution Reactions,” Alexakis, A.; Backvall, J. E.; Krause, N.; Pamies, O.;
Diéguez, M. Chem. Rev. 2008, 108, 2796-2823. (b) Spino, C. Copper-Mediated Asymmetric Allylic
Alkylations. In The Chemistry of Organocopper Compounds, Volume 1; Rappoport, Z.; Marek, 1., Eds.
Wiley: Chichester, UK, 2009, pp 603—692. (c) “Synthesis of Quaternary Carbon Stereogenic Centers
through Enantioselective Cu-Catalyzed Allylic Substitutions with Vinyaluminum Reagents,” Gao, F.;
McGrath, K. P.; Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 14315-14320.

(8) For a recent reviews, see: (a) reference 7a. (b) “Recent Advances in Enantioselective Copper-Catalyzed
1,4 Addition,” Jerphagnon, T.; Pizzuti, M. G.; Minnaard, A. J.; Feringa, B. L. Chem. Soc. Rev. 2009, 38,
1039-1075. (c) “Catalytic Asymmetric Conjugate Addition and Allylic Alkylation with Grignard
Reagents,” Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.; Feringa, B. L. Chem. Rev.
2008, 108, 2824-2852.

(9) For isolation accounts of the natural products shown in Figure 1, see: riccardiphenol B (a)
“Sesquiterpene Derivatives and a Norsesquiterpenoid from the Liverworts Riccardia Crassa and Porella
Caespitans var. Setigera,” Toyota, M.; Asakawa, Y. Phytochemistry 1993, 32, 137-140. Clavirolide C (b)
“Four Novel Diterpenoids: Clavirolides B, C, D, and E from the Chinese Soft Coral Clavularia Viridis,”
Su, J.; Zhong, Y.; Zeng, L. J. Nat. Prod. 1991, 54, 380-385. Suspensoside A (c) “Glucosylated
Suspensosides, Water-Soluble Pheromone Conjugates from the Oral Secretions of Male Anastrepha
suspensa,” Walse, S. S.; Lu, F.; Teal, P. E. A. J. Nat. Prod. 2008, 71, 1726-1731. Daphnimacropodine B
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Chapter 1

promising activity against methicillin-resistant Staphylococcus aureus and vancomycin
resistant Enterococcus faecium.'® A concise, efficient and selective synthetic route to
these natural products is of the utmost importance to secure enough material for
biological testing or production as pharmaceuticals particularly when large quantities of
the agents are limited or unavailable from the natural source. Furthermore, organic
synthesis can provide unnatural analogues are that can give more stability or fine tuning
of the biological activity). The synthesis of a complex target is also a useful probe to
assess the generality and limitations of current methods.

Scheme 1.1. Representative Natural Products Containing an All-Carbon Quaternary

Stereogenic Center

Me

riccardiphenol B clavirolide C suspensoside A
?} COzH
2 .
Me i-Pr, OH
N § %o
Me\\\\‘ H
H oy OH £
Prme Me o}
HO™ ©O
daphnimacropodine B guanacastepene B aphanamol |

A synthesis target can also facilitate methodology progress; new approaches,

reaction conditions, catalysts and ligands may be required to gain high efficiency and

(d) “Daphnimacropodines A-D, Alkaloids from Daphniphyllum macropodum,” Kong, N.-C.; He, H.-P.;
Wang, Y.-H.; Mu, S.-Z.; Di, Y.-T.; Hao, X.-J. J. Nat. Prod. 2007, 70, 1348-1351. Guanacastepene B (¢)
“The Guanacastepenes: A Highly Diverse Family of Secondary Metabolites Produced by an Endophytic
Fungus,” Brady, S. F.; Bondi, S. M.; Clardy, J. J. Am. Chem. Soc. 2001, 123, 9900-9901. Aphanamol I (f)
“Structure of Aphanamol I and II,” Nishizawa, M.; Inoue, A.; Hayashi, Y.; Sastrapradja, S.; Kosela, S.;
Iwashita, T. J. Org. Chem. 1984, 49, 3660-3662.

(10) “Biological Activity of Guanacastepene, A Novel Diterpenoid Antibiotic Produced by an Unidentified
Fungus CR115,” Singh, M. P.; Janso, J. E.; Luckman, S. W.; Brady, S. F.; Clardy, J.; Greenstein, M.;
Maiese, W. M. J. Antibiot. 2000, 53, 256-261.
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Chapter 1

selectivity in a synthesis-driven project.'’ For instance, ligands and catalysts that
promote the formation of tertiary stereogenic centers are often not effective or selective
for the preparation of the corresponding quaternary stereogenic centers (for examples, see
Chapter 2). The development of active catalysts to help promote the difficult task of
preparing sterically congested stereogenic centers while still delivering products with
high selectivities (regio-, diastereo-, and/or enantioselectivities) is a daunting task.
Nevertheless, if this objective is met, the developed catalysts could potentially find
application in new projects and reactions. For instance, the new N-heterocyclic carbenes
(NHCs) developed in our laboratories for the advancement of several Cu-catalyzed ECA
projects (discussed in length later in this thesis) have led to several new enantioselective
carbon-boron bond forming reactions (hydroboration of alkenes'> and alkynes'’ and
allylic boron substitutions'*); these aforementioned reactions would not have been as
fruitful if a new NHC had not been developed.

Enantioselective conjugate addition has proven to be a powerful method to
construct carbon—carbon bonds starting with easily accessible starting materials.
Hundreds of catalyst systems have been disclosed that have promoted additions to
cyclohexenone;15 however, enantioselective additions to tri- or tetra-substituted enones,
to afford products containing all-carbon quaternary stereogenic centers, have been less

extensively studied.'® This review encompasses methods disclosed for the ECAs to

(11) “Natural Products as Inspiration for the Development of Asymmetric Catalysis,” Mohr, J. T.; Krout,
M. R.; Stoltz, B. M. Nature 2008, 455, 323-332.

(12) “Efficent Boron—Copper Additions of Aryl-Substituted Alkenes Promoted by NHC-Based Catalysts.
Enantioselective Cu-Catalyzed Hydroboration Reactions,” Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc.
2009, 131, 3160-3161.

(13) “Vicinal Diboronates in High Enantiomeric Purity through Tandem Site-Selective NHC—Cu-Catalyzed
Boron—Copper Additions to Terminal Alkynes,” Lee, Y.; Jang, H.; Hoveyda, A. H. J. Am. Chem. Soc.
2009, 131, 18234-18235.

(14) “Enantioselective Synthesis of Allylboronates Bearing a Tertiary or Quaternary B-Substituted
Stereogenic Carbon by NHC—Cu-Catalyzed Substitution Reactions,” Guzman-Martinez, A.; Hoveyda, A.
H. J. Am. Chem. Soc. 2010, 132, 10634-10637.

(15) For a review that primarily discusses the formation of tertiary stereogenic centers through ECA, see:
“Recent Advances in Catalytic Enantioselective Michael Additions,” Krause, N.; Hoffmann-Roder, A.
Synthesis 2001, 171-196.

(16) There are several methods that form an all-carbon quaternary stereogenic center on the nucleophile
(vs. a stereogenic center located on the electrophile) by enantioselective Michael additions. For examples,
see: (a) “Catalytic Asymmetric Synthesis with Trans-Chelating Chiral Diphosphine Ligand TRAP:
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Chapter 1

activated electrophiles generating sterically hindered products B to an electron-
withdrawing substituent (carbonyl, nitro, sulfone). The sections are divided by the type
of nucleophile (alkyl, aryl, vinyl, cyanide) to various electrophiles. Critical evaluation is

provided along with mechanistic details when needed.

1.2 Enantioselective Conjugate Additions of Alkyl Nucleophiles to
Activated Olefins

Most of the research disclosed for the formation of all-carbon quaternary
stereogenic centers through ECA has centered on the addition of alkyl-based nucleophiles
to activated alkenes. The first examples of the enantioselective additions involved
alkylzinc reagents because they are mild nucleophiles (no uncatalyzed 1,2- or 1,4-
additions) and functional-group tolerant and compatible. Later methods have began to
explore more reactive and Lewis acidic nucleophiles (alkylaluminum and Grignard
reagents) in an effort to increase the efficiency of some of the enantioselective additions.
This review begins with ECAs of activated electrophiles (nitroalkenes, enones bearing
electron-withdrawing groups) before discussing the more challenging substrates (alkyl-

and aryl-substituted enones).

Rhodium-Catalyzed Asymmetric Michael Addition of «-Cyano Carboxylates,” Sawamura, M.;
Hamashima, H.; Tto, Y. J. Am. Chem. Soc. 1992, 114, 8295-8296. (b) “Asymmetric Michael Reaction of an
a-Cyano Weinreb Amide Catalyzed by a Rhodium Complex with Trans-Chelating Chiral Diphosphine
PhTRAP,” Sawamura, M.; Hamashima, H.; Shinoto, H.; Ito, Y. Tetrahedron Lett. 1995, 36, 6479-6482. (c)
Catalytic Asymmetric Michael Reactions Promoted by the La-Na-BINOL Complex (LSB). Enantioface
Selection on Michael Donors,” Sasai, H.; Emori, E.; Arai, T.; Shibasaki, M. Tetrahedron. Lett. 1996, 37,
5561-5564. (d) “Direct Generation of Nucleophilic Chiral Palladium Enolate from 1,3-Dicarbonyl
Compounds: Catalytic Enantioselective Michael Reaction with Enones,” Hamashima, Y.; Hotta, D.;
Sodeoka, M. J. Am. Chem. Soc. 2002, 124, 11240-11241. (e) “Highly Enantioselective Conjugate
Additions to o,B-Unsaturated Ketones Catalyzed by a (Salen)Al Complex,” Taylor, M. S.; Zalatan, D. N.;
Lerchner, A. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2005, 127, 1313-1317. (f) “Organocatalytic
Asymmetric Conjugate Addition of 1,3-Dicarbonyl Compounds to Maleimides,” Bartoli, G.; Bosco, M.;
Carlone, A.; Cavalli, A.; Locatelli, M.; Mazzanti, A.; Ricci, P.; Sambri, L.; Melchiorre, P. Angew. Chem.,
Int. Ed. 2006, 45, 4966-4970.
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1.2.a Alkyl Additions to Activated Enones and Nitroalkenes

The first example of an enantioselective conjugate addition to generate an all-
carbon quaternary stereogenic center was disclosed by our laboratory in 2005." Cu-
catalyzed ECA of alkylzinc reagents to trisubstituted nitroalkenes affords products in up
to 99:1 er (Scheme 1.2). The addition is catalyzed by a chiral phosphine (1.2) that is
easily prepared in five steps.'® A variety of alkylzinc reagents are competent partners in
this addition: long chained alkyl (Et, 1.3, and n-Bu, 1.4), methyl, as well as nucleophiles
that contain a heteroatom (OAc, 1.5). Nitroalkanes can be functionalized to yield a
variety of enantiomerically enriched molecules; oxidation of 1.3 affords a carboxylic acid
adjacent to a quaternary stereogenic center (1.6) in 82% yield.

Scheme 1.2. Cu-Catalyzed ECA of Alkylzinc Reagents to f3,3-Disubstituted Nitroalkenes

4 mol % x
o tBuH O

NS
@C“)\W“%N%
I
PPh, \©\ 1.2
Me 2 mol % (CuOTf),eCgHg OBn Me Et

NaNO, Me §Et

~NO, NO, M
Ph 3 equiv. Et,Zn, toluene, Ph AcOH, Ph™ "COH
1.1 —78°C, 24h 1.3 DMSO, 35 °C, .
87% yield, 97:3 er 48h 82% yield, 97:3 er
OAc

Me n-Bu Me I/

/©)\/Noz /O)\/ NO,
cl cl

14 1.5
71% yield, 98:2 er 83% yield, 92.5:7.5 er

Although this procedure is efficient and selective with Me, Ar-substituted
nitroalkenes (i.e., 1.1), the use of sterically more hindered electrophiles (for example i-Pr,
Ph-substituted nitroalkene, 1.7, Scheme 1.3) afford products with reduced reactivity and
selectivity (Et,Zn addition, following the conditions in Scheme 1.2 at 0 °C affords 1.9

(17) “Enantioselective Synthesis of Nitroalkanes Bearing All-Carbon Quaternary Stereogenic Centers
through Cu-Catalyzed Asymmetric Conjugate Additions,” Wu, J.; Mampreian, D. M.; Hoveyda, A. H. J.
Am. Chem. Soc. 2005, 127, 4584-4585.

(18) For a review of chiral peptide-based ligands in enantioselective alkylations, see: "Small Peptides as
Ligands for Catalytic Asymmetric Alkylations of Olefins. Rational Design of Catalysts or of Searches that
Lead to Them?," Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chem. Commun. 2004, 16, 1779-1785.

Page 6



Chapter 1

with 53% conv, and 89.5:10.5 er). Since the phosphine-based ligands are modular and
straightforward to prepare analogs, a short ligand screen elucidated a more effective
ligand for the Cu-catalyzed ECA of alkylzinc additions to sterically hindered substrates.
As shown in Scheme 1.3, substituting a in D-benzyl tyrosine affords products 1.9 and
1.10 in up to 84% yield and 96.5:3.5 er. The change in ligand structure from 1.2 to 1.8
gives a larger chiral binding pocket (D-benzyl tyrosine unit pointing away from the Cu-
center that is bound between the imine and phosphine) and provides substrates that have a
substituent larger than a methyl group to interact with a catalyst with a reduced steric
environment.

Scheme 1.3. Cu-Catalyzed ECA of Alkylzinc Reagents to Sterically Hindered

Nitroalkenes

4mol% By H o
@ N/'\[( N NEt,
PPh, o} 1.8
i-Pr 2 mol % (CuOTf)eCgHg OBn -Pr, Et n-Pr, Me
Ph)\/ NOz 3 equiv. EtyZn, toluene, Ph>$\/ NO, Ph>§\/ NO,
1.7 0°C,24h 1.9 1.10

84% yield, 96.5:3.5er  64% yield, 92.5:7.5 er

Fillion and co-workers have disclosed a series of articles focused on additions to

19a

Meldrum’s acid derived tetrasubstituted enones.'” In their initial communication,'®* the

enantioselective alkylations are promoted by 10 mol % of a chiral phosphoramidite

(19) (a) “Asymmetric Synthesis of All-Carbon Benzylic Quaternary Stereocenters via Cu-Catalyzed
Conjugate Addition of Dialkylzinc Reagents to 5-(1-Arylalkylidene) Meldrum’s Acids,” Fillion, E.;
Wilsily, A. J. Am. Chem. Soc. 2006, 128, 2774-2775. (b) “Asymmetric Cu-Catalyzed 1,6-Conjugate
Addition of Dialkylzinc Reagents to 5-(3-Aryl-2-propenylidene) Meldrum’s Acids,” Fillion, E.; Wilsily,
A.; Liao, E.-T. Tetrahedron: Asymmetry 2006, 17, 2957-2959. (c) “Asymmetric Synthesis of Carboxylic
Acid Derivatives Having an All-Carbon a-Quaternary Center through Cu-Catalyzed 1,4-Addition of
Dialkylzinc Reagents to 2-Aryl Acetate Derivatives,” Wilsily, A.; Fillion, E. Org. Lett. 2008, 10, 2801—
2804. (d) “Asymmetric Synthesis of All-Carbon Benzylic Quaternary Stereocenters via Conjugate Addition
to Alkylidene and Indenylidene Meldrum’s Acids,” Wilsily, A.; Fillion, E. J. Org. Chem. 2009, 74, 8583—
8594. (e) “Enantioselective Copper-Catalyzed Conjugate Addition of Dimethylzinc to 5-(1-Arylalkylidene)
Meldrum’s Acids,” Wilsily, A.; Lou, T.; Fillion, E. Synthesis 2009, 2066-2072. (f) “Meldrum’s Acids and
5-Alkylidene Meldrum’s Acids in Catalytic Carbon-Carbon Bond-Forming Processes,” Dumas, A. M.;
Fillion, E. Acc. Chem. Res. 2010, 43, 440-454.
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ligand, developed by Feringa and co-workers,” in the presence of Cu(OTf), and 2 equiv.
of the alkylzinc reagent and provide products in up to 98.5:1.5 er (Scheme 1.4). Various
aromatic groups at the B-position of the activated enone are tolerated, including electron-
rich and electron-poor substituents at the para position of the phenyl rings and
heteroaromatic groups (i.e., product 1.14). Meta substitution on the aryl ring leads to
efficient alkylations, however, the enantioselectivities are diminished as compared to
substitution at the para position (for example, product 1.15 is isolated in 93% yield and
89:11 er, Scheme 1.4). Ethylzinc, as well as butylzinc, are well tolerated in the reaction;
however, Cu-catalyzed ECA of isopropylzinc affords products in reduced
enantioselectivity (82.5:17.5 er) and methylzinc addition only provides <36% conv.
Recently, a new catalyst system (modified phosphoramidite ligand and copper salt) has
been developed that allows for the more efficient methyl alkylations (up to 68% yield,
and 98.5:1.5 er).'” The utility of the enantiomerically enriched products was
demonstrated by a Lewis acid catalyzed intramolecular Friedel-Crafts reaction to afford
an indanone derivative 1.16 or hydrolysis of the Meldrum’s acid product to yield a 3,3-
disubstituted pentanoic acid 1.17 (Scheme 1.4).

(20) (a) “Phosphoramidites: Marvellous Ligands in Catalytic Asymmetric Conjugate Addition,” Feringa, B.
L. Acc. Chem. Res. 2000, 33, 346-353. (b) “Phosphoramidites: Privileged Ligands in Asymmetric
Catalysis,” Teichert, J. F.; Feringa, B. L. Angew. Chem., Int. Ed. 2010, 49, 2486-2528.
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Scheme 1.4. Cu-Catalyzed ECAs of Alkylzinc Regents to Meldrum’s Acid Derived
Enones.

10 mol %

L, ™
o /Ph

P-N
o
Me_ Me Ph Me_ Me Me_ Me
e 1) e %4 S
o7 o 1.12 o o o” o
5 mol % Cu(OTf),
o) | o) o) o o)
2 equiv. EtZn, dme, Qv Me &
e "Me
Ph™ Me —40-22 °C, 48 h Ph™ ¢
1.11 1.13 114 1.15
95% yield, 97% yield, 93% yield,
92:8er 95.54.5er 8911 er
o)
10 mol % Sc(OTf), | 1. HySO0s, H,Of/dmf Ph O
CH4CN, 100 °C, 80°C,2h Me“")\/U\OH
e "Me 30 min 2.190°C, 1 h Et
1.16 117
60% yield 89% yield

Cu-catalyzed ECA of diakylzinc reagents (Et, Me, i-Pr, and n-Bu) to the
expanded substrate scope provided products with an all-carbon quaternary stereogenic
center bearing an ester group in high yields and enantioselectivities (Scheme 1.5, up to
>98% yield, and 97:3 er). '*° Similar trends were observed as above; the highest
enantioselectivities were found with p-substituted aryl rings on the enone; the reaction of
substrates with m-substitution delivers products with lower enantioselectivities. 0-
Substitution is tolerated on the [-ester containing enones (electron-withdrawing
substituent lowers the LUMO of the enone), however, the selectivities of the products are
moderate (66:34-90:10 er) and 1,4-hydride addition becomes competitive (up to 53% of
the reaction material). Cu-catalyzed ECAs of indenylidene Meldrum’s acid substrates are
also suitable substrates (products 1.22 and 1.23).1 Enantiomerically enriched lactones
bearing an all-carbon quaternary stereogenic center at either the o- or B-position can be
prepared, from the conjugate addition product 1.21 in four or two steps, respectively

(Scheme 1.5).
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Scheme 1.5. Expanded Substrate Scope for Cu-Catalyzed ECA of Alkylzinc Reagents

to Meldrum’s Acid Derived Substrates and Functionalizations of the Products

10 mol %
L =
o. ﬁPh
o PN
Me_ Me Ph Me_ Me Me_ Me Me_ Me
e 1) - %4 % %
o~ o 112 o~ o o~ 0o o~ o
5 mol % Cu(OTf),
o | o) o] o) o] o) o] o)
i .. CO,Me
Ph R 2 equiv. EZZZn, dme, Ph ¥ 2 "CO,Me 'CO,Me
~40-22°C, 24 h Et i-Pr Me
1.18 MeG 1.19 c 1.20
Ve M 4 steps 0 60% yield, 86% yield, >98% yield,
e Ve P Ph ° 945:5.5er 92:8 er 80:20 er
() w
(oo 55% gy MeXMe
] o o
© © 2 steps o
Ph~ V" CO2Bn o o} o 12122
Et 68% P Er 96%yield,
% 98:2 er
1.21 Et" pbp
98% yield,
94:6 er

Professor Alexakis and co-workers disclosed a method for the Cu-catalyzed ECA
of trialkylaluminum reagents to di-ester-substituted oxabicycles (1.24, Scheme 1.6).*! As
shown in Scheme 1.6, the reaction is promoted by 2 mol % of phosphoramidite 1.25 in
the presence of 1 mol % of a Cu(]) salt; the reaction proceeds through an exo approach of
the nucleophile generating the enolate 1.26, which subsequently undergoes opening of
the oxabicycle to afford the product 1.27 containing an all-carbon stereogenic center o to
an alcohol as a single diastereomer. The enantioselective alkylation performs well with
Me;Al (1.27, 95% yield, 96.5:3.5 er). The method was also demonstrated on a substrate
containing two methyl groups on the bridgehead carbons; the product 1.31, which
contains two adjacent quaternary stereogenic centers, is afforded in quantitative yield and
in 96.5:3.5 er. Although this is the first ECA method developed to afford products
containing all-carbon quaternary stereogenic centers on oxabicycles, the method is

limited in scope; only oxabicycles are competent partners (norbornadiene substrates are

(21) “New Bifunctional Substrates for Copper-Catalyzed Asymmetric Conjugate Addition Reactions with
Trialkylaluminum,” Ladjel, C.; Fuchs, N.; Zhao, J.; Bernardinelli, G.; Alexakis, A. Eur. J. Org. Chem.
2009, 4949-4955.
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unreactive). Trimethylalumium is the only nucleophile examined that delivers products
in >87.5:12.5 er; additions of other alkyl-based nucleophiles results in a significant
decrease in the enantioselectivity of the products (Et, n-Pr, and i-Bu additions, 77.5:22.5—
86.5:13.5 er, 1.28-1.30).

Scheme 1.6. Cu-Catalyzed ECA of Alkylaluminum Reagents to Oxabicycles

2 mol %

L, ™
o >—2-naph
N

~

Y
M N
o e 1.25 o  OAMe; o
COMe 1 mol % Cu(CH;CN),BF, “ome | Me o
1.5 equiv. MesAl, Et,0, Me =Me 959 yield,
COZMe _45-22°C, 1h CO,Me I CoMe 96535er
1.26

Me
CO,Me CO,Me CO,Me CcOo,Me
@: Q:n -Pr @:l -Bu _aMe
CO,Me CO,Me COoM %
/) 2 Ve HO MeCOZMe
1.28 1.29 1.30 1.31

90% yield, 86.5:13.5er  82% yield, 77.5:22.5er  73% yield, 80:20 er  >98% yield, 96.5:3.5 er

Initial studies in our laboratories to investigate enantioselective additions to
enones to generate all-carbon quaternary stereogenic centers centered on the use of the
peptide-based phosphines as ligands in the presence of a copper salt. After a broad ligand
screening including positional screening of different amino acids and a screening of
different chelating groups on the C-terminus (phosphines, alcohols, amines) we found
that Cu-catalyzed ECA of alkylzinc reagents to tetrasubstituted cyclic enones can be
promoted by 2—5 mol % of an amino acid-based ligand bearing an anthranilic amide
(1.33, Scheme 1.7) and air-stable CuCN.** For example, Cu-catalyzed ECA of Et,Zn to
enone 1.32, promoted by 1.33 and CuCN, affords ketoester 1.34 in 89% yield and 91:9 er
(Scheme 1.7). The addition is practical as undistilled toluene is used and the reaction can
be performed under air (without excluding moisture). Various esters can be used on the

substrate (Me, Et, t-Bu, Scheme 1.7) as well as several alkylzinc reagents [Et (1.34), nBu

(22) “Catalytic Enantioselective Alkylations of Tetrasubstituted Olefins. Synthesis of All-Carbon
Quaternary Stereogenic Centers through Cu-Catalyzed Asymmetric Conjugate Additions of Alkylzinc
Reagents to Enones,” Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 14988-14989.
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(1.35), long-chained ester-containing groups (1.36), and i-Pr, and Me (1.37)] with
enantioselectivities to six-membered ring enones above 91:9 er. Five-membered ring
substrates are also efficient, however, products are isolated with slightly reduced
enantioselectivities (product 1.37 is representative, 70% yield, 91:9 er, Scheme 1.7).%
Although the method uses a readily available ligand, copper salt, and does not require
rigorously dry materials, the substrate must contain an oa-ester group. Under the
conditions shown in Scheme 1.7, -methylcyclohexenone is unreactive. The ester group
presumably lowers the LUMO of the enone to facilitate the addition of the in situ
prepared cuprate. Moreover, although various alkylzinc regents are commercially
available, preparation of non-commercially available alkyl groups require Schlenk line or
dry box techniques.* Alkylzinc reagents are, however, functional group tolerant (for
example OAc in 1.36, Scheme 1.7 is inert). Dialkylzinc reagents are more atom
economical than trialkylaluminum reagents, but not as much as lithium or Grignard
reagents. However, the latter nucleophiles can suffer from adventitious uncatalyzed
background reactions.

Scheme 1.7. Cu-Catalyzed ECA of Dialkylzinc Reagents to Tetrasubstituted Enones

i-Pr

2mol % O
N
Sagtey

NHMe

o
ijj[cozwle 2 mol % CuCN ij/cozlvle COLt-Bu CO,t-Bu COzEt
15 EtyZ ; <;
Me oduv. EtoZn. ”Me ' Me ’n—Bu

undistilled toluene,

1.32 15-0°C, 11-43h 13 134 135 136 ¢ 13-,
0°C,11h -15°C, 43 h -15°C,41h 0°C, 26 h
89% yield, 92% yield, 74% yield, 70% yield,
91:9er 97.525er 97.525er 9:Ger
O
i NaCl i 150 °C
. H,O, dmso, 3h
"Me g ay
Et 150°C,3 h
1.38 1 39
93% yield 84% yield

(23) Five-membered ring enones are often less efficient and enantioselective substrates in ECA (further
details and examples are shown below).

(24) “Preparation and Reactions of Polyfunctional Organozinc Reagents in Organic Synthesis,” Knochel,
P.; Singer, R. D. Chem. Rev. 1993, 93, 2117-2188.
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Several functionalizations are presented in the communication, including
decarboxylation of the ester group by heating ketoester 1.34 in NaCl, H,O and DMSO to
afford 1.38 or a thermal decarboxylation to afford 1.39. Procedures to prepare
enantiomerically enriched tri- and tetra-substituted cyclohexenes are also straightforward

in a two step process.

1.2.b Enantioselective Alkyl Conjugate Additions to Alkyl- and Aryl-Substituted

Enones

Alexakis and co-workers disclosed the first example of ECA to [-alkyl
cyclohexenones to generate all-carbon quaternary stereogenic centers in 2005> followed
by a full paper account with an expanded substrate scope.”® As shown in Scheme 1.8, the
enantioselective alkylation is promoted by 4 mol % of Feringa’s phosphoramidite ligand
with 2 mol % of a Cu(I) salt; methyl and ethyl additions (from the corresponding two
equiv. of trialkylaluminum reagents) to various enones are efficient and selective (up to
87% yield, 98.5:1.5 er, Scheme 1.8). Cu-catalyzed enantioselective conjugate addition of
Et;Al to B-methyl cycloheptenone proceeds with >95% conv and in 97.5:2.5 er, however,
ketone 1.43 is isolated in only 58% yield.

(25) “Enantioselective Copper-Catalyzed Conjugate Addition to Trisubstituted Cyclohexenones:
Construction of Stereogenic Quaternary Centers,” d’Augustin, M.; Palais, L.; Alexakis, A. Angew. Chem.,
Int. Ed. 2005, 44, 1376-1378.

(26) “Copper-Catalyzed Asymmetric Conjugate Addition of Trialkylaluminum Reagents to Trisubstituted
Enones: Construction of Chiral Quaternary Centers,” Vuagnoux-d’Augustin, M.; Alexakis, A. Chem. Eur.
J. 2007, 13, 9647-9662.
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Scheme 1.8. Cu-Catalyzed ECA of Alkylzinc Reagents to Enones Promoted by a
Phosphoramidite Ligand

4 mol %
Me Me
O
o %2-naph
~P—N
o S«LZ-naph
Me 1.40
G Me Me o}
2 mol % CuTC
2 equiv. alkylzAl, Et,0, =30 °C, 18 h ‘
R "' Me
R
with Me Al §
Et
1.38 1.41 1.42
84% conv, 80% vyield, 76% yield,
98.5:1.5er 97.525er 97.525er
with EGAL O O o
wEt
ij Et @ é Et
Me Me Me
ent-1.38 143 1.44
87% yield, 58% yield, 32% vyield,
98.5:1.5er? 97.525er¢ 96.5:3.5er?

2.8 mol % 1.40, 4 mol % (CuOTf),*CgHg, —10 °C.
28 mol % 1.40, 2 mol % (CuOTf)*CqH.
¢ Phosphoramidite 1.12 was used.

Although this procedure performs well for substituted cyclohexenones, the Cu-
catalyzed ECA protocol is not as effective for additions to 3-substituted cyclopentenones.
As shown in Scheme 1.8, the ECA of Et;Al to 3-methylcyclopentenone, promoted by a
copper—phosphoramidite complex, affords cyclopentanone 1.44 in high selectivity
(96.5:3.5 er) but only in 32% yield (>95% conv).”” The enantioselective addition of less
reactive MesAl (as compared to Et;Al) to B-ethylcyclopentenone is inefficient, affording

the desired product in 50% conv, 31% yield and 66.5:33.5 er (not shown).

(27) “Enantioselective Copper-Catalyzed Conjugate Addition to 2- or 3-Substituted Cyclopent-2-en-1-ones:
Construction of Stereogenic Quaternary Carbon Centers,” Vuagnoux-d’Augustin, M.; Kehrli, S.; Alexakis,
A. Synlett 2007, 2057-2060. For initial results, see: ref 24.
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A follow up study investigated the Cu-catalyzed ECA reaction of f-substituted
cyclopentenones promoted by a diphosphite ligand (Scheme 1.9).” The enantioselective
additions were efficient (>80% conv at —30 °C overnight) but provided products with
<87:13 er. One yield is reported for product 1.44 (>95% yield) while for products ent-
1.44 and 1.46, only conversions are quoted. This class of enones are difficult substrates
for ECA perhaps because of their relatively planar shape, while B-substituted
cyclohexenones and cycloheptenones are bent, allowing for the Cu—ligand complex to
have more steric interaction with the latter substrates. Regardless, more active and
effective catalysts are needed for ECA of B-substituted cyclopentenones.

Scheme 1.9. Cu-Catalyzed ECA of EtzAl and MesAl to B-Substituted Cyclopentenones
Promoted by Diphosphite Ligand 1.45

s G

Sy ERe
C s
O

O O O
d 1.45 o/\>
4 mol % (CUOTf)Z.CGHG “I'Me Ka = 'U(IZ\O
Et Me Me

R 152 equiv. alkyl,Al, Et,O0, ~30 °C, 12 h

ent-1.44 1.44 1.46
>35% conv, >95% vyield, 80% conv,
85.5:14.5er 86:14 er 85.514.5¢er

In 2007, the Alexakis group disclosed a new ligand 1.47, a simplified version of
the phosphoramidite ligands (Scheme 1.10).* Instead of a rigid binaphthal or biphenol
unit, as found in ligands 1.25 or 1.40, two aryl rings are used as ligands for the
phosphine. The phosphinamine ligands allow for more flexibility around the phosphine
center and can be synthesized in four steps. Interestingly, the modification should make

the phosphine ligand not a strong of a Lewis base for copper (i.e., phosphites are stronger

(28) “SimplePhos Monodentate Ligands: Synthesis and Application in Copper-Catalyzed Reactions,”
Palais, L.; Mikhel, 1. S.; Bournaud, C.; Micouin, L.; Falciola, C. A.; Vuagnoux-d’Augustin, M.; Rosset, S.;
Bernardinelli, G.; Alexakis, A. Angew. Chem., Int. Ed. 2007, 46, 7462-7465.
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o-donors than the corresponding phosphines).”’ The phosphinamine 1.47—copper
complex has been shown to be effective in ECA of trialkylaluminum reagents to f3-
substituted enones in cases where the phosphoramidite 1.40—copper complex only affords
products in moderate levels of enantioselectivities (Scheme 1.10).*°

As shown in entry 1, Scheme 1.10, Cu-catalyzed ECA of Mes;Al to 3-i-
butylcyclohexenone in the presence of phosphoramidite ligand 1.40 and a Cu(l) salt
affords the product 1.48 in 85% yield and 99:1 er; the phosphinamine ligand 1.47 is
similarly effective for this transformation (90% conv, 98.5:1.5 er, no yield reported).
Improvement can be seen in the ECA reactions when more difficult substrates are
examined. For example, in entry 2, the enantioselective addition of MesAl to 3-
phenylcyclohexenone, promoted by a Cu(l) salt and phosphoramidite ligand 1.40 only
provides the desired product in 50% yield (70% conv) and 86:14 er. When the addition is
promoted by new ligand phosphinamine 1.47 in the presence of a Cu(I) salt, the product
is formed in 61% yield (74% conv) and 93.5:6.5 er. Both the conversion and yield are
improved and the reaction proceeds in the presence of a more practical Cu(l) salt (CuTC
vs., the moisture and air sensitive, CuOTf). Moreover, further improvements are
observed when the Cu-catalyzed ECA is used to form ketones 1.50 and 1.51 the Cu-—
phosphoramidite complex (from 1.40) affords the products in 20-93% conv and 80:20—
83:17 er (entries 3—4, left column). When new phosphinamine ligand 1.47 is used in
conjunction with a copper salt, the products are produced in 89-98% conv and up to

95.5:4.5 er (entries 3—4, right column).

(29) “Steric Effects of Phosphorus Ligands in Organometallic Chemistry and Homogeneous Catalysis,”
Tolman, C. A. Chem. Rev. 1977, 77, 313-348.

(30) “Copper-Catalyzed Asymmetric Conjugate Addition with Chiral SimplePhos Ligands,” Palais, L.;
Alexakis, A. Chem. Eur. J. 2009, 15, 10473-10485.
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Scheme 1.10. Comparison of Phosphoramidite Ligand 1.40 and Phosphinamine 1.47 in

Cu-Catalyzed ECA of Trialkylaluminum Reagents to -Substituted Cyclohexenones

M
Me Me €
Me Me
O o >72—naph >—2—naph
o: P—N Me P—N
\}—2-naph Me }—Z-naph
Me Me
Me Me 1.40 1.47
Me
entry product 1.40 mol %, conv yield er 1.47 mol %, conv yield er
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0 | 8 mol % 1.40, |10 mol % 1.47
1 148 ©  2mol% >95 85 99:1 1 5mol% 90 nd 98515
i (CuOTf),*CgHg H Cu(acac),
“"Me | '
i-Bu '
0 ! 8 mol % 1.40, ! 10 mol % 1.47,
2 1.49 | 2 mol % 70 50 86:14 : 5 mol % 74 61 93.5:6.5
1 (CuOTf),2CgHg ; CuTC
“"Me ' !
Ph ' '
o | 8 mol % 1.40, | 8 mol % 1.47,
3 1.50 2 mol % 93 nd 83:17 2 mol % >98 79 95.5:4.5
R =CF3 | (CuOTf),*CsHg . (CuOAc),*H,0
”V/IMe ' :
! 8 mol % 1.40, ! 8 mol % 1.47,
4 151 2 mol % 20 nd 80:20 2 mol % 89 60 95:5
R =0OMe' (CuOTf),*CeHg ' (CuOAc),*H,0

aConditions: 2 equiv. of the alkyl;Al at —30 °C for 16-18 h. nd = not determined.
Additional nucleophiles were examined in

(Scheme 1.11). Cu-catalyzed ECA of Et;Al, n-Pr;Al,

CuTC = copper thiocarboxylate.
the Cu-catalyzed ECA reaction
and n-BusAl to sterically hindered

3-i-butylcyclohexenone, promoted by phosphinamine 1.47, affords the conjugate addition

adducts 1.52-1.54 in up to 99:1 er.
cyclopentenones, however,

enantioselectivity (1.55, 65% yield, 87:13 er).
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Scheme 1.11. Cu-Catalyzed ECAs Promoted by Phosphinamine 1.47

10 mol % Me

Me Me
>—2-naph
-N
Me }—Z-naph
Me 447
O Me O O G O
? 5 mol % CuTG d
2-3 equiv. alkyl;Al, Et,O, 0--10°C, 16 h
R d VAL Bty “Et “n-Pr |"“n-Bu “n-Bu
i-Bu i-Bu i-Bu Me
1.52 1.53 1.54 1.55
66% yield, 79% conv, 71% yield, 65% vyield,
99:1 er 55% yield, 98:2 er 87:13 er
98.5:1.5er

At this time, a general protocol for ECAs of nucleophiles to [B-substituted
cyclopentenones has not been achieved. Additionally, although the method and use of
phosphine-based ligands Alexakis and co-workers has advanced the field for ECA of
alkyl groups to B-substituted cyclohexenones, several deficiencies still remain that needs
to be addressed. Functionalized trialkylaluminum reagents are difficult to prepare and if
the alkyl group that will be transferred is expensive or precious (in the context of total
synthesis for example), the other two groups on the aluminum will be wasted. An
alternative to trialkylaluminum reagents for nucleophiles is dialkylzinc reagents. The
latter nucleophiles are more atom economical and in some instances it is easier to prepare
variants that are not commercially available; however, the dialkylzinc reagents that are
commercially available are more expensive than trialkylaluminum reagents.”’ Moreover,
high catalyst loadings are sometimes used, with multiple equivalents of ligand as
compared to copper; phosphine-based ligands can dissociate from the metal, a
characteristic that often necessitates excess ligand as compared to the metal to prevent
uncatalyzed background reactions from occurring. As shown in the remaining examples

in this subchapter, when N-heterocyclic carbenes (NHCs) are used as ligands for copper,

(31) The following prices are from Strem in 2010: Me;Al = $104/mol. Me,Zn = $1380/mol. Et;Al =
$33/mol. Et,Zn = $126/mol.
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a 1:1 ligand:metal ratio can be used because of the tight binding that occurs.”> Moreover,
theoretical and experimental studies have elucidated that in many cases, NHCs are
stronger electron donor ligands than phosphine-based ligands.**

As a follow up article to the Cu-catalyzed ECA of dialkylzinc reagents to
activated tetrasubstituted enones,”” investigations in our laboratories have focused on
enantioselective additions of nucleophiles to unactivated enones that affords products
containing all-carbon quaternary stereogenic centers. Initial results using a catalytic
amount of chiral amino-acid based ligand (i.e., 1.33, Scheme 1.7) and a copper salt with
dialkylzinc or trialkylaluminum reagents to B-methylcyclohexenone only provided the
desired product in <30% conv. It was evident that a more active catalyst must be
developed to achieve effective ECA to sterically hindered cyclic enones. Since our group
has demonstrated that chiral Cu—=NHC complexes are efficient and selective catalysts for
enantioselective allylic alkylation reactions,”* which in some cases are more effective
than the amino acid-based Cu catalysts, we investigated Cu—NHC complexes in the
context of ECA reaction of -substituted enones. As shown in Scheme 1.12, a Cu—NHC
complex, prepared in situ from the bidentate Ag—NHC complex 1.56 and a Cu salt,
promotes the ECA of diethylzinc to B-methylcyclohexenone to afford ent-1.38 in 92%

(32) N-Heterocyclic Carbenes in Transition Metal Catalysis. Topics in Organometallic Chemistry 21;
Glorius, F., Ed.; Springer: New York, 2007.

(33) For representative studies that investigate the o-donor abilities of phosphines vs. NHCs, see: (a)
“Rhodium and Iridium Complexes of N-Heterocyclic Carbenes via Transmetallation: Structure and
Dynamics,” Chianese, A. R.; Li, X.; Janzen, M. C.; Faller, J. W.; Crabtree, R. H. Organometallics 2003,
22, 1663-1667. (b) “Determination of N-Heterocyclic Carbene (NHC) Steric and Electronic Parameters
using the [(NHC)Ir(CO),Cl] System,” Kelly, R. A., III; Clavier, H.; Giudice, S.; Scott, N. M.; Stevens, E.
D.; Bordner, J.; Samardjiev, 1.; Hoff, C. D.; Cavallo, L.; Nolan, S. P. Organometallics 2008, 27, 202-210.
(c) “*C NMR Spectroscopic Determination of Ligand Donor Strengths Using N-Heterocyclic Carbene
Complexes of Palladium(Il),” Huynh, H. V.; Han, Y.; Jothibasu, R.; Yang, J. A. Organometallics 2009,
28, 5395-5404.

(34) (a) “Bidentate NHC-Based Chiral Ligands for Efficient Cu-Catalyzed Enantioselective Allylic
Alkylations: Structure and Activity of an Air-Stable Chiral Cu Complex,” Larsen, A. O.; Leu, W.; Nieto
Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 11130-11131. (b) “A
Readily Available Chiral Ag-Based N-Heterocyclic Carbene Complex for Use in Efficient and Highly
Enantioselective Ru-Catalyzed Olefin Metathesis and Cu-Catalyzed Allylic Alkylation,” Van Veldhuizen,
J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877-6882.
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yield and 96.5:3.5 er (Scheme 1.12).>* The Ag~NHC complex 1.56 is air-stable and can
be prepared on multi-gram scale, the structure of which is determined as a dimeric form
by both solid (X-ray) and solution state (nOe) analyses suggest this conformation;
however, we believe the active form of the catalyst (Cu—NHC) is monomeric, which is
formed by transmetallation of the Ag—carbene to generate AgOTf as a byproduct).
Moreover, a 1:1 ligand:metal ratio is used since the Cu—NHC complex does not
dissociate when formed.

Scheme 1.12. Cu-Catalyzed ECA of Dialkylzinc Reagents to Enones Promoted by

Bidentate NHC Complexes to Afford All-Carbon Quaternary Stereogenic Centers

Ph,  Ph
2.5 mol % 7—\
° -/
‘ Ny N 2, f
A

T& g

O\ Ag \&v ( A
Ag_ \Mes _ Y
e, 5
&P S
= ;
3 1.56 Y RO
<=" & »y O,
i 2.5 mol % (CuOTf),*CeH i ent-1.38 wE e
.5 mo u . :
ij\ b )2*Cefs 92% yield, QW‘L
Me 3 equiv. Et,Zn, Et,0, "t 96.5:3.5er g
-30°C, 24-48 h Me
1.56
é\ sl oW
1.57 1.58 1.59 1.43
78% yield, 85% yield, 83% yield, 83% yield,
8713 er 95:5er 93:.7er 92.575er
10 mol %
NHC-Ag,
10 mol % Cu

The Cu-catalyzed ECA protocol allows for the efficient and selective addition of
ethyl groups to various [-substituted cyclohexenones including B-alkynyl substituted
enones (1.57, 78% yield, 87:13 er) with >98% addition in the 1,4 pathway (vs. 1,6

(35) “A Practical Method for Enantioselective Synthesis of All-Carbon Quaternary Stereogenic Centers
through NHC—Cu-Catalyzed Conjugate Additions of Alkyl- and Arylzinc Reagents to B-Substituted Cyclic
Enones,” Lee, K-s.; Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 7182-7184.
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addition through the conjugated alkyne) and sterically hindered B-phenyl substituted
enones (1.58, 85% yield, 95:5 er) although higher catalyst loading much be used to insure
complete conversion. Enantioselective addition of di-n-butylzinc to enones is also
efficient as represented for 1.59 (83% yield, 93:7 er). Seven- and eight-membered ring
enones are efficient substrates for the Cu—NHC catalyzed ECA method, however, lower
enantioselectivities of the conjugate addition adducts are observed (1.43 is representative,
92.5:7.5 er). This initial communication was the first example of ECA of alkylzinc
reagents (and arylzinc reagents, see next section) to unactivated [B-substituted enones; in
some cases, however, high catalyst loadings must be used (up to 10 mol % NHC-Ag
1.56) and B-substituted cyclopentenones are unreactive (<2% conv). These deficiencies
have been addressed and solutions have been developed with new chiral bidentate Cu—
NHC complexes (see chapters 2—4).

An alternative to zinc- and aluminum-based reagents are Grignard reagents,
which are easily prepared and most are commercially available. These are intriguing
nucleophiles if the catalyst can effectively compete with the Grignard reagents inherent
reactivity towards 1,2 addition. As illustrated in Scheme 1.13, Alexakis, Mauduit and co-
workers have investigated ECA of Grignard reagents, promoted by Cu—NHC complexes,
to cyclic enones.”® Various ligands, in combination with a copper salt, were screened
including phosphoramidites, ferrocene-based ligands,”” and NHCs. N-Heterocyclic
carbene-based Cu catalysts afforded the conjugate addition products with the highest
regio- and enantioselectivities (Scheme 1.13, >98% 1,4 addition). Both C,-symmetric
and bidenate C; symmetric Cu—NHC complexes, prepared in situ by deprotonation of the

corresponding imidazolinium salts with the Grignard reagents in the presence of a copper

(36) (a) “Copper-Catalyzed Asymmetric Conjugate Addition of Grignard Reagents to Trisubstituted
Enones. Construction of All-Carbon Quaternary Chiral Centers,” Martin, D.; Kehrli, S.; d’Augustin, M_;
Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. Chem. Soc. 2006, 128, 8416-8417. (b) “Formation of
Quaternary Chiral Centers by N-Heterocyclic Carbene—Cu-Catalyzed Asymmetric Conjugate Addition
Reactions with Grignard Reagents on Trisubstituted Cyclic Enones,” Kehrli, S.; Martin, D.; Rix, D;
Mauduit, M.; Alexakis, A. Chem. Eur. J. 2010, 16, 9890-9904.

(37) “Copper-Catalyzed Asymmetric Conjugate Addition of Grignard Reagents to Cyclic Enones,” Feringa,
B. L.; Badorrey, R.; Pefia, D.; Harutyunyan, S. R.; Minnaard, A. J. Proc. Natl. Acd. Sci. U. S. A. 2004, 101,
5834-5838.
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salt, promote the ECA of EtMgBr to 3-methylcyclohexenone affording ent-1.38 in >80%
yield and >86:14 er, however, the bidentate NHC—Cu complex, derived from 1.61 yields
ketone ent-1.38 in higher enantioselectivity (90:10 er, Scheme 1.13). The bidentate Cu—
NHC complex is also more effective for ECAs of sterically hindered enones (to provide
product 1.62) and additions involving MeMgBr (product ent-1.38).

Scheme 1.13. ECA of Grignard Reagents to Cyclic Enones Promoted by Chiral Cu—
NHC Complexes

o] 4 mol % imidazolinium salt ] O o]
3 mol % Cu(OTf),
R 2 equiv. alkyIMgBr, Et,O, 0 °C, Me .
75 i . g "Et "Me
R Me 30-60 min Me Me Me Et
Ph, Ph ©
N BF,
® . . ent-1.38 1.62 1.38
7L ANSN = with 1.60: 509, yield, 57%yield,  99% conv,
7 S 86.5135er  855145er 605395er
1.60

Ph, Ph O

PFs
81% yield, 85% yield, 67% yield,

Me,
t-BuNEN—_~ ith 1.61:
\[ ~ Mo With 1.6% "90.10 er 91:9 er 84:16 er
OH Me

1.61

A range of B-substituted cyclohexenones participate in the enantioselective
protocol (Scheme 1.14). Enones containing an appendant olefin (yielding 1.63), B-
substituted enones containing sterically hindered groups (i-Bu and phenyl, to afford 1.50
and 1.58) and «,f,y,0-unsaturated enones (to deliver 1.64) are effective in the Cu-
catalyzed ECA reaction and are complete within 20 minutes at 0 °C.>® Moreover, a
variety of Grignard reagents are compatible in the Cu-catalyzed ECA reaction.
Enantioenriched products are obtained in >87:13 er for addition involving long-chained
alkyl groups (1.59), sterically hindered nucleophiles (ent-1.48 and 1.65), as well as cyclic
Grignard reagents (1.66 and 1.67). The observed enantioselectivities of the products do

(38) For a more expanded scope of Cu-catalyzed ECA of Grignard reagents to a,f,y,6-unsaturated enones
forming quaternary stereogenic centers, see: ‘“Regiodivergent 1,4-versus 1,6-Asymmetric Copper-
Catalyzed Conjugate Addition,” Hénon, H.; Mauduit, M.; Alexakis, A. Angew. Chem., Int. Ed. 2008, 47,
9122-9124.
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not seem to be dependent on the relative size of the alkyl groups on the Grignard reagent
(n-Bu addition and i-Pr addition both deliver products with 88.5:11.5 er, 1.59 and 1.65);
the enantioselective addition of the i-butyl group, however, affords the product with the
highest enantioselectivity reported (98:2 er). Cu-Catalyzed ECA of t-butylMgBr to 3-
methylcyclohexenone results in <2% conv.

Scheme 1.14. Representative Substrate and Nucleophile Scope for Cu-Catalyzed ECA

of Grignard Reagents to B-Substituted Cyclohexenones

o 4 mol % 1.61 o o o o
ij\ 3 mol % Cu(OTf),
2 equiv. alkylMgBr, oy w - wEt
R Et0, 0°C, 30-60 min Bt ,-_BEt Ph Bt =
= Et
1.63 1.52 1.58 1.64

84% vyield, 69% yield, 87% yield, 62% yield,
84.5155er 90.595er 86:14 er 98.5:1.5er

O O O O O O
ij"”’n-Bu ij"’“i-Bu d"’”i-Pr d"“’opent d""’ohex ij"”’t-Bu
Me Me Me Me Me Me

1.59 ent-1.48 1.65 1.66 1.67 1.68
100% conv, 69% yield, 77% yield, 80% yield, 79% yield, <2% conv
88.5:11.5er 98:2 er 88.5:11.5er 93:7 er 89.5:10.5 er

-18°C -30°C -30°C

Enantioselective addition of EtMgBr, catalyzed by the Cu—NHC complex derived
from 1.61, to 3-methylcyclopentenone delivers the product in 90% yield, however, in
only 73:27 er (1.44, Scheme 1.15); additions to five-membered ring enones continues to
be a difficult problem for enantioselective conjugate addition. Cycloheptanone 1.43 is
accessed in 91:9 er (76% yield), which is comparable to the enantioinduction observed
with additions of EtMgBr to [B-substituted cyclohexenones. The magnesium enolate,
generated in situ from the conjugate addition step before hydrolysis work-up, can be used
to for further functionalizations; for example, treatment of the Mg-enolate of 1.38 with
allyl iodide, with HMPA as a cosolvent, affords (3R)-2-allyl-3-ethyl-3-
methylcyclohexanone in 70:30 dr (81% yield, 88:12 er, not shown).
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Scheme 1.15. Cu-Catalyzed ECA of EtMgBr to B-Substituted Five- and Seven-

Membered Ring Enones

O 4 mol % 1.61 (o] (o]
3 mol % Cu(OTf),
2 equiv. EtMgBr, nEt
13 o y . "y Et
Me Et,O, 0 °C, 30-60 min Me Me
1.44 1.43
90% yield, 76% yield
73:27 er 91.9er

The Cu-catalyzed ECA of Grignard reagents to trisubstituted enones allows for
the preparation of various enantioenriched quaternary carbon-containing compounds.
The method described performs well with [B-substituted cyclohexenones; however,
perhaps with the development of new catalysts, enantioselectivities of the products can be
improved since most of the products are obtained in 70-80% ee. Enantioselective
additions to five-membered rings still continue to provided products with low
enantioselectivities. An additional drawback is the requirement of slow addition of the
enones over 15 minutes.

Tomioka and coworkers have also disclosed a Cu-catalyzed ECA method for
Grignard reagents to trisubstituted enones.’ The enantioselective additions are
promoted by a C,-symmetric bisphenoxy methyl ether containing NHC—Cu complex,
prepared in situ by deprotonation of a chiral imidazolinium salt with excess Grignard
reagent.  Various Grignard reagents can be used in this ECA protocol and
regioselectivities are high (>97% 1,4 addition). Enantioselectivities of the conjugate
addition adducts, however, are moderate (<91:9 er) and the product of the

enantioselective methyl addition (1.38) is only obtained in 59:41 er.

(39) “C, Symmetric Chiral NHC Ligand for Asymmetric Quaternary Carbon Constructing Copper-
Catalyzed Conjugate Addition of Grignard Reagents to 3-Substituted Cyclohexenones,” Matsumoto, Y.;
Yamada, K.-i.; Tomioka, K. J. Org. Chem. 2008, 73, 4578-4581.
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Scheme 1.16. Cu-Catalyzed ECA of Grignard Reagents to Trisubstituted Enones
Promoted by a C,-Symmetric NHC Ligand

8 mol %

©
Ph,  Ph
BF,4

®

NE N
A
@)Me MeO
O O

o 1.69 9 %
ij\ 6 mol % Cu(OTf),
2 equiv. alkylMgBr, wy oy n wy
R Me Me Et Et

Et,0, 0 °C, 30 min Et i-Pr Me
i-Pr
1.38 1.70 1.71 ent-1.38
98% yield, 95% yield 99% yield, 80% yield,
90:10 er 87:13 er 88.5:11.5er 59:41er

-60°C,1.5h

1.2.c Conclusions and Remaining Goals for ECAs of Alkyl Groups to Enones

Forming Quaternary Carbon Stereogenic Centers

Great strides have been made in the past several years involving protocols for the
enantioselective conjugate additions of alkyl groups to activated enones to generate
quaternary carbon stereogenic centers. Initial reports were centered on enantioselective
additions to trisubstituted nitroalkenes and enones containing electron-withdrawing
substituents (esters, oxabicycles). More recently, methods have been forthcoming
involving additions of alkyl nucleophiles to trisubstituted enones without activating
groups (alkyl and aryl groups). Complementary ECAs of alkylzinc, aluminum, and
Grignard reagents have been developed. Most additions have addressed ECA additions
to trisubstituted six-membered rings; products are afforded in up to 99:1 er.
Enantioselective additions to five-membered ring enones, however, have not been as
successful; investigations by our group and Alexakis and coworkers have found that 3-
substituted cyclopentenones are less reactive than [-substituted cyclohexenones and/or
react with chiral catalysts to provide products with low to moderate levels of
enantioselectivity (<90:10 er). There have been no examples of ECAs of nucleophiles to
unactivated acyclic enones and only one addition centering on tetrasubstituted enones.”

Development of new and active chiral catalysts that are efficient and selective for
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additions of various nucleophiles to B-substituted cyclopentenones was one of the goals

when I began research in the Hoveyda laboratories.
1.3 Enantioselective Conjugate Additions of Aryl Nucleophiles to Enones

1.3.a Introduction

Enantioselective conjugate additions of aryl metals to activated alkenes to form
all-carbon quaternary stereogenic centers have been less studied as compared to the
corresponding reactions with alkyl metals, the first reaction was only disclosed in 2006.>
It is noteworthy that additions of aryl metals may require significant optimization of
conditions or the chiral catalyst that is used for alkyl additions since both the size and
electronics of the nucleophile are considerably altered. For instance, the hybridization of
the nucleophilic carbon is sp> vs. sp’, the former is considered more basic and
nucleophilic* and an aryl group is larger than a primary alkyl group (i.e., the A value of a
phenyl group is 3.0 and a methyl group is 1.8).

Enantioenriched products that are obtained from the ECA reactions of aryl metals
(i.e., I, Figure 1.1) can be elaborated into natural products, many of which contain all-

1
Products, such as I, can

carbon quaternary stereogenic centers with an aryl substituent.*
be prepared through an enantioselective alkyl addition to an aryl-substituted enone;
although this is a plausible pathway, the preparation of a quaternary stereogenic center on
a hindered enone is a demanding task. Moreover, if the desired target contains two aryl
substituents, the ECA of an alkyl nucleophile would not be a viable option. Therefore, an
effective solution for ECA of an aryl nucleophile is an important strategy for organic

synthesis.

(40) For example, dialkylzinc reagents do not react with aldehydes without a catalyst; diarylzinc reagents,
however, react with aldehydes uncatalyzed. See: “Catalytic Asymmetric Organozinc Additions to
Carbonyl Compounds,” Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757-824.

(41) (a) “Ketones from ‘Mayur Pankhi’: Some New Cuparene-Based Sesquiterpenoids,” Chetty, G. L.;
Dev, S. Tetrahedron Lett. 1964, 5, 73-77. (b) “Laurene, A Sesquiterpene Hydrocarbon from Laurencia
Species,” Irie, T.; Suzuki, T.; Yasunari, Y.; Kurosawa, E.; Masamune, T. Tetrahedron 1969, 25, 459-468.
(c) “Fredericamycin A, A New Antitumor Antibiotic. I. Production, Isolation and Physicochemical
Properties,” Pandey, R. C.; Toussaint, M. W.; Stroshane, R. M.; Kalita, C. C.; Aszalos, A. A.; Garretson, A.
L.; Wei, T. T.; Byrne, K. M.; Geoghegan, R. F., Jr.; White, R. J. J. Antibiot.(Tokyo) 1981, 34, 1389-1401.
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Figure 1.1. Two Ways of Preparing Conjugate Addition Product | with an Aryl-Containing

All-Carbon Quaternary Stereogenic Center

0] 0]
ij\ chiral catalyst chiral catalyst ij\
aryl alkyl metal "’”?'kw aryl metal alkyl

aryl

1

With the exception of aryllithium and aryl Grignard reagents, other aryl-based
nucleophiles are not as plentiful as alkyl-based nucleophiles. For example, there are only
two commercially available arylzinc reagents, diphenylzinc and bis(pentafluoro)zinc. Ifa
general method is to be developed, then one would also need to be able to access the
nucleophiles quickly and efficiently. As is described in this chapter, aryl metal reagents
that can be prepared in situ and used without isolation would be a practical advancement

for ECA, as well as for other methods that require aryl nucleophiles.

1.3.b Copper-Catalyzed Enantioselective Conjugate Addition of Aryl Grignard

and Aryl Aluminum Reagents to Trisubstituted Enones

The first example of Cu-catalyzed ECA of an aryl metal to an electrophile
generating a quaternary carbon stereogenic center is reported in 2006 from our
laboratories.” A chiral Cu-NHC complex, generated in situ from 1.56 and a copper salt,
efficiently and selectively promotes the conjugate addition of Ph,Zn to 3-
methylcyclohexenone affording 1.49 in 95% yield and 98.5:1.5 er. Electron-rich p-
methoxyphenylzinc can also be utilized, product 1.51 is representative (89% yield, 95:5

42

er).”” Trisubstituted cycloheptenones are also competent partners in the ECA protocol

(1.73, 88% yield, 98:2 er).

(42) p-Methoxyphenylzinc is prepared from ZnCl, and the corresponding aryl lithium; the crude material
is purified by sublimation. See: “Arylzinc Alkoxides: [ArZnOCHPr';], and Ar,Zn;(OCHPr';); When Ar =
CgHs, p-CF3C¢Hy, 2,4,6-MesCgH, and CgFs,” Chrisholm, M. H.; Gallucci, J. C.; Yin, H.; Zhen, H. Inorg.
Chem. 2005, 44, 4777-4785.
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Scheme 1.17. Cu-Catalyzed ECA of Arylzinc Reagents to Trisubstituted Enones
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O Ph O

ij\ 2.5-5 mol % (CuOTf),*CgHg 95°:'4'9eld

6 yield,

3 equiv. PhyZn, ELO [ 1 98.5:1.5er
Me 3 eauiv. PhaZn, ELO, Me

-15—-30°C, 48-72 h Ph
O O O
@., > d\\Me
s Ph
Ph Me OMe

1.72 1.51 1.73
88% yield, 89% yield, 88% yield,
94.555er 955 er? 98:2 er

@ Reaction performed in toluene

Although the methodology put forth has demonstrated for the first time that
arylzinc reagents can participate in ECA, catalyzed by a Cu—NHC complex, several
deficiencies are noted. Trisubstituted cyclopentenones are unreactive under these current
conditions, similar to additions of alkylzinc reagents, underscoring the difficulties
associated with these substrates. The catalytic aryl additions are somewhat less efficient
than the additions with alkylzinc reagents (examples in Scheme 1.17 vs. those in Scheme
1.12, longer reaction times are need for >90% conversion, 48—72 h vs. 648 h). Electron-
deficient (p-CF3CgHa),Zn, when used under the conditions described in Scheme 1.17
leads to <5% conv, probably due to the stabilization of the accumulated negative charge
on the carbon that the electron-withdrawing substituent provides.

Similar to the report above regarding enantioselective addition of alkyl Grignard
reagents to cyclic enones (cf. Scheme 1.13-1.15), Alexakis, Mauduit and co-workers
have extended the ECA reaction, promoted by an in situ prepared Cu—NHC complex
derived from 1.56, to include additions of aryl Grignard reagents to cyclic enones.*® As

shown in Scheme 1.18, the enantioselective addition of PhMgBr to 3-
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methylcyclohexenone proceeds to provide 88% of the 1,4-adduct ent-1.49 (85:15 er,
yield not reported) and 12% of the 1,2-addition product 1.74. Although this is a
promising reaction, other aryl Grignard reagents, under the Cu-catalyzed ECA
conditions, react predominately to afford the 1,2-addition products (>70% 1,2-addition
products). At this time, a catalyst has not been reported for efficient ECA of aryl
Grignard reagents.*

Scheme 1.18. Cu-Catalyzed ECA of Aryl Grignard Reagents to Cyclic Enones

4-7.5 mol %
Ph, Ph ©
%“ e, PFé
t-BuNEN—__~
e
Me
o OH 1.61 o HO_ Ph
ij\ 3-5 mol % Cu(OAc)*H,O ij @
Me 1.2 equiv. AngBr,' “" Phy Me
Et,0, —30 °C, 60 min Me

ent-1.49 1.74

88% 1,4 addition 12%
yield not 1,2 addition

o o) determined,
MeO 8515 er
[
@ @ OMe
Me @ Me @

1.75 1.76
<2% 1,4 addition  30% 1,4 addition,
95:5er

In an article that was disclosed shortly after our approach to Cu-catalyzed ECA of
arylaluminum reagents (see Chapter 3), Alexakis and co-workers reported on a method
for enantioselective conjugate addition with an arylaluminum reagent that is prepared and

*  The additions are catalyzed by

used in situ without isolation or purification.*
phosphoramidite ligands in combination with a Cu(l) salt. As triphenylaluminum is the
only commercial arylaluminum reagent available, and two phenyl groups per equivalent

of Al used would be wasted, a procedure to prepare the aluminum reagents in situ is

(43) Tomioka and coworkers have reported one example of Cu-catalyzed ECA, promoted by a Cu—NHC
complex, of PhMgBr to 3-methylcyclohexenone affording 1.49 in 48% yield and 67:33 er (see reference
39).

(44) “Copper-Catalyzed Asymmetric Conjugate Addition of Aryl Aluminum Reagents to Trisubstituted
Enones: Construction of Aryl-Substituted Quaternary Centers,” Hawner, C.; Li, K.; Cirriez, V.; Alexakis,
A. Angew. Chem., Int Ed. 2008, 47, 8211-8214.
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utilized; treatment of phenyllithium with Et,AlCl affords diethylphenylaluminum. The
ethyl groups on aluminum act as “dummy ligands” as the transfer of sp’-hybridized
groups on aluminum is significantly more facile than sp’-hybridized ligands. The
additions to B-substituted cyclohexenones, with a wide variety of substituted aryl groups,
are efficient, providing products in up to 87% yield and 99:1 er (Scheme 1.19). Both
electron-rich and electron-deficient aryl nucleophiles react to afford products in good
yields and enantioselectivities; enantioselective addition of a sterically-hindered o0-tolyl
group affords 1.77 in a slightly decreased selectivity (92.5:7.5 er). The phosphinamine
ligand 1.47, found to promote ECA of trialkylaluminum reagents to [B-substituted
cyclohexenones in higher enantioselectivities than the phosphoramidite ligands (in some
cases, cf. Scheme 1.10), are less effective as ligands in this process (following the
conditions in Scheme 1.19, product ent-1.49 is produced in 97:3 er).

Scheme 1.19. Cu-Catalyzed ECA of Mixed Arylaluminum Reagents to Trisubstituted

Enones
1 equiv ArLi
A __ pentan® ey AlAr+ LiCKs)
1 equiv Et,AlCI —30 °C, 30 min _

3equiv.
used in situ
without

11 mol % isolation or

filtration

Me Me
I
o >—2-naph
P-N

~

O o }—Z-naph O
Me  1.40
Me Me
Me

10 mol % CuTC, “"Me
Et,0, -30°C, 5h Ph
ent-1.47
75% yield,
O @] O 98515er
Me
g ty iy
Me Me Me Me OMe
1.77 1.78 ent-1.51
82% yield, 82% yield, 81% yield,
92.5:7.5er 98:2 er 97.525er

Addition to the challenging five-membered ring enone requires the

phosphinamine ligand 1.47, longer reaction times and higher temperatures (Scheme
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1.20); however, product 1.79 is isolated in 89:11 er. The seven-membered ring enone
behaves similarly to the six-membered ring substrates. Although the results in Scheme
1.20 are promising, the generality of the reactions was not explored; the two products
shown are the only non-six-membered ring products described. Moreover, relatively
high catalyst loadings are required, but the inexpensive nature of a copper-based
procedure and the use of in situ prepared nucleophiles make this process practical.

Scheme 1.20. Cu-Catalyzed ECA of Arylaluminum Reagents to Five- and Seven-

Membered Ring Enones

11 mol % Me

Me Me
>—2-naph

P-N
Me Q}Z-naph
o \Q Mo e o o)
Me
“Spe 10 mol % CuTC, 3 equiv. PhAIEL, "ph "Ph

Et,0, ~10°C, 12 h Me Me
1.79 ent-1.73

67% yield, 62% yield,

8911 er 98.5:1.5 er

1.3.c Rh-Catalyzed ECA of Aryl Nucleophiles to Trisubstituted Enones

In addition to Cu-catalyzed enantioselective processes for generating all-carbon
quaternary stereogenic centers through conjugate additions, there has been recent success
with Rh-catalyzed additions of aryl nucleophiles. One of the earliest reports disclosed,
from Hayashi and co-workers, describes a method for 1,4-addition of arylboronic acids to
3-substituted maleimides furnishing enantiomerically enriched succinimides.* The
addition of phenylboronic acid to ethyl-substituted maleimide, catalyzed by a Rh(I) salt
and (R)-Hs-binap, affords 1.80 in 98.5:1.5 er, along with 13% of the 1,4 addition product
generating the tertiary stereogenic center (1.81, 98% yield combined, Scheme 1.21).

(45) “Rhodium-Catalyzed Asymmetric Construction of Quaternary Carbon Stereocenters: Ligand-
Dependent Regiocontrol in the 1,4-Addition to Substituted Maleimides,” Shintani, R.; Duan, W.-L.;
Hayashi, T.J. Am. Chem. Soc. 2006, 128, 5628-5629.
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Interestingly, when the addition is catalyzed by a Rh chiral diene complex,*® the
regioselectivity shifts to afford ~20:80 ratio of 1.80:1.81.
Scheme 1.21. Rh-Catalyzed ECA of Arylboronic Acids to Maleimides

O 1.25.2.5 mol % [RhCI(C,Ha)ol o Ph O
_ 9 _Ho-hi n,
| “Nen 1.35-2.6 mol % (R)-Hg-binap NBn and NBn
R 3 equiv. ArB(OH),, Ph—
. Et Et
o) 0.5 equiv. KOH, 0] 0]
dioxane/H,0O, 50 °C, 3 h 1.78 1.81
87:13 1.80:1.81
98% yield,? 98.5:1.5 er
O O O
nBn  © NBn NBn
Ph= B
i-Pr e} Et o) Et e}
1.82 1.83 1.84 1.85

90% yield,? 99:1 er 95% yield, 98.5:1.5er  82% yield, 95:5 er 70% yield, >99:1 er

2 Combined yield.

The Rh-catalyzed ECA reaction can tolerate a bulky i-propyl substituent on the
substrate, delivering succinimide 1.82 in excellent regioselectivity (97:3), yield (90%),
and in 99:1 er (Scheme 1.21). Several arylboronic acids are demonstrated in the catalytic
method, with the highest regioselectivities observed with sterically hindered nucleophiles
(i.e., 1.84, >98:2 regioselectivity, 82% yield, 95:5 er). One example of a quinone-based
substrate also demonstrated high fidelity in the conjugate addition reaction (1.85).

A significant difference in Rh-catalyzed versus Cu-catalyzed ECA procedure is
the presence of H,O as a cosolvent. Since, there is a protic additive present during the
course of the reaction; the in situ prepared boron (or rhodium enolate) is protonated,
losing the valuable regioselectively formed enolate on the sterically more hindered side
of the carbonyl moiety. Since the Cu-catalyzed ECA protocols do not have protic

additives, the enolate can be further functionalized (i.e., formation of silyl enol ethers,

(46) For a recent review on diene ligands in catalysis, see: “Chiral Diene Ligands for Asymmetric
Catalysis,” Shintani, R.; Hayashi, T. Aldrichim. Acta 2009, 42, 31-38.
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enol acetates, or direct alkylation of the metal enolate with electrophiles). Moreover, Cu-
based reagents are relatively inexpensive compared to Rh-based salts.*’

Glorius and coworkers have recently disclosed a Rh-catalyzed ECA reaction of
phenylboronic acid to 3-methylcyclohexenone with a styrene oxazoline-based ligand
(1.86).** Only one example is given, with ketone 1.49 afforded in 36% yield and 92.5:7.5
er.

Scheme 1.22. Rh-Catalyzed ECA of PhB(OH), to 3-Methylcyclohexenone with Styrene
Oxazoline-Based Catalyst

11 mol %

o ) o)
ij\ 2.5 mol % [RhCI(C,H4)2)2
Me 1.5 equiv. PhB(OH),, “"Me
dioxane:H,0, 40 °C Ph
1.49
36% yield,
92.5:75er

Professors Tamio Hayashi, Ryo Shintani and co-workers have disclosed two
complementary articles on Rh-catalyzed ECA with arylborates and arylboroxines to

trisubstituted enones.*’

The diene ligands 1.87 and 1.88 used in the active catalyst are
electronically deficient, which facilitates the transmetallation and insertion steps in the
catalytic cycle, improving the yields of the conjugate addition adducts. Diene 1.87 is

prepared in one step through a stereoselective [4 + 2] cycloaddition; diene 1.88,

(47) For example, [RhCI(C,Hy),]; is $93,385/mol and CuOAc*H,0 is $839/mol (prices are from Strem,
2010).

(48) “Olefin-Oxazolines (OlefOx): Highly Modular, Easily Tunable Ligands for Asymmetric Catalysis,”
Hahn, B. T.; Tewes, F.; Frohlich, R.; Glorius, F. Angew. Chem., Int. Ed. 2010, 49, 1143-1146.

(49) (a) “Sodium Tetraarylborates as Effective Nucleophiles in Rhodium/Diene-Catalyzed 1,4-Addition to
B,B-Disubstituted o,B-Unsaturated Ketones: Catalytic Asymmetric Construction of Quaternary Carbon
Stereocenters,” Shintani, R.; Tsutsumi, Y.; Nagaosa, M.; Nishimura, T.; Hayashi, T. J. Am. Chem. Soc.
2009, 131, 13588-13589. (b) “Chiral Tetraflourobenzobarrelenes as Effective Ligands for Rhodium-
Catalyzed Asymmetric 1,4-Addition of Arylboroxines to B,B-Disubstituted o,B-Unsaturated Ketones,”
Shintani, R.; Takeda, M.; Nishimura, T.; Hayashi, T. Angew. Chem., Int. Ed. 2010, 49, 3969-3971.

(50) (a) “Simple Chiral Diene Ligands Provide High Enantioselectivities in Transition-Metal-Catalyzed
Conjugate Addition Reactions,” Okamoto, K.; Hayashi, T.; Rawal, V. H. Org. Lett. 2008, 10, 4387—4389.
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however, is prepared in five steps, including a HPLC resolution step.”’ The first account
demonstrated the feasibility of a Rh-catalyzed enantioselective conjugate addition
protocol with sodium tetraphenylborate affording cyclic ketones containing f-all-carbon

* Both six- and seven-membered ring enones react to afford

stereogenic centers.*
products with high yields and selectivities (up to 83% yield and 99:1 er, entries 1, 3, and
4, Table 1.1). Additions catalyzed with a Rh(I) catalyst with diene 1.88 also promotes
the formation of ent-1.49, from 3-methylcyclohexenone and (PhBO);, affording the
product with a higher yield (99% yield, >99:1 er, entry 2). Only six-membered ring
enones are demonstrated in the latter process and five-membered ring enones are not
discussed (or examined) in either communication. Other electronically modified aryl
nucleophiles can be used as shown in entries 5-9; the Rh-catalyzed ECA method with
diene 1.88 is proficient in transferring a variety of para, meta, and ortho-substituted aryl
groups providing products in enantiomeric purity (all cases >99:1 er).

Although the enantioselective arylation with diene 1.87 seems to be more
practical in terms of ligand preparation (one step vs. five steps for 1.88), the latter
protocol can be used to obtain cyclohexanones with outstanding levels of
enantioselectivities. Moreover, the procedure with diene 1.88 and (ArBO); does not
require the use of a protic additive. Thus, the in situ generated boron enolate can
potentially be used for further functionalizations. It remains to be investigated if either
protocol can be extended to the more challenging five-membered ring enones. Multiple
equivalence of the aryl group, also, is required for the ECA procedures (i.e., four aryl

groups are used for each equivalent of Ar4BNa and 2-4 equivalents are used per reaction).

(b) “Electronic and Steric Tuning of Chiral Diene Ligands for Rhodium-Catalyzed Asymmetric Arylation
of Imines,” Okamoto, K.; Hayashi, T.; Rawal, V. H. Chem. Commun. 2008, 4815-4817.

(51) “The Concise Synthesis of Chiral tfb Ligands and Their Application to the Rhodium-Catalyzed
Asymmetric Arylation of Aldehydes,” Nishimura, T.; Kumamoto, H.; Nagaosa, M.; Hayashi, T. Chem.
Commun. 2009, 5713-5715.
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Table 1.1. Rh-Catalyzed ECA of Arylborates or Arylboroxines to Enones Promoted by

Diene Ligands

O O
@ 2.5 mol % Rh catalyst
Me 2-4 equiv. nucleophile, "R
dioxane, 60 °C, 24-60 h Me
entry product catalyst nucleophile  yield (%) er i-Pr
1 [RhCI((R)-1.87)],2 Ph4BNa 83 99:1 COy(2-naph)
ent-1.49
2 e [RNOH((R, R)-1.88),  (PhBO)3 99  >991 M€ 1.87
FiF
3 1.89 [RhCI(R)-1.87),*  Ph;BNa 80 99:1 F O‘
"ph ﬂQ Ph
CO,Me Ph
1.88

4 ent-1.73 [RhCI(R)-1.87),*  Ph,BNa 75 94555
«wPh

5 [RhCI((R)-1.87),°  Ph,BNa 62 95545

@ [RhOH((R, R)-1.88)],  (PhBO); 94 >99:1

ij 1.91 [RhCI((R)-1.87)1,° Ph,BNa 84 97525

Q [RhOH((R, R)-1.88)],  (PhBO); 85 >99:1

»

o] 1.92 [RhOH((R, R)-1.88)], (PhBO); 87 >99:1
Me@
Cl
a Conditions include 10 equiv. of MeOH. ? The reaction was performed at 90 °C with 5
mol % Rh

Further substrate screening elucidated that, for the first time, unactivated
trisubstituted acyclic enones undergo enantioselective arylation promoted by a Rh-diene
complex.* As shown in Scheme 1.23, Rh-catalyzed ECA of ArsBNa to the acyclic
enone proceeds at 60 °C in 2.5 days to afford 1.94 in 92% yield and 89:11 er.*** Ligand
1.93 was found to promote the reaction with an increased enantioselectivity as compared

to diene 1.87 (under the same conditions as described in the first equation in Scheme
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1.23, the reaction promoted by [RhCI((R)-1.87)], delivers 1.94 in 83:17 er).
Subsequently, Hayashi and co-workers found that the Rh-catalyzed ECA of (PhBO); to
the acyclic enone, in the presence of 1.88, affords the product 1.94 in an increased level
of enantioselectivity (82% yield, 93:7 er).® Only a total of three substrates are
examined using the two procedures with arylation of only a phenyl group; generality of
these two methods remains to be investigated. It should also be noted that long reaction
times are needed (60 h); a more active catalyst may be needed to address efficiency.

Scheme 1.23. Rh-Catalyzed ECA of Arylborates and Arylboroxines to Trisubstituted

}@Bn

BT 493
M/\ 2.5 mol % [RhCI((R, R)-1.93)], O Ph Me
Me Ph 3 equiv. PhyBNa, 10 equiv. Me Ph

MeOH, dioxane, 60 °C, 60 h 1.94
92% yield, 89:11 er

Acyclic Enones

Ph

Ph
1.88
O Me O Ph Me

oL 2.5 mol % [RhOH((R, R)-1.88)], PN
=
Me Ph 2 equiv. Ar(BO)s, dioxane, Me Ph

60°C,60h 1.94
82% yield, 93:7 er

A recent report from Hayashi and Shintani investigates the reactivity and
selectivity of unactivated trisubstituted enoates, an underrepresented substrates class due
to the relatively low electrophilicity.”® Diene ligand 1.95 in combination with a Rh(I) salt
promotes the arylation of 2,6-dimethylphenyl ester with PhyBNa to afford 1.96 in 93%
yield and in >99:1 er. Enantioselective arylations on simple methyl ester unsaturated

enoates deliver products with reduced selectivities. The procedure can be used on a

(52) “Rhodium-Catalyzed Asymmetric 1,4-Addition of Sodium Tetraarylborates to [,B-Unsaturated
Esters,” Shintani, R.; Hayashi, T. Org. Lett. 2011, 13, 350-352.
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variety of trisubstituted unsaturated esters affording all products disclosed in higher than
98:2 er. Moreover, a Si-substituted unsaturated ester also was congruent in the addition;
enantioenriched ester 1.97 is delivered in 84% yield and 98:2 er. Additionally, Rh-
catalyzed ECA of PhysBNa to a B-substituted lactone affords lactone 1.98 in 98% yield
and >99:1 er (Scheme 1.24). Although this is an impressive first account for additions to
trisubstituted enoates, some drawbacks are noted. As before, the atom economy of the
nucleophile is low, as multiple equivalence of the phenyl group is needed for one phenyl
transfer and the additions require elevated reaction temperatures and prolonged times.

Scheme 1.24. Rh-catalyzed ECA with PhsBNa to Trisubstituted Enoates and

Unsaturated Lactones

o)
Mo wr Meo
@i 2.5 mol % [RhCI((R) 1 93),, Ph R fj
)vv
O 2-4 equiv. Ar,BNa, “'Ph
Me Me

dioxane, 10 equiv. MeOH,
60°C, 45 h 1 96 R = Me: 1.98
93% yield, >99:1 er 98% yield,

1.97 R = SiMe,Ph: >99:1 er
84% yield, 98:2 er

All of the protocols addressed thus far described only intermolecular ECA.
Shintani, Hayashi and co-workers have recently addressed a perhaps more challenging
approach, or at least an underrepresented tactic, involving the synthesis of
enantiomerically enriched spirocycles by a three step process including aryl-Rh addition
of an internal alkyne, a 1,4-rhodium shift and ECA of the in situ prepared metal-aryl
reagent.” As shown in Scheme 1.25, a phenylrhodium complex, prepared in situ from
PhsBNa and the chiral Rh(I) complex, undergoes insertion into the alkyne to give the
alkenylrhodium intermediate. The rhodium species undergoes a 1,4-shift to provide an

arylrhodium intermediate, which reacts with the enone moiety through a 1,4-addition

(53) “Rhodium-Catalyzed Asymmetric Synthesis of Spirocarbocycles: Arylboron Reagents as Surrogates
of 1,2-Dimetalloarenes,” Shintani, R.; Isobe, S.; Takeda, M.; Hayashi, T. Angew. Chem., Int. Ed. 2010, 49,
3795-3798.
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process. Hydrolysis of the rhodium enolate delivers spirocycle 1.99 in 73% yield and
98.5:1.5 er. The authors observe a primary isotope effect (ky/kp = 3.7) and conclude that
the 1,4-migration step may be the turnover-limiting step in the catalytic cycle. Notably, a
Rh—phosphine complex ([RhCl(binap)],) leads to <5% of the desired product.
Substitution of the aryl ring on the substrate is tolerated; product 1.100 is representative
(72% vyield, 98.5:1.5 er). Moreover, intramolecular additions to five-membered ring
enones also proceed efficiently; product 1.101 is illustrative. The trisubstituted olefin can
be cleaved under oxidation conditions with oxone (1.102, 73% yield, Scheme 1.25).

Scheme 1.25. Construction of Enantiomerically Enriched Spirocycles through an
Arylrhodation, 1,4-Rhodium-Migration and ECA Sequence

ﬁB”
o] Bn~ 1.93 o
2.5 mol % [RhCI(R, R)-1.93)],

1.5 equiv. PhyBNa,
thf, 2-2.5 equiv. H,O,

= 65°C, 20-45h 1.99 Ph 1.100
Ph 73% yield, 72% yield,
98.6:1.5 er 98.6:1.5 er
H,O
CF;
O O
O O |-~
I w | [Rh]
Ph”” [Rh] Ph” "H

Cl

3.3 mol %
RuCl;*3H,0
1.5 equiv. oxone,
N NaHCO;,
1.101 MeCN:H,0, 1102 ©
71% yield, Ph 22°C,25min,  73% yield
98:2 er 73% vield

Alexakis, Woodward and co-workers have disclosed a Rh-catalyzed ECA

procedure that requires arylaluminum reagents, instead of the usual boron-based
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nucleophiles.”* The nucleophile ArAlMe; is prepared in situ from an aryllithium reagent
(or Grignard reagent) and Me,AICl. The in situ prepared arylaluminum reagent has also
been successfully used in Cu-catalyzed ECA to cyclic enones (cf. Schemes 1.19-1.20).*
The enantioselective additions are promoted by commercially available binap as a ligand
for a Rh(I) complex. The products can be obtained from five-, six-, and seven-membered
ring enones with high selectivities (up to >99:1 er, Scheme 1.26); however, the yields
reported are rather low (35-73% vyield) due to low conversions (product ent-1.73 is
formed in 86% conv) or what the authors state is product sensitivity during purification
(product 1.79).> Substituted aryl nucleophiles also participate in the enantioselective
arylation, affording 1.77, 1.78, and ent-1.51 in up to 99:1 er (Scheme 1.26). Rh-
catalyzed ECA of Me,AlPh to two acyclic trisubstituted enones were shown to provide
products in 52-55% yield and 96.5:3.5->97.5:2.5 er. The method described allows
access to ketones bearing a [-all-carbon quaternary stereogenic center in high
enantioselectivities; however, the yields are only moderate. Moreover, the Rh-catalyzed
method, as of yet, can only be applied for additions of aryl groups (and potentially other
groups not bearing a B-hydrogen) since Rh can undergo B-hydride elimination reactions

(the Rh—H complex is catalytically unproductive).

(54) “Rhodium-Catalyzed Asymmetric 1,4-Addition of Aryl Alanes to Trisubstituted Enones: Binap as an
Effective Ligand in the Formation of Quaternary Stereocenters,” Hawner, C.; Miiller, D.; Gremaud, L.;
Felouat, A.; Woodward, S.; Alexakis, A. Angew. Chem., Int. Ed. 2010, 49, 7769-7772.

(55) It should be noted that product 1.79 in our hands does not decompose under silica gel chromatography.
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Scheme 1.26. Rh-Catalyzed ECA of Arylaluminum Reagents to Cyclic and Acyclic

Trisubstituted Enones

O O (o]
0 3-5 mol % [{Rh(cod)Cl}]
@\ 9-12.5 mol % (R)-binap ij Ph
1-1.2 equiv. ArAIMe;, mph ph
n Me dioxanefthf, 5 °C Me Me Me
ent-1.49 1.79 ent-1.73
71% yield, 46% yield, 56% yield,
99:1er >99:1 er 97.525er
o) O O
Me O Ph Me
Me)w Ph
Me Me Me Me OMe
1.77 1.78 ent-1.51 1.94
73% yield, 60% yield, 57% yield, 55% yield,
99:1 er 98:2 er 97.525er 96.5:3.5er

1.3.d Conclusions and Remaining Goals for ECAs of Aryl Groups to Enones

Forming Quaternary Carbon Stereogenic Centers

Enantioselective arylation of activated olefins has advanced significantly in the
past several years. Cu- and Rh-catalyzed processes have enabled chemists to cross
couple aryl units with olefins forming all-carbon quaternary stereogenic centers. The
majority of accounts focus on cyclic trisubstituted enones; however, several disclosures
demonstrated the feasibility of unsaturated heterocycles (lactones, maleimides)
participating in ECA processes. Future directions may expand the scope of these
reactions to include more examples of lactones, lactams, and acyclic trisubstituted o, [3-
unsaturated carbonyl units (ketones, esters, amides). Moreover, tetrasubstituted olefins
have not been investigated, probably due to their inherent steric and decreased
electrophilicity compared to trisubstituted enones.

With regards to nucleophile practicality, in situ prepared arylaluminum reagents
are easy to handle and have the potential for preparation of various substitutions on the
aryl rings. However, since the preparation requires the synthesis of the corresponding
aryl Grignard or lithium reagents, functional groups on the arenes, such as ketones or
esters, may not be tolerant. The arylaluminum reagents seem to be general as they have

been used in both Cu- and Rh-catalyzed ECA protocols. Alternatively, boron-based
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nucleophiles have only been demonstrated in combination with Rh-catalyzed methods.
The borates, boronic acids, and boroxines-based nucleophiles used in the Rh-catalyzed
procedures generally require longer reaction times (3—60 h) and elevated temperatures
(40-65 °C) as compared to the Cu-catalyzed reactions with arylaluminum and zinc
reagents (1-72 h, —10 to —30 °C). Atom economy is low with regards to the borates
(ArsBNa) and boroxines ((ArOB);) but offer more functional group tolerance than
aryllithium and Grignard reagents. The products obtained from the current Rh-catalyzed
procedures are isolated in outstanding levels of selectivity; further developments in both

catalyst reactivity and substrate scope are sure to ensue.

1.4 Enantioselective Conjugate Additions of Vinyl Nucleophiles to
Activated Olefins

1.4.a Introduction

As discussed in the previous sections, enantioselective conjugate addition to
enones for the formation of all-carbon quaternary stereogenic centers is an important and
flourishing topic in organic chemistry. Most disclosures, however, have as focused on
alkyl additions (Section 1.2) and, less frequently, aryl additions (Section 1.3);
enantioselective conjugate addition of vinyl nucleophiles to activated enones generating a
quaternary stereogenic center has been met with only limited, albeit recent, success.
Enantioselective vinyl additions represent a circumstance in which other disconnections
can be problematic or proceed with other byproducts formed with the desired product.
For example, as shown in Scheme 1.27, the ketone containing an all-carbon quaternary
stereogenic center bearing a vinyl group can potentially be prepared through one of two
ways. Pathway a, the representative reaction of the subject of this section, describes an
ECA of a vinyl metal to a trisubstituted enone. This is a difficult task as there are few

reports of vinyl metal reagents in catalytic enantioselective procedures to prepare
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quaternary stereogenic centers.’® As compared to the enantioselective alkylation and
arylations discussed in the previous sections, an enantioselective addition of a vinyl
group is perhaps the most difficult; a vinyl nucleophile is smaller than the alkyl or aryl
metal reagents,”’ making enantiodiscrimination by the catalyst more challenging.

On the other hand, the same molecule Il can also be prepared through an
enantioselective conjugate addition of an R group to an o,f,d,y-unsaturated ketone
(pathway b). The route, however, can potentially lead to other products through a 1,6-
addition of the doublely unsaturated enone (111 and/or 1V). In fact, the most electrophilic
position of the a,B,0,y-unsaturated ketone should be at the 1,6-position of the enone (for
steric and electronic reasons).”® The following are enantioselective catalytic approaches

employing pathway a as the strategy.

(56) The following references do not include ECA methods discussed further in the section. For
procedures involving catalytic enantioselective additions of vinylzinc reagents to ketones, see: (a)
“Catalytic Asymmetric Vinylation of Ketones,” Li, H.; Walsh, P. J. J. Am. Chem. Soc. 2004, 126, 6538—
6539. (b) “Catalytic Asymmetric Vinylation and Dienylation of Ketones,” Li, H.; Walsh, P. J. J. Am. Chem.
Soc. 2005, 127, 8355-8361. For a Ti-catalyzed enantioselective vinylation of vinylaluminum reagents to
aryl ketones, see: (c) “Highly Enantioselective Vinyl Additions of Vinylaluminum to Ketones Catalyzed by
a Titanium(IV) Catalyst of (S)-BINOL,” Biradar, D. B.; Gau, H.-M. Org. Lett. 2009, 11, 499-502. For
enantioselective allylic substitution with vinylaluminum reagents to trisubstituted allylic phosphates, see:
(d) Reference 7c. For enantioselective Rh-catalyzed reductive coupling of enynes to ketones, see: (e)
“Enantioselective Reductive Coupling of 1,3-Enynes to Heterocyclic Aromatic Aldehydes and Ketones via
Rhodium-Catalyzed Asymmetric Hydrogenation: Mechanistic Insight into the Role of Brensted Acid
Additives,” Komanduri, V.; Krische, M. J. J. Am. Chem. Soc. 2006, 128, 16448-16449.

(57) For instance the A values of a methyl, phenyl and vinyl group are 1.7, 3.0, and 1.35, respectively. See,
(a) “Table of Conformation Energies—1967,” Hirsch, J. A. Topics in Stereochemistry 1967, 3, 199-222.
Although another report calculates the A value of a vinyl group to be closer to 1.68, only slightly smaller
than a methyl group, see: (b) “Conformational Analysis. 40. Conformation of 1-Methyl-1-
Phenylcyclohexane and Conformational Energies of the Phenyl and Vinyl Groups,” Eliel, E. L.
Manoharan, M. J. Org. Chem. 1981, 46, 1959-1962.

(58) For examples see: Krause, N.; Hoffmann-Roder, A. Copper-Mediated Addition and Substitution
Reactions of Extended Multiple Bond Systems,” In Modern Organocopper Chemistry; Krause, N., Ed.;
Wiley-VCH: Weinheim, 2002, pp 145-166.
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Scheme 1.27. Methods to Prepare Enantiomerically Enriched Ketone II through

Enantioselective Conjugate Additions Pathways a and b

O pathway a O pathway b

1,6-addition
ij\ chiral catalyst chiral catalyst ij\/(
.
R R R -M]

7 4-addition
R
O O
1,6-addition products
R R potentially complicating
R’ A R pathway b
I v

1.4.b ECA of Vinyl Metals to Activated Olefins Generating All-Carbon

Quaternary Stereogenic Centers

Professor Carretero and workers disclosed the first example of ECA of a vinyl
reagent to an activated electrophile generating an all-carbon quaternary stereogenic
center.”’ In their report, 5 mol % of a Rh(I) salt, in the presence of chiraphos, effectively
promotes conjugate addition of three different alkenylboronic acids to two methyl-aryl
substituted unsaturated pyridylsulfones generating products, such as 1.104 and 1.105, in
41-71% yield and in 94:6—>99:1 er (Scheme 1.28). Low isolated yields are attributed to
incomplete conversion (45—77% conv, 100 °C, 24 h). The authors note that even after
prolonged reaction times or with additional equivalents of the vinyl boronic acid,
increased conversions are not observed probably due to catalyst decomposition. The
pyridylsulfone is essential for reactivity as the same addition with derived phenylsulfone
substrate leads to <2% conversion. This suggests a bidentate chelation between the

pyridylsulfone and the Rh-complex for organization and/or activation.

(59) “Enantioselective Construction of Stereogenic Quaternary Centres via Rh-Catalyzed Asymmetric
Addition of Alkenylboronic Acids to o,B-Unsaturated Pyridylsulfones,” Mauleén, P.; Carretero, J. C.
Chem. Commun. 2005, 4961-4963.
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Scheme 1.28. Rh-Catalyzed ECA of Vinylboronic Acids to Trisubstituted Unsaturated
Pyridylsulfones

5 mol % Me Me

Ve Ph,P  PPh, on )
O P 5 mol % Rh(acac)(C,H e Ph, Me
7N 2Ha)2 % %
Ph)\/s N . Ph/\/k/SOZDy Me/\/k/SOZpy
P Sequiv. g \-BOM) 1.104 1.105
1.103 dioxane:H,0, 100 °C, 24 h 65% conv, 60% yield, 45% conv, 41% yield,
' 97:3 er 94.5:5.5 er

1. Khmds, dme, 1. Khmds, dme,

(@]
w ~78°C; CICOPh 78 °C; Ph, Me/
Ph™ ™% Ph 2. Zn powder, p-FCgH4CHO Ph™ ™S
1.106 NH,CI (::q), thf, 1107 E
78% yield 22°C 89% yield

(over 2 steps)
The synthetic utility of the enantiomerically enriched sulfones were demonstrated;
a-deprotonation of 1.104 with Khmds and alkylation with benzoyl chloride, followed by
desulfonylation with activated zinc powder affords the ketone 1.106 bearing a f-all
carbon quaternary stereogenic center. Moreover, Julia-Kociensky olefination proceeds
smoothly with 1.104 delivering 1.107 in 89% yield (Scheme 1.28). Although this account
is an elegant solution to a standing problem of enantioselective addition of vinyl groups
to activated olefins, some shortcomings exist. Conversions and, as a result, yields are
moderate even at elevated temperatures and prolonged reaction times. Only two
substrates are examined, therefore generality of the substrates cannot be determined.
Recently, limited success has been met with in situ prepared vinylaluminum
reagents as nucleophiles in Cu-catalyzed ECA of trisubstituted cyclic enones. The
Alexakis group published a single account in a full article describing their work in Cu-
catalyzed ECA with aluminum-based nucleophiles.®  The preparation of the
vinylaluminum reagent 1.108 (Scheme 1.29) can be accomplished by treatment of 1-

pentyne with 1 equiv. of i-Bu,AIH in nonpolar solvents and the requisite vinylaluminum
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can be used without isolation or purification.”’ The addition is promoted by 30 mol % of
a Cu(I)-phosphoramidite complex with 2 equiv. of 1.108 to provide 1.110 in 86.5:13.5 er
(100% conv, yield not provided). Although this is a stimulating result, it is the only
example provided with no variations of the substrate or nucleophile. Moreover, the
efficiency of the reaction cannot be determined since no yields are provided. The
enantioselectivity observed is moderate, and a large quantity of catalyst must be used to
obtain the selectivity observed.

Scheme 1.29. Cu-Catalyzed ECA of a Vinylaluminum Reagent to 3-
Methylcyclohexenone Promoted by Phosphoramidite 1.109

iBuAH  (BUAL
=—n-Pr _—
heptane, 50 °C, 2 h 1.108 n-Pr
2 equiv.
used in situ
30 mol % without
isolation

~

0 O “—pn 0
Me 1109
Me Me
Me  30mol % Cu(CH;CN),BF, > nPr

thf, —=30 °C, 18 h Me
1.110
yield not given,
86.5:13.5er

Me Me
O "
Ph
© P—N

The reaction outlined in Scheme 1.29 was subsequently improved by optimizing
catalyst, copper salt, and solvent.** As shown in Scheme 1.30, sterically more hindered
phosphoramidite 1.40 promotes the ECA of the n-butyl-substituted vinylaluminum
reagent to 3-methylcyclohexenone to afford 1.111 in 93% yield and 91:9 er at —30 °C in
19 h. The reaction is more efficient than the former example as catalyst loading was able
to be reduced to 10 mol % with sustained levels of selectivity; although only one example

is provided.

(60) “Syntheses Using Alkyne-Derived Alkenyl- and Alkynylaluminum Compounds,” Zweifel, G.; Miller,
J. A. Org. React. 1984, 32, 375-517.
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Scheme 1.30. Cu-Catalyzed ECA of a Vinylaluminum Reagent to 3-
Methylcyclohexenone Promoted by Phosphoramidite 1.40

10 mol %
Me Me
Me
O o >—2-naph
~“P—-N

O o }—Z-naph O
Me  1.40
Me Me
Me

10 mol % CuTC /" n-Bu
Et,0, -30°C, 19 h Me
3equiv. EtAI 1111
— 93% yield,
'n-Bu 91:9er

Attempts to improve the result in Scheme 1.30 with a phosphinamine based
ligand (derivatives which were fruitful in Cu-catalyzed ECA of alkylaluminum reagents
to trisubstituted enones, Schemes 1.10 and 1.11) did not lead to improvement (ketone
1.111, 75:25 er, no yield provided).*

As a follow-up to the initial results put forth by Alexakis and co-workers in
Schemes 1.29 and 1.30, an expanded disclosure has recently appeared.®’ The additions
are catalyzed by a Cu(I)-phosphinamine complex, prepared in situ from CuTC and ligand
1.47, with various internal and terminal alkyl- and aryl-substituted vinylaluminum
reagents prepared from lithium halogen exchange of the corresponding vinyl halides and
further reaction of the resulting vinyllithium with Me,AICl. Product 1.111 is produced in
50% yield and 88:12 er (Scheme 1.31), which is less efficient and selective than the
addition that was reported previously (shown in Scheme 1.30). However, this procedure
is extended to styrenyl addition to 3-methylcyclohexenone, delivering product 1.112 in
an increased yield of pure desired product and selectivity (64% yield, 95.5:4.5 er, Scheme
1.31). The mixed vinylaluminum species selectively transfer the vinyl group over the
other two methyl ligands; the methyl 1,4-addition products are less than 3% of the
reaction mixture. When the more sterically hindered internal vinylaluminum species are

used in the ECA protocol, the products are obtained in higher enantioselectivities (for

(61) “Creation of Quaternary Stereogenic Centers via Copper-Catalyzed Asymmetric Conjugate Addition
of Alkenyl Alanes to a,B-Unsaturated Cyclic Ketones,” Miiller, D.; Hawner, C.; Tissot, M.; Palais, L.;
Alexakis, A. Synlett, 2010, 1694—1698.
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example 1.113 and 1.114, up to 98:2 er) but adventitious methyl addition occurred more
readily (4% and 11%, respectively for 1.113 and 1.114). The low yield of product 1.114
is attributed to an impurity in commercial o-bromostyrene, in which the corresponding
vinylaluminum species is prepared from. This highlights a consequence of preparing
internal vinylaluminum reagents from the vinylhalides; procedures to prepare these
reagents require harsh conditions that can be intolerant of various acid-sensitive
functional groups.”> Moreover, only a handful of a-vinylhalides are commercially
available, many of which contain the B-isomer contaminant. Difficult substrates, such as
sterically hindered substituted cyclohexenones and 3-methylcyclopentenone led to
reduced reactivity (up to 49% conv, Scheme 1.31); Me/vinyl addition ratios were not

provided. Seven-membered ring enones were not investigated.

(62) For a-vinyl halide synthesis, see: (a) “Organic Synthesis using Haloboration Reaction. I. A Simple
and Selective Synthesis of 2-Bromo- and 2-lodo-1-Alkenes,” Hara, S.; Dojo, H.; Takinami, S.; Suzuki, A.
Tetrahedron Lett. 1983, 24, 731-734. (b) “Simple and Selective Method for Aldehydes (RCHO) = (E)-
Haloalkenes (RCH=CHX) Conversion by Means of a CHX;-CrCl, System,” Takai, K.; Nitta, K.; Utimoto,
K. J. Am. Chem. Soc. 1986, 108, 7408-7410. (c) “Stereoselective Synthesis of Internal Alkenyl lodides
from Alkynes via Addition of Hydrogen lodide Generated in situ from a Chlorotrimethylsilane/Sodium
Iodide/Water System,” Kamiya, N.; Chikami, Y.; Ishii, Y. Synlett 1990, 675-676. (d) “A Mild Synthesis of
Vinyl Halides and gem-Dihalides Using Triphenyl Phosphite—Halogen-Based Reagent,” Spaggiari, A.;
Vaccari, D.; Davoli, P.; Torre, G.; Prati, F. J. Org. Chem. 2007, 72, 2216-2219. (e) “Highly Selective
Hydroiodation of Alkynes Using an lodine-Hydrophosphine Binary System,” Kawaguchi, S-i.; Ogawa, A.
Org. Lett. 2010, 12, 1893-1895.
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Scheme 1.31. Cu-Catalyzed ECA of Terminal and Internal Vinylaluminum Reagents to

Trisubstituted Cyclic Enones

i. 2 equiv. t-BuLi, Et,0,

Br -78°C,1h AlMe,
Me ii. 1 equiv. MesAICH, Me
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directly
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O Me Me
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Me Me P 2-naph /\n-Bu
Me 147
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'V'oe 50% yield, 64% yield,
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Et,0, t-BuOMe, pentane,
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1.113 1.114 1.115 1.116
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95.5:4.5er 98:2 er yield not given, yield not given

91.5:85er 74:26 er

1.4.c Conclusions and Remaining Goals for ECAs of Vinyl Groups to Enones

Forming Quaternary Carbon Stereogenic Centers

Enantioselective additions of vinyl metals remain an important and elusive goal in
organic synthesis. If a general and practical method is developed, further
functionalizations of the valuable olefin contained in the enantiomerically enriched
conjugate adduct may lead to products that are not yet easily obtainable. Although the
protocols put forth by Carretero, Alexakis and co-workers are the first examples of
enantioselective vinyl additions to activated olefin partners, significant shortcomings still
exist. A relatively small substrate generality and low to moderate yields of the desired
products hamper the practicality of the methods. It is evident that more active catalysts

must be developed to address this difficult but fruitful problem.
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1.5 Enantioselective Conjugate Additions of Cyanide to Activated
Electrophiles

A relatively new field, with limited disclosures, is ECA of cyanide to electrophiles.
To date, there are only three publications detailing this process. Challenges surrounding
this field include the small, linear nucleophile, which can be difficult to discriminate
which face of the substrate the nucleophile approaches and, subsequently, adds to. A
cyanide group is a stabilized nucleophile compared to an alkyl, aryl, or vinyl nucleophile.
For instance, the pKa of a HCN in H,O is 9.4 while methane, benzene, and ethylene are
significantly higher (48, 43, and 50, respectively).”

The first publication in this area was in 2008 in which Professors Fochi, Ricci and
co-workers describe the addition of cyanide, in the form of acetone cyanohydrins, with
cinchona alkaloid 1.117 (Scheme 1.32).** The reactions are catalyzed by 10 mol % of the
alkaloid 1.118 and the nitroalkanes bearing an all-carbon quaternary stereogenic center
are isolated in moderate levels of selectivity (up to 86:14 er, not shown, with Me, 2-
naphthyl-substituted nitroalkene). Notably, a substrate containing a furyl-substituent also
undergoes enantioselective cyanide addition delivering 1.120 in 52% yield and 82.5:17.5
er (Scheme 1.32). Only aryl-substituted substrates were investigated and, although this

represents a satisfactory first example, enantioselectivities and yields are moderate.

(63) Evans, D. A. pKa’s of Inorganic and Oxo-Acids. evans.harvard.edu/pdf/evans pKa table.pdf
(accessed January 5, 2011).

(64) “Organocatalyzed Enantioselective Synthesis of Nitroalkanes Bearing All-Carbon Quaternary
Stereogenic Centers through Conjugate Addition of Acetone Cyanohydrin,” Bernardi, L.; Fini, F.; Fochi,
M.; Ricci, A. Synlett 2008, 1857-1861.
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Scheme 1.32. Cinchona Alkaloid-Catalyzed Cyanide Addition to Trisubstituted

Nitroalkenes

10mol % CF,

F;C \
S
Br CFs
N
q\/
Me Ph CN Ph CN O CN
N 1.117 CF3 s N S
Ph)\/ NO, Me)\/ NO2 gy N2 e NOz

2 equiv NG OH

11 - X 1.118 1.119 1.120
Me” Me 72% yield, 60% yield, 52% yield,
toluene, 2 equiv. K;CO3, 83.5:16.5 er 66.5:33.5 er 82.5:17.5er
-30°C,72h

A disclosure from the Jacobsen laboratory focuses on cyanide additions to imides;
investigations in this area determined that dinuclear salen—Al complexes (1.121, Scheme
1.33) catalyze enantioselective conjugate additions of TMSCN to disubstituted imides
with rate differences several orders of magnitude greater than mononuclear salen—Al
complexes.®> With the new, more active catalysts in hand, product 1.122 is obtainable in

96:4 er, however, only in 38% yield (Scheme 1.33).

(65) “Dinuclear {(salen)Al} Complexes Display Expanded Scope in the Conjugate Cyanation of o,p-
Unsaturated Imides,” Mazet, C.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2008, 47, 1762—1765.
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Scheme 1.33. Enantioselective Cyanide Addition Catalyzed by a Dinuclear Salen—Al

Complex

do/a\o%}
6 O Me 5 mol % (S, S)-1.121 j\ O Me N

LA

Ph N t-Bu 6.5 equiv. TMSCN, Ph N Bu
H 6.5 equiv. i-PrOH, H
t-BuOMe, 50 °C, 3 days 1.122
38% conv,
38% vyield,
96:4 er *Q:O Cl Op

1121

Perhaps the most impressive disclosure in this area is by Shibasaki, Kanai and co-
workers; ° they found that a chiral diol ligand, in the presence of a Sr(II) salt, efficiently
promotes the addition of cyanide, from TBSCN, to a variety of acyclic trisubstituted
enones (Scheme 1.34). For example, phenyl ketone 1.124 bearing a [-all-carbon
quaternary stereogenic center is produced, with only 0.5 mol % catalyst loading in 16 h at
room temperature, in quantitative yield and 98.5:1.5 er. Methyl ketones are also afforded
with sustained efficiency and selectivity (i.e., 1.125, 98% yield, 94.5:5.5 er, Scheme
1.34). A variety of other trisubstituted enones with varying electronic and steric
characters are also tolerated under the reaction conditions (for example 1.126 and 1.127).
The Sr-catalyzed ECA of TBSCN to a tetrasubstituted enone is tolerated with high
efficiency and selectivity when the reaction is conducted at 50 °C for 2 h (1.128, 84%
yield, >99:1 er). Moreover, the reaction is pertinent to synthetically useful N-
acylpyrroles (1.129, >99% yield, 97.5:2.5 er).

(66) “Catalytic Enantioselective Construction of SQuaternary Carbons via a Conjugate Addition of
Cyanide to f,f-Disubstituted o, -Unsaturated Carbonyl Compounds,” Tanaka, Y.; Kanai, M.; Shibasaki,
M. J. Am. Chem. Soc. 2010, 132, 8862—8863.
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Scheme 1.34. Sr-Catalyzed ECA of TBSCN to Tri- and Tetrasubstituted Enones

0.8-4.2 mol %
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>99:1er >99:1er 1.128 97.5:2.5er
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The authors note that 1,2-addition products are not observed, however, when
racemic tertiary alcohol 1.130 is treated with the conditions found optimal in Scheme
1.34, the desired 1,4-adduct is formed in high yield and enantioselectivity. This suggests
that the cyanohydrins (fromed by 1,2-addition) can equilibrate, under the catalytic
conditions, to the starting enone and undergo an irreversible 1,4-addition reaction,
yielding the desired 1.131.

Scheme 1.35. Catalytic Enantioselective Rearrangement of Allyl Cyanide 1.130

17 mol % 1.123

HO CN N-BU 10 mol % Sr(Oi-Pr), QNC, Me
MeMMe toluene, 22 °C, 1 h MeMn-BU
1.130 1131
>99% yield,
>99:1 er

1.6 Conclusions and Future Outlook

Enantioselective additions of carbon-based nucleophiles to electrophiles generating
all-carbon quaternary stereogenic centers have seen great advances in the past several

years. Owing to the difficult nature of additions to relatively unreactive conjugate
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acceptors, compared to additions generating tertiary stereogenic centers, and construction
of a sterically-hindered bond, in many cases, new and active catalysts had to be
developed. In fact, every example in this review has been published on or after 2005.
With such a new field expanding yearly, it is exciting to see what innovative
transformations the next five years will bring to the chemical community.

However, significant shortcomings still exist. For example, enantioselective
additions of nucleophiles of any type to B-substituted cyclopentenones are inefficient,
only moderately selective and have not been demonstrated on a broad scope of substrates.
There have been only a handful of methods disclosed for additions to tetrasubstituted
olefins and all of these accounts use electron-withdrawing substituents to render the
substrate more electrophilic. Moreover, most of the substrates investigated are centered
on cyclic enones. Recently, more accounts have used acyclic enones, but more work
must be done in this area to address the generality of the scope.

With respect to the nucleophiles investigated, strides have been made in the area of
enantioselective alkyl and aryl additions to conjugate acceptors. Cu-catalyzed methods
have dominated enantioselective alkyl additions to prochiral electrophiles. Rh-catalyzed
methods for alkyl additions, which have been recently exploited with regards to
enantioselective aryl additions, have not been disclosed as of yet. This is likely due to the
ability of the in situ prepared Rh-alkyl complex to undergo facile B-hydride elimination
generating a Rh-H species. Nucleophiles that have been utilized for Cu-catalyzed ECA
of alkyl groups include dialkylzinc, trialkylaluminum, and Grignard reagents. All three
have both pros and cons related to them. Alkylzinc and alkylaluminum reagents are more
functional group tolerate than Grignard reagents but the former are also less atom
economical and more costly. Perhaps in the future, a protocol that encompasses an
alkylmetal (or alkylmetal surrogate, such as an alkylsilane or alkylboronate) that is
functional group tolerant, inexpensive, atom economical, easily modifiable to more
complex derivatives and can be made efficiently will be developed.

Enantioselective aryl additions to activated olefins have had the benefit of both Cu-

and Rh-catalyzed methods. The Cu-catalyzed ECA with arylaluminum reagents show
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great promise to be applicable to a range of enantiomerically enriched molecules. Since
the nucleophile is prepared in situ and is also atom economical (one aryl group per
aluminum reagent). While it seems that the Rh-catalyzed protocols have a larger range of
substrates as of now, the more valuable Rh—metal and nucleophile (three to four aryl
groups per boron reagent) may not be as practical in, for example, total synthesis of a
complex natural product.

For the last two nucleophile subtypes, only a few disclosures have been put forth.
While the methods are limited as of now, perhaps a more active class of catalysts will be
developed to broaden the scope of the easily obtainable nucleophiles (vinylaluminum
reagents, cyanohydrins, and silylcyanides), most pressingly, [-substituted
cyclopentenones and medium ring enones. The enantiomerically enriched molecules
containing an all-carbon quaternary stereogenic center bearing synthetically versatile
vinyl or cyano group may be central to preparing biologically active agents.

Perhaps in the next decade of research, catalytic enantioselective conjugate addition
methods will include some of the nucleophiles not yet addressed in the past few years, for
example allyl, alkynyl, and propargyl additions. Development of methods including
these nucleophiles will allow chemists to build enantiomerically enriched molecules

through catalytic ECA in a practical, quick and simple manner.
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Chapter 2.
Development of New and Active Catalysts for
Cu-Catalyzed Enantioselective Conjugate

Addition of Alkyl- and Arylzinc Reagents

2.1. Introduction

The design and synthesis of new chiral catalysts to promote enantioselective C—C
bond formation is a crucial goal in organic synthesis." Enantioselective conjugate
addition (ECA) has proven to be a powerful method to prepare enantiomerically enriched
compounds,” and such has been used as the key step in several syntheses of natural
products.® Although studies toward the synthesis of tertiary stereogenic centers through
ECA have been fruitful,” only recently have a growing number of disclosures focused on

the more challenging formation of all-carbon quaternary stereogenic centers.”

(1) (a) Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds; Springer:
Berlin, Germany, 1999. (b) New Frontiers in Asymmetric Catalysis; Mikami, K.; Lautens, M., Eds; Wiley:
Hoboken, NJ, 2007.

(2) (a) “Recent Advances in Catalytic Enantioselective Michael Additions,” Krause, N.; Hoffmann-Réder,
A. Synthesis 2001, 171-196. (b) “Enantioselective Copper-Catalysed Conjugate Addition,” Alexakis, A.;
Benhaim, C. Eur. J. Org. Chem. 2002, 3221-3236. (¢) Feringa, B. L.; Naasz, R.; Imbos, R.; Arnold, L. A.
In Modern Organocopper Chemistry, Krause, N. Ed.; Wiley-VCH, Weinheim, 2002, pp. 224-258.

(3) For some representative natural products that have been prepared through Cu-catalyzed ECA, see: (a)
“Catalytic Enantioselective Synthesis of Prostaglandin E; Methyl Ester Using a Tandem 1,4-Addition-
Aldol Reaction to a Cyclopenten-3,5-dione Monoacetal,” Arnold, L. A.; Naasz, R.; Minnaard, A. J;
Feringa, B. L. J. Am. Chem. Soc. 2001, 123, 5841-5842. (b) “Enantioselective Total Synthesis of
Erogorgiaene: Applications of Asymmetric Cu-Catalyzed Conjugate Additions of Alkyzincs to Acyclic
Enones,” Cesati, R. R. III; de Armas, J.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 96-101. (c) “An
Iterative Catalytic Route to Enantiopure Deoxypropionate Subunits: Asymmetric Conjugate Addition of
Grignard Reagents to a,3-Unsaturated Thioesters,” Des Mazery, R.; Pullez, M.; Lopez, F.; Harutyunyan, S.
R.; Minnaard, A. J.; Feringa, B. L. J. Am. Chem. Soc. 2005, 127, 9966—9967. (d) “Enantioselective Total
Synthesis of Clavirolide C. Applications of Cu-Catalyzed Asymmetric Conjugate Additions and Ru-
Catalyzed Ring-Closing Metathesis,” Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 12904—
12906. (e) “Asymmetric Synthetic Access to the Hetisine Alkaloids: Total Synthesis of (+)-Nominine,”
Peese, K. M.; Gin, D. Y. Chem. Eur. J. 2008, 14, 1654—1665.

(4) For ECA methods that access compounds containing all-carbon quaternary stereogenic centers, see: (a)
“Enantioselective Synthesis of Nitroalkanes Bearing All-Carbon Quaternary Stereogenic Centers through
Cu-Catalyzed Asymmetric Conjugate Additions,” Wu, J.; Mampreian, D. M.; Hoveyda, A. H. J. Am.
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Chem. Soc. 2005, 127, 4584—4585. (b) “Catalytic Enantioselective Alkylations of Tetrasubstituted Olefins.
Synthesis of All-Carbon Quaternary Stereogenic Centers through Cu-Catalyzed Asymmetric Conjugate
Additions of Alkylzinc Reagents to Enones,” Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127,
14988-14989. (c) “Enantioselective Copper-Catalyzed Conjugate Addition to Trisubstituted
Cyclohexenones: Construction of Stereogenic Quaternary Centers,” d’Augustin, M.; Palais, L.; Alexakis,
A. Angew. Chem., Int. Ed. 2005, 44, 1376-1378. (d) “Enantioselective Construction of Stereogenic
Quaternary Centres via Rh-Catalyzed Asymmetric Addition of Alkenylboronic Acids to a,B-Unsaturated
Pyridylsulfones,” Mauleon, P.; Carretero, J. C. Chem. Commun. 2005, 4961-4963. (e) “Asymmetric
Synthesis of All-Carbon Benzylic Quaternary Stercocenters via Cu-Catalyzed Conjugate Addition of
Dialkylzinc Reagents to 5-(1-Arylalkylidene) Meldrum’s Acids,” Fillion, E.; Wilsily, A. J. Am. Chem. Soc.
2006, 128, 2774-2775. (f) “A Practical Method for Enantioselective Synthesis of All-Carbon Quaternary
Stereogenic Centers through NHC—Cu-Catalyzed Conjugate Additions of Alkyl- and Arylzinc Reagents to
B-Substituted Cyclic Enones,” Lee, K-s.; Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc.
2006, 128, 7182-7184. (g) “Copper-Catalyzed Asymmetric Conjugate Addition of Grignard Reagents to
Trisubstituted Enones. Construction of All-Carbon Quaternary Chiral Centers,” Martin, D.; Kehrli, S.;
d’Augustin, M.; Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. Chem. Soc. 2006, 128, 8416-8417. (h)
“Rhodium-Catalyzed Asymmetric Construction of Quaternary Carbon Stereocenters: Ligand-Dependent
Regiocontrol in the 1,4-Addition to Substituted Maleimides,” Shintani, R.; Duan, W-L.; Hayashi, T. J. Am.
Chem. Soc. 2006, 128, 5628-5629. (i) “Asymmetric Cu-Catalyzed 1,6-Conjugate Addition of Dialkylzinc
Reagents to 5-(3-Aryl-2-propenylidene) Meldrum’s Acids,” Fillion, E.; Wilsily, A.; Liao, E.-T.
Tetrahedron: Asymmetry 2006, 17, 2957-2959. (j) “Enantioselective Copper-Catalyzed Conjugate
Addition to 2- or 3-Substituted Cyclopent-2-en-1-ones: Construction of Stereogenic Quaternary Carbon
Centers,” Vuagnoux-d’Augustin, M.; Kehrli, S.; Alexakis, A. Synlett 2007, 2057-2060. (k) “Copper-
Catalyzed Asymmetric Conjugate Addition of Trialkylaluminum Reagents to Trisubstituted Enones:
Construction of Chiral Quaternary Centers,” Vuagnoux-d’Augustin, M.; Alexakis, A. Chem. Eur. J. 2007,
13, 9647-9662. (1) “SimplePhos Monodentate Ligands: Synthesis and Application in Copper-Catalyzed
Reactions,” Palais, L.; Mikhel, I. S.; Bournaud, C.; Micouin, L.; Falciola, C. A.; Vuagnoux-d’Augustin, M.;
Rosset, S.; Bernardinelli, G.; Alexakis, A. Angew. Chem., Int. Ed. 2007, 46, 7462-7465. (m)
“Organocatalyzed Enantioselective Synthesis of Nitroalkanes Bearing All-Carbon Quaternary Stereogenic
Centers through Conjugate Addition of Acetone Cyanohydrin,” Bernardi, L.; Fini, F.; Fochi, M.; Ricci, A.
Synlett 2008, 1857-1861. (n) “Dinuclear {(salen)Al} Complexes Display Expanded Scope in the Conjugate
Cyanation of a,f3-Unsaturated Imides,” Mazet, C.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2008, 47, 1762—
1765. (o) “C, Symmetric Chiral NHC Ligand for Asymmetric Quaternary Carbon Constructing Copper-
Catalyzed Conjugate Addition of Grignard Reagents to 3-Substituted Cyclohexenones,” Matsumoto, Y.;
Yamada, K-i.; Tomioka, K. J. Org. Chem. 2008, 73, 4578-4581. (p) “Copper-Catalyzed Asymmetric
Conjugate Addition of Aryl Aluminum Reagents to Trisubstituted Enones: Construction of Aryl-
Substituted Quaternary Centers,” Hawner, C.; Li, K.; Cirriez, V.; Alexakis, A. Angew. Chem., Int Ed. 2008,
47, 8211-8214. (q) “C, Symmetric Chiral NHC Ligand for Asymmetric Quaternary Carbon Constructing
Copper-Catalyzed Conjugate Addition of Grignard Reagents to 3-Substituted Cyclohexenones,”
Matsumoto, Y.; Yamada, K.-i.; Tomioka, K. J. Org. Chem. 2008, 73, 4578-4581. (r) “Regiodivergent 1,4-
versus 1,6-Asymmetric Copper-Catalyzed Conjugate Addition,” Hénon, H.; Mauduit, M.; Alexakis, A.
Angew. Chem., Int. Ed. 2008, 47, 9122-9124. (s) “Asymmetric Synthesis of Carboxylic Acid Derivatives
Having an All-Carbon a-Quaternary Center through Cu-Catalyzed 1,4-Addition of Dialkylzinc Reagents to
2-Aryl Acetate Derivatives,” Wilsily, A.; Fillion, E. Org. Lett. 2008, 10, 2801-2804. (t) “Copper-Catalyzed
Asymmetric Conjugate Addition with Chiral SimplePhos Ligands,” Palais, L.; Alexakis A. Chem. Eur. J.
2009, 15, 10473-10485. (u) “Asymmetric Synthesis of All-Carbon Benzylic Quaternary Stereocenters via
Conjugate Addition to Alkylidene and Indenylidene Meldrum’s Acids,” Wilsily, A.; Fillion, E. J. Org.
Chem. 2009, 74, 8583-8594. (v) “Enantioselective Copper-Catalyzed Conjugate Addition of
Diemethylzinc to 5-(1-Arylalkylidene) Meldrum’s Acids,” Wilsily, A.; Lou, T.; Fillion, E. Synthesis 2009,
2066—-2072. (w) “New Bifunctional Substrates for Copper-Catalyzed Asymmetric Conjugate Addition
Reactions with Trialkylaluminium,” Ladjel, C.; Fuchs, N.; Zhao, J.; Bernardinelli, G.; Alexakis, A. Eur. J.
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The research described herein focuses on catalysts that we have developed to promote
Cu-catalyzed ECA of organozinc and aluminum-based nucleophiles to [-substituted
cyclic enones, centering specifically on many of the limitations presented in recent
publications.  In particular, five-membered ring enones are often less efficient and
enantioselective substrates in ECA.> Many of the latest protocols required to address this

challenge required the preparation of new and active ligands.

Org. Chem. 2009, 4949-4955. (x) “Sodium Tetraarylborates as Effective Nucleophiles in Rhodium/Diene-
Catalyzed 1,4-Addition to ,B-Disubstituted o,-Unsaturated Ketones: Catalytic Asymmetric Construction
of Quaternary Carbon Stereocenters,” Shintani, R.; Tsutsumi, Y.; Nagaosa, M.; Nishimura, T.; Hayashi, T.
J. Am. Chem. Soc. 2009, 131, 13588-13589. (y) “Formation of Quaternary Chiral Centers by N-
Heterocyclic Carbene—Cu-Catalyzed Asymmetric Conjugate Addition Reactions with Grignard Reagents
on Trisubstituted Cyclic Enones,” Kehrli, S.; Martin, D.; Rix, D.; Mauduit, M.; Alexakis, A. Chem. Eur. J.
2010, 16, 9890-9904. (z) “Creation of Quaternary Stereogenic Centers via Copper-Catalyzed Asymmetric
Conjugate Addition of Alkenyl Alanes to a,B-Unsaturated Cyclic Ketones,” Miiller, D.; Hawner, C.;
Tissot, M.; Palais, L.; Alexakis, A. Synlett, 2010, 1694-1698. (aa) “Rhodium-Catalyzed Asymmetric 1,4-
Addition of Aryl Alanes to Trisubstituted Enones: Binap as an Effective Ligand in the Formation of
Quaternary Stereocenters,” Hawner, C.; Miiller, D.; Gremaud, L.; Felouat, A.; Woodward, S.; Alexakis, A.
Angew. Chem., Int. Ed. 2010, 49, 7769-7772. (bb) “Meldrum’s Acids and 5-Alkylidene Meldrum’s Acids
in Catalytic Carbon-Carbon Bond-Forming Processes,” Dumas, A. M.; Fillion, E. Acc. Chem. Res. 2010,
43, 440-454. (cc) “Olefin-Oxazolines (OlefOx): Highly Modular, Easily Tunable Ligands for Asymmetric
Catalysis,” Hahn, B. T.; Tewes, F.; Frohlich, R.; Glorius, F. Angew. Chem., Int. Ed. 2010, 49, 1143-1146.
(dd) “Chiral Tetrafluorobenzobarrelenes as Effective Ligands for Rhodium-Catalyzed Asymmetric 1,4-
Addition of Arylboroxines to p,B-Disubstituted o,B-Unsaturated Ketones,” Shintani, Takeda, M.;
Nishimura, T.; Hayashi, T. Angew. Chem., Int. Ed. 2010, 49, 3969-3971. (ee) “Rhodium-Catalyzed
Asymmetric Synthesis of Spirocarbocycles: Arylboron Reagents as Surrogates of 1,2-Dimetalloarenes,”
Shintani, R.; Isobe, S.; Takeda, M.; Hayashi, T. Angew. Chem., Int. Ed. 2010, 49, 3795-3798. (ff)
“Catalytic Enantioselective Construction of $-Quaternary Carbons via a Conjugate Addition of Cyanide to
,B-Disubstituted o,B-Unsaturated Carbonyl Compounds,” Tanaka, Y.; Kanai, M.; Shibasaki, M. J. Am.
Chem. Soc. 2010, 132, 8862-8863. (gg) “Rhodium-Catalyzed Asymmetric 1,4-Addition of Sodium
Tetraarylborates to 3,3-Disubstitute, o, f-Unsaturated Esters,” Shintani, R.; Hayashi, T. Org. Lett. 2011, 13,
350-352.

(5) For a discussion on cyclopentenones in ECA, see: ‘“Modular Peptide-Based Phosphine Ligands in
Asymmetric Catalysis: Efficient and Enantioselective Cu-Catalyzed Conjugate Additions to Five-, Six-,
and Seven-Membered Cyclic Enones,” Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc.
2001, 123, 755-756.
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Scheme 2.1. Metal Catalyzed Enantioselective Conjugate Addition
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Enantioselective conjugate addition allows rapid access to products that contain

all-carbon quaternary stereogenic centers adjacent to a metal enolate, which would be
otherwise difficult to access from the requisite ketone (Scheme 2.1).*" The metal enolate
can then be used for further functionalizations including the potential to access a variety
of natural products (Scheme 2.2).° For example, clavirolide C was synthesized through
Cu-catalyzed ECA of trimethylaluminum to a B-substituted cyclopentenone,*
highlighting the importance of a method that includes five-membered rings as substrates.
Moreover, as illustrated by the CCR2 antagonist, nucleophiles and/or substrates that

contain synthetically versatile substituents (i.e., other than simple primary alkyl groups,

methyl or ethyl) would be imperative for application to natural products.

(6) For the isolation reports of the natural products depicted in Scheme 2.2, see: (a) “Four Novel
Diterpenoids: Clavirolides B, C, D, and E from the Chinese Soft Coral Clavularia viridis,” Su, J.; Zhong,
Y.; Zeng, L. J. Nat. Prod. 1991, 54, 380-385. (b) “Guanacastepene, a Fungal-Derived Diterpene Antibiotic
with a New Carbon Skeleton,” Brady, S. F.; Singh, M. P.; Janso, J. E.; Clardy, J. J. Am. Chem. Soc. 2000,
122, 2116-2117. (c) “Dictymal, a New Seco-fusicoccin Type Diterpene from the Brown Alga dictyota
dichotoma,” Segawa, M.; Enoki, N.; Ikura, M.; Hikichi, K.; Ishida, R.; Shirahama, H.; Matsumoto, T.
Tetrahedron Lett. 1987, 28, 3703-3704. (d) “Structure of Aphanamols I and II,” Nishizawa, M.; Inoue, A.;
Hayashi, Y.; Sastrapradja, S.; Kosela, S.; Iwashita, T. J. Org. Chem. 1984, 49, 3660-3662. (¢) Abbadie, C.;
Lindia, J. A.; Wang, H. CCR-2 Antagonists for Treatment of Neuropathic Pain. Eur. Pat. Appl
W02004110376, December 23, 2004. (f) “Uncommon Diterpenes with the Skeleton of Six-Five-Six Fused-
Rings from Taiwania cryptomerioides,” Lin, W.-H.; Fang, J.-M.; Cheng, Y.-S. Phytochemistry 1995, 40,
871-873.
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Scheme 2.2. Natural and Biologically Active Products Containing All-Carbon Quaternary

Stereogenic Centers
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2.2.  Chiral Amino Acid-based Ligands in Cu-Catalyzed Enantioselective

Conjugate Additions of Alkylzinc Reagents to Enones

2.2.a. Ligand Screening and Condition Optimization

Previous work in our laboratories has focused on readily modifiable and easily
prepared amino-acid based ligands.” A variety of these ligands have been shown to
promote highly enantioselective Cu-catalyzed allylic alkylations of organozinc reagents

to allyl phosphates® as well as conjugate additions to nitroalkenes’ and various enones."

(7) “Small Peptides as Ligands for Catalytic Asymmetric Alkylations of Olefins. Rational Design of
Catalysts or of Searches that Lead to Them?,” Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chem.
Commun. 2004, 16, 1779-1785.

(8) (a) “Modular Pyridinyl Peptide Ligands in Asymmetric Catalysis: Enantioselective Synthesis of
Quaternary Carbon Atoms Through Copper-Catalyzed Allylic Substitutions,” Luchaco-Cullis, C. A.;
Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 40, 1456-1460. (b) “Cu-
Catalyzed Asymmetric Allylic Allylations of Aromatic and Aliphatic Phosphates with Alkylzinc Reagents.
An Effective Method for Enantioselective Synthesis of Tertiary and Quaternary Carbons,” Kacprzynski, M.
A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676—10681. (c) “Catalyltic Enantioselective Synthesis
of Quaternary All-Carbon Stereogenic Centers. Preparation of a,a’-Disubstituted 3,y-Unsaturated Esters
through Cu-Catalyzed Asymmetric Allylic Alkylations,” Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005,
7, 1255-1258.

(9) (a) “Cu-Catalyzed Enantioselective Conjugate Addition of Alkylzincs to Cyclic Nitroalkenes: Catalytic
Asymmetric Synthesis of Cyclic a-Substituted Ketones,” Luchaco-Cullis, C. A.; Hoveyda, A. H. J. Am.
Chem. Soc. 2002, 124, 8192-8193. (b) “Efficient Cu-Catalyzed Asymmetric Conjugate Additions of
Alkylzinc Reagents to Aromatic and Aliphatic Acyclic Nitroalkenes,” Mampreian, D. M.; Hoveyda, A. H.
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While the amino acid-based ligands were found to be effective for conjugate additions of
alkylzinc reagents to enones to form tertiary stereogenic centers, we found that
transformations were sluggish when unactivated B-alkyl enones were used (eq. 1)."' The
poor efficiency was attributed to the increased steric hindrance at the electrophilic -
carbon, as well as the electron-donating character of the -alkyl group rendering the
substrate less reactive towards nucleophilic addition. ~ While the Cu complexes of
peptidic ligands, as of now, are not reactive enough to catalyze the ECA to B-alkyl
unsaturated enones, we have found that they can promote Cu-catalyzed ECA to a class of
electronically modified substrates, o-ester, B-alkyl unsaturated enones.” The protocol
furnishes products containing all-carbon quaternary stereogenic centers with good
selectivities (83:17-97.5:2.5 er) and yields (64—>98%). We sought to expand this
catalytic method further through alkylations of enones bearing an ester at the -position.
If the slow step in the process is the addition of the copper—alkyl complex to the
substrate, then installing an electron-withdrawing substituent should facilitate this

transformation by enhancing the electrophilicity of the substrate.

0 O
ij\ chiral phosphine-Cu catalyst ij )
Me alkyl,Zn or alkyl;Al I\/‘II;/alkyl

<20% conv

Org. Lett. 2004, 6, 2829-2832. (c) ref 4a. (d) “Cu-Catalyzed Asymmetric Conjugate Additions of Dialkyl-
and Diarylzinc Reagents to Acyclic B-Silyl-o,B-Unsaturated Ketones. Synthesis of Allylsilanes in High
Diastereo- and Enantiomeric Purity,” Kacprzynski, M. A.; Kazane, S. A.; May, T. L.; Hoveyda, A. H. Org.
Lett. 2007, 9, 3187-3190.

(10) (a) ref 5. (b) “Cu-Catalyzed Asymmetric Conjugate Additions of Alkylzinc Reagents to Acyclic
Aliphatic Enones,” Mizutani, H.; Degrado, S. J.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 779-781.
(c) “Efficient Cu-Catlyzed Asymmetric Conjugate Additions of Alkylzincs to Trisubstituted Cyclic
Enones,” Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 13362-13363. (d)
“Cu-Catalyzed Enantioselective Conjguate Additions of Alkyl Zinc Reagents to Unsaturated N-
Acyloxazolidinones Promoted by a Chiral Triamide Phosphane,” Hird, A. W.; Hoveyda, A. H. Angew.
Chem,, Int. Ed. 2003, 42, 1276-1279. (e) ref. 4b. (f) “Highly Enantioselective Cu-Catalyzed Conjugate
Additions of Dialkylzinc Reagents to Unsaturated Furanones and Pyranones: Preparation of Air-Stable and
Catalytically Active Cu—Peptide Complexes,” Brown, M. K.; Degrado, S. J.; Hoveyda, A. H. Angew.
Chem., Int. Ed. 2005, 44, 5306-5310.

(11) Alkylaluminum reagents were found to decompose the amino acid-based ligands.
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We began by examining the ability of Schiff base phosphine ligands to promote
the Cu-catalyzed ECA of diethylzinc to enone 2.1'* (Table 2.1). Gratifyingly, phosphine
ligand 2.3, in the presence of (CuOTf),*C¢Hg, catalyzes the addition of Et,Zn to enone
2.1 to provide the desired product in 98% conv and 77.5:22.5 er in 12 h at 0 °C (entry 1).
Further investigation of modified ligands, which involved replacement of tert-leucine
with glycine, decreased the enantioselectivity of 2.2 (ligand 2.4, 37:63 er, entry 2).
Installing a D-p-benzyl ether tyrosine unit (2.5, vs. L in 2.3) results in a significant
increase in enantioselectivity (91:9 er, entry 3). The Cu-catalyed ECA with ligand 2.5
can be performed at —30 °C for 12 h, furnishing ketone 2.2 with 94.5:5.5 er. Through
further ligand optimization, glycine-containing phosphine ligand 2.6a was identified to

furnish the desired product in 94:6 er; however, the desired product is formed in only

33% yield (Scheme 2.3).

(12) For a Cr-mediated allylic oxidation procedure to prepare the unsaturated y-ketoesters, see: (a) “Ring
Expansions of [2 + 2] Photoadducts. Potential Applications in the Synthesis of Triquinane and Taxane
Skeletons,” Lange, G. L.; Decicco, C. P.; Willson, J.; Strickland, L. A. J. Org. Chem. 1989, 54, 1805-1810.
Although other catalytic allylic oxidation methods have been reported (see below) to afford the cyclic
enones, we found the highest purity of the products could be obtained with Cr-mediated allylic oxidation.
For a detailed procedure on the preparation of the enones, see the experimental section. For Pd-catalyzed
allylic oxidation, see: (b) “A Mild, Catalytic, and Highly Selective Method for the Oxidation of a,[3-Enones
to 1,4-Enediones,” Yu, J-Q.; Corey, E. J. J. Am. Chem. Soc. 2003, 125, 3232-3233. For Rh-catalyzed
allylic oxidation, see: (c) “Dirhodium(II) Caprolactamate: An Exceptional Catalyst for Allylic Oxidation,”
Catino, A. J.; Forslund, R. E.; Doyle, M. P. J. Am. Chem. Soc. 2004, 126, 13622-13623.
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Table 2.1. Cu-Catalyzed ECA of Et,Zn to y-Ketoesters Promoted by Amino Acid-
Based Phosphine Ligands®

o 10 mol % ligand, o
& 4 mol % (CuOTf),*CeHs ﬁ
3 equiv. Et,Zn, toluene, P
COzMe 12h Et COzMe
21 2.2
entry ligand temp (°C)  conv (%)? er®

t-Bu O

98 77.5:22.5

—
-U
o /;
s =z
z
z
m
N
o

N
SN " NEt

2 <j\A Y i z 0 08 37:63
PPh,

tBu, O
SN N NEt
3 I 2 0 98 91:9
PPh
4 25 z -30 >08 94.5:5.5
OBn
t-Bu ‘ o)
5 @N NEt, 0 98 90:10
6 PPh, © -30 98 94:6

2.6a

dReactions performed under a N, atmosphere. bDetermined by 400 MHz 'H NMR
analysis of the unpurified mixture. °Enantiomeric ratios determined by GLC analysis;
see the experimental section for details.

The low yield is attributed to Claisen condensation between the generated metal
enolate and enone 2.1 to afford product 2.7 (either a zinc or copper enolate could mediate
in this addition). At this time, it was unknown whether byproduct formation was from an
adventitious background reaction or if the Cu-ligand complex was promoting the
formation of 2.7; we have previously studied Ag-catalyzed aldol reactions promoted by

chiral amino-acid based ligands."

(13) “A Chiral Ag-Based Catalyst for Practical, Efficient, and Highly Enantioselective Additions of

Enolsilanes to a-Ketoesters,” Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2006,
128, 6532-6533.
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Scheme 2.3. Improving Efficiency of the Cu-Catalyzed ECA through Ligand

Optimization
Q 10 mol % ligand, Q o o
& 4 mol % (CuOTf)y*CgHg & + %
3 equiv. Et,Zn, toluene, -30 °C B 5 O
CO,Me EeCOMe £ b0 me
21 2.2 2.7
t-Bu O t-Bu O

H H

Sag Pl an b
pph, O 26a 2.6b

O
P(p-tol),
12 h: >98% conv, 33%, 94.6 er . 00, o .
2.5h: 83% conv, 946 er 2.5 h: 98% conv, 49%, 95.5:4.5 er

We surmised that electronically modifying the Schiff base portion of the ligand
could increase the overall rate of the alkylation, thus out competing the rate of the Claisen
condensation such that there would be less of the enone 2.1 with which the metal enolate
could react. To test this theory, Schiff base phosphine 2.6b was synthesized'* and found
to promote the formation of the desired product 2.2 with increased efficiency (>98%
conversion within 2.5 h) and yields (49% vs 33% with ligand 2.6a). The increase in
reactivity is due to the more electron rich phosphine, which, when bound to copper,
increases the transferability of the alkyl group on copper (see mechanism discussion

below).

2.2.b. ECA Promoted by Cu-2.6b Complex: Reaction Scope and Limitations

When the size of the ester unit on the substrate is increased (Me, i-propyl, t-butyl
esters), the yield of the ECA reaction is increased (49%, 74%, 88%, respectively, Table
2.2, entries 1-3). The more sterically encumbered the substrate, the more the Claisen
condensation pathway is suppressed. Furthermore, Cu-catalyzed ECA, promoted by the
Cu complex of 2.6b, of dimethylzinc to y-ketoesters is efficient and selective (51-69%

yield, >96:4 er, entries 4-5).

(14) For the synthesis of the corresponding aldehyde to prepare ligand 2.6b, see: “Continuous Application
of Chemzymes in a Membrane Reactor: Asymmetric Transfer Hydrogenation of Acetophenone,” Laue, S.;
Greiner, L.; Woltinger, J.; Liese, A. Adv. Synth. Catal. 2001, 343, 711-720.
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Table 2.2. Cu-Catalyzed ECA of y-Ketoesters Promoted by a Phosphine-Based Ligand®

10 mol % t-Bu H O
MeO N
RSN
O
O
P(p-tol), 2.6b
4 mol %(CUOTf)z'CGHG NCO.R
i i 2
CO,R 3 equiv. aIkyIZZ'n, toluene, alkyl
temp, time
temp conv yield
ent R alkyl,Zn t(h d
ry 2 C) (h) B (%) r
1 Me EtyZn -30 25 98 49 95545
2 i-Pr EtyZn -30 6 98 74 95545
3 t-Bu Ety,Zn -30 6 98 88 95545
4 i-Pr MeoZn 4 17 98 69 96:4
5 t-Bu MeoZn 4 16 98 51 97:3

3Reactions performed under a N, atmosphere. b Conversions found by a
combination of TH NMR and GLC analysis (3-dex). °Yields of isolated
purified products. ¢ Determined by GLC analysis, see experimental
section for details.

Although the Cu-catalyzed additions of alkylzinc reagents perform well with

certain substrates, there are some limitations with the current protocol. For example, Cu-

catalyzed ECA of dimethylzinc to the Me-ester y-ketoester substrate (2.1) delivers

product 2.8 in 8% yield, although the selectivity observed is high (95.5:4.5 er, Scheme

2.4). The low yield is attributed to undesired Claisen condensation of the generated metal

enolate with another molecule of y-ketoester substrate (cf. 2.7, Scheme 2.3). Similarly,

Cu-catalyzed ECA of i-Pr,Zn to the i-Pr-ester y-ketoester affords product 2.9 in only 15%

yield (97:3 er).
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Scheme 2.4. Limitations of the Cu-Catalyzed ECA Protocol

5 Meo\@N/H]/N\)J\NEtz o) O
O
(ool 2.6b
4 mol % (CuOTf),*CgHg £ CO,Me =~ CO,i-Pr

3 equiv. alkyl,Zn, toluene I\=II H

COsR e i-Pr
2.8 29
4°C,24h -30°C, 24h
>98% conv, 98% conv,
8% yield, 15% yield,
95.5:4.5er 97:3er

Our group has shown previously that reactive Zn—enolates, in situ prepared from
ECA additions, can be trapped via an intermolecular aldol reaction peforming the
reaction in the presence of an aldehyde.'” We were aware that that trapping of the Zn— or
Cu—enolate in the current Cu-catalyzed ECA may prove to be more difficult considering
an intermolecular aldol addition would need to occur with an enolate bearing a f-
quaternary stereogenic center may not be as facile as with an enolate containing a [3-
tertiary carbon center. Nevertheless, when the Cu-catalyzed ECA of Me,Zn to enone 2.1
is performed in the presence of three equivalents of benzaldehyde, the metal enolate 2.10
undergoes an aldol reaction followed by an esterification to furnish bicyclic lactone 2.12
in 67% yield and 95.5:4.5 er as a single diastereomer. We surmise that the initial aldol
addition product 2.11 is not generated with high diastereoselectivity but the metal enolate
2.10 can presumably undergo aldol/retroaldol additions until the thermodynamically

preferred diastereomer of the cyclized product is formed (eq. 2).

10 mol % t-Bu O
H

MeO N

o] Ph
P(p-tol), 2.6b

4 mol % (CuOTH),*CaHg A OM]
COMe 3 equiv. Me,Zn, toluene Me CO,Me Me COMe
2 equiv. PhCHO, 4 °C, 24 h
21 210 211 212
67%, 95.5:4.5er,
[M] = ZnMe or Cu >30:1 dr

(15) (a) see ref. 10f. (b) “Conjugate Addition of Diorganozincs to o,f-Unsaturated Ketones Catalyzed by a
Copper(I)-Sulfonamide Combined System,” Kitamura, M.; Miki, T.; Nakano, K.; Noyori, R. Tetrahedron
Lett. 1996, 37, 5141-5144. (¢) ref. 3a.
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After determining that alkylzinc reagents can serve as effective nucleophiles in
the Cu-catalyzed ECA protocol for y-ketoesters, we next investigated if diphenylzinc
could also be a competent partner. At this time, there were no examples of aryl
nucleophiles in catalytic ECA reactions to form products containing quaternary
stereogenic centers. As shown in Table 2.3, ligand 2.14, containing L-t-leucine and L-
benzyltyrosine units, along with a Cu(I) salt, promotes the ECA; however, the desired
product 2.13 is isolated as a racemate (entry 1, Table 2.3). When the Cu-catalyzed
enantioselective alkylation is carried out in the presence of ligand 2.6a, 2.13 is isolated in
92.5:7.5 er (entry 2). Further ligand screening involving the diastereomer of 2.14 bearing
L-t-leucine and D-benzyltyrosine residues promotes the addition with increased
selectivity; product 2.13 is isolated in 95.5:4.5 er (94% conv) but only in 29% yield. The
low yield is attributed to the reactive metal enolate undergoing subsequent reactions (cf.
2.7, Scheme 2.3). In an effort to increase the rate of the alkylation, and therefore the
yield of the product (a faster rate of reaction leaves less of the substrate for the resulting
enolate to react with), we prepared more electron-rich phosphine ligand 2.15. When the
Cu-catalyzed ECA is promoted by the Cu—2.15 complex, product 2.13 is isolated in 36%
yield with sustained selectivity (96:4 er, entry 4). Despite this increase in rate, the yield

could not be improved to synthetically useful levels.
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Table 2.3. Ligand Optimization for Cu-Catalyzed ECA of Ph,Zn to y-Ketoester 2.1%

0] 0]
10 mol % ligand,
4 mol %(CuOTf),*CgHg

CoMe  3equiv. PhyZn, EtO, g, COMe
21 0°C,12h 213
entry ligand conv (%) yield (%) er?
tBu O

1 @\A NHBu 40 nd  50:50
@
OBn

o
2 O\A NEtz 50 nd 92575
PPh,
0
3 @ NEt, 94 29 95545
PPh,
OBn
0
\@ NEt, 96 36 964
PPh,
OBn

4 Reactions carried out under an atmosphere of N,. b Determined by GLC analysis
with dodecane as an internal standard. nd = not determined.

It is noteworthy that the reactions in Table 2.3 were carried out with Et,O as the
solvent, which is different from the ECA of alkylzinc reagents which used toluene.
When the reaction in entry 3 of Table 2.3 is instead performed in toluene at —15 °C,
product 2.13 is formed in only 9% conv and 83.5:16.5 er. The low conversion is ascribed
to the low solubility of Ph,Zn in toluene at —15 °C. If the temperature is elevated to 22
°C to increase the solubility, full conversion is achieved, but 2.13 is isolated in 50:50 er.
Furthermore, when tetrahydrofuran (thf) is used as the reaction solvent, using the same
conditions in entry 3, Table 2.3, <2% conv of the conjugate adduct is formed (2.1 is

recovered). Attempts to further improve the yield of 2.13 were unsuccessful.
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All studies thus far investigated additions to B-substituted cyclopentenones. Next,
we studied whether the Cu-catalyzed ECA of alkyl- and arylzinc reagents could be
extended to the corresponding six-membered ring enones. As shown in Table 2.4, using
the conditions found optimal for catalytic enantioselective addition of Et,Zn to the five-
membered ring enone 2.1, <2% conv to product 2.17 is formed (full recovery of 2.16).
Small changes in the ligand structure, however, led to considerable differences in
reactivity; for example, all ligands screened that contained a n-butyl amide C-terminus
(i.e., 2.14 vs. diethyl amide terminus of 2.66b) led to full consumption of 2.16 with no
detectable amount of 2.17. Other solvents screened for the Cu-catalyzed ECA protocol
include Et,O, CH,Cl,, thf, dme, and dichloroethane (entries 2—6). The only conditions in
which any 2.17 could be isolated is when CH,Cl, is used as the reaction medium (entry
3). The addition leads to 28% conv after 2 h at —30 °C with 2.17 being formed in 95:5 er.
Table 2.4. Cu-Catalyzed ECA of Et,Zn to B-Ester Cyclohexenone: Solvent Screen®

10 mol % t-Bu H O

Meo\@fNJ}(N\)LNEtZ
O
O P(p-tol),  2.6b O
ij\ 4 mol % (CuOTf),*CgHg ij\
3 equiv. EtxZn, solvent,
CO,Me -30°C,2h ét CO,Me

2.16 217

entry solvent conv (%)? er
1 toluene <29 nd
2 Et,O <24 nd
3 CH,Cl, 28 955
4 thf <2¢ nd
5 dme <2¢ nd
6 CICH,CH,CI <2¢ nd

aReactions performed under N, atm. ?Determined by 'H NMR analysis of
the unpurified reaction mixture. “Determined by GLC analysis. “Recovered
starting material. °Reactions proceed to <2% conv to desired product,
however 'H NMR analysis of the unpurified mixture showed multiple
unidentified products. nd = not determined. thf = tetrahydrofuran. dme =
dimethyoxyethane

To increase the conversion of the catalytic alkylation process, the reaction time
was extended to 24 h (Scheme 2.5); full conversion is achieved; however, the yield after

purification is only 39%. A select number of ligands were investigated with the new
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solvent system to gauge if the yield could be improved. Cu-catalyzed ECA of Et,Zn to
enone 2.16 in the presence of ligand 2.3 proceeds more slowly than with ligand 2.6b
(50% conv in 24 h), although similar levels of selectivities are observed (93.5:6.5 er).
Furthermore, the ECA promoted by ligand 2.5 and a Cu(I) salt did not improve the
reaction (74% conv, 28% yield, 81:19 er).

Scheme 2.5. Selected Ligand Screen for Cu(l)-Catalyzed ECA of Et,Zn to 2.16

o 10 mol % ligand 0
ij\ 4 mol % (CuOTF),*CeHg d
3 equiv. EtyZn, YCO,Me
co = T2
Me CH,Cly, -30°C, 241 Et
2.16 217

t-Bu t-Bu

H © y O tBu , O
MeO N N
e \©\/§N/'ﬁ( \)LNEtZ @%NJ\[(N%NEZ @N&( NEt,
o) o = O
PPh, PPh,
2.3 5

P(p-tol), \©\
2.6b oBn 2 OBn
>98% conv, 50% conv, 74% conv,
39%yield, 27% yield, 28% yield,
97:3er 93.565er 81:19 er

To date, the by-products that arise during the course of the reaction, when enone
2.16 is employed as the substrate have not been identified. However, use of 2.1 as a
substrate allows for the isolation of an oligomeric-product (cf. Scheme 2.3). We believe
that the resulting Zn—enolate of 2.17 is not stable under the reaction conditions, leading to
a diminished yield. In addition, if the reaction were to be performed in the presence of an
aldehyde, the Zn—enolate could undergo an in situ aldol addition, trapping the reactive
Zn—enolate to minimize degradation (cf. eq 2). As shown in eq 3, when enone 2.16 is
subjected to Cu-catalyzed ECA of Et,Zn with ligand 2.6b in the presence of 2 equiv. of
benzaldehyde, product 2.18 is isolated in 38% yield and >20:1 dr (~60% conv based on

'H NMR analysis of the unpurified reaction mixture).
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10 mol % t-Bu H O
MeO N
saa e
O 26b
o P(p-tol), ? n Ph
4mol % (CuOTF),*CgHg 5
3 equiv. Et,Zn, 2 equiv. PhCHO : 3)

CO,Me CH,Cl,, ~30°C, 18 h Et

2.16 2.18
>20:1dr
~60% conv,

38% yield

Attempts to use other alkylating reagents in the ECA reaction also proved
unsuccessful. As illustrated in eq. 4, Cu-catalyzed ECA of Me,Zn to enone 2.16 leads to
<2% conv (full recovery of starting material) when toluene, thf, or CH,Cl, is employed as
the solvent. Although the Cu—peptide-based catalyst system efficiently furnishes some
products with high enantioselectivities (Table 2.2), the substrate scope is limited to five-

membered ring y-ketoesters.

10 mol % t-Bu H O
MeO\@N/H(N\)kNEtZ
O 26b
o P(p-tol), ?
4 mol % (CUOTf)Z‘CGHG
3 equiv. Me,Zn, ~Cco,Me (4
CO,Me toluene, CH,Cl,, or thf, Me
2.16 4°C,24h 219

<2% conv

2.2.c. Working Transition State Model for the Cu-Catalyzed ECA of Dialkylzinc
Reagents to Unsaturated y-Ketoesters
The mode of addition to obtain the observed major enantiomer can be explained
to proceed through the working transition state model illustrated in Scheme 2.6. This
model is consistent with other enantioselective protocols with amino-acid based

ligands."® The ligand, 2.6b, coordinates with the Cu(I) salt through the imine nitrogen

(16) For example, see: (a) “Mechanism of Enantioselective Ti-Catalyzed Strecker Reaction: Peptide-Based
Metal Complexes as Bifunctional Catalysts,” Josephsohn, N. S.; Kuntz, K. W.; Snapper, M. L.; Hoveyda,
A. H. J. Am. Chem. Soc. 2001, 123, 11594-11599. (b) “A Highly Efficient and Practical Method for
Catalytic Asymmetric Vinylogous Mannich (AVM) Reactions,” Carswell, E. L.; Snapper, M. L.; Hoveyda,
A. H. Angew. Chem., Int. Ed. 2006, 45, 7230-7233. (c) “Catalytic Asymmetric Alkylation of Ketoimines.
Enantioselective Synthesis of N-Substituted Quaternary Carbon Stercogenic Centers by Zr-Catalyzed
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and phosphine. When the Cu—ligand complex is exposed to diethylzinc, the alkylcopper
complex likely forms and forms a n-complex with the enone. As shown in Scheme 2.6,
the enone is aligned to undergo a carbocupration. The substrate can be concomitantly
activated by a Lewis acid interaction between the carbonyl and the alkylzinc species and
by a zinc bridge between the B-ester moiety and the Lewis basic diethylamide unit in the
ligand. Enhancing the Lewis basicity of the phosphine (comparing 2.6a with 2.6b) will
increase the polarity of the Cu-—alkyl bond and raise the nucleophilicity of the alkyl
group; this is evident in the rate differences between ligands 2.6a and 2.6b (83% vs. 98%
conv in 2.5 h, Scheme 2.3).

Scheme 2.6. Working Transition Model for Cu-Catalyzed ECA of Alkylzinc Reagents to

y-Ketoesters

Ph ~ H
=TV
P O H:=
/ C‘U|—Et Oé\NEtZ
orf Pm® - \)
= O-—ZnEt
e~ AT RO/: 2

In light of the prevalent limitations (six-membered ring substrates, aryl additions,
and low to moderate yields of the conjugate adducts), we began to search for a more
active and efficient catalyst for the formation of all-carbon quaternary stereogenic

centers.

Additions to Dialkylzinc Reagents to Aryl-, Alkyl-, and Trifluroalkyl-Substituted Ketoimines,” Fu, P.;
Snapper, M. L.; Hoveyda, A. H. J. Am Chem. Soc. 2008, 130, 5530-5541. (d) “Aluminum-Catalyzed
Asymmetric Alkylations of Pyridyl-Substituted Alkynyl Ketones with Dialkylzinc Reagents,” Friel, D. K.;
Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 9942-9951.
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2.3. Chiral NHC-Based Ligands in Cu-Catalyzed Enantioselective

Conjugate Additions to Enones

2.3.a. Additions of Alkyl- and Arylzinc Reagents to y-Ketoesters'’

2.3.a.1. Initial Observations and Ligand Screening

N-Heterocyclic carbenes (NHCs) have been demonstrated to be powerful ligands
for a variety of metal-catalyzed reactions.'® Theoretical and experimental studies have
elucidated that, in many cases, NHCs are stronger electron-donor ligands than phosphine-

based ligands."

Moreover, NHC—metal complexes demonstrate a tight binding with
various types of metals (a 1:1 ligand:metal ratio can be used with early and late transition
metals) while phosphine-based ligands can dissociate from the metal, a characteristic that
often necessitates the use of excess ligand in comparison to the metal.*’

The design and synthesis of new chiral catalysts for enantioselective alkylations
of activated olefins has been the subject of extensive studies in the Hoveyda laboratories.

N-Heterocyclic carbenes have been the focal point for the design of new chiral catalysts.

(17) “All-Carbon Quaternary Stereogenic Centers by Enantioselective Cu-Catalyzed Conjugate Additions
Promoted by a Chiral N-Heterocyclic Carbene,” Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H.
Angew. Chem., Int. Ed. 2007, 46, 1097—-1100.

(18) For reviews on NHC-metal complexes, see: (a) “N-Heterocyclic Carbenes,” Herrmann, W. A.;
Kocher, C. Angew. Chem., Int. Ed. Engl. 1997, 36, 2162-2187. (b) “Chiral N-Heterocyclic Carbene-
Transition Metal Complexes in Asymmetric Catalysis,” Perry, M. C.; Burgess, K. Tetrahedron: Asymmetry
2003, 14, 951-961. (c¢) “Ag(I) N-Heterocyclic Carbenes Complexes: Synthesis, Structure, and
Application,” Garrison, J. C.; Youngs, W. J. Chem. Rev. 2005, 105, 3978-4008. (d) “N-Heterocyclic
Carbenes in Late Transition Metal Catalysis,” Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. Chem. Rev.
2009, 109, 3612-3676. (e) “Understanding the M-(NHC) (NHC = N-Heterocyclic Carbene) Bond,”
Jacobsen, H.; Correa, A.; Poater, A.; Costablile, C.; Cavallo, L. Coord. Chem. Rev. 2009, 253, 687-703. (f)
“The Measure of All Rings—N-Heterocyclic Carbenes,” Droge, T.; Glorius, F. Angew. Chem., Int. Ed.
2010, 49, 6940—6952.

(19) For representative studies that investigate the o-donor abilities of phosphines vs. NHCs, see: (a)
“Rhodium and Iridium Complexes of N-Heterocyclic Carbenes via Transmetalation: Structure and
Dyamics,” Chianese, A. R.; Li, X.; Janzen, M. C.; Faller, J. W.; Crabtree, R. H. Organometallics 2003, 22,
1663—-1667. (b) “Determination of N-Heterocyclic Carbene (NHC) Steric and Electronic Parameters using
the [NHC)Ir(CO),CI] System,” Kelly, R. A., III; Clavier, H.; Giudice, S.; Scott, N. M.; Stevens, E. D;
Bordner, J.; Samardjiev, I.; Hoff, C. D.; Cavallo, L.; Nolan, S. P. Organometallics 2008, 27, 202-210. (c)
“3C NMR Spectroscopic Determination of Ligand Donor Strengths Using N-Heterocyclic Carbene
Complexes of Palladium(I),” Huynh, H. V.; Han, Y.; Jothibasu, R.; Yang, J. A. Organometallics 2009,
28, 5395-5404.

(20) N-Heterocyclic Carbenes in Transition Metal Catalysis. Topics in Organometallic Chemistry 21;
Glorius, F., Ed.; Springer: New York, 2007.
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The ease of synthesis of chiral variants as well as the new levels of reactivity displayed
with those containing a bidentate linkage point (the point is discussed further below)
makes the use of NHCs as ligands for metal-catalyzed enantioselective transformations
attractive.

Inspired by the properties of NHCs which could potentially form an active Cu
catalyst,”' we investigated several bidentate NHC complexes (Chart 2.1) in promoting the
Cu-catalyzed ECA of dialkylzinc reagents to y-ketoesters (Table 2.5). The NHCs 2.20
and 2.21, shown in Chart 2.1, were first probed in our group as ligands for Ru-catalyzed
enantioselective olefin metathesis™ and, subsequently, Cu-catalyzed enantioselective

23

allylic alkylation.” The sulfonate-containing complex 2.22 was developed in our

(21) In 1991, Woodward demonstrated how NHCs, as ligands for Cu, can greatly increase the rate of the
conjugate addition reaction by acting as a strong o-donor, stabilizing the Cu(Ill) intermediate, see: “Strong
Ligand Accelerated Catalysis by an Arduengo-Type Carbene in Copper-Catalysed Conjugate Addition,”
Fraser, P. K.; Woodward, S. Tetrahedron Lett. 2001, 42, 2747-2749.

(22) For examples of the nobin-derived NHC complex (2.20) in Ru-catalyzed enantioselective olefin
metathesis, see: (a) “A Recyclable Ru-Based Metathesis Catalyst,” Kingsbury, J. S.; Harrity, J. P. A.;
Bonitatebus, P. J., Jr.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 791-799. (b) “A Recyclable Chiral
Ru Catalyst for Enantioselective Olefin Metathesis. Efficient Catalytic Asymmetric Ring-Opening/Cross
Metathesis in Air,” Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem.
Soc. 2002, 124, 4954-4955. (c¢) “Chiral Ru-Based Complexes for Asymmetric Olefin Metathesis:
Enhancement of Catalyst Activity through Steric and Electronic Modifications,” Van Veldhuizen, J. J.;
Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 12502—
12508. (d) “Efficient Enantioselective Synthesis of Functionalized Tetrahydropyrans by Ru-Catalyzed
Asymmetric Ring-Opening Metathesis/Cross-Metathesis (AROM/CM),” Gillingham, D. G.; Kataoka, O.;
Garber, S.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 12288-12290. For examples of the binol-based
NHC complex (2.21) in Ru-catalyzed enantioselective olefin metathesis, see: (e) “A Readily Available
Chiral Ag-Based N-Hetereocyclic Carbene Complex for Use in Efficient and Highly Enantioselective Ru-
Catalyzed Olefin Metathesis and Cu-Catalyzed Allylic Alkylation Reactions,” Van Veldhuizen, J. J;
Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877-6882. For a
comparison study between Ru-based catalysts with ligands 2.20 and 2.21 and Mo-Based chiral catalysts,
see: (f) “Comparison of Ru- and Mo-Based Chiral Olefin Metathesis Catalysts. Complementarity in
Asymmetric Ring-Opening.Cross-Metathesis Reactions of Oxa- and Azabicycles,” Cortez, G. A.; Baxter,
C. A.; Schrock, R. R.; Hoveyda, A. H. Org. Lett. 2007, 9, 2871-2874.

(23) For examples of the nobin-derived NHC complex (2.20) in Cu-catalyzed enantioselective allylic
alkylation, see: (a) “Bidentate NHC-Based Chiral Ligands for Efficient Cu-Catalyzed Enantioselective
Allylic Alkylations: Structure and Activity of an Air-Stable Chiral Cu Complex,” Larsen, A. O.; Leu, W.;
Oberhuber, C. N.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 11130-11131. (b)
“Enantioselective Synthesis of Allylsilanes Bearing Tertiary and Quaternary Si-Substituted Carbons
through Cu-Catalyzed Allylic Alkylations with Alkylzinc and Arylzinc Reagents,” Kacprzynski, M. A.;
May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 4554-4558. For examples of
the binol-based NHC complex (2.21) in Cu-catalyzed enantioselective allylic alkylation, see: ref 22e and
23b. For examples of the nobin-derived NHC complex (2.20) in Mg-catalyzed enantioselective allylic
alkylation, see: (c) “Lewis Base Activation of Grignard Reagents with N-Heterocyclic Carbenes. Cu-Free
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laboratory as well; it was designed to be a less electron-donating ligand for a Ru-based
complex (relative to the phenoxy-based linkages in NHCs 2.20 and 2.21) to increase the
activity of the propagating carbene. While attempts to prepare a Ru complex with
sulfonate-complex 2.22 failed, Cu-based complexes with sulfonate-containing NHC 2.22
are exceptional catalysts for enantioselective alkylation and arylation reactions (discussed
in Chapters 2, 3 and 4).

Chart 2.1. Chiral Bidentate Ag—NHC Complexes
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It is noteworthy that the studies carried out below are performed with the Ag—
NHC complexes. The Ag-NHC complexes are air-stable pre-catalysts that can be
prepared in quantitative yield from the corresponding imidazolinium salt by treatment
with Ag,O (see below for a detailed synthesis discussion). When the Ag—NHC
complexes are exposed to a Cu salt (for example, (CuOTf),*CsHs), transmetallation

occurs readily, forming the relatively air-sensitive Cu—NHC complex in situ along with

Catalytic Enantioselective Additions to y-Chloro-o,-Unsaturated Esters,” Lee, Y.; Hoveyda, A. H. J. Am.
Chem. Soc. 2006, 128, 15604—15605.
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AgOTf. The Ag-NHC complexes are also depicted as head-to-tail dimers, which is
observed in both solution state ('"H NMR) and solid state (X-ray crystal structures, shown
in Chart 2.1). However, we believe, due to steric considerations, the active Cu-catalyst is
monomeric.

We began our investigations by examining the ability of the Cu—NHC complexes
to promote ECA of Ph,Zn to unsaturated five- and six-membered ring y-ketoesters (Table
2.5). As shown in entries 1, 4, 7, and 10, additions promoted by the Cu—NHC complex of
2.20 do not lead to any product formation for the five-membered ring enones 2.1 and 2.23
(<2% conv) or <43% conv for the six-membered ring enones 2.16 and 2.24. With
phenoxy-containing complex 2.21, the Cu-catalyzed ECA of Ph,Zn to five-membered
ring enones only leads to <26% conversion (entries 2 and 5) and, for the latter case, in a
rather unselective process (62.5:37.5 er, entry 2). The six-membered ring enones are
more reactive towards the phenoxy-based NHC—Cu catalyst; >98% conversions are
achieved within 42 h and the products are obtained in 87:13-96.5:3.5 er (entries 8 and
11). Perhaps more notable are the yields of the conjugate addition products (57-82%
yield). Claisen condensation products (e.g., 2.7, Scheme 2.3) are not observed. Based
on the aforementioned result, we believe the Claisen condensation product (metal
enolate addition to ketoester 2.1) is promoted by the peptide-based ligand through
activations of the Cu— or Zn—enolate through complexation with the phosphine ligand.
This ligand motif has been shown to promote Mukaiyama aldol reactions to a-keto

esters. 13
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Table 2.5. ECAs Promoted by Cu(l)-NHC Complexes of Ph,Zn to Unsaturated y-

Ketoesters®
0 2.5 mol % NHC-Ag complex G
2.5 mol % (CuOTf),*CgHg
( 3 equiv PhyZn, Et,0 (9
" Co,R -30 °C, time phCOR
entry substrate NHC  time conv yield er®
complex  (h) (%)° (%)
O
1 2.20 15 <2 nd nd
2 2.21 42 26 nd 62.5:37.5
3 21 COMe 2.22 42 >08 72 90.5:9.5
4 G 2.20 15 <2 nd nd
5 & 2.21 15 <2 nd nd
6 2.22 42 >08 a8 91:9
________ 2230
O
2.20 21 43 nd 73:27
221 21 >08 82 96.5:3.5
COMe 222 18 >08 nd 41.5:58.5
........ I S
10 o 2.20 18 32 nd 58.5:41.5
1 d 2.21 42 >08 57 87:13
12 CO,t-Bu 2,22 42 >08 a0 41.5:58.5
2.24

dReactions performed under a N, atmosphere. b Conversions determined
by TH NMR and GLC analysis. ®Determined by GLC analysis. nd = not
determined.

The sulfonate-containing chiral NHC complex (2.22) promotes the Cu-catalyzed
ECA with substantially higher conversions with the five-membered y-ketoesters; as
shown in entries 3 and 6, >98% conversion can be achieved at —30 °C in 42 h. The
products are obtained in 72-98% yield and in up to 91:9 er. Reactions, promoted by the
sulfonate-containing NHC ligand, are significantly more efficient than reactions
promoted by chiral amino acid-based ligands (up to 36% yield, 96:4 er, Table 2.3).
Although, the additions catalyzed by the NHC—Cu complex derived from 2.22 of Ph,Zn
to the six-membered rings are efficient (>98% conversion, entries 9 and 12), the products
are obtained in lower selectivities than when the catalyst derived from 2.21 is used

(41.5:58.5 er vs. 96.5:3.5-87:13 er).
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A similar screen was performed for Me,Zn addition to [3-ester-containing five-
and six-membered enones (Scheme 2.7).** With a similar trend to the results above, the
sulfonate-containing NHC ligand promoted the Cu-catalyzed ECA with the highest
efficiencies and selectivities, as compared to the phenoxy-based NHC ligands (from 2.20
and 2.21). Complete conversions and selectivities from 87.5:12.5-92:8 are achieved.

Scheme 2.7. Cu-Catalyzed ECA of Me,Zn to y-Ketoesters: NHC Ligand Screen
0 2.5 mol % NHC-Ag complex ~ ©

2.5 mol % (CUOTf)2°CGHG
3 equiv Me,Zn, Et,O O
o " 2~CO,t-Bu

CO,t-Bu —30°C, 17-24h

O O
é;co B ij\ g
Me~ =2 u MeCOZt Bu
with 2.20: <10% conv with 2.20: 60% conv, 86.5:13.5er
with 2.21: 15% conv, 65:35 er with 2.21: >98% conv, 66.5:33.5 er
with 2.22: >98% conv, 92:8 er with 2.22: >98% conv, 87.5:12.5 er

Ph \\Ph oPh Ph
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2.3.a.2. Preparation of the Sulfonate-Containing Complex 2.22 and Comparison with
the Phenoxy-Based NHC Complex 2.21
Towards the synthesis of imidazolinium salt 2.29, the requisite diamine 2.27 can

be synthesized by two sequential Buchwald-Hartwig C-N cross coupling reactions™

(24) Reactions performed by M. Kevin Brown.

(25) (a) “Scope and Limitations of the Pd/BINAP-Catalyzed Amination of Aryl Bromides,” Wolfe, J. P.;
Buchwald, S. L. J. Org. Chem. 2000, 65, 1144—1157. (b) “Sterically Hindered Chelating Alkyl Phosphines
Provide Large Rate Accelerations in Palladium-Catalyzed Amination of Aryl lodides, Bromides, and
Chlorides, and the First Amination of Aryl Tosylates,” Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc.
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starting from commercially available S, S-diphenylethylenediamine (bromide 2.25 is
prepared in one step,”® Scheme 2.8). A second route was also developed that is more
efficient (64% yield over two steps vs. 34% yield) but also only requires one Pd-mediated
step (which can be costly if done on large scale).”” The diamine 2.27 is synthesized by a
Cu-catalyzed aminination procedure developed by Buchwald and co-workers® followed
by a Pd-catalyzed C—N coupling reaction (Scheme 2.8). The next step is to prepare the
imidazolinium salt 2.29; we envisaged this process could occur through formation of the
aminal followed by oxidation to afford the zwitterionic salt 2.29.%

Scheme 2.8. Synthesis of Diamine 2.27

B First generation diamine synthesis

Ph Ph 6 mol % Pdydbas Ph Ph
18 mol % rac-binap )—\ 10 mol % Pd(OAc),
HoN NH, ~ - Br NH NH, 20 mol % rac-binap
E:[ 225 MesBr, NaOf-Bu,
SO,4i-Bu S04i-Bu toluenfz, ;10 C,
NaOt-Bu, thf, 226 45% yield
80 °C, 18 h,
75% yield Ph Ph
Ph  Ph 1. Aminal 9
Formation
NH NHMes -~-------- = 0z5 N NMes
R . 2. Oxidation 0
B Second generation diamine synthesis €
o SO3i—BU 2.29
5 mol % Cul 2.27 '
20 mol %
OH
1 mol % Pdydbas
Ph §Ph CONEt, Ph ;\Ph 3 mol % rac-binap ‘
H:N  NHp MesBr H:N  NHMes Br
’ 2.25
K3POg, dmf, 2.28 .
110 °C, 24 h, 803i-Bu
76% yield NaOt-Bu, thf,
80°C, 15h,
81% yield

1998, 120, 7369-7370. (c) “Palladium Catalysed Mono-N-Arylation of Enantiopure Diamines,” Frost, C.
G.; Mendonga, P. Tetrahedron: Asymmetry 1999, 10, 1831-1834.

(26) (a) “Synthesis of Neophenylsulfonates using the Suzuki-Miyaura Reaction,” Cho, C.-H.; Kim, C.-B.;
Sun, M.; Park, K. Bull. Korean Chem. Soc. 2003, 24, 1632-1636. (b) ‘“Preparation of Unsymmetrical
Terphenyls via the Nickel-Catalyzed Cross-Coupling of Alkyl Biphenylsulfonates with Aryl Grignard
Reagents,” Cho, C.-H.; Kim, L.-S.; Park, K. Tetrahedron 2004, 60, 4589-4599.

(27) This route was developed by Mikiko Akiyama.

(28) “Mild and Efficient Copper-Catalyzed Amination of Aryl Bromides with Primary Alkylamines,”
Kwong, F. Y.; Buchwald, S. L. Org. Lett. 2003, 5, 793-796.

(29) These investigations were carried out by Dr. Carl Baxter and M. Kevin Brown.
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Following a procedure that Professors Roland, Alexakis and co-workers have
developed for aminal formation (from 1,2-diamines containing N—alkyl substituents),*
treatment of diamine 2.27 with AcOH and aqueous formaldehyde leads, not to the
expected aminal 2.31, but to a 58:42 mixture of desired imidazolinium salt 2.29 (56%
yield after purification) and N—Me diamine 2.30 (<2% of the regioisomeric N—Me
product was observed as determined by nOe analysis, Scheme 2.9). Several points are
worthy of discussion related to Scheme 2.9. (1) When the cyclization is performed for 1 h
(vs. 3 h in Scheme 2.9), a mixture of aminal, imidazolinium salt and N-Me diamine is
present (33%, 27%, and 20%, respectively). Therefore, it is likely that the imidazolinium
salt 2.29 and the N—methyl diamine 2.30 are derived from aminal 2.31. (2) The aminal
can be isolated in 72% yield when the cyclization is performed under dilute conditions
(0.04 M solution in dioxane, 2% of imidazolinium salt 2.29 detected). (3) Furthermore,
when aminal 2.31 is heated under acidic conditions (15 equiv of AcOH, no formaldehyde
is used), a 1:1 ratio of 2.29 and 2.30 is afforded (80% conv).

Scheme 2.9. Cyclization of Diamine 2.27 Affords Unexpected Products

Ph  pPh oPh Ph Ph Fn Ph Ph
Y— >_ Y o \/ s
15 equiv. AcOH I/ I/
NH NHMes ———————> oS, _NENMes + NH  NMes 0=S_N_ NMes
5 equiv. 37% (aq) io N Me ﬁa—Bu\/
SO4i-Bu formaldehyde, © SO,i-Bu
110°C,3h
2,27 2.29 2.30 2.31
56% <2%

2.29:2.30:2.31 = 58:42:<2
Based on the above studies, we proposed a mechanism to account for the products
observed during the cyclization/oxidation process (Scheme 2.10). When diamine 2.27 is
treated with formaldehyde and acetic acid, iminium 2.32 is formed, which is in
equilibrium with aminal 2.31. Elimination of a hydride on the methylene of 2.31,

assisted by the lone pair on nitrogen, affords reduction of iminium 2.32, which leads to

(30) (a) “A Practical and Efficient Synthesis of Enantiomerically Pure Di-tert-Butyl-Ethanediamine,”
Roland, S.; Mangeney, P.; Alexakis, A. Synthesis 1999, 228-230. (b) “Unusually Facile Palladium
Catalysed Oxidation of Imidazolidines and Oxazolidines,” Alexakis, A.; Aujard, 1.; Pytkowicz, J.; Roland,
S.; Mangeney, P. J. Chem. Soc., Perkin Trans. 1, 2001, 631, 949-951. (c) “Synthesis of Chiral Silver(I)
Diaminocarbene Complexes from (R, R)-4,5-Di-tert-Butylimidazoline,” Pytkowicz, J.; Roland, S.;
Mangeney, P. J. Organomet. Chem. 2001, 157-163.
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the formation of 2.30 and 2.33. Elimination of 2-methylpropene from 2.33 affords the
imidazolinium salt 2.29. The mechanism outlined in Scheme 2.10 seems to account for
the above observations: (1) When the cyclization is performed in a polar, dilute solvent
(1,4-dioxane), only aminal 2.31 is observed, reducing the amount of hydride transfer due
to increased solvation. (2) Based on the mechanism, a 1:1 mixture of 2.29 and 2.30
should be formed; however, 2.29 and 2.30 are observed as mixtures with an enrichment
in the imidazolinium salt when the cyclization is performed in AcOH and formaldehyde
(~60:40 2.29:2.30). However, when isolated and purified aminal 2.31 is treated with
AcOH directly, a 1:1 mixture of 2.29 and 2.30 is formed. Therefore, we believe that the
excess formaldehyde in solution (5 equiv used) is acting as a reducing agent for aminal
2.31.

Scheme 2.10. Mechanism of the Cyclization of Diamine 2.27 Involving a Hydride

Transfer
S .k
C
Ph,  Ph Ph. P
AcOH 0. 0 )
NH NHM -BuO,S NV
<:2 °s i > NH NMes S_N__NMes
OB j& el
3[ u
297 2.32 2.31
Ph Ph OAC l
© o\ /o
o—S N\JNMes N3 _NAr
229 < OBy j& Bu ©OAc
231H—~ N NMes NHAr
233 ®)
PR Ph
2.32

With a better understanding of the reaction mechanism, we sought to improve the
yield for the formation of the imidazolinium salt by using a hydride acceptor that could
compete with iminium 2.32. Accordingly, when the cyclization is performed in the
presence of Eschenmoser’s salt (in place of formaldehyde),’! the imidazolinium salt is

formed in 79% yield (<2% N-Me amine 2.30 formed (Scheme 2.11). Thus, the sterically

(31) “Dimethyl(methylene)ammonium lodide,” Schreiber, J.; Maag, H.; Hashimoto, N.; Eschenmoser, A.
Angew. Chem., Int. Ed. Eng. 1971, 10, 330-331.
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less hindered Eschenmoser’s salt effectively competes with iminum 2.32. Treatment of
imidazolinium salt 2.29 with Ag,0 affords Ag—-NHC complex 2.22 in >98% yield.
Scheme 2.11. Improved Synthesis of Imidazolinium Salt 2.29 and Preparation of Ag—
NHC Complex 2.22

Ph Fh oPh Ph
15 equiv. ACOH 0o \
—_ > _
NH  NHMes —_ Me\ﬁ,Me ﬁé‘lvNMes
) equiv. © e
SO3I-BU || 2.29
2.27 110°C,2h 79%
Ph  Ph %, 24
<\ = -, O S oy
¥ 4T //Sl F oy
.y ﬁé\lvNMeS P Yu
N A
&1 jaay W }\T 2 equiv.
] w v gAg AgZO
H"‘\SL__(“ ‘:'*1' o \(é\ 4 A MS,
LA 7~NMes CgHg:thf (1:1)
N ey, Q‘é’f“\)\ 80°C, 1h
O Ph
2.22 >98%

With an efficient route to access the new sulfonate-containing NHC—Ag complex
outlined, we next sought to understand why sulfonate-containing NHC 2.22 is
significantly more active in Cu-catalyzed ECAs in some cases compared to the phenoxy-
based NHC complexes 2.20 and 2.21 (cf. Table 2.5 and Scheme 2.7). Since the Cu(I)-
NHC complexes derived form 2.21 and 2.22 are unstable, we were not able to study them
in either solid or solution states; we instead analyzed the corresponding Ag—NHC
complexes (Scheme 2.12). Thus, it is important to note that the values discussed below
relate to the Ag complexes and thus conclusions on the characteristics of the Cu—NHC
complexes are based on inferences from this data. The most apparent difference between
the two complexes is the nature of the bidentate linkages; 2.21 contains a phenoxy-based
binding component while complex 2.22 has a less basic sulfonate unit. The electronic
difference between the two groups can perturb the monomeric Cu(I) complex. For
example, Nakamura and co-workers have suggested, based on theoretical calculations,

that an electron-withdrawing substituent on copper can help facilitate reductive
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elimination of the Cu(Ill) intermediate in the catalytic cycle (see Scheme 2.13 for a
general mechanistic pathway for a Cu-catalyzed conjugate addition reaction).”
Scheme 2.12. Comparison Between the Phenoxy-based and Sulfonate-based NHC-Ag

Complexes

W Phenoxy-based [AN\_NVes 0Z 55 Ny_NMes W Sulfonate-based
e

B 8-membered ring chelate A B 7-membered ring chelate
) Ag 9Ag
W Jpgc =267 & 232 Hz Agw&”es W Jpgc= 187 & 183 Hz
\ o NMes
/a
0
="\ o ph Ph
2.21 222

Moreover, if the active catalyst is a monomeric Cu complex, the bidentate chelate
in 2.21 and 2.22 forms rings of different size. The phenoxy-based carbene has an eight-
membered ring size while the sulfonate-containing ligand would have a more
geometrically constrained seven-membered ring; the latter structural attribute is thought
to play an important role in what we surmise is the active catalyst (discussed in depth
below). Another difference between the two catalysts is found in the respective C—Ag
coupling constants from the >C NMR spectra. In the phenoxy-based complex 2.21, the
coupling constants are 267 and 232 Hz and for the sulfonate-containing complex 2.22,
they are appreciably smaller (187 and 183 Hz). The coupling constants between Ag and
C can be a measure of the distance between the two nuclei. The larger the coupling
constant, the smaller the distance between the two nuclei in solution state. The large

coupling constant of phenoxy-containing NHC 2.21 can be interpreted to mean that the

(32) (a) “Complexation of Lewis Acid with Trialkylcopper(Ill): On the Origin of BF;-Acceleration of
Cuprate Conjugate Addition,” Nakamura, E.; Yamanaka, M.; Mori, S. J. Am. Chem. Soc. 2000, 122, 1826—
1827. (b) “Thermodynamic and Kinetic Control in Selective Ligand Transfer in Conjugate Addition of
Mixed Organocuprate Me(X)CuLi,” Yamanaka, M.; Nakamura, E. J. Am. Chem. Soc. 2005, 127, 4697—
4706.
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NHC is a stronger donor than that on sulfonate-containing 2.22.** This, again, is data that
we are correlating from a dimeric Ag—NHC complex to a monomeric Cu—NHC complex.

Scheme 2.13. General Mechanistic Pathway for Cu—-NHC-Catalyzed Conjugate Addition
of Et,Zn to an Enone

( N? NAr
OZnEt _—Cu

O
ij reductive cuprate
" Et

elimination formation

Ny NAr
O T Et ( T
R —Cu
EtZn

® ZnEtesolvent

EtZZn

oxidative olefin
addition coordination

EtZn

The differences between the two NHC ligands lie not only in their electronic
attributes but also in their structure aspects. For example, if electronics were the only
reason for the high activity and selectivity in the Cu-catalyzed ECA reaction, then a NHC
that contains a more electron-withdrawing unit than a phenoxide should fare well. With
this in mind, carboxylate-containing NHC complex 2.34 was prepared®* and investigated
in the Cu-catalyzed ECA reaction (Scheme 2.14). The Cu—NHC complex, prepared in
situ from 2.34, promotes the ECA of dimethylzinc to enone 2.1 affording ent-2.8 in 71%
conv and 60.5:39.5 er [compared with 2.21 (15% conv, 65:35 er) and 2.22 (>98% conv,
92:8 er)]. The lower efficiency observed with the carboxylate-containing ligand is in

itself not particularly surprising since a carboxylate group is not as acidic as a sulfonate,

(33) Analysis of the X-ray crystal structures of complexes 2.21 and 2.22 reveals that the Ag-Ceyrpene bond
lengths are similar (2.068 and 2.087 A, respectively).
(34) Kang-sang Lee prepared NHC-Ag complex 2.32.
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if the activity of the catalyst was caused entirely from the electronic component.’
Perhaps more enlightening is that the selectivity of the product is notably lower
(60.5:39.5 er) than the selectivity observed when the Cu—NHC catalyst prepared from
2.22 is used (92:8 er). This suggests that the two oxygen ligands (positioned pseudo-
axial and -equatorial) on the sulfonate-containing ligand may play an important role in
the catalytic cycle; this attribute is missing entirely in the phenoxy-based ligand and the
pseudo-equatorial oxygen is omitted in the carboxylate-containing ligand. The difference
in reactivity may allude to the equatorial oxygen of the sulfonate serving as a chelation
site (a potential bifunctional catalyst).

Scheme 2.14. Comparison of Phenoxy-, Sulfonate- and Carboxylate-Containing NHC—

Cu Catalysts

2.5 mol % NHC-Ag o
2.5 mol % (CuOTf),*CsHg {i
3 equiv. Me,Zn, Et,0, ~Me
COzMe -30°C, 12 h CO,Me
21 ent-2.8
pn Ph Ph
Ph \\Ph o Fh
”NTNK i”v’“& e
\ ﬁ A9Ag 9Ag

3 I < £
<—=" N o ph PN o ph PN
2.21 2.22 2.34
15% conv, >98% conv, 71% conv,

65:35er 92:8er 60.5:39.5 er

At this time, we were fairly confident that the monomeric Cu—NHC complex
derived from 2.21 is bidentate (dative bond between the phenoxy and Cu, Scheme 2.15);

however, we were unclear if the sulfonate in 2.22 would be capable of forming a dative

(35) For example, the pka of benzoic acid is 11.1, the pka of methylsulfonic acid is 1.6, and the pka of
phenol is 18 (all values are in dmso). For original references, see: (a) “lon-pair Association Constants in
Dimethyl Sulfoxide,” Olmstead, W. N.; Bordwell, F. G. J. Org. Chem. 1980, 45, 3299-3305. (b) “Nitrogen
Acids. 1. Carboxamides and Sulfonamides,” Bordwell, F. G.; Algrim, D. J. Org. Chem. 1976, 41, 2507-
2508. (c) “Acidities and Hydrogen Bonding of Phenols in Dimethyl Sulfoxide,” Bordwell, F. G.;
McCallum, R. J.; Olmstead, W. N. J. Org. Chem. 1984, 49, 1424-1427.
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bond with copper. Perhaps, the complex existed as a zwitterionic salt (negatively
charged sulfonate, Cu(I) formally cationic, Scheme 2.15). Based on (hand) molecular
models, the bidentate Cu—NHC complex derived from 2.22 seems highly strained and
unstable.

Scheme 2.15. Putative Cu—-NHC Complexes Derived from 2.21 and 2.22

Ph Ph

T = =0 gT =

©]
O\Cu Cu

2.3.a.3. Scope of Cu-Catalyzed ECA of Alkyl-and Arylzinc Additions to j-Ketoesters
Promoted by a Sulfonate-Containing NHC Ligand

With reactions promoted by the Cu—NHC catalyst, prepared in situ from a Cu(l)
salt and complex 2.22, a variety of cyclic ketones with a carboxylic ester-containing all-
carbon quaternary stereogenic centers can be prepared with high enantiomeric purity
(Scheme 2.16). Through optimization of the solvent medium, the reactions shown in
Scheme 2.16 are performed in t-BuOMe (vs. Et;O in Table 2.7); the rate of the
enantioselective additions is slightly slower in t-BuOMe than with Et,O but a sizeable
increase in enantioselectivity is observed in t-BuOMe. For example, the product 2.36 is
formed in >98% conversion after 42 h and in 95:5 er with t-BuOMe; when the reaction is
performed in Et,O, >98% conversion is observed after 15 h and 2.36 is afforded in 92:8
er. A few other observations are of note. (1) Both five- and six-membered unsaturated y-
ketoesters are competent partners in the Cu-catalyzed ECA reaction (53-98% yield,
80:20-97.5:2.5 er, Scheme 2.16). This marked the first general method for ECA of a
nucleophile to B-substituted cyclopentenones. Additions to the corresponding seven-
membered ring enones, however, are less efficient (2.43-2.45, Scheme 2.16); Cu-
catalyzed ECA of Et,Zn to a B-ester cycloheptenone affords 2.43 in >98% conv in 24 h
(69% yield) in 77:23 er, which is generally a much lower selectivity observed than those

observed for additions to the five- and six-membered ring enones. Moreover,
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enantioselective additions of Me,Zn and Ph,Zn to the seven-membered ring enone leads
to <2% conversion. One explanation of the reduced electrophilicity of the seven-
membered ring y-ketoester has been put forth by Hirsch and co-workers;*® medium ring
enones bearing an electron withdrawing p-substituent tends to have reduced (and
sometimes isomerizes to the [3,y-position) conjugation between the ketone and the olefin.
(2) Primary alkyls (methyl, ethyl, and long chained alkyl groups), secondary alkyls (i-
propyl), and aryl groups can be efficiently added to the trisubstituted enones. (3) Both
methyl and sterically hindered t-butyl carboxylic esters can be used. (4) In all cases
studied, except for Ph,Zn addition to the six-membered ring y-ketoesters (2.37 and 2.38),
sulfonate-containing NHC—Cu complex (prepared in situ from 2.22) delivers the products

with the highest selectivities.

(36) (a) “Medium-Ring Systems. 5. Synthesis and Base-Catalyzed Isomerizations of Medium-Ring
Cycloalkenones with Electron-Withdrawing Substituents,” Mease, R. C.; Hirsch, J. A. J. Org. Chem. 1984,
49, 2925-2937. (b) “Medium-Ring Systems. 6. Synthesis and Isomerizations of Medium-Ring 3-
Methylenecycloalkanones and 3-Methylcycloalkenones,” Eskola, P.; Hirsch, J. A. J. Org. Chem. 1997, 62,
5732-5742.
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Scheme 2.16. Substrate and Nucleophile Scope for Cu-Catalyzed ECA of Organozinc

Reagents to y-Ketoesters

2.5 mol %

(@]
Ag
2.5 mol % \
n CO,R (CUOTf)z‘CsHe I)\ K "COzMe "CO t-Bu 'COZMe COZMe ’COzt Bu

Q\\,{\, ent-2.19 2.35 2.36 2.37 2.38
\:/K 89% yield, 86% yield, 57% vyield, 82% yield, 57% yield,
o Ph 94.5:5.5 er 92:8 er 80:20 er 96.5:35 er. 87:13er
3 equiv. (alkyl),Zn or (aryl),Zn, (15h) (15 h) (15 h) (21 h, E0) (21 h, E;0)

t-BuOMe, -30 °C, 1-42 h

o} o] o} o] o o}
@"/cone @”’COQFBU @"'cone é”’cozt—Bu "'CO,Me é’”COzl-Bu @"’COzMe
Me Me Et i-Pr Ph Ph

ent-2.8 2.39 ent-2.2 2.40 2.41 i-pr 2.42 ent-2.13
61% yield, 68% yield, 83% yield, 80% yield, 53% yield, 98% yield, 72% yield,
95.5:4.5er 95:5 er 94:6 er 97.5:25er 93.5:6.5 er 91:9er 90.5:9.5er
(15 h) (42 h) (1h) (15 h) (18 h) (42 h, Et,0) (42h)
O
@xxcone @xxcone @.\.\\\COZMe
Ph
243 2.44 2.45
69% yield, <2% conv <2% conv
77:23 er (24 h) (24 h, Et,0)
(24 h)

@ Reaction was performed with 5 mol % catalyst and 6 equiv. of Me,Zn.
b Ag-NHC 2.21 was used (2.5 mol %).

While the method developed for Cu-catalyzed ECA of diorganozinc reagents to
unsaturated cyclic y-ketoesters allows access to products efficiently, only moderate
selectivity is achieved in some cases. For example, Cu-catalyzed ECA of Et;Zn to 2.16
only furnishes ketone ent-2.7 with 75.5:24.5 er (Scheme 2.17). In an attempt to increase
the enantioselectivity, we examined the reaction in the presence of a radical scavenger.”’
If the low selectivity is a result of an uncatalyzed alkylation occurring from the presence

of adventitious radicals,” a scavenger should minimize the adverse effect of this

(37) “Asymmetric Conjugate Addiition to a-Halo Enones: Dramatic Effect of Styrene on the
Enantioselectivity,” Li, K.; Alexakis, A. Angew. Chem., Int. Ed. 2006, 45, 7600-7603.

(38) Feringa and co-workers have proposed that alkyl radicals could arise from the reaction of
advantageous oxygen and Et,Zn. The resulting zinc peroxide can catalyze nonstereoselective conjugate
additions. For a proposed mechanism, see: ‘“Remarkable O,-Effect in 1,4-Additions of Diethylzinc to 6-
Acyloxy-2H-pyran-3(6H)-ones and 6-Alkoxy-2H-pyran-3(6H)-ones,” van der Deen, H.; Kellogg, R. M.;
Feringa, B. L. Org. Lett. 2000, 2, 1593-1595.
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background reaction. As illustrated in Scheme 2.17, addition of 5 equiv. of styrene leads
to minimal change in enantioselective formation of ent-2.7 (75.5:24.5 er vs. 77:23 er).
However, shown in Scheme 2.17, ketone 2.36 is afforded with an increased
enantioselectivity with the addition of 5 equiv. of styrene (from 80:20 er to 86.5:13.5 er).
Further increasing the equivalents of styrene (10 equiv) did not lead to an appreciable
increase in selectivity (86:14 er).

Scheme 2.17. Cu-Catalyzed ECA of Alkylzinc Reagents to Unsaturated Cyclic y-

Ketoesters with a Radical Scavenger Additive

2.5 mol %

0 ﬁo’:TNK 0 0
74

%Ag
2.5mol % y “uy
Bt CO,Me I__P?OZMe

COMe (CuOTf)z-CGHG

O
2.16 Q AN ent-2.7 2.36
/S \ 222 no additive: no additive:
O/ Ph Ph 89% yield, 75.5:24.5 er 57% yield, 80:20 er
3 equiv. RgZn, 5 equiv. styrene: 5 equiv. styrene

t-BuOMe or Et,0, -30 °C, 1-42 h
+/- 5 equiv. radical scavenger

>98% conv, 77:23er  57% yield, 86.5:13.5 er

In an effort to render our protocol more practical, we set out to prepare the
expensive diphenylzinc ($13,859/mol, Strem 2011) in situ. Inspired by a publication by
Feringa and co-workers® and illustrated in Scheme 2.18, we are able to prepare
diphenylzinc in situ from ZnCl, and PhLi in Et,0. Using the freshly prepared Zn
solution in the ECA reaction, product 2.37 can be prepared with the similar efficiency
and selectivity as the reaction employing purchased Ph,Zn (89% yield, 94:6 er vs. 82%

yield, 96.5:3.5 er). This procedure negates isolation and purification of Ph,Zn since the

solution of PhyZn can be used directly.

(39) (a) “Highly Enantioselective Cu-Catalysed Asymmetric 1,4-Addition of Diphenylzinc to
Cyclohexenone,” Peiia, D.; Lopez, F.; Harutyunyan, S. R.; Minnaard, A. J.; Feringa, B. L. Chem. Commun.
2004, 1836-1837. (b) “From Aryl Bromides to Enantioenriched Benzylic Alcohols in a Single Flask:
Catalytic Asymmetric Arylation of Aldehydes,” Kim, J. G.; Walsh, P. J. Angew. Chem., Int. Ed. 2006, 45,
4175-4178.
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Scheme 2.18. In Situ Preparation of Ph,Zn and its use in the Cu-Catalyzed ECA
Reaction

PhLi (2.0 equiv.) EtO, 0-22°C
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The Cu-catalyzed ECA method is practical as rigorously dry and degassed
materials do not have to be used. As depicted in eq (5), the reaction can be set up without
the use of a Nj-filled glove box, with a commercial grade copper salt in undistilled
solvent and the product is obtained with analogous efficiency and selectivities as the
reaction performed under anhydrous conditions [72% vyield, 93:7 er vs. 89% yield,

94.5:5.5 er,eq (5)].

0,
2.5 mol % Ph Ph

/
0 ﬁo’:TNN 0
AgA

. o ()
COzMe % M:;COzMe

W

2.16 Q\wfq N ent-2.19
2.22 :

\ 72% yield,
o Ph Ph 93:7 er

2.5 mol % (CuOTf),etoluene (Aldrich),
3 equiv. MeyZn,
undistilled t-BuOMe, -30 °C, 15 h
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2.3.a.4. Functionalizations of the Enantiomerically Enriched Ketoesters Containing an
All-Carbon Quaternary Stereogenic Centers

An attractive value of the enantiomerically enriched cyclic ketoesters, which we
can prepare with high efficiency with the Cu-catalyzed ECA protocol, is the presence of
the carboxylic ester moiety, a versatile handle for further manipulations. In light of the
expanded substrate scope, provided by the NHC-based ligands, a tandem method for the
synthesis of bicyclic lactones, through ECA followed by intermolecular
aldol/esterification, is possible. When the Cu-catalyzed ECA is quenched with aromatic
aldehydes, lactones are prepared with high enantiomeric and diastereomeric purity (up to
94.5:5.5 er and >30:1 dr, Table 2.6, entries 1 and 3). Aliphatic aldehydes are efficient in
the cyclization; however, diastereomeric ratios are diminished (2—-5:1 dr). As discussed
above (cf. equation 2), we propose that the initial aldol reaction is not highly
diastereoselective but the process is reversible (aldol/retroaldol) such that the reaction

equilibrates to the thermodynamically preferred diastereomer of the cyclized product.
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Table 2.6. One-Pot Formation of Bicyclic Lactones®

2.5-5mol% Ph Ph
O N
I /
028, Ny N— "~
i o\ T =
T .7
O \Céf\\ N

Qélﬁl\)\ 2,22

Il s

o o ph Ph 0
2.5-5 mol % (CuOTf),*CgHg H R
( 3 equiv. MeyZn, ( O
" CcOo,Me t-BuOMe, -30 °C, 15-24 h; " VH
RCHO, -30°C, 4 h O
catalyst . 4o d
entry substrate aldehyde product |oading ylfld dr ir
(2 equiv.) (mol %) (%) (%)
O
1 PhCHO  2.46a 2.5 82 17:1 94555
2.16
2 n-hexanal 2.46b 2.5 76 51 04555
CO,Me
O
3 PhCHO 212 5 86 >30:1 946
21
4 n-hexanal 247 5 76 21 95545
CO,Me

dReaction performed under N, atm. All reactions proceed to >98% conv.
bYields of purified products. °Determined by 400 MHz "H NMR analysis of
the unpurified mixture. “Determined by GLC analysis, see the
experimental section for details.

In the synthesis of (+)-eremantholide A by Tadano and co-workers (the
enantiomer of (+)-eremantholide A is shown in Scheme 2.19), the bicyclic lactone
. . . 40 . .
intermediate 2.49 was prepared in 17 steps.” The tandem ECA/cyclization process could
significantly streamline the synthesis of the natural product. For example, we have

prepared bicyclic lactone 2.48 in 64% yield (2:1 dr, 95.5:4.5 er) in only two steps
(synthesis of 2.1'* and tandem ECA/cyclization).

(40) “Novel Total Synthesis of (+)-Eremantholide A,” Takao, K-i.; Ochiai, H.; Yoshida, K-i.; Hashizuka,
T.; Koshimura, H.; Tadano, K-i; Ogawa, S. J. Org. Chem. 1995, 60, 8179-8193.
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Scheme 2.19. Preparation of Bicyclic Lactone: Potential Intermediate in the Synthesis of

Eremantholide A

5 mol % Ph Ph

o
JT

g

N4
=
Q;Sm\/K 2.22
o o pn P 0 o i
5 mol % (CuOTf)*CeHg H ,—OPiv H y—OPiv
R
3 equiv. MeyZn, o o
CO,Me t-BuOMe, -30 °C, 15-24 h; vd vid
O| O O
21 2 equiv. ‘\/OPiv 2.48 2.49 (-)-eremantholide A
. 64% yield,
-30°C,4h 2:1dr, 2.49 (prepared in 17 steps) is an intermediate in
95.5:45er Tadano's synthesis of eremantholide A

The preparation of enantiomerically enriched ketoalcohol 2.50 can be
accomplished by chemoselective reduction of the ester by masking the more electrophilic
ketone as the Zn—enolate. As illustrated in eq. 6, Cu-catalyzed ECA of Me,Zn to 2.16
followed by treatment with LiAlHy in thf affords ketoalcohol 2.50 in 76% yield (94.5:5.5
er). The preparation of 2.50 otherwise would require a protection/deprotection sequence

of the more reactive ketone moiety.”!

0,
2.5 mol % Ph Ph

0=S._N_N
Q i T 0
AgAg ©)
y OH
CO,Me 5
0 9O=nN
2.16 <A 2.50
S \/K 222 769 yield,
[ £ Ph 94555 er

O Ph
2.5 mol %(CuOTf),*CgHg,
3 equiv. MeyZn,
t-BuOMe, -30 °C, 15 h;
1 equiv. LiAIH,, thf, 0 °C, 6 h

(41) For representative functionalizations of enolates derived from ECA processes, see: “Tandem
Asymmetric Conjugate Addition—Silylation of Enantiomerically Enriched Zinc Enolates. Synthetic
Importance and Mechanistic Implications,” Knopff, O.; Alexakis, A. Org. Lett. 2002, 4, 3835-3837.
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Professor David Gin and co-workers have employed the Cu-catalyzed ECA
procedure toward the enantioselective synthesis of the naturally occurring alkaloid (+)-
nominine (eq 7).* In the synthesis, they prepare enol triflate 2.51 through Cu-catalyzed
ECA of Me,Zn to enone 2.16, promoted by the Cu—NHC catalyst generated from 2.22,
followed by trapping the Zn—enolate with Tf;0. The enol triflate 2.51 is elaborated to
(+)-nominine in 13 steps (total number of steps in the synthesis is 15). Further
demonstrating the practicality of the current protocol as it can be performed on large
scale without significant loss of efficiency or selectivity, and the products obtained are

synthetically valuable.

2.5 mol %

Ph Fn
N\_/N
O OTf OH
13steps Me H =
AgAg — N b
CO,Me % "/CO,Me H X
2.16 o =N 2810 (+)-nomini
. /e . -nominine
QEAI\/K 2.22 88% yield,
C/)/ PI‘TE Ph 92:8 er

2.5 mol %(CuOTf),*CgHg,
3 equiv. MeyZn,
t-BuOMe, -30 °C, 15 h;
Tf,0, 0 °C, 75 min

2.3.b. Cu-Catalyzed ECA of Organozinc Reagents to B-Alkyl- and Aryl-Substituted
Enones
Inspired by the unique reactivity that the sulfonate-containing NHC—Cu displays
with B-ester-containing enones, we began to investigate a wider scope of a,-unsaturated
enones. We began by investigating the ECAs, promoted by in situ prepared Cu—NHC
complexes, of organozinc reagents with [-substituted cyclopentenones, which, as
discussed above, are often challenging substrates for ECA reactions.” Highlighting this

difficultly, the Cu-catalyzed ECA, promoted by the Cu—NHC complex derived from 2.21,
of EtoZn or PhyZn to 3-butylcyclopentenone leads to <2% conv (entries 1-2, Table 2.7).

(42) “Asymmetric Synthetic Access to the Hetisine Alkaloids: Total Synthesis of (+)-Nominine,” Peese, K.
M.; Gin, D. Y. Chem. Eur. J. 2008, 14, 1654—-1665.
(43) These studies were investigated by Mikiko Akiyama.
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In contrast, when the enantioselective addition is promoted by the sulfonate-containing
Cu—NHC complex (derived from 2.22), the addition proceeds to 30% conv (20% yield)
and the product is obtained in 97.5:2.5 er (entry 2); longer reaction times do not improve
conversions which is probably due to decomposition of the Cu—NHC complex. Although
this result does not reach synthetically valuable levels of efficiency, it demonstrates that
this class of enones is not especially prone to undergo ECA yet the sulfonate-containing
Cu—NHC complex in these cases is more active than the complex derived from 2.21 and
provides products with high enantiomeric purities. Additional organozinc nucleophiles
can be utilized in NHC—-Cu catalyzed ECA to unactivated enones. Arylzinc reagents are
competent partners for the Cu-catalyzed ECA to B-substituted cyclopentenones (entries 4,
6-9); products are obtained in 35-71% yield and 95:5-97:3 er. Long-chained alkyl
groups at the B-position of the enone are tolerated affording products in up to 97:3 er;
although the efficiency of the reaction decreases (i.e., R = n-Bu: 30% conv vs R = Me:
70% conv, entries 3 and 5). Despite the low efficiencies in some cases, the yields of the

.. . 44
products are similar to the observed conversions.

(44) For an expanded study of Cu-catalyzed ECA of these substrates with alkyl- and arylaluminum reagents
(with high reactivity, >98% conv), see: Chapter 3.
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Table 2.7. Cu-Catalyzed ECA of B-Substituted Cyclopentenones?®

o Ph Ph
0] o >_
2.5 mol % Ag-NHC ‘ .
& 2.5 mol % (CuOTf)yCgHg or l/“ \_/fo
3 equiv. (alkyl),Zn or (aryl),Zn R 'R T
R EtO, 4°C alkyl aryl O Age
entry R AgNHC Znreagent time(h) conv (%)’ yield (%)° er? Ag}\ N
\
1 n-Bu 2.21 Et,Zn 48 <2 nd nd N% @,
2 pBu 221 Ph,Zn 48 <2 nd nd A
3 n-Bu 222 Et,Zn 24 30 20 97.5:2.5 Fh 221
4 n-Bu 222 PhoZn 48 66 58 97:3
5 Me 222 EtoZn 24 70 52 95.5:4.5
6 Me 2.22 Ph,Zn 48 78 71 97:3 Shy P
7 Me 222  (p-CF3CgH4)pZn 48 47 44 95:5 I ) \ ,
8 Me 222 (p-OMeCgHy),Zn 48 >08 3 955 oz Q'VNN
9 Et 222 PhoZn 48 67 62 96.5:3.5 \
10 CH,CH,Ph 2.22 EtoZn 24 47 23 96.5:3.5 AdAg
1" Ph 222 EtoZn 48 25 20 96:6 \é\ e
. . . o 9 N
@Reaction performed under N, atm. °Determined by 400 MHz "H NMR analysis of the Qx A &
unpurified mixture. °Yield of isolated purified products. Determined by GLC analysis, /? \)\ 222
see experimental section for details. ®Reaction performed at 22 °C. nd = not determined. O Ph Ph

Continuing our investigations, we examined the behavior of larger ring enones in
Cu-catalyzed ECAs of alkyl- and phenylzinc reagents, promoted by Cu—NHC complexes
(Scheme 2.20). Several points are of note. (1) The phenoxy-containing Cu—NHC
complex is less efficient than the sulfonate-containing Cu—NHC catalyst, similar to
results obtained for the ECA of organozinc reagents to B-substituted cyclopentenone