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Brinton Seashore-Ludlow 2012: “New Methods for the Synthesis of Vicinal Stereocenters: Palladium-Catalyzed Domino Reactions and Asymmetric Transfer Hydrogenation”, KTH Chemical Science and Engineering, Royal Institute of Technology, SE-100 44 Stockholm, Sweden.
 Abstract In this thesis the synthesis of vicinal stereocenters is investigated in two distinct contexts, namely the construction of 3,3-disubstituted oxindoles and the synthesis of β-hydroxy-α-amino acids. Both scaffolds are prevalent in a range of natural products and biologically relevant compounds and, therefore, methods for their synthesis are of great import. First, the construction of 3,3-disubstituted oxindoles using palladium-catalyzed domino reactions is described. This covers two stereospecific methods for the construction of the desired oxindoles based on domino carbopalladation sequences. The termination events for these domino reactions are carbonylation or cross-coupling. In the carbopalladation-carbonylation reaction, we studied the possibilty of suppressing β-hydride elimination for substrates possessing pendant β-hydrogens. In the carbopalladation-cross-coupling sequence, we examined the role of the boron source and substrate scaffold in the outcome of the reaction. In both of these methods, an intricate balance of rates needs to be attained in order to achieve the desired domino sequences. Thus, these investigations offer insight into the rates of the competing reactions, and the factors that influence these processes. Secondly, the stereoselective synthesis of β-hydroxy-α-amino acids is explored. This has lead to two separate methods for the construction of this scaffold. We first examined a 1,3-dipolar cycloaddition of azomethine ylides to aldehydes for the construction of syn-β-hydroxy-α-amino esters. It was found that one set of azomethine ylides reacted through a 1,3-dipolar cycloaddition, while the other set reacted via a direct aldol reaction. Finally, we studied an asymmetric transfer hydrogenation reaction to provide anti-β-hydroxy-α-amido esters from the corresponding α-amido-β-ketoesters. Two protocols were developed for the reduction of these substrates, one using triethylammonium formate and the other using sodium formate in an emulsion. The latter method gives high yields, diastereoselectivities and enantioselectivities for a broad range of substrates. Keywords: asymmetric synthesis, dynamic kinetic resolution, domino reactions, Pd-catalyzed reactions, 1,3-dipolar cycloadditions, amino alcohols, oxindoles
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Abbreviations AH - asymmetric hydrogenation
 ATH - asymmetric transfer hydrogenation
 DABCO -1,4-diazabicyclo[2.2.2]octane
 DKR- dynamic kinetic resolution
 DMAP - 4-Dimethylaminopyridine
 Dppf - 1,1′-Bis(diphenylphosphino)ferrocene
 Lg - leaving group
 LiHMDS – Lithium bis(trimethylsilyl)amide
 MeOBiPHEP - (S)-(−)-(6,6′-Dimethoxybiphenyl-2,2′-diyl)bis(diphenylphosphine) n.d. - not determined
 P(biphenyl)(t-Bu)2 - (2-Biphenyl)di-tert-butylphosphine
 Pg - protecting group
 PCy3 - tricyclohexylphosphine
 Pd2dba3⋅CHCl3 - Tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct
 SIMes - 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazolium tetrafluoroborate TBDMS (TBS)- tert-butyl dimethyl silyl
 TBDPS - tert-butyl diphenyl silyl
 TS - transition state
 Xanthphos - 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
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1
 1. Introduction Organic synthesis is a division of chemistry that focuses on the deliberate construction of carbon-containing compounds, as well as the structural properties of these molecules.1 Although the word synthesis literally means ‘putting together’, in organic synthesis there is probably as much bond breaking as there is bond making. The first chemical synthesis is often attributed to Wöhler, when he inadvertently made urea (1.1) in 1828 during an attempt to synthesize ammonium cyanate (Figure 1).2 In 1844, Kolbe, a student of Wöhler, first used the word synthesis to describe his preparation of acetic acid (1.2) from its constituents.3 Since these first syntheses organic chemistry has evolved dramatically and now includes a set of guidelines, termed retrosynthesis, for the rationally designed construction of compounds from simpler or readily available precursors. Due to the impressive advances made in organic synthesis it now seems possible to access any molecular constellation given adequate time and resources. This is demonstrated by the total synthesis of structurally complex molecules, such as ciguatoxin (1.3),4 which has the formula C60H86O19, is composed of 13 contiguous rings and contains an overwhelming 33 stereocenters (Figure 1). The remarkable syntheses of the related marine polycyclic ethers further serve to highlight the progress made in organic chemistry, including: the brevetoxins (brevetoxin 2: C50H70O14, 23 stereocenters),5 palytoxin (C129H223N3O4, 64 stereocenters)6 and efforts toward maitotoxin (C164H256O68S2Na2), which currently holds the record for largest and most toxic non-biopolymeric natural product isolated.7
 1 Hudlický, T.; Reed, J. W., The Way of Synthesis: Evolution of Design and Methods for Natural
 Products. Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2007. 2 Wöhler, F. Ann. Phys. Chem. 1828, 12, 253. 3 Kolbe, H. Ann. Chem. Pharm. 1845, 54, 145. 4 a) Inoue, M.; Miyazaki, K.; Ishihara, Y.; Tatami, A.; Ohnuma, Y.; Kawada, Y.; Komano, K.;
 Yamashita, S.; Lee, N.; Hirama, M. J. Am. Chem. Soc. 2006, 128, 9352-9354. b) Inoue, M.; Miyazaki, K.; Uehara, H.; Maruyama, M.; Hirama, M. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 12013-12018.
 5 a) Crimmins, M. T.; Zuccarello, J. L.; Ellis, J. M.; McDougall, P. J.; Haile, P. A.; Parrish, J. D.; Emmitte, K. A. Org. Lett. 2008, 11, 489-492. b) Nicolaou, K. C.; Yang, Z.; Shi, G.-q.; Gunzner, J. L.; Agrios, K. A.; Gartner, P. Nature 1998, 392, 264-269. c) Nicolaou, K. C. Angew. Chem., Int. Ed. Engl. 1996, 35, 588-607.
 6 Suh, E. M.; Kishi, Y. J. Am. Chem. Soc. 1994, 116, 11205-11206. 7 Nicolaou, K. C.; Aversa, R. J.; Jin, J.; Rivas, F. J. Am. Chem. Soc. 2010, 132, 6855-6861.
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 ciguatoxin (1.3)C60H86O19
 Figure 1. Total synthesis targets: past and present. Despite the astonishing advances in techniques to create complex molecules realized since the time of Wöhler, there are still challenges remaining in organic synthesis. Today the goals of organic synthesis have shifted from whether a molecule can be constructed to how a compound is constructed with an emphasis on clever, concise routes and rapid generation of complexity. One of the major challenges remaining today is to develop methods and syntheses that address efficiency and practicality. Improvements in efficiency and practicality serve to simultaneously reduce time, labor, resources and waste, as well as lead to ‘greener’ and more sustainable approaches to a desired compound. The overall efficiency of a synthesis or methodology can be judged using a variety of metrics including the yield of the product, the regioselectivity, stereoselectivity, and chemoselectivity of a transformation, the number of manipulations, the amount of time consumed, and various economies (e.g. atom or redox).8 Thus, the ways to tackle the efficiency of a particular transformation or synthesis are diverse. These strategies can include using one-pot reactions, choosing a convergent rather than linear synthetic route, improving the yield of a reaction or providing a new method for accessing a desired intermediate. An elegant example of developing new methodology to tackle step economy comes from the synthesis of bryostatin 7 (1.7) by Krische and coworkers (Scheme 1).9 The authors use diol 1.6 as a building block in their total synthesis. This intermediate has previously been prepared in 4 steps from acetylacetone or 7 steps from a protected 1,3-propane diol derivative using Brown’s allylation iteratively.10 Unfortunately, the bis-aldehyde of 1.4 is unstable, precluding a short two-step route to diol 1.6 from 1,3-propane diol (1.4) by a dual oxidation/allylation strategy. Krische and coworkers designed a double carbonyl allylation of 1,3-propanediol (1.4) using a chiral Ir catalyst under transfer hydrogenation conditions. This sequence yields diol 1.6 in good yield, diastereo- and enantioselectivity in a single step directly from the alcohol oxidation state, circumventing the additional
 8 a) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1995, 34, 259-281. b) Sheldon, R. A. Pure Appl. Chem.
 2000, 72, 1233-1246. c) Newhouse, T.; Baran, P. S.; Hoffmann, R. W. Chem. Soc. Rev. 2009, 38, 3010-3021. d) Gaich, T.; Baran, P. S. J. Org. Chem. 2010, 75, 4657-4673.
 9 Lu, Y.; Woo, S. K.; Krische, M. J. J. Am. Chem. Soc. 2011, 133, 13876-13879. 10 Smith, A. B.; Minbiole, K. P.; Verhoest, P. R.; Schelhaas, M. J. Am. Chem. Soc. 2001, 123, 10942-
 10953.

Page 11
                        

3
 oxidation or reduction steps used previously. Thus, by developing new, innovative methodology, Krische could significantly reduce the number of steps required to access one of the bryostatins from 25 linear steps with 43 overall transformations to 20 linear steps with 36 overall transformations.
 OHOH
 [Ir(cod)Cl2] (5 mol %)(S)-Cl, MeO-BiPHEP (10 mol %)
 Cs2CO3 (40 mol %)4-Cl-3-NO2-BzOH (20 mol %)
 dioxane
 OAc+OH OH
 72% yield> 99% ee, > 30:1 dr
 1.4 1.5 1.6
 OMeO2C
 OHOAc
 O
 O
 OH
 OH
 O
 CO2Me
 AcO
 OH
 bryostatin 7 (1.7) Scheme 1. Asymmetric double carbonyl allylation using a chiral Ir catalyst.
 1.1. Domino Reactions
 Given the recent focus on efficiency, it is then not surprising that reaction sequences in which multiple bonds are forged in a single synthetic operation are desirable and advantageous. Such reactions address the essence of step economy and reduction of purification manipulations, and thereby the reduction of waste, as compared to traditional ‘stop and go’ synthesis. There are several strategies for constructing multiple bonds in a single operation and the main categories are domino reactions,11 tandem reactions,12 cascade reactions,13 multicomponent reactions14 and one-pot reactions.15 The nomenclature of these processes is somewhat convoluted in the literature, especially for cascade reactions. Here, domino processes are defined as “two or more bond-forming transformations, which take place under the same reaction conditions, without adding additional reagents or catalysts, and in which the subsequent reactions result as a consequence of the functionality formed in the previous step.”16 Such processes are distinct from tandem reactions in that the functionality created in the initial transformations acts as a molecular queue for the subsequent reaction. This implies a time-resolved characteristic of domino reactions that is not necessarily present in tandem
 11 a) Tietze, L. F.; Brasche, G.; Gericke, K. M., Transition Metal-Catalyzed Domino Reactions. In
 Domino Reactions in Organic Synthesis, Wiley-VCH Verlag GmbH & Co. KGaA: 2006; pp 359-493. b) Pellissier, H. Tetrahedron 2006, 62, 2143-2173.
 12 Fogg, D. E.; dos Santos, E. N. Coord. Chem. Rev. 2004, 248, 2365-2379. 13 Nicolaou, K. C.; Edmonds, D. J.; Bulger, P. G. Angew. Chem., Int. Ed. 2006, 45, 7134-7186. 14 Dömling, A. Chem. Rev. 2005, 106, 17-89. 15 Albrecht, Ł.; Jiang, H.; Jørgensen, K. A. Angew. Chem., Int. Ed. 2011, 50, 8492-8509. 16 Tietze, L. F. Chem. Rev. 1996, 96, 115-136.
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4
 reactions. Moreover, tandem reactions may have multiple, unrelated sites of bond formation, as well as more than one catalytic cycle. Two examples are given below to aid in distinguishing these types of reactions. The first is a domino carbopalladation-cross-coupling reaction of alkyne 1.8, where coupling of boronic acid 1.9 occurs on intermediate 1.11 generated from carbopalladation of alkyne 1.8 (Scheme 2).17 In the second example, two separate catalytic cycles ensue, one at each bromide in substrate 1.12, thereby rendering this as a tandem reaction (Scheme 3). Here, one reaction cyclizes the substrate, while the other couples the substrate to the boronic acid.18
 O
 N
 I
 B(OH)2
 OMe
 Pd(OAc)2PPh3
 NaOHTHF/H2O
 67% yield
 N
 O
 OMe
 +
 1.8 1.9 1.10
 N
 O
 'Pd'
 1.11 Scheme 2. Domino carbopalladation-cross-coupling reaction.
 Br
 Br
 R2
 R1
 (HO)2B R3+
 Pd2dba3P(2-furyl)3
 Cs2CO3dioxane/H2O
 R2
 R3R1
 1.12 1.13 1.14up to 92% yieldR2
 Br
 R1
 1.15 Scheme 3. Tandem Heck-Suzuki reaction. Our work focuses on transition metal-mediated domino reactions, which are an important class of domino reactions, as a wide range of functionality is often tolerated. In particular, we have considered Pd0/PdII-catalyzed domino reactions based on carbopalladation, where the intermediate σ-alkylpalladium species is captured in a subsequent transformation.19 These reactions offer elegant extensions of the traditional Pd-catalyzed reactions in which a single bond is formed. For example, Negishi and coworkers have described the Pd-zipper reaction of alkene 1.16, in which four carbon-carbon bonds and one quaternary stereocenter are forged in a single operation in 76% yield (Scheme 4).20
 17 Couty, S.; Liégault, B.; Meyer, C.; Cossy, J. Org. Lett. 2004, 6, 2511-2514. 18 Bryan, C. S.; Lautens, M. Org. Lett. 2010, 12, 2754-2757. 19 a) Rixson, J. E.; Chaloner, T.; Heath, C. H.; Tietze, L. F.; Stewart, S. G. Eur. J. Org. Chem. 2012,
 544-558. b) Vlaar, T.; Ruijter, E.; Orru, R. V. A. Adv. Synth. Catal. 2011, 353, 809-841. c) Müller, T. Top. Organomet. Chem. 2006, 19, 149-205. Müller, T., Sequentially Palladium-Catalyzed Processes. In Metal Catalyzed Cascade Reactions, Müller, T., Ed. Springer Berlin / Heidelberg: 2006; Vol. 19, pp 149-205. d) Grigg, R.; Sansano, J. M.; Santhakumar, V.; Sridharan, V.; Thangavelanthum, R.; Thornton-Pett, M.; Wilson, D. Tetrahedron 1997, 53, 11803-11826. e) Negishi, E.-i.; Copéret, C.; Ma, S.; Liou, S.-Y.; Liu, F. Chem. Rev. 1996, 96, 365-394.
 20 Zhang, Y.; Wu, G. Z.; Agnel, G.; Negishi, E.-i. J. Am. Chem. Soc. 1990, 112, 8590-8592.
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 I
 CO2EtEtO2C
 Pd(PPh3)4
 Et3N, MeCN80°C
 EtO2CEtO2C
 1.16 1.1776% yield
 Scheme 4. Domino Heck reaction of 1.16 forming four carbon-carbon bonds. Although many types of Pd-mediated domino reactions have been studied, there are few methods, which concentrate on the synthesis of vicinal stereocenters. Such processes take advantage of the syn-palladation in the carbopalladation step to stereospecifically construct contiguous stereocenters. An illustration of such a transformation comes from Weinreb and coworkers’ studies toward the natural products perophoramidine and the communesins (Scheme 5, for structures of perophoramidine and communesin A see Figure 2, section 1.1.1).21 In this sequence a domino carbopalladation-carbonylation reaction is used to create the vicinal stereocenters, and simultaneously form two carbon-carbon bonds. Furthermore, this domino reaction rapidly generates stereochemical complexity from a relatively simple scaffold. We have examined similar processes for the construction of oxindoles and these results are described in detail in Chapter 2.
 ICl
 ClNMOM
 OOTBDMS
 MeO
 Pd(OAc)2P(o-tolyl)3
 Et3N, Bu4NBrMeOH, CO
 88% yield
 Cl
 Cl
 NMOM
 O
 MeO2COTBDMS
 MeOH
 1.18 1.19 Scheme 5. Domino carbopalladation-carbonylation reaction of 1.18 employed by Weinreb in studies toward perophoramidine and the communesins.
 1.1.1. Oxindoles The domino sequences that we have investigated focus mainly on the synthesis of 3,3-disubstituted oxindoles. The oxindole scaffold is present in numerous natural products and has also received widespread attention in the pharmaceutical industry due to promising biological activity (Figure 2). For example, communesins A (1.21) and B were found to have cytotoxic activity against P-388 leukemia cells and perophoramidine (1.20) exhibits cytotoxic activity against HTC116 colon carcinoma cells.22 Spirotryprostatin B (1.22) has anti-mitotic activity, which is of interest for cancer treatments, and synthetic inhibitors of the p53-MDM2 protein-protein interaction, such as oxindole 1.24, are also potential cancer therapeutics.23
 21 a) Evans, M. A.; Sacher, J. R.; Weinreb, S. M. Tetrahedron 2009, 65, 6712-6719. b) Seo, J. H.;
 Artman, G. D.; Weinreb, S. M. J. Org. Chem. 2006, 71, 8891-8900. 22 a) Siengalewicz, P.; Gaich, T.; Mulzer, J. Angew. Chem., Int. Ed. 2008, 47, 8170-8176. b) Evans, M.
 A.; Sacher, J. R.; Weinreb, S. M. Tetrahedron 2009, 65, 6712-6719. 23 a) Antonchick, A. P.; Gerding-Reimers, C.; Catarinella, M.; Schürmann, M.; Preut, H.; Ziegler, S.;
 Rauh, D.; Waldmann, H. Nature Chem. 2010, 2, 735-740. b) Ding, K.; Lu, Y.; Nikolovska-Coleska,
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 Physostigmine (1.23) is used as a treatment for glaucoma and anticholinergic toxicity.24 There are numerous synthetic routes toward these compounds, and a number of the major disconnections are depicted in the schematic below (Scheme 6).25 We have elected to use extensions of the Heck reaction to access these valuable architectures as is detailed in Chapter 2.
 N
 N N
 NCl
 Cl
 Br
 perophoramidine (1.20)
 NNH
 N
 H
 N
 O
 O H
 communesin A (1.21)
 NH
 O
 NO
 OH
 spirotryprostatin B (1.22)
 NH
 NH
 O
 ONCl
 1.24synthetic inhibitor of p53-MDM2 interaction
 NH
 NHH
 MeHNCO2
 physostigmine (1.23)
 Figure 2. Some natural products and synthetic targets containing oxindoles.
 Z.; Qiu, S.; Ding, Y.; Gao, W.; Stuckey, J.; Krajewski, K.; Roller, P. P.; Tomita, Y.; Parrish, D. A.; Deschamps, J. R.; Wang, S. J. Am. Chem. Soc. 2005, 127, 10130-10131. c) Ding, K.; Lu, Y.; Nikolovska-Coleska, Z.; Wang, G.; Qiu, S.; Shangary, S.; Gao, W.; Qin, D.; Stuckey, J.; Krajewski, K.; Roller, P. P.; Wang, S. J. Med. Chem. 2006, 49, 3432-3435. d) Shangary, S.; Qin, D.; McEachern, D.; Liu, M.; Miller, R. S.; Qiu, S.; Nikolovska-Coleska, Z.; Ding, K.; Wang, G.; Chen, J.; Bernard, D.; Zhang, J.; Lu, Y.; Gu, Q.; Shah, R. B.; Pienta, K. J.; Ling, X.; Kang, S.; Guo, M.; Sun, Y.; Yang, D.; Wang, S. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 3933-3938.
 24 Bolognesi, M. L.; Andrisano, V.; Bartolini, M.; Minarini, A.; Rosini, M.; Tumiatti, V.; Melchiorre, C. J. Med. Chem. 2000, 44, 105-109.
 25 a) Klein, J. E. M. N.; Taylor, R. J. K. Eur. J. Org. Chem. 2011, 6821-6841. b) Ruiz-Sanchis, P.; Savina, S. A.; Albericio, F.; Álvarez, M. Chem. - Eur. J. 2011, 17, 1388-1408. c) Zhou, F.; Liu, Y. L.; Zhou, J. A. Adv. Synth. Catal. 2010, 352, 1381-1407. d) Trost, B. M.; Brennan, M. K. Synthesis 2009, 3003-3025. e) Galliford, C. V.; Scheidt, K. A. Angew. Chem., Int. Ed. 2007, 46, 8748-8758. f) Marti, M.; Carreira, E. M. Eur. J. Org. Chem. 2003, 2209-2219.
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 NPg
 O
 R1R2
 NPg
 O
 O
 NPg
 O
 R1R2
 X
 NPg
 O
 R1R1
 NH
 OCN
 NPg
 O
 R1X
 NPg
 O
 R
 NPg
 O
 R1R2
 X
 NPg
 O
 R1Lg
 NPg
 OR3
 R
 oxindole aselectrophile
 α-arylation
 use of O-substitutedoxindoles (e.g. Claisen)
 α-alkylation
 use ofmethylene-indolines
 C-Hactivation
 HeckReaction
 cyanoamidation
 additionsto isatin
 (+ derivatives)
 R4
 Scheme 6. Various strategies to 3,3-disubstituted oxindoles.
 1.2. Synthesis of β-Hydroxy-α-Amino Acids and their Derivatives
 Another class of scaffolds, which are prevalent in a variety of natural products and biologically relevant compounds, is β-hydroxy-α-amino acids. For example, this structural motif is found in vancomycin (1.27),26 cyclomarin C (1.28),27 sphingosine (1.26)28 and the papuamides (papuamide D 1.25) (Figure 3).29 The above compounds display a range of biological activities including: antibiotic and anti-inflammatory properties, as well as inhibition of protein kinase C and HIV, respectively. This renders access to such compounds attractive to the pharmaceutical industry, and such compounds could be used as probes for the elucidation of biological pathways. Furthermore, this scaffold can also serve as a synthetic precursor for other important synthons, such as 2-amino-1,3-diols, β-lactams,30 β-fluoro-α-amino acids31 and aziridines.32 Additionally, 1,2-amino 26 Nicolaou, K. C.; Boddy, C. N. C.; Bräse, S.; Winssinger, N. Angew. Chem., Int. Ed. 1999, 38, 2096-
 2152. 27 Wen, S.-J.; Yao, Z.-J. Org. Lett. 2004, 6, 2721-2724. 28 Pruett, S. T.; Bushnev, A.; Hagedorn, K.; Adiga, M.; Haynes, C. A.; Sullards, M. C.; Liotta, D. C.;
 Merrill, A. H. J. Lipid Res. 2008, 49, 1621-1639. 29 Ford, P. W.; Gustafson, K. R.; McKee, T. C.; Shigematsu, N.; Maurizi, L. K.; Pannell, L. K.;
 Williams, D. E.; Dilip de Silva, E.; Lassota, P.; Allen, T. M.; Van Soest, R.; Andersen, R. J.; Boyd, M. R. J. Am. Chem. Soc. 1999, 121, 5899-5909.
 30 For example see: Misner, J. W.; Fisher, J. W.; Gardner, J. P.; Pedersen, S. W.; Trinkle, K. L.; Jackson, B. G.; Zhang, T. Y. Tetrahedron Lett. 2003, 44, 5991-5993.
 31 Pansare, S. V.; Vederas, J. C. J. Org. Chem. 1987, 52, 4804-4810. 32 Tanner, D. Angew. Chem., Int. Ed. Engl. 1994, 33, 599-619.
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 alcohols are frequently used as ligands and auxiliaries in synthetic chemistry and these can be rapidly prepared from β-hydroxy-α-amino acids.33
 HONH2
 OH
 C13H27
 D-erythro-sphingosine (1.26)
 O
 NH
 O
 HN
 O
 HN
 HO
 HN
 OH
 N O
 HN
 ON
 ONHO
 O
 cyclomarin C (1.28)
 OOO
 OH
 NH
 ONHMe
 O
 HN
 O
 O
 NH2
 NH
 O
 HN
 O
 NH
 HO
 O
 NH
 HO2C
 HOOH
 OH
 OOH
 OHOHOO
 HOH2N
 vancomycin (1.27)
 NO
 NHO
 OMe
 OHHO
 HN
 ONHO
 NHO
 NHMeO
 O
 O
 O
 HNO
 O
 NH2
 HNO
 HNO
 OHNHO
 NH
 O
 HO
 OH
 papuamide D (1.25)
 Figure 3. Several important β-hydroxy-α-amino acids. Due to the prevalence of this particular molecular constellation, it is then not surprising that a number of methods have been developed for the stereoselective synthesis of these compounds.34 Methods that are applicable to the generation of both diastereomers in high enantioselectivities are most desirable. The existing approaches to these compounds can be divided into several overarching strategies: i) the formation of the carbon-carbon bond bearing the heteroatoms with concommitant formation of one or two of the vicinal stereocenters ii) the addition of one or more heteroatoms onto a pre-existing carbon framework iii) the manipulation of a scaffold in which all of the heteroatoms are present, e.g. the reduction of α-amido-β-keto esters and related derivatives.35 Several methods for the synthesis of β-hydroxy-α-amino acids will be highlighted here to demonstrate the currently available technology with a focus on catalytic, asymmetric methods. An attractive approach to β-hydroxy-α-amino acids and their derivatives is the formation of the carbon-carbon bond bearing the vicinal stereocenters by coupling a fragment bearing an oxygen atom to a nitrogen-containing fragment. One challenge with this approach is that both stereocenters need to be established during the bond formation. Despite this potential difficulty a number of successful methods based on Mannich-type reactions36 and aldol additions of glycine enolate equivalents to
 33 Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1991, 30, 1531-1546. 34 Nájera, C.; Sansano, J. M. Chem. Rev. 2007, 107, 4584-4671. 35 Bergmeier, S. C. Tetrahedron 2000, 56, 2561-2576. 36 This procedure generates β-hydroxy-α-amino ketones. For a lead reference see: Trost, B. M.;
 Jaratjaroonphong, J.; Reutrakul, V. J. Am. Chem. Soc. 2006, 128, 2778-2779.
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 aldehydes have been disclosed. Maruoka and coworkers have developed a quaternary ammonium catalyst 1.32 for the direct aldol reaction of glycine benzophenone imine 1.30 with an aldehyde (Scheme 7).37 This reaction works well for a variety of alkyl aldehydes 1.29, yielding the anti amino alcohol 1.31 in good yields, diastereo- and enantioselectivities. However, the reaction gives low selectivities for aromatic aldehydes. Interestingly, in the first generation of this method two equivalents of base were used. It was later discovered that the low selectivity seen for some substrates was due to a stereoselective retro aldol reaction also catalyzed by the quaternary ammonium salt. Therefore, by reducing the quantity of base, this retro aldol reaction could be minimized and the yield of the desired product could be increased.
 O
 R HN
 Ph
 PhO
 Ot-Bu1.32 (2 mol %)
 1% NaOH (15 mol %)NH4Cl (10 mol %)
 toluene, 0 °C
 R
 O
 Ot-BuNH2
 OH
 R = alkyl39-93% yield
 94:6-96:4 dr (anti:syn)96-98% ee
 +
 1.29 1.30 1.31
 Ar
 Ar
 N Ar =
 CF3F3C
 CF3
 CF31.32 Scheme 7. Access to β-hydroxy-α-amino acids using an aldol approach. Hydroxylysine 1.37 has been used as an intermediate in the synthesis of the potent protein kinase C inhibitor, (-)-balanol (1.38) (Scheme 8).38 A particularly expedient route to this intermediate is the catalytic, enantioselective aldol reaction between 4-phthalimidobutanal (1.33) and methyl isocyanoacetate (1.34) using Hayashi’s catalyst 1.36 to yield oxazoline 1.35 as reported by Hughes.39 This oxazoline was subsequently hydrolyzed to the desired amino alcohol 1.37, yielding this intermediate in high yield and enantioselectivity in two short steps. Further elaboration of (-)-1.37 gave rise to a derivative of ent-balanol, instead of the naturally occurring enantiomer, and future syntheses, therefore, focused on accessing (+)-hydroxylysine ((+)-1.37).
 37 Ooi, T.; Kameda, M.; Taniguchi, M.; Maruoka, K. J. Am. Chem. Soc. 2004, 126, 9685-9694. 38 Hughes, P. F.; Smith, S. H.; Olson, J. T. J. Org. Chem. 1994, 59, 5799-5802. 39 Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405-6406.
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 Au
 NH
 O
 NH
 OOH
 O
 OOH
 OHHO2C
 OH
 (-)-balanol (1.38)
 PhthN CHO CN CO2Me+
 1.33 1.34
 Fe
 Ph2P
 N
 NPPh2
 NPhth
 NO
 CO2Me
 1.36 H3NOH
 NH3
 O
 OH6N HCl
 1.35 (-)-1.37(-)-hydroxylysine
 1.36Hayashi's catalyst
 90% yield19:1 dr
 76% yield
 Scheme 8. Synthesis of (-)-hydroxylysine (1.37) using an asymmetric aldol reaction. As mentioned above, the synthesis of β-hydroxy-α-amino acids can also be accomplished by the addition of one or more heteroatoms onto a pre-existing carbon scaffold. One such strategy is Sharpless asymmetric aminohydroxylation, in which the desired oxygen and nitrogen functionalities are appended to the carbon skeleton simultaneously. The ease of accessing the necessary alkene starting materials makes this a particularly well-designed disconnection. However, this approach is often plagued by difficulties in realizing high regioselectivities. An illustration of this reaction in synthesis is the construction of the azepine core in (-)-balanol (1.38) by asymmetric aminohydroxylation.40 In this synthesis alkene 1.39 was aminohydroxylated in 53% yield and 82% ee with a 20:1 ratio of the regioisomers (Scheme 9). Recrystallization at a later stage was used to augment the initially obtained enantioselectivity. Amino alcohol 1.40 could be converted into (2S, 3R)-hydroxylysine (1.37), and subsequently elaborated to the azepine core of (-)-balanol (1.38), constituting a formal total synthesis of this natural product.
 O
 O
 Br
 K2[OsO2(OH)4](4 mol %)
 (DHQD)2-AQN(5 mol%)
 Cbz-NH2t-BuOCl, NaOHn-PrOH/H2O
 ClO
 O
 BrOH
 NHCbz1.39 1.40
 O
 OH
 OH
 NH3(+)-1.37
 1. NaN3, 75% yield2. H2 Pd/C
 3. i. LiOH/THF, H2O ii. 1N HCl 98% yield (2 steps)
 Cl3
 3H3N
 3
 Scheme 9. Aminohydroxylation approach to (+)-hydroxylysine (1.37). Conceptually related methods for accessing β-hydroxy-α-amino acids through the addition of one heteroatom to a carbon framework are also known. For example, the ring opening of aziridines and epoxides with the appropriate nucleophile have been explored.41 Hughes and coworkers have reported an alternative route to hydroxylysine (+)-1.37 based on dihydroxylation followed by nucleophilic displacement of one of the hydroxy groups.38 This sequence yields hydroxylysine ((+)-1.37) in 8 steps from 4-phthalimidobutanal (1.33).
 40 Masse, C. E.; Morgan, A. J.; Panek, J. S. Org. Lett. 2000, 2, 2571-2573. 41 For a recent example see: Schmidt, F.; Keller, F.; Vedrenne, E.; Aggarwal, V. K. Angew. Chem., Int.
 Ed. 2009, 48, 1149-1152.
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 In contrast to the above strategies, the last tactic toward β-hydroxy-α-amino acids requires that all the heteroatoms in the scaffold are present in the starting material. An example of this type of strategy is the reduction of α-amido-β-ketoesters using asymmetric hydrogenation. In 1989, Noyori first applied asymmetric hydrogenation coupled with a dynamic kinetic resolution to the stereoselective synthesis of syn-β-hydroxy-α-amino acids.42 Since then a number of studies on these types of transformations have been disclosed and now stereoselective methods to access both the syn and anti diastereomers of these architectures exist.43 Genêt and coworkers used asymmetric hydrogenation to access (2S, 3R)-hydroxylysine (1.37), discussed above, using dynamic kinetic resolution (Scheme 10).44 Applying this procedure to β-ketoester 1.41 furnished the protected amino acid 1.42 in 100% yield, >99:1 dr and 100% ee. Global deprotection of intermediate 1.42 using HCl, provided the amino acid 1.37 in 40% overall yield and four steps from commercially 4-phthalimidobutyric acid. Two methods for the synthesis of β-hydroxy-α-amino acid derivatives are investigated in chapters 3 and 4.
 H3NO
 OH
 OH
 NH3(+)-1.37
 O
 NHAc
 O
 OMe
 OH
 NHAc
 O
 OMe
 (R)-MeO-BiPHEPRuBr2H2 (115 bar)PhthN PhthN
 1.41 1.42100% yield
 > 99:1 dr (syn:anti)
 6N HCl
 80% yield3 3
 Scheme 10. Asymmetric transfer hydrogenation route to (+)-hydroxylysine 1.37.
 1.3. The Aim of this Thesis
 The aim of this thesis is to explore new methods for the stereoselective synthesis of vicinal stereocenters found in biologically relevant scaffolds, such as 3,3-disubstituted oxindoles and β-hydroxy-α-amino acid derivatives. Chapter 2 - A palladium-catalyzed domino carbopalladation-carbonylation method for substrates possessing β-hydrogens is detailed. This method synthesizes 3,3-disubsituted oxindoles with vicinal stereocenters. A related palladium-catalyzed domino carbopalladation-cross-coupling sequence for the synthesis of oxindoles is also addressed. Chapter 3 - The synthesis of syn-β-hydroxy-α-amino esters via the addition of glycine enolate equivalents to aldehydes is discussed.
 42 Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M.; Kitamura, M.; Takaya, H.; Akutagawa, S.; Sayo, N.;
 Saito, T. J. Am. Chem. Soc. 1989, 111, 9134-9135. Genêt points out simultaneous discovery, citing this patent application: J.P. Genêt, S. Mallart, and S. Jugé. French Patent, 8911159 (1989).
 43 a) Mordant, C.; Dunkelmann, P.; Ratovelomanana-Vidal, V.; Genȇt, J.-P. Chem. Commun. 2004, 1296-1297. b) Makino, K.; Goto, T.; Hiroki, Y.; Hamada, Y. Angew. Chem., Int. Ed. 2004, 43, 882-884.
 44 Coulon, E.; Caño de Andrade, M. C.; Ratovelomanana-Vidal, V.; Genêt, J.-P. Tetrahedron Lett. 1998, 39, 6467-6470.
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 Chapter 4 - The use of asymmetric transfer hydrogenation coupled with dynamic kinetic resolution for the stereoselective synthesis of anti-β-hydroxy-α-amido esters is described.
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 2. Palladium-Catalyzed Domino Reactions (Papers II, IV and VI)
 2.1. Introduction
 Natural products frequently serve as a source of inspiration for the development of new methods in organic chemistry.45 First, natural products often display a complex array of functionality that can be difficult to access using known methods, thus providing an impetus for the development of new procedures. Additionally, during synthetic pursuits toward natural products, the available technology is evaluated in the context of congested, highly functionalized architectures and multi-step routes, often revealing the shortcomings of the existing methods. We became interested in the synthesis of the structurally related alkaloids perophoramidine (1.20),46 and communesin A (1.21)47 (Figure 2). Comparison of the core scaffolds of these natural products reveals a diastereomeric relationship of the two vicinally disposed quaternary stereocenters. It is precisely these contiguous stereocenters, which peaked our interest, since the construction of this motif presents a formidable synthetic challenge. This can be attributed to the large steric repulsion existing in this particular molecular architecture.48 There are few methods that allow for the stereoselective construction of vicinal stereocenters and the development of such protocols is of marked importance for total synthesis. Here, a series of projects aimed at the stereoselective construction of vicinal stereocenters will be described with the final objective being the synthesis of vicinal quaternary stereocenters. At the outset of this project, we wanted to be able to access the core structures of both perophoramidine (2.1) and the communesins (2.2) using a single synthetic strategy (Scheme 11). Disconnection of the amidines in perophoramidine to the corresponding amine and ester or amine and amide leads back to oxindole 2.3. We reasoned that the aminals in communesin could be disconnected in a similar manner leading back to oxindole 2.4. We then envisioned that simultaneous disconnection of the oxindole and remaining ester in both 2.3 and 2.4, would lead to the E- or Z-double bond isomers 2.5 and 2.6, respectively. In the forward sense, this particular transformation corresponds to a carbopalladation of the double bond followed by a carbonylation of the intermediate alkylpalladium species or more simply stated a domino carbopalladation-carbonylation reaction (Scheme 12 (A)). Alternatively, the desired compounds 2.3
 45 Mohr, J. T.; Krout, M. R.; Stoltz, B. M. Nature 2008, 455, 323-332. 46 Wu, H.; Xue, F.; Xiao, X.; Qin, Y. J. Am. Chem. Soc. 2010, 132, 14052-14054 and references therein. 47 a) Zuo, Z.; Ma, D. Angew. Chem., Int. Ed. 2011, 50, 12008-12011. b) Liu, P.; Seo, J. H.; Weinreb, S.
 M. Angew. Chem., Int. Ed. 2010, 49, 2000-2003 and references therein. 48 a) Christoffers, J.; Baro, A., Quaternary Stereocenters: Challenges and Solutions for Organic
 Synthesis. WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, 2005. b) Christoffers, J.; Baro, A. Adv. Synth. Catal. 2005, 347, 1473-1482. c) Das, J. P.; Marek, I. Chem. Commun. 2011, 47, 4593-4623.
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 and 2.4 could arise from carbopalladation of the double bond followed by a subsequent cross-coupling of the intermediate palladium species with an ester surrogate, namely a domino carbopalladation-cross-coupling reaction (Scheme 12 (B)).
 N
 N N
 N
 2.1perophoramidine core
 NNH
 HN
 H
 N
 O
 2.2communesin A core
 H2N NH
 N
 OMeO
 O
 NH2
 N
 H2NNH
 O
 OMeO
 O
 NH2
 2.3 2.4
 N
 IO
 NH2
 HN H2N
 NMe
 IO
 NH2
 NH
 ONH2
 2.5 2.6
 Scheme 11. Proposed retrosynthetic analysis of the core structures of perophoramidine (2.1) and the communesins (2.2).
 I
 R
 R1
 R1
 RR2
 R2
 H H R1
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 HHPdIPd0
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 R3-M2.7 2.8
 2.10
 2.9
 M = Sn,Zn, Mg, B
 oxidative addition then
 carbopalladation
 (A)carbonylation
 cross-coupling(B)
 Scheme 12. Proposed key disconnection for the synthesis of the vicinal stereocenters in perophoramidine and the communesins. This set of disconnections intrigued us for a number of reasons. First, the Heck reaction, which proceeds via carbopalladation, is a reliable method for the construction of quaternary stereocenters and congested architectures.49 Second, in the Heck reaction syn palladation of the double bond occurs and this enforces the stereospecific generation of vicinal stereocenters for trisubstituted olefins. This
 49 a) Mc Cartney, D.; Guiry, P. J. Chem. Soc. Rev. 2011, 40, 5122-5150. b) Beller, M.; Zapf, A.;
 Riermeier, T. H., Palladium-Catalyzed Olefinations of Aryl Halides (Heck Reaction) and Related Transformations. In Transition Metals for Organic Synthesis, Beller, M.; Bolm, C., Eds. Wiley-VCH Verlag GmbH: 2008; pp 271-305. c) Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2963.
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 means that both diastereomers would be accessible via this method and that the geometry of the initial double bond dictates the relative stereochemistry of the product. There are, however, several noteworthy challenges posed by these disconnections. First, carbopalladation of the alkene will lead to alkylpalladium species 2.8, which has two hydrogens at the β position. This could lead to undesired β-hydride elimination as the termination step of the reaction. However, we envisioned that by using carbonylation as the termination step in this proposed sequence, we could modulate the rate of CO insertion by adjusting the CO pressure, such that CO insertion would be competitive with β-hydride elimination.50 Moreover, Pd-catalyzed carbonylation has proved to be a dependable method for the introduction of carbonyl moieties in organic synthesis.51 Secondly, geometrically defined tetrasubstituted olefins are difficult to synthesize and are notably recalcitrant substrates in the Heck reaction due to their steric bulk. Efforts toward applying these disconnections to the synthesis of vicinal stereocenters, including addressing these challenges, are described in the following sections.
 2.2. Domino Carbopalladation-Carbonylation
 Transition metal-catalyzed cross-coupling reactions are of great importance in organic synthesis, as evidenced by the Nobel Prize in 2010 awarded to Heck, Negishi and Suzuki for palladium-catalyzed cross-couplings. Given the advantages of forming multiple bonds in a single step, it is then not surprising that recent efforts have focused on the development of transition metal-catalyzed domino and tandem reactions, in which two or more bonds are constructed (See Section 1.1). These types of protocols expand the scope of the traditional cross-coupling chemistry and allow for the rapid generation of complexity from relatively simple starting materials. However, substrates for domino or tandem reactions are usually meticulously devised so as to avoid the presence of hydrogens β to the metal center, since this can result in the termination of the reaction by β-hydride elimination instead of the desired transformation. Thus, the ability to control or circumvent β-hydride elimination would greatly expand the scope and versatility of transition metal-catalyzed cascade reactions. Fu, Buchwald, Knochel and others have addressed this challenge in the context of alkyl cross-couplings both of alkyl halides and triflates, as well as alkyl coupling partners, such as alkyl organoboranes.52 In these types of reactions once σ-alkylpalladium species 2.12 has been generated, β-hydride elimination must be suppressed until reductive elimination has been realized (Scheme 13). Otherwise, production of an undesired alkene or isomerization of the alkyl group can ensue 50 Sugihara, T.; Coperet, C.; Owczarczyk, Z.; Harring, L. S.; Negishi, E.-I. J. Am. Chem. Soc. 1994, 116,
 7923-7924. 51 a) Wu, X.-F.; Neumann, H.; Beller, M. Chem. Soc. Rev. 2011, 40, 4986-5009. b) Kollár, L., Modern
 Carbonylation Methods. Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2008. c) Barnard, C. F. J. Organometallics 2008, 27, 5402-5422.
 52 a) Calimsiz, S.; Organ, M. G. Chem. Commun. 2011, 47, 5181-5183. b) Kambe, N.; Iwasaki, T.; Terao, J. Chem. Soc. Rev. 2011, 40, 4937-4947. c) Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417-1492.
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 from intermediate 2.15. For example, Fu and others have developed conditions for the successful coupling of alkyl halides and alkyl boronates, in which β-hydride elimination is inhibited and the desired cross-coupling is achieved. To date, even cross-coupling of the more unreactive alkyl chlorides has been accomplished.53 However, application of these advances to domino or tandem reactions is less explored.
 R H
 Xoxidativeaddition
 R H
 PdLnX
 R-MR H
 PdLnR
 transmetallation
 RPdLn
 reductive elimination
 R H
 R
 β-hydrideelimination
 H
 X
 PdLn
 2.11 2.12 2.13 2.14
 2.15 Scheme 13. Side reactions associated with the cross-coupling of alkyl halide 2.11. In several instances, σ-alkylpalladium intermediates of Heck reactions have been isolated, in which β-hydrogens are present.54 It is thought that β-hydride elimination is circumvented in these cases by the formation of a stable, geometrically constrained palladacycle.55 For example, while exploring the intramolecular Heck reaction of substrate 2.17, Balme and coworkers uncovered a divergent reactivity pattern when varying Ar (Scheme 14).56 For substrate 2.17a (Ar = 2-iodophenyl) the reaction proceeded as expected, delivering the Heck product 2.16 in 81% yield. On the other hand, substrate 2.17b (Ar = 1-iodo-naphthalen-2-yl) generated a new product, which was isolated in 15% yield. X-ray studies on this material unambiguously confirmed the proposed structure, which was thermally stable palladacycle 2.18, containing β-hydrogens. The authors demonstrated that subsequent treatment of this material with CO yielded methyl ester 2.19 in a reaction sequence where β-hydride elimination has been suppressed. Although several examples of these types of geometrically constrained palladacycles have been isolated and they provide an interesting avenue for the circumvention of β-hydride elimination, it is often difficult to predict stable structures in advance. In the example depicted below, there seems to be little chance of anticipating the stability of the naphthalenyl substrate 2.17b, based on the reactivity of the phenyl substrate 2.17a. Furthermore, in the reported examples, stoichiometric Pd is used, which limits practicality of these methods.
 53 Lu, Z.; Fu, G. C. Angew. Chem., Int. Ed. 2010, 49, 6676-6678. 54 a) Oestreich, M.; Dennison, P. R.; Kodanko, J. J.; Overman, L. E. Angew. Chem., Int. Ed. 2001, 40,
 1439-1442. b) Burke, B. J.; Overman, L. E. J. Am. Chem. Soc. 2004, 126, 16820-16833. c) Beccalli, E. M.; Borsini, E.; Brenna, S.; Galli, S.; Rigamonti, M.; Broggini, G. Chem. - Eur. J. 2010, 16, 1670-1678.
 55 Zhang, L.; Zetterberg, K. Organometallics 1991, 10, 3806-3813. 56 Clique, B.; Fabritius, C.-H.; Couturier, C.; Monteiro, N.; Balme, G. Chem. Commun. 2003, 272-273.
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 NAr
 RR2.17b Ar =
 1-iodo-naphthalen-2-yl
 15% yield
 2.17a Ar = 2-iodophenyl
 81% yield
 NPdPPh3
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 R
 H
 R
 H
 N
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 20 mol% PdCl2(PPh3)2PPh3, K2CO3
 DMF
 20 mol% PdCl2(PPh3)2PPh3, K2CO3
 DMF
 2.16 2.17R = CO2Me
 2.18
 CO (10 bars)Et3N (4 equiv)DMF, MeOH
 68% yield
 N
 RRH
 CO2Me
 2.19 Scheme 14. Isolation and further transformation of a stable palladacycle containing β-hydrogens. In catalytic reactions, there have been several serendipitous discoveries of intramolecular cyclizations occurring prior to β-hydride elimination.57 Again, although these reaction sequences offer interesting alternatives to the traditional Heck reaction, the scope of these cyclization reactions is limited to the handful substrates explored and not easily extrapolated to a new set of compounds. Several groups have specifically explored transition metal-catalyzed domino reactions of substrates possessing β-hydrogens.58 In 1994, Delgado reported a domino cyclization-anion capture reaction with stoichiometric Ni for allylic amine substrates, such as amine 2.20 (Scheme 15 (A)).59 The authors demonstrate that the intermediate σ-alkylnickel species can react with TMSCN, CO and NaBH4 for several allylic amine substrates. To explain the circumvention of β-hydride elimination, the authors invoked coordination of the nickel catalyst to the amine as shown in TS 2.22. Several years later, Ahn and Kim reported a catalytic domino carbopalladation-cross-coupling reaction based on these results.60 For allylic amine 2.23a, the domino reaction worked well for a variety of arylboronic acids (Scheme 15 (B)). Again, the authors propose a coordination of the substrate to the Pd catalyst, thereby stabilizing the σ-alkylpalladium species 2.25 and suppressing β-hydride elimination. Interestingly, in this case the authors propose the coordination of the N-tosyl moiety. When changing the N-protecting group to Boc, Ac, or Bn, the yields of the desired product are drastically reduced, further corroborating the 57 a) Schweizer, S.; Song, Z.-Z.; Meyer, F. E.; Parsons, P. J.; de Meijere, A. Angew. Chem., Int. Ed.
 1999, 38, 1452-1454. b) Oh, C. H.; Rhim, C. Y.; Kang, J. H.; Kim, A.; Park, B. S.; Seo, Y. Tetrahedron Lett. 1996, 37, 8875-8878. c) Bloome, K. S.; Alexanian, E. J. J. Am. Chem. Soc. 2010, 132, 12823-12825.
 58 For oxidative Heck conditions: a) Yahiaoui, S.; Fardost, A.; Trejos, A.; Larhed, M. J. Org. Chem. 2011, 76, 2433-2438. b) Zhu, C.; Falck, J. R. Angew. Chem., Int. Ed. 2011, 50, 6626-6629.
 59 a) Solé, D.; Cancho, Y.; Llebaria, A.; Moretó, J. M.; Delgado, A. J. Am. Chem. Soc. 1994, 116, 12133-12134. b) Solé, D.; Cancho, Y.; Llebaria, A.; Moretó, J. M.; Delgado, A. J. Org. Chem. 1996, 61, 5895-5904.
 60 Lee, C.-W.; Oh, K. S.; Kim, K. S.; Ahn, K. H. Org. Lett. 2000, 2, 1213-1216.
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 proposed coordination of the tosyl moiety to the Pd catalyst. However, it is somewhat surprising that the benzyl substrate does not provide the same reactivity as reported in the Ni reaction above.
 NTs
 Br ArB(OH)2Pd(PPh3)4
 Na2CO3THF:H2O (6:1)
 80 °C
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 Ar
 92-49% yield2.23a 2.24
 N
 H
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 S O
 Ni
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 OTol2.25
 2.22
 NNBn
 Br Ni(COD)2(1-2 equiv)
 then COand MeOH
 NBn
 CO2Me
 70%2.20 2.21
 (A)
 (B)
 H
 Scheme 15. (A) Domino carbopalladation-carbonylation reaction using Ni. (B) Domino carbopalladation-cross-coupling reaction with Pd. Negishi and coworkers reported some of the first studies on palladium-catalyzed domino reactions with CO and found that in several cases β-hydride elimination could be suppressed.61 They described a carbonylation-carbopalladation-carbonylation sequence for a variety of vinyl iodides, such as 2.26 (Scheme 16). However, the reaction outcomes vary with substrate, solvent, and nucleophile as β-hydride elimination is completely suppressed in the case of substrate 2.26, but not in the case of substrate 2.28 in which alkene 2.30 is also isolated. Interestingly, the authors report a 60:40 diastereomeric ratio of 2.29, and surmise that the diastereomers arise from an epimerization event subsequent to the palladium-catalyzed reaction.62 Notably, for substrate 2.28, if the pressure is raised to 100 atm, β-hydride elimination can be thwarted completely. Aggarwal has also reported a domino carbopalladation-carbonylation reaction using substrates similar to Ahn and Delgado.63 In contrast to Negishi’s cascade, this sequence is a carbopalladation followed by carbonylation. In this study, it was revealed that although β-hydride elimination could be suppressed in all cases, premature carbonylation of the substrate can become a significant side reaction. This can be seen in the case of substrates 2.23a-c, when varying X (Scheme 17). For 2.23b (X = C(CO2Et)2), the rate of carbopalladation is faster than premature carbonylation, giving the desired domino product 2.31b. For 2.23c (X = O), the rate of premature carbonylation becomes faster than the rate of carbopalladation, yielding only acid 2.32c.
 61 a) Negishi, E.-i.; Copéret, C.; Ma, S.; Liou, S.-Y.; Liu, F. Chem. Rev. 1996, 96, 365-394. b) Negishi,
 E.-i.; Wang, G.; Zhu, G., Palladium-Catalyzed Cyclization via Carbopalladation and Acylpalladation. In Metal Catalyzed Cascade Reactions, Müller, T., Ed. Springer Berlin / Heidelberg: 2006; Vol. 19, pp 1-48. c) Negishi, E.-i.; Ma, S.; Amanfu, J.; Copéret, C.; Miller, J. A.; Tour, J. M. J. Am. Chem. Soc. 1996, 118, 5919-5931.
 62 Negishi, E.-i.; Copéret, C.; Ma, S.; Mita, T.; Sugihara, T.; Tour, J. M. J. Am. Chem. Soc. 1996, 118, 5904-5918.
 63 Aggarwal, V. K.; Davies, P. W.; Moss, W. O. Chem. Commun. 2002, 972-973.
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 I
 n-HexPdCl2(PPh3)2
 MeCN, benzeneNEt3, MeOHCO (40 atm)
 90% yield
 n-Hex
 O
 CO2Me2.26 2.27
 n-Prn-Pr
 IPh
 PdCl2(PPh3)2
 MeCN, benzeneNEt3, MeOHCO (40 atm)
 n-Prn-Pr
 O
 Ph CO2Me
 n-Prn-Pr
 O
 Ph
 +
 2.28 2.29 2.3063% yield60:40 dr
 34% yield
 Scheme 16. Exploration of domino reactions by Negishi.
 X
 Br Pd2dba3⋅CHCl3P(2-furyl)3
 NaOAcDMF
 CO (2 atm)X
 CO2H
 2.23a-c 2.31a-c
 HO2C
 X
 2.32a-c
 a: X = NTs 62% yield, 1:1 2.31:2.32b: X = C(CO2Et)2 68% yield, > 20:1 2.31:2.32
 c: X = O 69% yield, 0:1 2.31:2.32 Scheme 17. Domino carbopalladation-carbonylation of substrate 2.23a-c. There are several key differences between the previously reported procedures and the disconnections that we proposed to access perophoramidine or the communesins (Scheme 11 and Scheme 12). First, in our proposed sequence we would like to have carbopalladation followed by carbonylation, as demonstrated by Aggarwal, not carbonylation-carbopalladation-carbonylation as shown by Negishi. Furthermore, we are constructing quaternary and vicinal stereocenters. Neither of these architectural motifs is adequately addressed in previous domino reactions of substrates possessing pendant hydrogens. The proposed reactions are also similar to Weinreb’s approach outlined in Scheme 5. However, as stated above we are intending to examine substrates with pendant β-hydrogens. Finally, in the ideal case we would like to achieve carbopalladation of a tetrasubstituted double bond followed by carbonylation of the alkylpalladium intermediate. This sequence is unexplored. In order to achieve the desired transformation outlined in Scheme 12 (A), it is first necessary to appreciate the divergent reaction manifolds accessible to each organopalladium intermediate. Oxidative addition into aryl iodide 2.33 leads to organopalladium 2.34. This intermediate has three possible fates, either premature carbonylation and nucleophilic attack leading to ester 2.35, or premature carbonylation followed by carbopalladation leading to ketone 2.36, or carbopalladation generating σ-alkylpalladium 2.38. It was rationalized that adjusting the CO pressure, as well as the sterics and electronics of the palladium could be used to favor carbopalladation over early carbonylation. Decomposition of alkylpalladium intermediate 2.38 can also occur via two routes. First, the intermediate could suffer β-hydride elimination leading to alkene 2.39, resulting in a net Heck reaction. On the other hand, the intermediate could undergo carbonyl

Page 28
                        

20
 insertion with subsequent nucleophilic attack to furnish the desired carbopalladation-carbonylation product 2.40. Again, it was anticipated that the fate of the σ-alkylpalladium 2.38 could be determined by the sterics and electronics of the palladium catalyst. Carbon monoxide is a strong π acceptor.64 The phosphine ligands on palladium are used to temper the ability of the metal to backbond to CO, modulating the strength of the Pd-CO bond and, thus, affecting the rate of CO insertion into the desired Pd-C bond. In general, electron poor phosphines reduce the extent of backbonding by the metal, promoting R-C(=O)-Pd formation. Furthermore, bulky phosphines or bidentate phosphines also encourage the formation of R-C(=O)-Pd. However, it is necessary to balance these rates, as rapid migratory insertion of CO will lead only to premature ester 2.35 and slow CO insertion will provide only Heck product 2.39. Furthermore, if CO is not bound to the metal center due to weak backbonding, then there will be a vacant site on Pd primed for β-hydride elimination. We believed that our studies would provide valuable insight into the rates of these competing reactions, allowing for future development of palladium catalyzed domino reactions.
 carbopalladation
 early CO insertion- nucleophilic attack β−hydride elimination
 CO insertion-nucleophilic attack
 "Pd"
 R2R2.34
 2.35
 2.38
 2.40
 2.39
 I
 RR2
 oxidative addition
 (B)
 (E)
 (D)competing reaction
 pathways
 desired
 transformation
 (A)
 (C)
 PdI
 RR2
 CO2Me
 R2R
 R1
 R1
 R1
 R1
 CO2Me
 RR2
 R1
 R2R
 R1
 HH
 2.33
 CO insertion-carbopalladation"Pd"
 R2R
 R1O
 CO insertion- nucleophilic attack
 R2R
 R1O
 OMe
 O
 (G)
 (F)
 2.36
 2.37
 Scheme 18. Possible reaction manifolds. Alternatives are lettered A to G.
 2.2.1. α,β-Unsaturated Amides: Trisubstituted Olefins
 We began our studies using acrylamide 2.41 as a model substrate, since it was envisioned that the lessons learned from trisubstituted olefins could then be applied to more challenging substrates, such as tetrasubstituted olefins (Table 1). We anticipated the following products from the reaction: ester 2.42 from the desired domino carbopalladation-carbonylation reaction (arrows A→E→F, Scheme 18), olefin 2.43 from the Heck reaction (arrows A→E→G) and ester 2.44 from premature carbonylation (arrows A→B). Furthermore, the desired product 2.42
 64 Grigg, R.; Mutton, S. P. Tetrahedron 2010, 66, 5515-5548.
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 maps onto the core structure of communesin A and provides a functional handle primed for further elaboration to the natural product. We surveyed a variety of ligands and CO pressures for the desired transformation (Table 1). We hoped to find the optimal balance between CO backbonding and CO migratory insertion in order to obtain a process selective for ester 2.42. Thus, we examined a variety of electron rich phosphines (entries 1-12). We also envisioned that the CO pressure would effect this equilibrium and, therefore, explored several CO pressures. Since the mass balance was iodide 2.41 when P(2-furyl)3 was used as the ligand, we decided to focus our attention on improving this set of conditions (entry 12), reasoning that finding the optimal solvent and base combination could boost the reactivity, but as shown in the mechanism above should not necessarily impact the product distribution (Scheme 18). Table 1. Optimization of the domino carbopalladation-carbonylation reaction of substrate 2.41.a
 a Reactions were run on 0.041 mmol scale of 2.41 in DMA and MeOH with 10 mol % palladium (5 mol % in the case of Pd2(dba)3⋅CHCl3) and 30 mol % ligand and 4.4 equiv Et3N at the indicated pressure and 70 °C (internal temperature). 2.45 = 1,1′-Bis(di-tert-butylphosphino)ferrocene. b Pressure in psi, prior to heating. c The yields (%) are from 1H NMR of the crude product with 1-methoxynaphthalene as an internal standard. d 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazolium tetrafluoroborate. e 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene.
 I
 N
 OOTBDMS
 OTBDPSPd, Ligand
 Solvent, MeOHCO, temp
 2.41
 N
 O
 N
 O
 OTBDMSOTBDPS
 OTBDPS
 OOMe
 OTBDMS
 H
 2.42 2.43 2.44
 CO2Me
 N
 OOTBDMS
 OTBDPS
 yield (%)c
 entry Pd source pressureb ligand 2.42 2.43 2.44 1 Pd(OAc)2 atm PPh3 - 86 - 2 Pd(OAc)2 100 PPh3 39 24 20 3 Pd2(dba)3⋅CHCl3 100 (tBu)3PHBF4 14 - 18 4 Pd2(dba)3⋅CHCl3 100 SiMesHBF4
 d 24 7 14 5 Pd(OAc)2 100 xanthphose 9 5 5 6 Pd(OAc)2 200 P(biphenyl)(tBu)2 31 10 9 7 Pd(OAc)2 100 dppf 50 9 11 8 Pd(OAc)2 200 dt-Bupf (2.45) 47 - 10 9 Pd(OAc)2 100 PCy3 50 25 17
 10 Pd(OAc)2 200 P(2-furyl)3 31 10 10 11 Pd2(dba)3⋅CHCl3 200 P(2-furyl)3 44 - 17 12 Pd2(dba)3⋅CHCl3 100 P(2-furyl)3 45 4 17

Page 30
                        

22
 We, therefore, attempted to increase the conversion of the reaction, while maintaining the product distribution. We first examined a variety of solvents, but this had little or detrimental effect on the desired reaction. Using only methanol as the solvent gave similar results to using a mixture of DMA and methanol. We then turned to examine the effect of the base (Table 2).65 Only tertiary amines seemed to favor the desired product (entries, 1, 3, 6) and insoluble bases gave low conversion (entry 4). Interestingly, complete consumption of starting material was seen with DMAP (entry 7); however, 28% of a new side product 2.46 was also detected under these conditions. This was identified as regioisomer 2.46 (relative stereochemistry not determined). Regioisomer 2.46 presumably arises from β-hydride elimination followed by reinsertion of the Pd-H into the coordinated alkene and then trapping of this resultant organopalladium with CO. We hypothesize that this is due to the inability of DMAP to reduce the Pd-H intermediate to Pd0. To retain the reactivity seen with the DMAP while minimizing the formation of 2.46 we opted to use a catalytic amount of DMAP in conjunction with a stoichiometric base to reduce the Pd-H intermediate (Table 2, entry 8, 9). Using DABCO as the stoichiometric base gave the desired effect, minimizing the formation of 2.46, while slightly increasing the formation of ester 2.42.
 Table 2. Effect of the base on the domino reaction.a
 yield (%)b entry base 2.42 2.43 2.44 2.46
 1 Et3N 45 4 17 - 2 DBU 22 10 17 - 3 DABCO 38 4 - - 4 Cs2CO3 9 13 19 - 5 TMG 23 6 - - 6 Cy2NMe 40 10 - - 7 DMAP 51 4 - 28 8 DMAP + Et3N 27 8 6 7 9 DMAP + DABCO 55 8 8 6
 a Reactions were run on 0.041 mmol scale in DMA and MeOH with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-furyl)3 and 4.4 equiv of the indicated base at 100 psi and 70 °C (internal temperature). Entries 9 and 10, 0.4 equiv DMAP and 4 equiv alternative base. Remainder of mass balance is starting material. b The yields (%) are from 1H NMR of the crude product with 1-methoxynaphthalene as an internal standard.
 N
 O
 OTBDMS
 OTBDPSMeO2C2.46
 N
 O
 OTBDMSOTBDPS
 2.43
 Pd
 CO, MeOH
 H
 Scheme 19. Unexpected ester 2.46 resulting from reinsertion and carbonylation of β-hydride elimination product 2.43. 65 Ashimori, A.; Bachand, B.; Overman, L. E.; Poon, D. J. J. Am. Chem. Soc. 1998, 120, 6477-6487.
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 With optimized conditions in hand, we then wanted to investigate the substrate scope of this reaction. The unprotected amide yielded products related only to early carbonylation (Table 3, entry 2).66 Increasing the steric bulk of the protecting group from methyl to benzyl derivatives resulted in an improved yield of the desired domino product (entries, 1, 3 and 4). These results indicate that the choice of protecting group influences the rate of carbopalladation appreciably with larger protecting groups favoring carbopalladation, and thereby reducing the amount of premature carbonylation. Two bicyclic systems were constructed with good yields under these conditions (entries 5, 6). The selectivity of the carbopalladation-carbonylation reaction was reduced with an aryl substituent α to the olefin, as we isolated both the corresponding Heck product 2.59, as well as the isomeric ester product arising from a β-hydride elimination/reinsertion process (entry 7). This was somewhat expected as the presence of the aryl moiety allows for more facile β-hydride elimination.67 We also examined the use of the Z-double bond isomers 2.60 and 2.63 (entries 8, 9), which would map on to the core structure of perophoramidine. These gave lower yield of the desired product, yet followed the same protecting group trend. Interestingly, neither the reinsertion product nor the β-hydride elimination product was observed for these cases. However, approximately 35% of the carbonylation products 2.62 and 2.65 were isolated. Finally, we examined substrate 2.66, in which there was no alkyl substituent at the α-position. Although there is only one β-hydrogen, rotation of this Pd intermediate and β-hydrogen elimination is significantly faster than carbonylation for this substrate, as we isolated only the Heck product 2.67. We then wanted to compare our conditions to the methods developed by Ahn60 and Aggarwal63 (Scheme 15 and Scheme 17). Thus, we subjected substrate 2.55 (Table 3, entry 6) to the previously reported conditions (Scheme 20).68 Using Aggarwal’s carbopalladation-carbonylation reaction, we observed only undesired Heck product 2.68 (Scheme 20 (A), see Scheme 18, arrows A→E→G). The same result was obtained with the conditions reported by Ahn for the carbopalladation-cross-coupling reaction (Scheme 20 (B)). Thus, our conditions provide improved control of the organopalladium intermediates for substrates such as 2.55 (compare substrates 2.55 and 2.23). These results suggest that the presence of two hydrogens β to the σ-alkylpalladium species increases the propensity for β-hydride elimination. Furthermore, these results imply that conditions developed for domino reactions are somewhat scaffold dependent.
 66 Wu, X.-F.; Schranck, J.; Neumann, H.; Beller, M. Chem. - Eur. J. 2011, 17, 12246-12249. 67 Werner, E. W.; Sigman, M. S. J. Am. Chem. Soc. 2011, 133, 9692-9695. 68 We also tested the NaOAc conditions for amide 2.41. However, this resulted mostly in deprotection of
 the alcohol bearing the TBDMS group.
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 Table 3. Scope of the domino carbopalladation-carbonylation reaction.a entry substrate product/(yieldb) byproduct/(yield)b
 O
 N
 I OTBDMS
 OTBDPSR RN
 O
 CO2Me
 H
 OTBDMSOTBDPS
 1 R = Me, 2.41 R= Me, 2.42 (50) See Table 2 2 R= H, 2.47 R= H, 2.48 (0) - 3 R= p-CF3-C6H4CH2,
 2.49 R= p-CF3-C6H4CH2, 2.50 (69)
 -
 4 R= p-MeO-C6H4CH2, 2.51
 R= p-MeO- C6H4CH2, 2.52 (69)
 -
 5 N
 OI
 N
 O CO2Me
 2.53 2.54 (57) -
 6 N
 OI
 NO CO2Me
 2.55 2.56 (67) -
 7
 N
 OI
 N
 O
 CO2Me
 Ph
 N
 O
 Ph
 2.57 2.58 (40)c 2.59 (40)
 O
 NR
 I
 OTBDMSTBDPSO
 RN
 O
 CO2Me
 OTBDPSOTBDMS
 O
 NR
 CO2MeOTBS
 TBDPSO
 2
 8 R = Me, 2.60 R= Me, 2.61 (40) R= Me, 2.62 (34) 9 R= p-MeO-C6H4CH2,
 2.63 R= p-MeO-C6H4CH2,
 2.64 (51) R= p-MeO-C6H4CH2,
 2.65 (35)
 10 I
 N
 O
 Ph NO
 Ph
 2.66 2.67 (89)d a Reactions were run on 0.08 mmol scale in DMA and MeOH with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-furyl)3 and 4 equiv of DABCO and 0.4 equiv DMAP at 100 psi (prior to heating )and 70 °C (internal temperature). b Isolated yields. c 7% of ester isomer from reinsertion also isolated. d mixture of E- and Z-double bonds.
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 N
 OI N
 O
 Pd2dba3.CHCl3P(2-furyl)3
 NaOAcDMF 80°CCO (30 psi)
 2.55 2.6858% yield
 NO
 NO+
 2.68 2.69
 Pd(PPh3)4PhB(OH)2
 Na2CO3 (2M in H2O)THF
 99% yield1.4 : 1
 (A)
 (B)
 Scheme 20. Comparison to previously reported methods. (A) Domino carbopalladation-carbonylation. (B) Domino carbopalladation-cross-coupling. The stereochemistry of the domino carbopalladation-carbonylation reaction was confirmed by selective cleavage of the OTBDMS ether in the presence of the OTBDPS ether in product 2.42, followed by cyclization of the free hydroxyl group onto the methyl ester. This provided lactone 2.70, which was subjected to both 2D and 1D nOe. In the 1D nOe a 4% enhancement was observed between the α hydrogen and a hydrogen in the phenyl ring (Scheme 21). This confirms that the process proceed with syn carbopalladation followed by carbonylation.
 N
 O
 CO2Me
 H
 OTBDMSOTBDPS
 1. AcOH
 2. pTsOH, PhMeN
 O
 O
 O
 TBDPSO
 HH
 nOe
 MeN O
 HH
 OTBDPS
 OO
 2.42 2.70
 nOe
 Scheme 21. Confirmation of the relative stereochemistry of 2.42.
 2.2.2. α,β-Unsaturated Amides: Tetrasubstituted Olefins Given our success with the trisubstituted olefins, we then wanted to address the main goal of this project, namely the construction of vicinal quaternary stereocenters. At the outset, we envisioned several challenges that would need to be overcome. First, as alluded to earlier, the carbopalladation of tetrasubstituted olefins is notoriously sluggish.69 Fortunately, most of the examples in the literature are performed on α,β-unsaturated olefin substrates. Additionally, alkoxycarbonlyations of tertiary organopalladium species are rare,61c although the analogous hydroformylation using rhodium catalysis has been reported.70 We began by testing tetrasubstituted olefin 2.71 in the Heck reaction to demonstrate the feasibility of the carbopalladation event (Scheme 22). This furnished the 69 Bräse, S.; de Meijere, A., Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction. In
 Metal-Catalyzed Cross-Coupling Reactions, de Meijere, A.; Diederich, F., Eds. Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2004; Vol. 1, pp 217-316.
 70 a) Sun, X.; Frimpong, K.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 11841-11843. b) Clarke, M. L.; Roff, G. J. Chem. - Eur. J. 2006, 12, 7978-7986.
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 desired olefin 2.72 in 60% yield, proving that carbopalladation is possible for this substrate. We then turned our attention to the envisioned carbopalladation-carbonylation sequence. Subjecting olefin 2.71 to the conditions developed for the trisubstituted olefins, provided only premature ester 2.73 (corresponding to ester 2.35 in Scheme 18) in 58% yield (Scheme 23). We then tried reducing the pressure of CO, as this should disfavor the early ester formation. However, only premature ester 2.73 was isolated with an atmospheric pressure of CO.
 I
 NMe
 O
 PhN
 Ph
 O
 Me
 Pd2dba3•CHCl3P(2-furyl)3
 Et3N, DMA
 60% yield2.71 2.72
 Scheme 22. Heck reaction of tetrasubstituted olefin 2.71. I
 NMe
 O
 Ph
 2.71
 CO2Me
 NMe
 O
 Ph
 2.73
 Pd2dba3•CHCl3P(2-furyl)3
 DABCO, DMAPDMA, MeOH
 CO, 70°C
 100 psi CO, 58%atm. pressure CO, 62%
 Scheme 23. Attempt at domino carbopalladation-carbonylation of olefin 2.71. These results show that there is a formidable kinetic barrier for the carbopalladation of the tetrasubstituted olefin, as compared to carbonyl insertion into the arylpalladium intermediate (corresponding to 2.34 in Scheme 18). We, thus, sought alternative methods to influence the relative rates of these two processes. There are two proposed mechanisms for the insertion of CO into organopalladium intermediates. In the first scenario CO migration into the Pd-R bond yields an acylpalladium species 2.75 (Scheme 24 (A)).71 Direct attack of the nucleophile on this intermediate or palladium-assisted attack of the nucleophile onto this intermediate yields the observed ester 2.76 and regenerates the Pd0 catalyst. This mechanism is generally proposed for the formation of esters in the presence of an alcohol and a weak base. In the other sequence, a palladium alkoxide species 2.78 is first formed (Scheme 24 (B)).72 CO insertion into the Pd-OR1 bond the yields acylpalladium species 2.80, which reductively eliminates to yield the observed ester 2.76 and Pd0. This mechanism has been observed when using alkoxides and thiolates as the nucleophile.
 71 a) Milstein, D. Acc. Chem. Res. 1988, 21, 428-434. Ozawa, F.; Kawasaki, N.; Okamoto, H.;
 Yamamoto, T.; Yamamoto, A. Organometallics 1987, 6, 1640-1651. b) Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115-4127.
 72 Hu, Y.; Liu, J.; Lü, Z.; Luo, X.; Zhang, H.; Lan, Y.; Lei, A. J. Am. Chem. Soc. 2010, 132, 3153-3158.
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 RPdLn
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 O
 PdLn
 2.74 2.75
 R1OH
 R
 O
 OR1+ Pd0Ln
 2.76 2.77
 RLnPd
 RLnPdCO COR1
 O RLnPd
 O
 OR12.78 2.79 2.80
 R
 O
 OR1+ Pd0Ln
 2.76 2.77
 OR1
 (A)
 (B)
 Scheme 24. Alternative proposals for the insertion of CO into the Pd-R bond. (A) Formation of acylpalladium intermediate 2.75 by migratory insertion. (B) Reductive elimination of acylpalladium intermediate 2.80. With either mechanism, the rate of the CO insertion should be dependent on the size of the nucleophile, with larger nucleophiles decreasing the rate of carbonyl insertion. Subjecting amide 2.41 to the previous carbopalladation-carbonylation conditions using i-PrOH as the nucleophile, gave Heck product 2.43 as the sole product for both ligands tested (Scheme 25).62 This indicates that the rate of carbonylation has been decreased relative to the rates of both carbopalladation and β-hydride elimination. If mechanism A is operative, these results also imply that CO insertion is reversible as the product distribution is significantly altered, as compared to the results using MeOH as the nucleophile (Table 2). Unfortunately, these results do not bode well for tetrasubstituted olefins bearing β-hydrogens, as the rate of carbonylation was decreased to such an extent that β-hydrogen elimination was the sole productive pathway. However, we were still interested in favoring carbopalladation over early carbonylation for tetrasubstituted olefin 2.71. We then tested these conditions using i-PrOH on tetrasubstituted olefin 2.71, anticipating that rate CO insertion was decreased to such an extent that carbopalladation was possible. Disappointingly, at 30 psi of CO, only early ester 2.81 was observed (Scheme 26).
 I
 N
 OOTBDMS
 OTBDPSN
 O
 OTBDMS
 OTBDPS
 PCy3P(2-furyl)3
 65% yield66% yield
 2.41 2.43
 Pd2dba3•CHCl3ligand
 DABCO, DMAPDMA, i-PrOH
 CO, 70°C
 Scheme 25. Attempt at carbopalladation-carbonylation with i-PrOH.
 I
 NMe
 O
 Ph
 2.71
 CO2iPr
 NMe
 O
 Ph
 2.8130 psi CO, 32%
 Pd2dba3•CHCl3P(2-furyl)3
 DABCO, DMAPDMA, i-PrOH
 CO, 70°C
 Scheme 26. Attempt at carbopalladation-carbonylation of olefin 2.71 with i-PrOH. Following the same mechanistic rationale, we reasoned that decreasing the amount of nucleophile would decrease the rate of carbonyl insertion. Thus, substrate 2.82 was constructed containing an internal nucleophilic trap, as it was envisioned that
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 the formation of the 11-membered lactone 2.83 would be disfavored. Subjecting substrate 2.82 to the domino carbopalladation-carbonylation conditions at atmospheric pressure, however, yielded only products of the early esterification (Scheme 27). The first was 11-membered ring 2.83, which corresponds to ester 2.35 (Scheme 18) and the second was an unexpected side product 2.84, also corresponding to an early carbonylation event. Testing the nucleophilic trap on substrate 2.85, derived from amide 2.41, gave low yields of the desired product 2.70 (Scheme 28, compare with Table 2).
 I
 N
 O
 Ph
 OH
 2.82
 N
 O
 Ph
 O O O
 O
 NO
 Ph
 +
 2.83 2.84
 Pd2dba3•CHCl3P(2-furyl)3
 DMAP, DABCO70°C
 CO (atm. pressure)
 24% yield 35% yield Scheme 27. Attempted carbopalladation-carbonylation reaction for tetrasubstituted olefin 2.82.
 I
 N
 OOH
 OTBDPS
 2.85
 N
 O
 O
 OOTBDPS
 H
 2.70
 Pd2dba3•CHCl3
 DMAP, DABCODMA
 CO (100 psi)42% yield
 Scheme 28. Use of internal trap with trisubstituted olefin 2.85.
 2.2.3. Allylic Amines Due to the difficulties posed by the tetrasubstituted olefin substrates, we then turned our attention to another important class of substrates: allylic amines. The products of these reactions can also be used to access the natural products discussed in the introduction of this chapter, as indoles and oxindoles are readily interconverted. Our first experiments were to examine allylic amine 2.23a, which had been previously explored by Aggarwal and Ahn.60,63 Aggarwal and coworkers had detailed several sets of conditions for domino carbopalladation-carbonylation of allylic amine 2.23a in which either the desired ester 2.86 is isolated (Table 4, entry 1), or a mixture of the desired ester 2.86 and premature ester 2.87 is isolated (entries 2 and 3). Applying our conditions to this substrate revealed that early ester 2.87 was not stable, and decomposed to sulfonamide 2.88 under the reaction conditions. This was further verified by separate isolation of 2.87 and resubjection to our conditions providing only sulfonamide 2.88. Intriguingly, PPh3 proved to be a better ligand for this transformation providing higher yield and better ratio of products (entries 4 and 5). However, using PdCl2(PPh3)4, as reported first by Negishi,61 gave the most selective results (entry 1).
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 Table 4. Domino carbopalladation-carbonylation of allylic amine 2.23a.a
 BrTsN
 TsN
 CO2MeCO2Me
 TsN+ TsHN
 2.23a 2.86 2.87 2.88
 +conditions
 entry conditions ligand yieldb ratio
 2.86:2.87:2.88 1c A PPh3 69 100:0:0 2c B P(2-furyl)3 62 50:50:0 3c B PPh3 50 90:10:0 4 C P(2-furyl)3 46 67:0:33 5 C PPh3 75 75:0:25
 aA = 2 atm CO, 4 equiv Et3N, 5 mol % Cl2Pd(PPh3)2, PPh3 (0.2 equiv), MeOH, DMF-H2O (1:2:0.1), see reference 63. B = 2.5 mol % Pd2(dba)3⋅CHCl3, 0.3 equiv phosphine, 2 equiv NaOAc in DMF (0.2M), see reference 2. C = DMA and MeOH with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-furyl)3 and 4 equiv of DABCO and 0.4 equiv DMAP at 100 psi (prior to heating) and 80 °C (internal temperature). b Isolated yields c Data taken from reference 63. Carbopalladation-carbonylation of allylic amine 2.23a forges neither a quaternary stereocenter nor vicinal stereocenters, and thus we were interested in examining several other amines that would provide access to vicinal stereocenters. We started by testing allylic amine 2.89a with an N-tosyl protecting group. However, this substrate gave overall poor yield and showed a selectivity for undesired, premature ester 2.91a (Table 5). Considering that the protecting group played a significant role in the rate of carbopalladation of for substrate 2.41 (Table 3, entries 1-4), we then examined N-acetyl protected 2.89b. Nevertheless, this substrate still displayed diminished selectivity for the desired product as compared to the α,β-unsaturated amides. Further changing the substrate to N-Me allylic amine 2.93, gave ester 2.94, as the sole product (Scheme 29, arising from A→C→D, in Scheme 18). In this case, the increased electron density of the aryl ring favors CO insertion, as detailed by Heck.71b As mentioned earlier, Negishi has also reported similar double carbonylation cascades, but often using higher pressures of CO.61 Given the higher electron density of the double bond in the allylic amines, we reasoned that carbopalladation could be favored in these systems by using a cationic palladium catalyst.73 Thus, we employed triflate 2.95 in the carbopalladation-carbonylation (Scheme 30). Surprisingly, this resulted only in phenol 2.96, and no oxidative addition into the triflate-carbon bond. We thought perhaps that the DMAP increased the rate of this decomposition pathway, and examined conditions, which used Et3N in place of DMAP and DABCO. Disappointingly, this also resulted in 73% of phenol 2.96 and no oxidative addition into the triflate-carbon bond. 73 Steinborn, D., C-C Coupling Reactions. In Fundamentals of Organometallic Catalysis, Wiley-VCH
 Verlag & Co. KGaA: Weinheim, 2012; pp 258-261.
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 Table 5. Evaluation of allylic amines 2.89a,b.a
 I
 NR RN
 CO2MeCO2Me
 NR
 2.89a R= Ts2.89b R= Ac
 2.90a, R= Ts2.90b, R= Ac
 RN
 Pd2dba3•CHCl3ligand
 DABCO, DMAPDMA, MeOHCO (100 psi)
 2.91a, R= Ts2.91b, R= Ac
 2.92a, R= Ts2.92b, R= Ac
 Entry R 2.89 Conditions Yield 2.90b
 Yield 2.91b
 Yield 2.92
 1 Ts a PPh3 12 24 0 2 Ts a P(2-furyl)3 9 26 0 3 Ac b PPh3 8 39 26 4 Ac b P(2-furyl)3 10 43 6 a Reaction run in DMA and MeOH with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-furyl)3 and 4 equiv of DABCO and 0.4 equiv DMAP at 100 psi (prior to heating) and 80 °C (internal temperature). b Products 2.90 and 2.91 were isolated as a mixture. The yields given are calculated from the ratio of the two products in the 1H NMR.
 I
 NMe N
 Me
 O CO2MeH
 2.93 2.94
 Pd2dba3⋅CHCl3P(2-furyl)3
 DABCO, DMAPDMA, MeOHCO (100 psi)
 39% Scheme 29. Domino carbopalladation-carbonylation of N-Me allylic amine 2.93.
 OTf
 NAc
 Pd2dba3•CHCl3P(2-furyl)3
 baseDMA, MeOHCO (100 psi)
 OH
 NAc
 2.95 2.96DMAP and DABCO, 100% yield
 Et3N, 73% yield Scheme 30. Attempted domino carbopalladation-carbonylation of triflate 2.95.
 2.2.4. Construction of Carbocycles We were also interested in examining the domino carbopalladation-carbonylation reaction for the construction of carbocycles. To this end, we synthesized aryl iodide 2.97, in which we retained the electronics of the double bond, as we supposed this was critical for maintaining fast carbopalladation as compared to carbonylation. Subjecting aryl iodide 2.97 to the standard conditions yielded only premature carbonylation product 2.98 (Scheme 31). Since substrate 2.97 is less rigid than the corresponding α,β-unsaturated amides, we imagined that this may be the reason carbonylation is faster than carbopalladation. Thus, we thought we could take advantage of the Thorpe-Ingold effect (gem-dimethyl effect) and add substituents to the connecting alkyl chain to favor carbopalladation. Unexpectedly, when substrate 2.99 was subjected to carbopalladation-carbonylation conditions, it resulted in early carbonylation, as well as decarbonylation, giving ester 2.100.
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 IO Pd2dba3•CHCl3
 P(2-furyl)3
 DABCO, DMAPDMA, MeOHCO (100 psi)
 CO2Me O
 2.97 2.98
 IO Pd2dba3•CHCl3
 P(2-furyl)3
 DABCO, DMAPDMA, MeOHCO (100 psi)
 CO2Me O
 2.99 2.100
 MeO2CMeO2C MeO2C
 Scheme 31. Substrates examined for the domino carbopalladation-carbonylation sequence.
 2.2.5. Conclusion Although the carbopalladation-carbonylation sequence gave good yields and selectivities for α,β-unsaturated amides with trisubstituted olefins, all efforts to expand the scope of this reaction to new scaffolds were met with frustrating complications, such as premature carbonylation. The rates of carbopalladation are closely tied to the structure of the molecule, with the more rigid α,β-unsaturated amides giving the best selectivities for this reaction pathway over early carbonylation. Furthermore, the carbopalladation of the tetrasubstituted olefins proved significantly disfavored as compared to premature carbonylation. Using a CO surrogate could perhaps solve this situation, however, controlling β-hydride elimination in such an approach may prove difficult.74 Further exploration and optimization of electron rich substrates such as 2.93, could provide useful methods to an alternative architecture. Investigation of such substrates could aid in elucidating the reason that amine 2.93 follows the carbonylation-carbopalladation-carbonylation pathway. Also, the investigation of an asymmetric version of the carbopalladation-carbonylation reaction could be examined.
 2.3. Domino Carbopalladation-Cross-Coupling
 While exploring the domino carbopalladation-carbonylation reaction, we recognized that few palladium-catalyzed domino reactions exploit the stereochemical control enforced by syn-carbopalladation. This control allows for the stereospecific synthesis of vicinal stereocenters. Furthermore, with the tetrasubstituted olefin substrates premature carbonylation proved difficult to preclude. In general CO insertion is a fast process as compared to transmetallation. Thus, we proposed that using a cross-coupling reaction instead of a carbonylation for the termination of the domino reaction, would allow for carbopalladation of more difficult substrates, such as tetrasubstituted olefins (i.e. Scheme 12 (B)). However, we believed that reducing the rate of the desired termination step would come at the cost of our ability to suppress β-hydride elimination of the σ-alkylpalladium species, corresponding to 2.8 (Scheme 12), and therefore, decided to
 74 Morimoto, T.; Kakiuchi, K. Angew. Chem., Int. Ed. 2004, 43, 5580-5588.

Page 40
                        

32
 first explore this reaction for substrates without pendant hydrogens. Thus, we set out to explore a domino carbopalladation-cross-coupling reaction using organoboranes. In the literature this has often been referred to as a domino Heck-Suzuki reaction.75 Although several of these protocols are reported, few have focused on the synthesis of vicinal stereocenters.76 With perophoramidine and the communesins in mind, we once again began our studies using trisubstituted olefins of α,β-unsaturated amides that could map onto the core scaffolds of these natural products. Furthermore, we decided to explore the corresponding tetrasubstituted olefins depending on the success of their less complex counterparts. We started by examining the feasibility of the carbopalladation-cross-coupling reaction using substrate 2.101 (Scheme 32). However, despite our attempts at optimization we either isolated the reductive Heck product 2.102, presumably arising from the protonation of Pd-enolate 2.103, or we observed no reaction.
 I
 N
 O
 O
 OMe
 variousconditions
 NO
 CO2Me
 NO
 CO2Me'Pd'
 2.101 2.102 2.103 Scheme 32. Attempts at domino carbopalladation-cross-coupling using substrate 2.101. Thus, we turned our attention to the domino carbopalladation-cross-coupling of substrate 2.104a, which is similar to the substrate reported by Weinreb (Scheme 5). We opted to use trifluoroborate salts in the optimization as these have been shown to be air stable, easily handled cross-coupling partners.77 Although there was no reaction at 70 °C, raising the temperature to 90 °C delivered the desired product 2.107a in 79% yield as a single detectable diastereomer (Table 6, entries 1 and 2). Two sources of palladium and two solvents were explored to further improve the yield, and the optimal combination proved to be Pd(PPh3)4 in dioxane (entry 6). Although trifluoroborate salts are generally the organoborane of choice, we were interested in exploring the effect of other organoboranes on the domino reaction. Vinylboronic ester 2.105b gave comparable results to vinyl trifluoroborate salt 2.105a (Table 7, entries 1 and 2). Interestingly, when switching to the phenyl organoborane derivatives, more marked differences in yield were observed for the various derivatives (entries 3-5). Unexpectedly, phenylboronic ester 2.105e gave the highest yield, and the trifluoroborate 2.105c performed better than the boronic acid 2.105d. This is a somewhat surprising trend as the trifluoroborate salts are 75 a) For several examples see: a) Yanada, R.; Obika, S.; Inokuma, T.; Yanada, K.; Yamashita, M.; Ohta,
 S.; Takemoto, Y. J. Org. Chem. 2005, 70, 6972-6975. b) Oh, C. H.; Lim, Y. M. Tetrahedron Lett. 2003, 44, 267-270. c) Cheung, W. S.; Patch, R. J.; Player, M. R. J. Org. Chem. 2005, 70, 3741-3744. d) Grigg, R.; Sansano, J. M.; Santhakumar, V.; Sridharan, V.; Thangavelanthum, R.; Thornton-Pett, M.; Wilson, D. Tetrahedron 1997, 53, 11803-11826.
 76 Braun, M.; Richrath, B. Synlett 2009, 968-972. 77 a) Molander, G. A.; Figueroa, R. Aldrichim. Acta 2005, 38, 49-56. b) Darses, S.; Genȇt, J.-P. Eur. J.
 Org. Chem. 2003, 4313-4327.
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 generally perceived as more reactive and the trifluoroborate and boronic acid derivatives are both expected to transmetallate via the boronic acid.78 However, the three organoboranes 2.105c-e also have different rates of hydrolysis and protodeboration under the reaction conditions, which presumably explains the observed trend. With boronic acid 2.105d a small amount of the homocoupling of the boronic acid was also observed as a byproduct. Table 6. Optimization of the domino reaction with acrylamide 2.104a.a
 I
 N
 O
 Ph2.104a
 Pd source
 solventtempbase
 NO
 Ph'Pd'
 BF3K
 NO
 Ph2.105a 2.106 2.107a
 +
 H H
 Entry Pd source Mol% Pd solvent Temp (°C) Yield (%)b
 1 PdCl2dppf 10 dioxane 70 0 2 PdCl2dppf 10 dioxane 90 79 3 Pd(PPh3)4 10 dioxane 90 84 4 Pd(PPh3)4 10 toluene 90 83 5 PdCl2dppf 2 dioxane 90 70 6 Pd(PPh3)4 2 dioxane 90 90
 a Reactions run on a 0.08 mmol scale of 2.104a (1 equiv), with Pd (mol % as in the table), BF3K salt 2.105a (2 equiv), Cs2CO3 (3 equiv), solvent:H2O (10:1, 0.07 M) at temperature given. b Isolated yield. Table 7. Effect of the organoborane on the domino reaction.a
 I
 N
 O
 Ph2.104a
 Pd(PPh3)4
 Cs2CO3dioxane
 H2O
 NO
 PhR2.107a-b
 'R-B'+
 2.105a-e
 H
 a, R = vinylb, R = Ph
 Entry ‘R-B’ 2.105 2.107 yieldb
 1 BF3K 2.105a 2.107a 90
 2 BO
 O
 2.105b 2.107a 87
 3 PhBF3K 2.105c 2.107b 81
 4 PhB(OH)2 2.105d 2.107b 69
 5 Ph
 B O
 O
 2.105e 2.107b 94
 a Reactions run on a 0.08 mmol scale of 2.104a (1 equiv), with Pd (mol % as in the table), BF3K salt 2.105a (2 equiv), Cs2CO3 (3 equiv), solvent:H2O (10:1, 0.07 M) at temperature given. b Isolated yield. 78 a) Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116-2119. b) Butters, M.; Harvey, J.
 N.; Jover, J.; Lennox, A. J. J.; Lloyd-Jones, G. C.; Murray, P. M. Angew. Chem., Int. Ed. 2010, 49, 5156-5160.
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 Finally, we wanted to establish the scope of the reaction for various acrylamides. Varying the aromatic group was well tolerated and both electron poor and electron rich aromatics gave high yields (Table 8 entries 1-3). Changing the N-protecting group was also well tolerated (entry 5). When no protecting group was used on the nitrogen then carbopalladation-cross-coupling product 2.107g was isolated in 27% yield (entry 6). The major product was the premature cross-coupling product 2.108 (Scheme 33). This contrasts the same experiments run in the domino carbopalladation-carbonylation sequence, where only the premature ester was isolated, providing further evidence that carbonylation is indeed a faster process than transmetallation. When the heteroaryl substrate 2.104g was tested initially, a low yield of the desired domino product 2.107h was isolated and the remaining mass balance was starting material (entry 7). We reasoned that this was due to a relatively slow cross-coupling step, which allowed more time for protodeboronation to occur. Thus, it was reasoned that decreasing the amount of water would slow the rate of protodeboronation and thereby increase the amount of the desired product. Indeed, decreasing the amount of water did lead to a 20% increase in yield (entry 8). Furthermore, increasing the amount of organoborane 2.105e, while still using fewer equivalents of water, furnished the product in good yield (entry 9). The Z-isomer of the double bond was also examined, providing the diastereomeric product 2.107i. The cross-coupling of this intermediate was also slow, as only 45% of the product was isolated using the standard conditions with the remaining material being 2.104h (entry 10). Again, by increasing the amount of the organoborane 2.105b the product could be obtained in a higher yield (entry 11). A similar trend in yield for E- and Z-double bond isomers was also observed in the previous carbopalladation-carbonylation study, suggesting differences in rates of carbopalladation and cross-coupling for E- and Z-double bond isomers. Finally, we were also interested in evaluating tetrasubstituted olefin 2.104i in the domino sequence (Scheme 34). Only one reaction has been tried with substrate 2.104i and no conversion of the starting material was observed. Thus, we are currently working on optimizing the conditions for this substrate in the hope of synthesizing vicinal quaternary stereocenters.
 NH
 O
 Ph2.10862% yield
 I
 NH
 O
 Ph2.104f
 Pd(PPh3)42.105a
 Cs2CO3dioxane/H2O
 Scheme 33. Major product of the domino reaction with amine 2.104f.
 Ph
 Ph
 O
 N
 I
 2.104i
 Pd(PPh3)42.105a
 Cs2CO3dioxaneH2O
 N.R.
 Scheme 34. Attempt at domino carbopalladation-cross-coupling with tetrasubstituted olefin 2.104i.
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 Table 8. Scope of the domino carbopalladation-cross-coupling reaction.a
 Entry 2.104 2.105 2.107 Yieldb
 I
 N
 O
 Ar
 NO
 Ar
 1 2.104a, Ar = Ph 2.105a 2.107a, Ar = Ph 90 2 2.104b, Ar = p-
 MeOC6H4 2.105a 2.107c, Ar = p-
 MeOC6H4 89
 3 2.104c, Ar = p-CF3C6H4 2.105a 2.107d, Ar = p-CF3C6H4
 85
 4c 2.104d, Ar = p-BrC6H4 2.105a 2.107e, Ar = p-BrC6H4 75 I
 NPMB
 O
 Ph
 PMBN
 O
 Ph
 5 2.104e 2.105a 2.107f 91 I
 NH
 O
 Ph
 HN
 O
 Ph
 6 2.104f 2.105a 2.107g 27 I
 N
 O
 NBoc
 NO
 PhH
 NBoc
 7d 2.104g 2.105e 2.107h 34 8e 2.104g 2.105e 2.107h 53 9f 2.104g 2.105e 2.107h 88 I
 N
 O
 Ph
 NO
 HPh
 10 2.104h 2.105a 2.107i 45 11g 2.104h 2.105b 2.107i 70h
 a For conditions see Table 7 b Isolated yield. c 1.1 equiv organoborane 2.105a was used. d 5 mol% Pd(PPh3)4 e 50 µL H2O, 5 mol% Pd(PPh3)4
 f 3.0 equiv of organoborane 2.105e, 5 mol% Pd(PPh3)4, 50 µL H2O and 3.5 equiv of Cs2CO3 were used. g 3.5 equiv of organoborane 2.105b used. h NMR yield based on the addition of 1-methoxynaphthalene as an internal standard.
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 2.3.1. Domino Carbopalladation-Cross-Coupling with Alkyl Organoboranes Molander and others have demonstrated Suzuki cross-couplings with alkyl organoboranes. For example, cross-coupling of aryl bromide 2.110 and benzyl trifluoroborate salt 2.109 gave the desired coupled product 2.111 in 70% yield (Scheme 35 (A)).79 Furthermore, alkyl organoboranes with β-hydrogens have been investigated. For example, Suzuki has reported the coupling of aryl iodide 2.113 with trioctylborane 2.112a to give the product 2.114 in 98% yield (Scheme 35 (B)). Inspired by these results we attempted the domino carbopalladation-cross-coupling with methyl trifluoroborate salt 2.105g and butyl trifluoroborate salt 2.105f (Scheme 36).80 However, no reaction was detected for either the methyl salt 2.105g or the butyl salt 2.105f.
 BF3KBr
 OTf+
 PdCl2(dppf)
 Cs2CO3THF/H2O
 70% yield
 OTf2.109 2.110 2.111
 B(octyl)3I PdCl2(dppf)
 3M NaOHTHF/H2O
 98% yield
 n-Oct+
 2.112a 2.113 2.114
 (A)
 (B)
 Scheme 35. Coupling of alkyl trifluoroborate 2.109 with bromide 2.110 and trioctylborane 2.112 with iodobenzene 2.113.
 I
 N
 O
 Ph2.104a
 +
 BF3K
 orBF3K
 PdCl2(dppf)
 Cs2CO3dioxane/H2O
 2.105f
 2.105g
 No reaction
 Scheme 36. Attempt at the domino carbopalladation-cross-coupling with alkyl trifluoroborate salts. Alkyl organoboranes are known to be challenging cross-coupling partners, especially those possessing β-hydrogens.81 We, therefore, chose to investigate the domino reaction with the tributylborane 2.105h and triethylborane 2.105i. Such electron rich organoboranes have been shown to couple successfully, when boronic esters, such as 2.112b have failed (compare Scheme 37 and Scheme 35 (B)).80 Employing alkylborane 2.105h and 2.105i resulted in an unexpected product 2.115 in good isolated yields (Scheme 38). We postulate that this product arises from the following reaction pathway detailed in Scheme 39: i) oxidative addition into the aryl iodide followed by carbopalladation of the double bond to give alkylpalladium
 79 a) Molander, G. A.; Yun, C.-S.; Ribagorda, M. a.; Biolatto, B. J. Org. Chem. 2003, 68, 5534-5539. b)
 Molander, G. A.; Ito, T. Org. Lett. 2001, 3, 393-396. 80 Miyaura, N.; Ishiyama, T.; Sasaki, H.; Ishikawa, M.; Sato, M.; Suzuki, A. J. Am. Chem. Soc. 1989,
 111, 314-321. 81 Zou, G.; Reddy, Y. K.; Falck, J. R. Tetrahedron Lett. 2001, 42, 7213-7215.
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 intermediate 2.106 ii) transmetallation of this intermediate with the organoborane to give palladium species 2.116 iii) β-hydride elimination of the organopalladium to yield Pd-H 2.117 iv) and finally reductive elimination to give the observed product 2.115. In this proposed mechanism transmetallation occurs, but β-hydride elimination of this σ-alkylpalladium species outcompetes reductive elimination of the two alkyl groups.
 OBOn-octyl
 I PdCl2(dppf)
 3M NaOHTHF/H2O
 1% yield
 n-Oct
 2.113 2.114
 +
 2.112b
 Scheme 37. Cross-coupling with alkyl boronic ester 2.112b. I
 N
 O
 Ph2.104a
 trialkylboranePdCl2(dppf)
 Cs2CO3dioxane/H2O N
 O
 Ph
 2.115B(n-Bu)3 (2.105h) 93% yield
 B(Et)3 (2.105i) 87% yield Scheme 38. Domino reaction with trialkylorganoboranes.
 Pd
 I
 N
 O
 Ph2.104a
 trialkylboranePdCl2(dppf)
 Cs2CO3dioxane/H2O
 NO
 Ph
 2.115
 NO
 Ph'Pd'
 oxidative additionthen
 carbopalladation
 transmetallation
 N O
 Ph
 β-hydride elimination
 HPd
 N O
 Ph
 H
 reductiveelimination
 2.106 2.116 2.117 Scheme 39. Proposed mechanism for the conversion of acrylamide 2.104a to oxindole 2.115. Given verification that transmetallation transpires, it is then intriguing that no cross- coupling is observed, especially given the recent reports of alkyl-alkyl Suzuki cross-couplings, which presumably proceed through similar organopalladium intermediates.82 Furthermore, that there is no reaction for the methyl trifluoroborate salt 2.105g is surprising, as the transmetallated palladium intermediate corresponding to 2.116, should not have any β-hydrogens. Therefore, we wanted to try the domino reaction with an alternative methyl organoborane to try to understand this lack of reactivity. Although BMe3 is a gas, other methods of generating alkyl organoboranes are known. For example, Fürstner and coworkers
 82 a) Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417-1492. b) Chemler, S. R.;
 Trauner, D.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2001, 40, 4544-4568. c) Luh, T.-Y.; Leung, M.-k.; Wong, K.-T. Chem. Rev. 2000, 100, 3187-3204.
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 coupled vinyl iodide 2.118 with in situ generated borate 2.120 in their total synthesis of amphidinolide X (Scheme 40).83
 OO O
 O
 O
 OMe
 I
 BOMe
 O
 PMBO
 O
 PMBO
 I
 t-BuLi, Et2O/THFthen9-MeO-9-BBN
 PdCl2(dppf), Ph3As, K3PO4aqueous DMF
 74% yield
 OO O
 O
 CO2MeO
 PMBO
 2.119
 2.120
 2.118 2.121 Scheme 40. Alkyl borate cross-coupling using 9-OMe-9-BBN to generate the reactive species. Therefore, we examined the use of the in situ generated borate from 9-OMe-9-BBN using both n-BuLi and MeLi. With n-BuLi 97% yield of the reduced product 2.115 was isolated (Scheme 41). In contrast, when using MeLi, no reaction was observed. Furthermore, we also examined the use of alkylzinc compounds to carry out the desired transmetallation, and the same results were obtained (Scheme 42).82 Thus, we are interested in further understanding these results.
 BOMe
 R
 RLi
 I
 N
 O
 Ph2.104a
 9-OMe-9-BBN
 PdCl2(dppf)Cs2CO3
 THF/H2O
 NO
 Ph
 2.115
 RLi = n-BuLi, 97% yieldRLi = MeLi, no observed reaction
 2.122
 Scheme 41. Using of 9-OMe-9-BBN for generation of alkylborate 2.122.
 RLi
 I
 N
 O
 Ph2.104a
 PdCl2(dppf)THF
 NO
 Ph
 2.115
 RLi = n-BuLi, 60% NMR yieldRLi = MeLi, no observed reaction
 ZnCl2
 [Cl-Zn-R]2.123
 Scheme 42. Use of alkyl Zn cross-coupling conditions. 83 Lepage, O.; Kattnig, E.; Fürstner, A. J. Am. Chem. Soc. 2004, 126, 15970-15971. b) Marshall, J. A.;
 Johns, B. A. J. Org. Chem. 1998, 63, 7885-7892.
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 2.3.2. Conclusion We have developed a method for the domino carbopalladation-cross-coupling to construct 3,3-disubstituted oxindoles. This reaction works well for aryl or vinyl organoboranes. In contrast, this domino reaction is not compatible with alkyl organoboranes. We are interested in further understanding the reactivity differences exhibited by the four classes of boranes we have examined in the domino carbopalladation-cross-coupling reaction, namely aryl, vinyl, alkyl with β-hydrogens, and alkyl without β-hydrogens. We believe further understanding these reactivity patterns will shed light on the exact transformations of the organopalladium species from transmetallation to reductive elimination. Furthermore, successful alkyl-alkyl cross-coupling reactions are known, although they have often been demonstrated for sterically unhindered substrates. Therefore, we are interested in gaining deeper appreciation of the distinctions between the organopalladium intermediates in these effective protocols, which lead to reductive elimination, and the organopalladium intermediates in our reaction, which lead solely to β-hydride elimination. This information should be of significant value for understanding these competing rates, and can perhaps provide insight into the development of more versatile catalysts for sterically encumbered systems.
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 3. Addition of Azomethine Ylides to Aldehydes: Synthesis of β-Hydroxy-α-Amino Esters
 (Paper I)
 3.1. Introduction
 As discussed in the introduction section, β-hydroxy-α-amino acids are important building blocks in organic chemistry. For example the neurotropic factor, lactacystin (3.1), has been synthesized several times from β-hydroxyleucine 3.2 (Scheme 43).84 Thus, methods that allow for the stereoselective synthesis of these scaffolds are desirable. This section will focus on the diastereoselective construction of syn-β-hydroxy-α-amino esters.
 HN
 OH
 O
 i-Pr
 HO
 OS
 AcHNCO2H
 (+)-lactacystin (3.1)
 OH
 NH2
 CO2Me
 3.2
 Scheme 43. Synthesis of (+)-lactacystin (3.1) from amino alcohol 3.2. Previously in the group a 1,3-dipolar cycloaddition between a carbonyl ylide and an aldimine had been exploited as an efficient method for the construction of syn-α-hydroxy-β-amino esters.85 This was accomplished using a three-component reaction between diazoacetate 3.3, aldehyde 3.4a, and aldimine 3.5 producing oxazolidine 3.6 (Scheme 44). This oxazolidine was then hydrolyzed to reveal the syn-α-hydroxy-β-amino ester 3.7. The reaction proceeds through the carbonyl ylide 3.8, which is formed by reaction of the metal carbene from diazoacetate 3.3 with aldehyde 3.4a.
 EtO
 ON2 O Ph
 R NBn
 3.3 3.4a
 3.5
 + Rh2(OAc)4 O NBn
 Ph
 EtO2C Ph3.6
 p-TSOH
 MeOHH2O
 EtO
 O
 OH
 NHBn
 R
 3.7
 PhO
 CO2Et
 3.8 Scheme 44. 1,3-Dipolar cycloaddition route to syn-α-hydroxy-β-amino esters. Based on the above sequence, it was then envisioned that an analogous disconnection could be applied to the regioisomeric oxazolidine 3.10 to access the
 84 a) Sunazuka, T.; Nagamitsu, T.; Matsuzaki, K.; Tanaka, H.; Omura, S.; Smith, A. B. J. Am. Chem.
 Soc. 1993, 115, 5302-5302. b) Li, Q.; Yang, S.-B.; Zhang, Z.; Li, L.; Xu, P.-F. J. Org. Chem. 2009, 74, 1627-1631.
 85 a) Torssell, S.; Somfai, P. Adv. Synth. Catal. 2006, 348, 2421-2430. b) Torssell, S.; Kienle, M.; Somfai, P. Angew. Chem. Int. Ed. 2005, 44, 3096-3099.
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 corresponding β-hydroxy-α-amino esters. Thus, the protected amino ester 3.9 would be derived from the oxazolidine 3.10, which could arise from the addition of an azomethine ylide 3.11 to aldehyde 3.4a (Scheme 45).
 PgN O
 Ph
 EtO2C Ph
 EtO
 O
 NPg
 OH
 Ph N
 PhPg
 EtO2C
 O
 Ph+
 3.9 3.10 3.11 3.4a Scheme 45. Retrosynthetic analysis to the diastereomeric β-hydroxy-α-amino esters using a 1,3-dipolar cycloaddition. 1,3-Dipolar cycloadditions are a class of cycloaddition reactions between a 4π-electron component, the 1,3-dipole or ylide, and a 2π-electron constituent, the dipolarophile. These reactions yield densely functionalized five-membered rings typically with a high level of stereocontrol.86 There are several types of ylides available including propargyl anion types (e.g. azide) and allyl anion types (e.g. azomethine ylides and carbonyl ylides). This work focuses on the use of azomethine ylides, which are important building blocks for the construction of highly functionalized five-membered nitrogen-containing heterocycles.87 There are several methods for the preparation of azomethine ylides, including the thermolysis of aziridines, the metallation and subsequent deprotonation of imines, the 1,2-prototropic shift of imines, the condensation of aldehydes and secondary amines followed by deprotonation or the ring opening of heterocycles (Scheme 46).
 NR1
 R2R
 R N R2
 R1
 azomethine ylide
 O
 NR1
 R3
 RR2 = COR3
 R N R2 R O R1HN R2+
 aziridines
 imines aldehyde + amine
 heterocycles Scheme 46. Several routes to azomethine ylides. To underscore the elegance of this approach for the construction of nitrogen-containing heterocycles, a brief example will be considered here. In 2002 Zhang and coworkers disclosed the first catalytic, asymmetric 1,3-dipolar cycloaddition of an azomethine ylide with an olefin using a catalytic amount of AgOAc and chiral ligand 3.15 (Scheme 47).88 Prior to this work, most strategies toward asymmetric pyrrolidine construction focused on the use of a chiral auxiliary appended to either
 86 a) Pellissier, H. Tetrahedron 2007, 63, 3235-3285. b) Gothelf, K. V.; Jörgensen, K. A. Chem. Rev.
 1998, 98, 863-910. 87 a) Pandey, G.; Banerjee, P.; Gadre, S. R. Chem. Rev. 2006, 106, 4484-4517. b) Coldham, I.; Hufton,
 R. Chem. Rev. 2005, 105, 2765-2810. c) Husinec, S.; Savic, V. Tetrahedron: Asymmetry 2005, 16, 2047-2061.
 88 Longmire, J. M.; Wang, B.; Zhang, X. J. Am. Chem. Soc. 2002, 124, 13400-13401.
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 the dipole or dipolarophile. The procedure reported by Zhang and coworkers furnished substituted proline 3.14, possessing four stereocenters, as single detectable diastereomer in good yields and enantioselectivities. In this sequence coordination of the silver salt to the imine 3.12 followed by deprotonation with i-Pr2NEt, generates the azomethine ylide 3.16 in situ. This species subsequently reacts via an endo transition state with electron deficient alkene 3.13 to yield the observed product 3.14.
 R N CO2Me
 CO2Me
 CO2Me+
 AgOAc/ 3.15
 i-Pr2NEt, PhMe NH
 MeO2C CO2Me
 CO2MeR
 3.12 3.13 3.1473-98% yield70-97% ee
 NH HNO O
 PAr2 Ar2PFe
 Fe
 3.15Ar = 3,5-dimethylphenyl
 R NO
 OMe
 AgI
 3.16
 LL
 L = ligand
 Scheme 47. Zhang’s asymmetric 1,3-dipolar cycloaddition of metallo-azomethine ylides. Although the 1,3-dipolar cycloaddition of azomethine ylides with olefins is relatively well explored, there are comparatively few examples of the addition of azomethine ylides to aldehydes. A brief survey of the reported methods will be discussed here. In 1970, Lown and coworkers reported the thermolysis of 2-aroylaziridine 3.17 in the presence of aldehyde 3.4 to furnish oxazolines 3.19 and 3.20 (Scheme 48).89,90 A narrow range of aziridines and aryl aldehydes were explored in the reaction and the oxazolidines could be isolated in 65-78% yields. More interestingly, the ring opening of aziridines should occur in a conrotary fashion, and thus cis aziridine 3.17 should exclusively yield the S-ylide 3.18, while the trans aziridine 3.21 should exclusively provide W-ylide 3.22. Although 1,3-dipolar cycloaddition of these two isomeric ylides should then lead to isomeric products, it has been shown that with less reactive dipolarophiles interconversion of the W-ylide and S-ylide is observed.91 In this particular example both the cis and trans aziridines 3.17 and 3.21 yield the products 3.19 and 3.20 derived from solely S-ylide 3.18, indicating that aryl aldehydes are rather sluggish dipolarophiles. Additionally, poor diastereoselectivity is achieved in these reactions.
 89 a) Lown, J. W.; Akhtar, M. H. Can. J. Chem. 1972, 50, 2236-2248. b) Dallas, G.; Lown, J. W.; M., J.
 P. Chem. Commun. 1970, 278-279. c) Heine, H. W.; Henzel, R. P. J. Org. Chem. 1969, 34, 171-175. 90 This was later explored by another coworker: Danielsson, J.; Toom, L.; Somfai, P. Eur. J. Org. Chem.
 2011, 2011, 607-613. 91 Huisgen, R.; Maeder, H. J. Am. Chem. Soc. 1971, 93, 1777-1779.
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 N
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 i-PrΔ Ar N
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 COPh
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 Ph
 CO2EtR3.17 3.18 3.19
 N
 Ar COPh
 i-Pr
 3.21
 ΔNAri-Pr
 COPh
 3.22
 S-ylide
 W-ylide
 Ni-PrO
 Ph
 CO2EtR3.20
 +
 Scheme 48. Thermolysis of aziridines 3.17 and 3.21 to expose azomethine ylides 3.18 and 3.22 and their subsequent 1,3-dipolar cycloaddition with aldehyde 3.4. Another example of the 1,3-dipolar cycloaddition of azomethine ylides and aldehydes was reported by Padwa.92 In this case treatment of α-cyanosilylamine 3.23 with AgF reveals the azomethine ylide 3.24, which then undergoes a 1,3-cycloaddition with aldehyde 3.4a (Scheme 49). The scope of this reaction was only explored with benzaldehyde (3.4a) and two α-cyanosilylamines and the isolated yields of the resultant oxazolidines were moderate.
 (H3C)3Si N CN
 Ph
 N
 PhAgF benzaldehyde(3.4a)
 O
 N
 Ph
 Ph3.23 3.24 3.25 Scheme 49. Reaction of azomethine ylides with aldehyde 3.4a. Finally, Harwood and coworkers have explored the use of a chiral morpholinone-derived template for the synthesis of azomethine ylides (Scheme 50).93 In this strategy condensation of aldehyde 3.4 with morpholinone-derived auxiliary 3.26 produces ylide 3.27, which subsequently reacts with another equivalent of aldehyde 3.4 to furnish the bicyclic product 3.28. The chiral auxiliary can be cleaved by hydrogenolysis in acidic media to reveal β-hydroxy-α-amino acid 3.29. This procedure was demonstrated for a selection of aryl and alkyl aldehydes 3.4 with good to moderate yields and excellent diastereoselectivity for the cycloaddition reaction. Moreover, the cyclic nature of the ylide maintains the geometry of dipole throughout the reaction.
 92 Padwa, A.; Chen, Y.-Y.; Chiacchio, U.; Dent, W. Tetrahedron 1985, 41, 3529-3535. 93 a) Alker, D.; Hamblett, G.; Harwood, L. M.; Robertson, S. M.; Watkin, D. J.; Eleri Williams, C.
 Tetrahedron 1998, 54, 6089-6098. b) Aldous, D. J.; Drew, M. G. B.; Draffin, W. N.; Hamelin, E. M. N.; Harwood, L. M.; Thurairatnam, S. Synthesis 2005, 3271-3278. c) Brome, V. A.; Harwood, L. M.; Osborn, H. M. I. Can. J. Chem. 2006, 84.
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 1. H2, Pd(OH)2/C TFA, MeOH
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 RCO2H
 OH
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 3.29 Scheme 50. Use of morpholinone-derived template 3.26 for the asymmetric 1,3-dipolar cycloaddition of azomethine ylides and aldehydes.
 3.2. Investigation of 1,3-Dipolar Cycloadditions between Azomethine Ylides and Aldehydes
 We began our investigation with the use of Vedejs’ methodology for ylide generation.94 Here, treatment of oxazolium salt 3.30 with PhSiH3 in the presence of CsF leads to ylide 3.32 (Scheme 51). This intermediate 3.32 can then react with aldehyde 3.4a to give the desired oxazolidine 3.34. Indeed, testing this sequence with aldehyde 3.4a did furnish oxazolidine 3.34 in 58% yield, however tertiary amine 3.33 was also isolated in significant quantities. Amine 3.33 arises from further reduction of the azomethine ylide by the silane, and occurs with less active dipolarophiles. Hydrolysis of oxazolidine 3.34 gave amino alcohol 3.35 in a 2.3:1 syn:anti ratio of diastereomers. The relative stereochemistry of this product was determined by conversion to the oxazolidinone and 1H NMR of the relevant J coupling values.
 O N
 Ph
 MeO
 -OTf
 Ph
 O
 PhSiH3CsF
 MeCN
 Ph
 NO
 OMe
 Ph
 NO
 OMe
 O N
 Ph
 Ph CO2Me
 p-TsOH
 MeOHH2O
 OMe
 O
 NHMe
 OH
 Ph
 3.30 3.32
 3.4a
 3.343.35
 3.33
 O N
 Ph
 MeO3.31
 Scheme 51. Use of Vedejs’ oxazolium salt technology for the generation of azomethine ylides. Pleased with these initial results we then hoped to optimize the reaction to circumvent production of amine 3.33, as well as improve the diastereoselectivity of the reaction (Table 9). Several strategies were tested to reduce the amount of over reduction and increase the yield of the desired oxazolidine 3.34. However, the yield of the reaction could not be further improved and large quantities of amine 3.33 were still isolated, even though we tried reducing the amount of PhSiH3 or adding PhSiH3 slowly.
 94 a) Vedejs, E.; Grissom, J. W. J. Am. Chem. Soc. 1988, 110, 3238-3246. b) Vedejs, E.; Grissom, J. W.
 J. Am. Chem. Soc. 1986, 108, 6433-6434.
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 Table 9. Exploration of the 1,3-dipolar cycloaddition of oxazolium salt 3.30 with aldehyde 3.4a.a
 O N
 Ph
 MeO-OTf
 PhSiH3CsF
 MeCNO N
 Ph
 Ph CO2Me3.30 3.34
 O
 Ph
 3.4a
 Entry PhSiH3 (equiv) Additional drb (syn:anti) Yieldc
 1 1.5 In situ formation of 3.30 2.3:1 58 2 1.5 2.3:1 60 3 1.5 CH2Cl2 n.d. 7 4 1.05 n.d. 53d 5 1.05 -40°C n.d. 36 6 1.05 PhSiH3 added over 10h n.d. 63d
 a The reaction was carried out overnight with 1 equiv of pre-formed oxazolium salt 3.30. b 4,5-trans to 4,5-cis ratio determined after hydrolysis to the amino alcohol 3.35 with p-TsOH and MeOH:H2O (95:5). c Isolated yield of all diastereomers of 3.34. d Conversion of the reaction to the product based on integration of 1H spectrum. Given the difficulties encountered with the reduction of heterocycles as an entry to azomethine ylides, we then turned to a tactically different approach for generating the azomethine ylide intermediate. It was envisioned that the use of an N-metalated ylide, derived from the coordination of a metal to an α-imino ester in the presence of a weak base would provide the desired reactivity (Scheme 47). One benefit of this strategy is that the ylide retains its geometry via coordination to the metal. To this end a number of imines were tested in the silver-catalyzed 1,3-dipolar cycloaddition to try to boost the reactivity and diastereoselectivity (Table 10). Fortunately, good to moderate yields could be obtained. However, the diastereoselectivity remained consistently low for all of the imines tested. Disappointed by the low diastereoselectivity observed in these reactions, we opted to explore benzophenone glycine imine 1.30, which has been used in direct aldol addition to aldehydes.37 Immediately, an increase in diastereoselectivity was observed and, thus, further optimization was carried out with the aim of improving the yield and the diastereoselectivity (Table 11, entries 1-6)). It was found that decreasing the amount of PPh3 drastically improved the diastereoselectivity (compare entries 3 and 4). Thus, the remaining optimization, including the examination of silver salts, used only 10 mol % PPh3. Interestingly, when freshly distilled benzaldehyde was used the diastereoselectivity decreased dramatically. We reasoned that this was due to the presence of benzoic acid in the benzaldehyde and reoptimized the reaction with varying amounts of amine base and benzoic acid (Entries 7-11) with the best diastereoselectivity and yield obtained when using 20 mol % i-Pr2NEt and 5 mol % benzoic acid.
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 Table 10. Exploration of the 1,3-dipolar cycloaddition of imine 3.36a-e with aldehyde 3.4a.a
 O
 Ph3.4a
 NCO2Et
 R
 AgOAc
 PPh3
 N
 Ar
 O
 OR
 AgPPh3PPh3 O NH
 Ar
 Ph CO2Me
 3.36a-e 3.37 3.38a-e Entry 3.36 R, R2 Solv. Conv.b 3.38 drc
 1f a H, Me THF 56 a 1.6:1 2f b F , Et THF 63 b 1.7:1 3 b F, Et THF 82 b 1.7:1 4 c CN, Et THF 90 c 2.3:1 5 d CF3, Et THF 96e d 2.3:1 6d c CN, Et THF 80 c 1.8:1 7 d CF3, Et DCM 93 d 2.0:1 8 e CF3,Me THF 84e e 2.5:1 9 e CF3, Me PhMe 78e e 2.0:1
 a Reaction conditions: imine 3.36 (1.0 equiv.), aldehyde 3.4a (2.0 equiv.), i-Pr2NEt (0.2 equiv.), 10 mol % AgOAc and 20 mol % PPh3 in solvent (c = 0.1 M) at room temperature. b Conversion of 3.36 determined by 1H NMR analysis of crude mixture before hydrolysis. c The 4,5-trans to 4,5-cis ratio of oxazoline 3.38 was determined by hydrolysis to the corresponding amino alcohol and 1H NMR analysis this mixture yielded the dr. Hydrolysis was performed with HCl (1 M) in MeOH:H2O (95:5). d Reaction run at –20 °C. e 1-methyl-naphthalene used as an internal standard. f 5 mol % AgOAc and 10 mol % PPh3 were used. Table 11. Optimization of the direct aldol reaction.a
 Ph
 Ph NO
 Ot-Bu
 +O
 PhO NH
 PhPh
 Ph CO2t-Bu
 AgXPPh3
 i-Pr2NEt
 Solvent
 1.30 3.4a 3.39a Entry AgX PPh3
 mol% Solv. DIEA mol%
 Acidb mol%
 Conv. 1.30c
 drd
 3.39a
 1 AgOAc 20 THF 20 -- 64 3.8:1 2 AgOAc 20 DCM 20 -- 48 7.3:1 3 AgOAc 20 PhMe 20 -- 61 10:1 4 AgOAc 10 PhMe 20 -- 75e 30:1 5 AgOTf 10 PhMe 20 -- 78f 36:1 6 Ag(MeCN)4BF4 10 PhMe 20 -- 80 24:1 7 AgOTf 10 PhMe 20 -- 30 9:1 8 AgOTf 10 PhMe 10 10 89 17:1 9 AgOTf 10 PhMe 10 5 72 36:1
 10 AgOTf 10 PhMe 20 5 83 58:1 11 AgOTf 10 PhMe -- 10 -- --
 a Reaction conditions: imine 1.30 (1.0 equiv.), aldehyde 3.4a (2.0 equiv.), i-Pr2NEt (20 mol%) and 10 mol% AgX in solvent (c = 0.1 M) at room temperature. b Benzoic acid was used. c Determined by 1H NMR analysis of crude mixture. d The 4,5-trans: 4,5-cis ratio oxazolidine was determined by 1H NMR analysis of crude reaction mixture. e Entry 4 isolated 70 procent of syn diastereomer of amino alcohol after hydrolyis. f The syn diastereomer of the amino alcohol was isolated in 72% yield after hydrolysis.
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 Given the surprising dependence of the diastereoselectivity and yield on the presence of an ammonium salt derived from benzoic acid and i-Pr2NEt, we decided to investigate the mechanism of the reaction. Two reaction manifolds can be envisioned for the conversion of the azomethine ylide B into the oxazolidine C (Scheme 52). The first possibility is the 1,3-dipolar cycloaddition of the metallated azomethine ylide to the aldehyde directly producing the oxazolidine. Alternatively, an aldol addition to the aldehyde followed by intermolecular trapping of the alkoxide by the imine could furnish the oxazolidine. It appears that imine 3.36 (R = H) reacts via the cycloaddition manifold. However, we cannot exclude a fast stepwise formation of the oxazolidine. One support of this mechanism is that there is little dependence on the choice of solvent for these imines. On the other hand, imine 1.30 appears to react via a direct aldol addition. The main indications for this mechanism are the following: (i) the dr improved with the use of the 1:1 Ag/PPh3 catalyst (Table 11, entry 4). This creates a coordinatively unsaturated silver species, which can coordinate to both the azomethine ylide and the aldehyde, and provide a more ordered transition state such as E. (ii) The observation of side product 3.40, which most likely arises from protonation of intermediate D, and is not observed when using imine 3.36. In line with this, re-subjection of the minor diastereomer of alcohol 3.40 (anti) to the reaction conditions resulted in both cis and trans 3.39, as well as aldehyde 3.4a and imine 1.30. Taken together this information suggests that the formation of the intermediate D, or the equivalent, and alcohol 3.40 is reversible, whereas the cyclization to form oxazolidine C is irreversible under the reaction conditions. In this scenario the beneficial effect of catalytic amounts of an ammonium salt can be attributed to the protonation of intermediate D at the imine or alkoxy moiety, assisting in regeneration of the catalyst.
 RO2C N
 R1
 Ph
 N R1
 Ph
 O
 OR
 AgPh3P
 OH
 NPh
 Ph
 R1
 1,3-DipolarCycloaddition
 pathway A
 Catalytic Aldol
 pathway BN R1
 Ph
 O
 Ph
 AgPh3P
 CO2RRO2C
 D 3.40
 protonation
 cyclization
 R1 = H
 R1 = Ph
 O
 Ph
 OO Ph
 N
 PhPh
 AgPh3P
 A
 B
 C
 OR
 E
 O NH
 PhR1
 Ph CO2t-Bu
 Scheme 52. Mechanistic alternatives in the reaction of azomethine ylides with aldehydes.
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 Finally the scope of the direct aldol reaction was investigated (Table 12). However, this quickly revealed that the hydrolysis of the oxazolidines 3.39a-h was complicated. Although the hydrolysis of the analogous oxazolidines bearing alkyl substituents had been reported to proceed smoothly, both epimerization and decomposition of substrates 3.39a-h occurred (Table 4, d.r. 3.39 vs. 3.41).37 In our case, we believe that protonation of the oxygen atom in 3.39 can lead to a retro-aldol reaction, resulting in either epimerization to the thermodynamic product95 or to further breakdown to the original starting materials. Several weaker acids and reaction conditions were screened, resulting in incomplete conversion to the desired amino ester, epimerization or decomposition. Thus, it seems that the aldol product is poised to undergo epimerization even under mild conditions. Table 12. Scope of the aldol reaction between imine 1.30 and aryl aldehdyes 3.4a-h.a
 Ph
 Ph NO
 Ot-Bu
 +O
 PhO NH
 PhPh
 Ph CO2t-Bu
 AgOTfPPh3
 i-Pr2NEt
 PhCO2HPhMe
 1.30 3.4a-h 3.39a-h
 1M HClMeOH/H2O
 R
 OH
 NH2
 O
 Ot-Bu
 3.41a-h
 Entry 3.4/
 3.39/ 3.41
 R Convb dr 3.39 (trans: cis)b
 Yieldc dr 3.41 (syn:anti)d
 1 a Ph 89 58:1 68(79)e 18:1 2 b 4-F-C6H4 89 26:1 62(77)e 16:1 3 c 4-Br-C6H4 83 18:1 52 3:1 4 d 4-MeO-C6H4 <10 -- -- -- 5 e 3-Br-C6H4 95 18:1 48 11:1 6 f 3-MeO-C6H4 78 46:1 76 13:1 7 g 2-Me-C6H4 51 36:1 49 3:1 8 h furyl 94 1.5:1 91f 1.3:1
 a Reaction conditions: imine 1.30 (1.0 equiv.), aldehyde 3.4 (2.0 equiv.), i-Pr2NEt (20 mol %), benzoic acid (5 mol %) and AgOTf/PPh3 (1:1) in THF (c = 0.1 M) at room temperature. b
 Determined by 1H NMR analysis of crude reaction mixture before hydrolysis. c Isolated yield of syn diastereomer. d Determined by 1H NMR analysis of crude mixture after hydrolysis. e
 Yield in parenthesis is the yield of both diastereomers. f Isolated as a 1.3:1 mixture of diastereomers.
 3.3. Conclusion
 The reaction of azomethine ylides with aldehydes has been examined. Depending on the imine substituents the reaction can proceed through a 1,3-dipolar cycloaddition, affording the corresponding oxazolidine in modest selectivity or an aldol reaction. When using the benzophenone-derived imine 1.30 we believe that
 95 Treatment of the oxazolidine with DBU gave an 18:1 mixture of diastereomers: see Evans, D. A.;
 Janey, J. M.; Magomedov, N.; Tedrow, J. S. Angew. Chem., Int. Ed. 2001, 40, 1884-1888.
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 the reaction proceeds via an aldol-type mechanism giving good to excellent diastereoselectivities and conversions with aryl aldehydes. Unfortunately, the manipulation of this protected amino ester into the deprotected syn-β-hydroxy-α-amino ester proved difficult. As the formation of the N,O-acetal is the driving force in the direct aldol reaction, this highlights the need for creative access to this class of molecules circumventing this motif. We intended to explore alternative protecting groups to increase the utility of this reaction, however, this has not been examined to date. Also, only a narrow range of Lewis acids were explored for the 1,3-dipolar cycloaddition. Several other metals, such as copper, have be used as catalysts for 1,3-dipolar cycloadditions and perhaps testing these catalysts could provide higher diastereoselectivities for this reaction manifold.96
 96 a) Stanley, L. M.; Sibi, M. P. Chem. Rev. 2008, 108, 2887-2902.
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 4. Asymmetric Transfer Hydrogenation Coupled with Dynamic Kinetic Resolution for the Synthesis of β-Hydroxy-α-Amino Esters
 (Paper III and V)
 4.1. Introduction
 As outlined in the introduction the development of stereoselective methods for the synthesis of β-hydroxy-α-amino acids is an important endeavor due to the prevalence of this motif in natural products and biologically relevant scaffolds. For instance, in their synthesis of the thiopeptide antibiotic GE2270A (4.1), Nicolaou and coworkers used the protected aryl amino acid 4.2 (Scheme 53).97 This chiral building block was constructed in six steps using Sharpless asymmetric dihydroxylation of alkene 4.3, followed by displacement of one of the hydroxy moieties with an azide. This chapter will outline our approach to this synthon using dynamic kinetic resolution coupled with asymmetric transfer hydrogenation.
 N
 N SS
 N
 ONH
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 NH S
 NO
 HN
 ONHN
 S OH
 NS
 NO
 O
 N
 ONH2
 O
 GE2270A (4.1)
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 BocHN
 OTBS
 4.2
 O
 EtO
 4.3
 Scheme 53. Thiopeptide antibiotic GE2270A (4.1) and the synthetic precursors used by Nicolaou.
 97 Nicolaou, K. C.; Dethe, D. H.; Leung, G. Y. C.; Zou, B.; Chen, D. Y.-K. Chem. - Asian J. 2008, 3,
 413-429.
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 4.2. Asymmetric Hydrogenation and Asymmetric Transfer Hydrogenation
 This project is of a serendipitous origin, arising from our attempt to access syn-β-hydroxy-α-amino acids using transfer hydrogenation. While designing a route to 3.41a, we surveyed the available methods for the stereoselective synthesis of both diastereomers using dynamic kinetic resolution (DKR) via asymmetric transfer hydrogenation (ATH) or asymmetric hydrogenation (AH). In this approach two contiguous stereocenters are constructed in a single operation and due to the stereomutation of the α-labile β-ketoesters under the reaction conditions it is possible to generate a single enantiomer in 100% theoretical yield from a racemic starting material (Scheme 54).
 SS
 SR
 PSS PSR
 PRR PRS
 kinv
 kS
 kR
 major
 kinv >> kSkS > kR
 Scheme 54. Dynamic kinetic resolution. Noyori and Genêt both reported access to the syn diastereomer of these compounds using AH of α-amido-β-ketoesters with a ruthenium catalyst and bisphosphine ligand (Scheme 55, (A)).42 To account for the observed stereochemistry Noyori has invoked transition state (TS) 4.6, where the ruthenium is coordinated to the ester moiety.98 Genêt, on the other hand, rationalizes the observed stereochemistry through the coordination of the carbonyl moiety of the amide as shown in TS 4.7.99 Subsequently, Genêt and Hamada disclosed the use of the hydrochloride salt of α-amino-β-ketoesters under similar AH conditions with a bisphosphine ligand for the synthesis of the diastereomeric anti-β-hydroxy-α-amino acids (Scheme 55 (B)).43 Again, two different rationales for the origin of the observed diastereoselectivity are proposed. Genêt suggests the coordination of the ester and the ketone as shown in the six-membered TS 4.10. In this way Genêt accounts for the reversal of diastereoselectivity when switching between amide 4.4 and amine 4.8 (compare 4.10 to 4.7). Hamada, on the other hand, invokes coordination of the amine moiety to the ruthenium center as portrayed in TS 4.11. More recently, Hamada has developed a series of procedures for the synthesis of both aryl and alkyl anti-β-hydroxy-α-amino esters using an iridium catalyst with the MeO-BIPHEP ligand. These protocols can be run at lower pressures of hydrogen and give excellent yields, diastereoselectivities and enantioselectivities for aryl or alkyl substrates depending on the conditions chosen.100
 98 Noyori, R.; Tokunaga, M.; Kitamura, M. Bull. Chem. Soc. Jpn. 1995, 68, 36-55.. 99 Mordant, C.; Dünkelmann, P.; Ratovelomanana-Vidal, V.; Genȇt, J.-P. Eur. J. Org. Chem. 2004,
 3017-3026. 100 a) Makino, K.; Hiroki, Y.; Hamada, Y. J. Am. Chem. Soc. 2005, 127, 5784-5785. b) Makino, K.;
 Iwasaki, M.; Hamada, Y. Org. Lett. 2006, 8, 4573-4576.
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 Scheme 55. Access to both syn and anti diastereomers of β-hydroxy-α-amino acids using AH. For ATH coupled with DKR we uncovered only two reports and both disclosed the formation of the syn diastereomer. The first study examined the reduction of ketone 4.12 to syn-β-hydroxy-α-amino ester 4.13 with a variety of ligands based on the TsDPEN scaffold (Scheme 56 (A), TsDPEN 4.22 in Table 13).101 It was found that the pKa of the sulfonamide proton was an important factor in determining the enantioselectivity and also greatly influenced the rate of the reaction. Of the ligands explored, diamine 4.14 with the more electron-withdrawing nonaflate moiety was found to impart the fastest rate and the highest enantioselectivity. The other reported method for ATH with DKR of aryl N-acyl protected α-amino-β-ketoesters used RuII and (+)-pseudoephedrine (4.17) as the ligand (Scheme 56 (B)).102 This procedure gave the desired amino alcohols in good to excellent yields, good dr and moderate to good ee for aryl substrates 4.15. In general, these reactions are believed to proceed through a six-membered transition state, such as 4.18, for simple ketones (Figure 4).103 For substrates with R1 = aryl, an C-H-π interaction between the aryl ring in the substrate and a C-H bond from the aryl bound to the metal species is often invoked.
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 O O
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 OH O
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 OH45-78% yields93:7-99:1 dr42-87% ee
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 O CF2CF2CF2CF3
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 100% conv.> 95:5 dr> 99:1 er
 4.15 4.16 4.17(+)-pseudoephedrine
 4.12 4.13 4.14
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 Scheme 56. DKR via ATH of aryl N-acyl protected α-amino-β-ketoesters leading to the syn diastereomer.
 101 Mohar, B.; Valleix, A.; Desmurs, J.-R.; Felemez, M.; Wagner, A.; Mioskowski, C. Chem. Commun.
 2001, 2572-2573. 102 Bourdon, L. H.; Fairfax, D. J.; Martin, G. S.; Mathison, C. J.; Zhichkin, P. Tetrahedron: Asymmetry
 2004, 15, 3485-3487. 103 Yamakawa, M.; Yamada, I.; Noyori, R. Angew. Chem., Int. Ed. 2001, 40, 2818-2821.
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 Figure 4. Proposed transition state for ATH reductions of simple aromatic ketones.
 4.3. Synthesis of anti-β-Hydroxy-α-Amido Esters
 Given the advantages of ATH, including no need for flammable gas or special reactors, we opted to investigate this type of method.104 Based on the above results we anticipated the synthesis of the desired syn diastereomer. Surprisingly, when we subjected β-ketoester 4.19a to Noyori’s conditions for transfer hydrogenation using a RuII catalyst and TsDPEN 4.22 as the ligand in triethylammonium formate (5:2 azeotrope), we isolated the anti amino alcohol.105 These results are in contrast to those reported previously for the same substrate (Scheme 56 (B)). The relative stereochemistry was confirmed by cleavage of the N-protecting group, followed by treatment of the resulting amino alcohol with triphosgene to give oxazolidinone 4.21. Analysis of the J coupling values gave a coupling of 9 Hz, which is consistent with a cis relationship in the oxazolidinone 4.21. The absolute configuration was determined by optical rotation to be the (S,S)-β-hydroxy-α-amido ester and was in agreement with the previously reported literature value. Shortly after our publication, another report of DKR via ATH of 4.19a was disclosed, which confirmed our assignment.106
 O O
 OMeNHBoc
 OH O
 OMeNHBoc
 [RuCl2(p-cymene)]2TsDPEN
 HCO2H:Et3N (5:2)
 4.19a 4.20a
 1) HCl
 2) TriphosgeneNHO
 O
 Ph CO2Me4.21
 Scheme 57. Reduction of β-ketoester 4.19a using ATH. As there were no previous reports of DKR of chirally α-labile β-ketoesters using ATH to provide the anti diastereomer, we decided to explore this reduction more thoroughly. The ee of the reaction with TsDPEN 4.22 was poor (Table 13). However, switching to the amino alcohol ligand (S,S)-pseudoephedrine (4.17), used in the example above, gave an increase in the enantioselectivity and diastereoselectivity. A variety of amino alcohol ligands were then explored in hopes of improving the enantioselectivity. BnDPAE 4.26 eventually provided the highest diastereoselectivity and enantioselectivity, although the reaction was rather
 104 Gladiali, S.; Alberico, E. Chem. Soc. Rev. 2006, 35, 226-236. 105 Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1995, 117, 7562-
 7563. 106 Liu, Z.; Shultz, C. S.; Sherwood, C. A.; Krska, S.; Dormer, P. G.; Desmond, R.; Lee, C.; Sherer, E.
 C.; Shpungin, J.; Cuff, J.; Xu, F. Tetrahedron Lett. 2011, 52, 1685-1688.
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 sluggish.107 Even though a small amount of i-PrOH is used for the generation of the catalyst, no reaction is observed in the absence of triethylammonium formate azeotrope. Furthermore, despite the similarities between 4.20a and the ligand backbone, using product 4.20a as the ligand resulted in no reactivity. Table 13. ATH of β-ketoester 4.19a using RuII.a
 O O
 OMeNHBoc
 OH O
 OMeNHBoc
 [RuCl2(arene)]2ligand
 HCO2H:Et3N (5:2)
 4.19a 4.20a
 Ph
 OH
 NHMe4.17
 (S,S)-pseudoephedrine
 Ph
 NH2Ph
 NHTs
 4.22(S,S)-TsDPEN
 Ph
 OHPh
 NH24.24
 (S,S)-DPAE
 Ph
 OH
 NH24.23
 (R,S)-norephedrine
 Ph
 OHPh
 NHBn4.26
 (S,S)-BnDPAE
 Ph
 OHPh
 NHTs4.25
 (S,S)-TsDPAE entry arene ligand temp time yieldb drc erd
 1 p-cymene 4.22 45°C 24 h 100 92:8 58:42 2 p-cymene 4.23 45°C 32 h 74 > 95:5 60:40 3 p-cymene 4.17 45°C 24 h 86 > 95:5 81:19 4 p-cymene 4.17 rt 6 d 41 > 95:5 82:18 5 benzene 4.17 rt 6 d 62 > 95:5 89:11 6 benzene 4.24 rt 7 d 88 > 95:5 90:10 7 benzene 4.25 rt 11 d 60 > 95:5 51:49 8 benzene 4.26 rt 7 d 86 > 95:5 95:5 9e benzene 4.26 rt 5 d 95 > 95:5 97:3 10 benzene (R,S)-
 4.26 rt 10 d 98 > 95:5 55:45
 a Reactions run with 0.05 equiv [RuCl2(arene)]2, 0.1 equiv ligand heated in 2-propanol (c = 0.1 M) at 80 °C for 1 h. After cooling (if necessary) the catalyst was then added to the β-ketoester 4.19 (1 equiv) with HCOOH:Et3N (5:2) complex (c = 0.2 M). b Isolated yields. c > 95:5 means that only a single diastereomer was visible in the 1H NMR of the crude reaction mixture. d
 Determined by chiral HPLC. e Reactions run with 0.1 equiv [RuCl2(arene)]2, and 0.2 equiv ligand. DPEN = (1S, 2S)-1,2-diphenylethane-1,2-diamine. DPAE = (1S, 2S)-2-amino-1,2-diphenylethanol. BnDPAE = (1S,2S)-2-(benzylamino-1,2-diphenylethanol.
 With optimized conditions in hand, we then examined the scope of the reaction (Table 14). It was found that substitution on the aromatic ring was tolerated, including in the 2-position, which had not been reported previously for these substrates (entries 2 and 3). Furthermore, both electron rich and electron poor substrates gave good results (entries 2, 6 and 7). However, the 3-chloro substrate 4.19i and the thienyl substrate 4.19j gave low enantioselectivities (entries 9 and 10). The thienyl substrate 4.19j also gave low diastereoselectivity. This was somewhat surprising for the 3-chloro substrate, as the corresponding bromo compound 4.19d gave high enantioselectivity and diastereoselectivity.
 107 a) Takehara, J.; Hashiguchi, S.; Fujii, A.; Inoue, S.-i.; Ikariya, T.; Noyori, R. Chem. Commun. 1996,
 233-234. Interestingly, the opposite diastereomer of the catalyst is used here: b) Everaere, K.; Carpentier, J.-F.; Mortreux, A.; Bulliard, M. Tetrahedron: Asymmetry 1999, 10, 4083-4086. c) Everaere, K.; Mortreux, A.; Bulliard, M.; Brussee, J.; van der Gen, A.; Nowogrocki, G.; Carpentier, J.-F. Eur. J. Org. Chem. 2001, 275-291.
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 Table 14. Scope of the reduction reaction using triethylammonium formate.a
 Ar
 O O
 ORNHBoc
 Ar
 OH O
 ORNHBoc
 [RuCl2(arene)]2ligand
 HCO2H:Et3N (5:2)
 4.19a-j 4.20a-j entry Ar, R 4.19/4.20 yieldb erc
 1 Ph-, Me a 95 97:3 2 2-MeOC6H4, Et b 83 99:1 3 2-BrC6H4, Et c 76 99:1 4 3-Br-C6H4, Et d 94 96:4 5 4-Br-C6H4, Et e 81 98:2 6 4-F-C6H4, Et f 89 96:4 7 3-MeO, 4-MeO- C6H3, Et g 95 97:3 8 2-napthyl, Et h 93 95:5 9 3-Cl-C6H4, Et i 69 66:34
 10 2-thienyl, Et j 75d 76:24 a Reactions run by heating [RuCl2(benzene)]2 (0.10 equiv), (S,S)-BnDPAE (0.2 equiv) in 2-propanol (c = 0.1 M) at 80 °C for 1 h. After cooling the catalyst was then added to the β-ketoester 4.19 (1 equiv) with HCOOH:Et3N (5:2) complex (c = 0.2 M) and stirred 5-7 days at ambient temperature. Only a single diastereomer was visible in the 1H NMR of the crude reaction mixture. b Isolated yields. c
 Determined by chiral HPLC. d Isolated as a 80:20 mixture of diastereomers.
 4.3.1. ATH in Emulsions using Sodium Formate Although the conditions using triethylammonium formate as both the solvent and reducing agent gives high yields, diastereoselectivity and enantioselectivity for aryl substrates, the catalyst loading is high and the reaction time is quite long. Therefore, we were interested in developing a set of conditions that allowed for shorter reaction time, lower catalyst loading and broader substrate scope. Significant efforts have focused on the exploration of aqueous ATH conditions, often employing a formate salt as the reducing agent.108 This is in part due to the considerable interest in developing more environmentally friendly reaction conditions, but is also attributable to the particular effects of using water as the reaction medium, including increased reaction rates.109 Although a variety of methods for the reduction of ketones and quinolines in aqueous solutions have been reported, the use of DKR coupled with ATH in aqueous conditions has not been examined.
 108 a) Wu, X.; Xiao, J. Chem. Commun. 2007, 2449-2466. b) Wang, C.; Wu, X.; Xiao, J. Chem. - Asian
 J. 2008, 3, 1750-1770. c) Wang, C.; Li, C.; Wu, X.; Pettman, A.; Xiao, J. Angew. Chem., Int. Ed. 2009, 48, 6524-6528.
 109 a) Butler, R. N.; Coyne, A. G. Chem. Rev. 2010, 110, 6302-6337. b) Wu, X.; Li, X.; Hems, W.; King, F.; Xiao, J. Org. Biomol. Chem. 2004, 2, 1818-1821.
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 Many of the methods to date either use water108,110 or water combined with a surfactant.111 We first investigated the reaction in water following the conditions reported by Xiao.109b However, with both TsDPEN 4.22 and BnDPAE 4.26 no conversion of the starting material was observed. In fact, aggregation of the starting material and catalyst was seen in the reaction with BnDPAE 4.26. To circumvent the problem of solubility, we then decided to assess emulsions as a possible reaction medium. Such conditions had previously been applied by Wang et al. for the reduction of aromatic ketones.112 These conditions yielded the desired product after 12 hours in good yield and enantioselectivity, but diminished dr (Table 15, entry 1). Encouraged by the significantly decreased reaction time (compare 5-7 days, Table 14), we then set about improving the dr. pH can have a great effect on ATH and the previous conditions we reported using TEAF, proceeded at pH 4. Therefore, we first tried lowering the pH; however, only traces of the desired product were observed at pH 5 (Table 15, entry 2). Also, increasing the amount of Et3N to 5 equivalents, effectively raising the pH to 9, gave no improvement of the diastereoselectivity (entry 3). Thus, we cooled the reaction in order to improve the diastereoselectivity (entry 4). This lengthened the reaction time to 3 days, but gave excellent yield, diastereo- and enantioselectivity. Notably, the reaction is run with less catalyst than for the previous triethylammonium formate reactions. Table 15. Optimization of CH2Cl2-H2O emulsion conditions.a
 O O
 OMeNHBoc
 OH O
 OMeNHBoc
 4.19a 4.20a
 [RuCl2(benzene)]2(S,S)-BnDPAE
 NaO2CH, TBAIH2O, DCM
 entry temp°C other 4.19/4.20 yieldb drc erd
 1 rt pH 7 a 97 92:8 96:4 2 rt pH 5 a trace - - 3 rt 5 equiv
 Et3N, pH 9
 a 95 92:8 n.d.
 4 -5 °C pH 7 a 92 >95:5 97:3 a-d see Table 16 The next step was to evaluate the scope of the reaction, and compare it with the previous conditions (Table 16). For aryl substrates similar yields, and enantioselectivities are observed for these two protocols (entries 1-4). These conditions worked for a broad range of substrates. Notably, substrates 4.19i and 4.19j, which had previously given low ers, now performed well in the reaction (entries 5 and 7). These conditions also allowed for the reduction of alkenyl substrate 4.19l and alkyl substrates 4.19n and 4.19o. Interestingly, for the ethyl
 110 Soltani, O.; Ariger, M. A.; Vázquez-Villa, H.; Carreira, E. M. Org. Lett. 2010, 12, 2893-2895. 111 a) Ahlford, K.; Adolfsson, H. Catal. Commun. 2011, 12, 1118-1121. b) Evanno, L.; Ormala, J.;
 Pihko, P. M. Chem. - Eur. J. 2009, 15, 12963-12967. c) Wu, J.; Wang, F.; Ma, Y.; Cui, X.; Cun, L.; Zhu, J.; Deng, J.; Yu, B. Chem. Commun. 2006, 1766-1768.
 112 Wang, W.; Li, Z.; Mu, W.; Su, L.; Wang, Q. Catal. Commun. 2010, 11, 480-483.
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 substrate 4.19o and cyclohexyl substrate 4.19n it was necessary to use TsDPEN 4.22 as the ligand with the p-cymene precatalyst to obtain high drs (entries 12 and 13). Table 16. Scope of the ATH reaction in emulsions.a
 O O
 OR1
 NHPg
 OH O
 OR1
 NHPg4.19a-o 4.20a-o
 [RuCl2(benzene)]2(S,S)-BnDPAE
 NaO2CH, TBAIH2O, DCM
 R2
 a: R2 = H, R1 = Me, Pg = Bocb: R2 = 2-OMe, R1 = Et, Pg = Bocf: R2 = 4-F, R1 = Et, Pg = Boci: R2 = 3-Cl, R1 = Et, Pg = Bock: R2= H, R1 = Me, Pg = Cbz
 h: R1 = Et, Pg = Boc
 S
 j: R1 = Et, Pg = Boc
 l: R1 = Me, Pg = Cbz
 m: R1 = Me, Pg = Cbz
 n: R1 = Et, Pg = Cbz
 o: R1 = Me, Pg = Cbz
 entry 4.19/4.20 Temp yieldb drc erd 1 a -5 °C 92 >95:5 97:3 2 b rt 88 94:6 97:3 3 f -5 °C 85 >95:5 98:2 4 h -5 °C 87 >95:5 96:4 5 i rt 85 94:6 96:4 6 j rt 79 86:14 88:12 7 j -5 °C 86 91:9 95:5 8 k -5 °C 86 >95:5 89:11 9 l -5 °C 90 95:5 97:3
 10 m -5 °C 95 >95:5 99:1e 11 n -5 °C 93 60:40 n.d. 12f n -5 °C 92 95:5 97:3 13f o -5 °C 97 92:8 94:6
 a Reactions performed by heating [RuCl2(benzene)]2 (0.05 equiv), (S,S)-BnDPAE (0.1 equiv) with Et3N (0.2 equiv) at 40°C. When the catalyst mixture had cooled it was added to β-ketoester 4.19 (1 equiv) and TBAI (2 equiv) and an emulsion in 5M aq. HCO2Na (1 mL for 0.15 mmol) and CH2Cl2 (0.4 mL for 0.15 mmol) was formed by sonication. Reactions were run for 3-5 days. b Yield of isolated product. c Determined by 1H NMR analysis. d Determined by chiral HPLC chromatography. e Determined by Mosher ester analysis. f Reactions run with [RuCl2(p-cymene)]2 (0.05 equiv) and (S,S)-TsDPEN (0.1 equiv).
 We believe that the diastereofacial discrimination for this reaction can be rationalized by invoking a cyclic intermediate B, where a hydrogen bond exists between the N-H and the carbonyl moiety (Scheme 58).113 Hydride addition from the least hindered face of the carbonyl then leads to the observed diastereomer C. Furthermore, the origin of the absolute stereochemistry can be accounted for by a transition state such as 4.27. To corroborate this proposal the N-Me, N-Boc substrate 4.28 was also synthesized and subjected to ATH conditions using the triethylammonium formate conditions (Scheme 59). Amino alcohol 4.29 was 113 a) Restorp, P.; Somfai, P. Org. Lett. 2005, 7, 893-895. b) Kiyooka, S.-i.; Shiomi, Y.; Kira, H.;
 Kaneko, Y.; Tanimori, S. J. Org. Chem. 1994, 59, 1958-1960.
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 isolated in 82% yield (72:28 dr) with the syn diastereomer (97:3 er) as the major diastereomer. The relative stereochemistry was confirmed by removal of the N-protecting group followed by treatment with triphosgene to yield oxazolidinone 4.30. The J-coupling constant of relevant hydrogens is 4.9 Hz, which corresponds to the trans oxazolidinone. The absolute stereochemistry has not been determined for amino alcohol 4.30. Previous reports of the ATH in conjunction with DKR of α-methoxy-β-ketoesters,114 α-alkyl-β-ketoamides115 and N-Me, N-Cbz protected α-amido-β-ketoesters101 also provide the syn diastereomer as the major diastereomer. In all of these substrates the capacity for intramolecular hydrogen bonding between a proton on the α-heteroatom and the carbonyl is precluded, thus the polar Felkin-Anh model can be used to accurately predict the observed syn selectivity (Scheme 60).116
 Ar
 O O
 ORNHBoc
 Ar
 O
 CO2R
 NBocH
 Re face attack
 Ar
 OH
 CO2R
 NHBocAr
 OH O
 ORNHBoc
 A B C D
 RuON
 H
 HH
 PhPhH
 Ph
 O
 PhNH
 H
 O
 Ot-Bu
 O
 MeO
 4.27 Scheme 58. Models to account for the observed relative and absolute stereochemistry.
 O O
 OMeNMeBoc
 [RuCl2(benzene)]2(S,S)-BnDPAE
 HCO2H:Et3N (5:2)
 4.28
 OH O
 OMeNMeBoc
 82% yield72:28 dr (syn:anti)
 97:3 er (syn)
 4.29
 1) HCl
 2) TriphosgeneNO
 O
 Ph CO2Me4.30
 Scheme 59. Reduction of the N-Me, N-Boc protected β-ketoester.
 HBocMeN
 CO2MeO
 Ph NuPolar Felkin Anh model
 OH O
 OMeNMeBoc
 4.29 Scheme 60. Rationalization of the observed relative stereochemistry.
 114 Cartigny, D.; Püntener, K.; Ayad, T.; Scalone, M.; Ratovelomanana-Vidal, V. Org. Lett. 2010, 12,
 3788-3791. 115 Limanto, J.; Krska, S. W.; Dorner, B. T.; Vazquez, E.; Yoshikawa, N.; Tan, L. Org. Lett. 2009, 12,
 512-515. 116 Cee, V. J.; Cramer, C. J.; Evans, D. A. J. Am. Chem. Soc. 2006, 128, 2920-2930.
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 4.3.2. Conclusion We have developed two methods for the ATH combined with DKR of α-amido-β-ketoesters providing anti-β-hydroxy-α-amino esters in high yields, drs and ers. One method uses the 5:2 triethylammonium formate azeotrope as both the solvent and the reducing agent, while the other method is run in an emulsion with sodium formate as the reducing agent. The azeotrope method gives high yields, diastereoselectivities and enantioselectivities for a number of aryl substrates. The emulsion method has a broader scope and reduced catalyst loading, while still providing high yields, drs and ers. We are currently applying these methods to the synthesis of biologically relevant natural products, and optimizing the conditions for α,β-unsaturated ketones. We are also exploring alternative aqueous conditions with a surfactant as an additive to develop greener conditions, which avoid the use of organic solvents.
 4.4. Applications to Natural Products
 Sphingosine (1.26) and derivatives of 3-hydroxy pipecolinic acid (4.32),117 such as deoxynojirimycin (4.31) are several biologically relevant β-hydroxy-α-amino esters with significant impact on human health (Scheme 61). For instance, two derivatives of deoxynojirimycin are marketed as therapeutics, one being miglitol (Glyset™), an anti-diabetic, and another being miglustat (Zavesca™), a treatment for type 1 Gaucher disease.118 Furthermore, the sphingolipids and related ceramides play crucial roles at the cellular level in regulating cell stress response, cell migration, cell survival and inflammation.119 Thus, we were interested in accessing these natural products and their derivatives. We envisioned that they could arise from divergent routes from common intermediate 4.33, which we anticipated could be synthesized by our ATH combined with DKR method (Scheme 61). A retrosynthetic analysis of these molecules gives the following disconnections (Scheme 62). For sphingosine, the extended alkyl chain could be installed via cross metathesis leading back to diol 4.34. This diol could arise from reduction of amino ester 4.33. For deoxynojirimycin disconnection of the alcohols at C4 and C5 leads back to alkene 4.35. This transformation has been explored in previous syntheses.120 Hydroxypipecolic acid can also arise from the same intermediate 4.35. Further disconnection of this six-membered ring could lead to amino ester 4.36, where Lg is a leaving group. This amino ester could arise from a cross metathesis reaction of the appropriate alkene and amino ester 4.33, the same starting compound
 117 Lemire, A.; Charette, A. B. J. Org. Chem. 2010, 75, 2077-2080. 118 a) Yoshimura, Y.; Ohara, C.; Imahori, T.; Saito, Y.; Kato, A.; Miyauchi, S.; Adachi, I.; Takahata, H.
 Bioorg. Med. Chem. 2008, 16, 8273-8286. b) Greck, C.; Ferreira, F.; Genȇt, J. P. Tetrahedron Lett. 1996, 37, 2031-2034.
 119 Hannun, Y. A.; Obeid, L. M. Nat. Rev. Mol. Cell Biol. 2008, 9, 139-150. 120 Ruiz, M.; Ruanova, T. M.; Blanco, O.; Nunez, F.; Pato, C.; Ojea, V. J. Org. Chem. 2008, 73, 2240-
 2255.
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 as for sphingosine. Given the success we had with alkene 4.19l in the DKR with ATH, we anticipated that amino ester 4.33 could arise from the same protocol.
 NH
 HO OHOH
 OH
 1.26D-erythro-sphingosine
 4.31deoxynojirimycin
 NH
 OH
 CO2H
 4.32(2S,3S)-3-hydroxypipecolic acid
 O
 NHBoc
 OH
 RMeO
 HO C13H27NH2
 OH
 4.33(2S,3S) or (2R, 3R)
 Scheme 61. Three biologically important natural products which could be derived from anti-β-hydroxy-α-amino ester 4.33.
 HO C13H27NH2
 OH
 NHBoc
 OH
 RHO
 O
 NHBoc
 OH
 RMeO
 NH
 HO OHOH
 OH NBoc
 OH
 OMe
 O
 O
 NHBoc
 OH
 MeOLg
 1.26 4.34 4.33
 4.31 4.35 4.36
 NBoc
 OH
 OMe
 O4.32
 Scheme 62. Retrosynthetic analysis of sphinogisine (1.26) and deoxynojirimycin (4.31) and 3-hydroxypipecolic acid (4.32). To this end we began by testing the DKR combined with ATH of substrate 4.37, as a substrate similar to alkene 4.39 had been used previously in a cross metathesis reaction towards the total synthesis of sphingosine (1.26) (Scheme 63).121 Unfortunately, subjecting substrate 4.37 to the emulsion conditions described above resulted in a complex mixture of products, with the major product being amino alcohol 4.38, in which both the reduction of the double bond and the carbonyl were observed. Unfortunately, this substrate proved relatively unstable and decomposed 121 Hasegawa, H.; Yamamoto, T.; Hatano, S.; Hakogi, T.; Katsumura, S. Chem. Lett. 2004, 33, 1592-
 1593.
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 at room temperature overnight, presumably through an intramolecular Michael addition. We, therefore, turned our attention to substrate 4.40, where the phenyl group hinders internal Michael addition. Subjecting this substrate to the emulsion conditions also yielded a mixture of products; however, the desired alkene 4.42 was the major product. Additionally, a similar substrate 4.43, was reported in the literature, giving excellent yield, dr and er with a procedure where only 1.4 equivalents of the reducing agent are used.122 The emulsion conditions we developed utilize approximately 50 equivalents of reducing agent and we imagined that decreasing this excess would provide the desired reactivity.
 O O
 NHBocMeO
 4.37
 [RuCl2(benzene)]2(S,S)-BnDPAE
 NaO2CH, TBAIH2O, DCM
 O OH
 NHBocMeO
 4.38
 O OH
 NHBocMeO
 4.39
 +
 O O
 NHBocMeO Ph
 4.40
 [RuCl2(benzene)]2(S,S)-BnDPAE
 NaO2CH, TBAIH2O, DCM
 O O
 NHBocMeO Ph
 4.41a
 O OH
 NHBocMeO Ph
 4.42
 +
 O O
 OMeMeO Ph
 4.43
 [RuCl2(1,3,5-trimethylbenzene)]2(S,S)-TsDPEN
 1.4 equiv HCO2H:Et3N (5:2)DCM
 O OH
 OMeMeO Ph
 4.4499% yield> 99:1 dr> 99:1 er
 (A)
 (B)
 (C)
 O OH
 NHBocMeO Ph
 4.41b
 Scheme 63. (A) and (B) attempted reduction of β-ketoesters 4.37 and 4.40. (C) known reduction of β-ketoester 4.43. We first opted to explore the reduction of substrate 4.40 with similar conditions as reported for β-ketoester 4.43. However, with all conditions tested a mixture of the desired product 4.42, the product with the reduced alkene 4.41a and the double reduction product 4.41b were observed, and poor diastereoselectivity was observed for all products (Scheme 64). Furthermore, when following this reaction with NMR, it appeared that reduction of the double bond and reduction of the ketone occurred with remarkably similar rates. Over time 4.41a appeared to be reduced to 4.41b. Given the success described for substrate 4.43, these results were somewhat surprising. We believe that the internal hydrogen bond present in substrate 4.40 significantly activates the substrate for Michael addition of the hydride. Such activation is precluded for substrate 4.43 as there are no hydrogens present on the adjacent heteroatom. We were concerned about the poor diastereoselectivity observed with these conditions using 1 equivalent of formic acid and, thus, wanted to compare them with the emulsion conditions. For 4.19a a good yield and enantioselectivity were obtained using these condition, but the diastereoselectivity was again rather meager. 122 Cartigny, D.; Püntener, K.; Ayad, T.; Scalone, M.; Ratovelomanana-Vidal, V. Org. Lett. 2010, 12,
 3788-3791.
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 We then decided to investigate an alternative alkene scaffold, in which Michael addition is precluded and the electronics of the scaffold are more in line with the successful substrate 4.19l. Thus, we tested the reduction of substrate 4.45 (Scheme 65). Gratifyingly, this gives a single product 4.46, however the dr is still quite low. We are currently investigating conditions for improved diastereoselectivity and are evaluating the enantioselectivity. We hope to be able to modify the emulsion conditions for this substrate class.
 O O
 NHBocMeO Ph
 4.40
 [RuCl2(benzene)]2(S,S)-BnDPAE
 Et3NHCOOHDCM
 O O
 NHBocMeO Ph
 4.41a
 O OH
 NHBocMeO Ph
 4.42+
 O OH
 NHBocMeO Ph
 4.41b
 Ph
 O O
 OMeNHBoc
 Ph
 OH O
 OMeNHBoc
 [RuCl2(benzene)]2(S,S)-BnDPAE
 Et3NHCOOH (1 equiv)
 DCM4.19a 4.20a
 3 equiv Et3N, 100% yield, 12:1 dr, 95:5 er0.5 equiv Et3N, 87% yield, 8:1 dr, 97:3 er
 Scheme 64. Attempted reduction of β-ketoesters 4.40 and 4.19a using 1 equivalent of formic acid.
 O O
 NHBocMeO
 4.45
 [RuCl2(benzene)]2(S,S)-BnDPAE
 1 equiv HCO2H3 equiv Et3N
 DCM
 O OH
 NHBocMeO
 4.46 Scheme 65. ATH of substrate 4.45.
 4.4.1. Conclusion Our attempts, thus far, to synthesize common intermediate 4.33 have met with little success, due to the high propensity for 1,4-hydride addition in the substrates examined. We are currently exploring other scaffolds, such as 4.45, for the synthesis of these valuable natural products. We hope to be able to improve the diastereoselectivity and enantioselectivity for this substrate and then carry on to the natural products. Furthermore, although many methods for the DKR via ATH of β-ketoesters are reported, relatively few have been validated in total synthesis efforts.
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 5. Concluding Remarks In this thesis we have explored several methods for the construction of vicinal stereocenters. First, we examined a domino carbopalladation-carbonylation sequence for substrates possessing pendant hydrogens, and constructing a quaternary center with a contiguous tertiary center. This method gave moderate to good yields for trisubstituted alkenes of α,β-unsaturated amides, and β-hydride elimination could be efficiently suppressed. However, expanding this method to include tetrasubstituted olefins and allylic amines proved challenging and early carbonylation was shown to be a major setback. We then turned our attention to a related domino carbopalladation-cross-coupling reaction, which delivered the desired products in good to excellent yields. Again, stereospecific synthesis of a quaternary center with an adjacent tertiary center is accomplished. The reaction worked well for aryl and vinyl organoboranes and we are currently studying the cross-coupling of alkyl organoboranes using this method. Secondly, we investigated the synthesis of β-hydroxy-α-amino esters. This has lead to three different methods for the preparation of these valuable compounds. The addition of azomethine ylides to aldehydes was explored as an entry to syn β-hydroxy-α-amino esters. This procedure gave the desired products in good to moderate yield, but the opening of the oxazolidine to reveal the amino alcohol proved challenging. To access the anti diastereomer of these compounds two methods based on asymmetric transfer hydrogenation combined with dynamic kinetic resolution were explored. These procedures use either triethylammonium formate or sodium formate as the reducing agent. It was found that the emulsion conditions using sodium formate as the reducing agent could be used for a broad range of substrates and provide good to excellent yields, diastereoselectivities and enantioselectivities. We are currently exploring the use of this protocol for the synthesis of natural products and are attempting to develop a similar procedure with only water as the solvent.
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 The following is a description of my contribution to Publications I to VI, as requested by KTH. Paper I: I contributed to the formulation of the research problem, performed much of the experimental work and wrote the manuscript. Paper II: I formulated the research problem, performed the experimental work and wrote the manuscript. Paper III: I formulated the research problem, performed some of the experimental work, supervised Erasmus student Christine Häcker and visiting student Piret Villo and I wrote the manuscript. Paper IV: I helped to formulate the research project, performed the experiments on trisubstituted amines and wrote the manuscript. Paper V: I formulated the research project, preformed some of the experimental work and wrote the manuscript. Paper VI: I formulated the research problem, performed the experimental work and wrote the manuscript.
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 Appendix B
 This Appendix contains spectroscopic data for compounds discussed in this thesis but not reported in publications I-VI, as well as synthetic routes to many of the reported compounds (in order of appearance). Domino Carbopalladation-Carbonylation substrates: α,β-Unsaturated amides: trisubstituted olefins
 HO OH HO OTBDPS O OTBDPSTBDPSCl Swern
 S.0
 O
 O1. LiHMDS
 2. aldehyde S.0then Et3NMsClthen DBU
 O
 O
 OTBDPS
 O
 O OTBDPS
 1) AlMe32-iodoaniline2) TBDMSCl
 I
 NH
 OOTBDMS
 OTBDPS
 1) AlMe32-iodoaniline2) TBDMSCl
 I
 NH
 OOTBDMS
 TBDPSO
 I
 NR
 OOTBDMS
 OTBDPS
 I
 NR
 OOTBDMS
 TBDPSO
 protection protection
 R = Me, 2.41R = pCF3-C6H4CH2, 2.49R = pOMe-C6H4CH2, 2.51
 R = Me, 2.60R = pOMe-C6H4CH2, 2.63
 2.47
 O
 Cl1) 2-iodoaniline
 2) LiHMDS, MeI
 O
 N
 I
 2.53
 O
 MeO
 1) AlMe3,2-iodoaniline
 2) LiHMDS, MeI
 O
 N
 I
 2.55 OPEtO
 EtO
 O
 OEtO
 PhH
 LiHMDS
 hexanesEtO
 O
 Ph
 1) AlMe3,2-iodoaniline
 2) LiHMDS, MeIN
 O
 Ph
 I
 2.57
 O
 HO1) SOCl2
 2) 2-iodoaniline
 O
 NH
 I
 LiHMDS
 MeI
 O
 N
 I
 2.66S.1 S.2 To a flask containing acid S.1 (0.200 g, 1.34 mmol, 1.0 equiv) was added SOCl2 (73 µL, 2.01 mmol, 1.5 equiv). The mixture was warmed to 80 °C for two hours and
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 then the excess SOCl2 was removed by evaporation. In a separate flask 2-iodoaniline (0.293 g, 1.34 mmol, 1.0 equiv), DMAP (8 mg, 0.07 mmol, 0.05 equiv) and pyridine (160 µL, 2.01 mmol, 1.5 equiv) were combined with THF (4 mL) and stirred at 0 °C. The acid chloride was then added to this solution via cannula (2 mL + 2mL THF), and then the reaction mixture was allowed to warm to rt. Upon completion of the reaction, as judged by TLC, the reaction mixture was poured in H2O, extracted 3 X with ether. The combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated. The crude material was purified by column chromatography to yield the desired amide S.2 (0.312 g, 0.89 mmol, 67%). 1H NMR (500 MHz, Chloroform-d) δ 8.37 (d, J = 8.2 Hz, 1H), 7.84 - 7.74 (m, 2H), 7.68 (s, 1H), 7.61 - 7.52 (m, 2H), 7.45 - 7.31 (m, 4H), 6.85 (td, J = 7.7, 1.6 Hz, 1H), 6.61 (d, J = 15.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 164.0, 1431, 138.9, 138.4, 134.5, 130.3, 129.4, 129.0, 128.2, 126.2, 122.3, 120.7, 90.4. To a solution of amide S.2 (50.5 mg, 0.15 mmol, 1.0 equiv) in THF was added LiHMDS (1M in hexanes, 0.22 mL, 0.22 mmol, 1.5 equiv) at 0 °C. After 25 minutes MeI (216 uL, 3.48 mmol, 2.2 equiv) was added and the reaction vessel was warmed to ambient temperature. When the reaction was complete by TLC, it was poured into a sat. aq. NaHCO3 solution. The aqueous layer was extracted 3 times with EtOAc and dried over MgSO4, filtered and concentrated. The resulting oil was purified by flash chromatograpy (96:4 heptanes: EtOAc) to yield the desired product 2.66 (52.8 mg, 0.15 mmol, 100%). 1H NMR (500 MHz, Chloroform-d) δ 7.97 (dd, J = 8.0, 1.4 Hz, 1H), 7.71 (d, J = 15.4 Hz, 1H), 7.45 (td, J = 7.6, 1.3 Hz, 1H), 7.34 - 7.28 (m, 6H), 7.13 (d, J = 1.5 Hz, 1H), 6.09 (d, J = 15.5 Hz, 1H), 3.30 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 166.0, 145.8, 142.6, 140.4, 135.2, 130.0, 129.7, 129.6, 128.8, 128.7, 128.0, 118.2, 99.9, 36.5.
 NO
 Ph
 2.67 1H NMR (500 MHz, Chloroform-d) δ 7.86 (s, 1H), 7.68 - 7.60 (m, 3H), 7.51 - 7.38 (m, 3H), 7.29 - 7.25 (m, 1H), 6.88 (d, J = 1.1 Hz, 1H), 6.83 (d, J = 7.7 Hz, 1H), 3.29 (s, 3H).123 α,β-Unsaturated amides: tetrasubsituted olefins:
 123 Ueda, S.; Okada, T.; Nagasawa, H. Chem. Commun. 2010, 46, 2462-2464.
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 OEt
 O O
 OEt
 O1) LiHMDS2) Propionyl chloride
 THF Hexane
 Tf2OMe4NOH
 TfO OEt
 O
 Ph OEt
 OI
 NH
 O
 Ph
 I
 N
 O
 Ph
 PhB(OH)2
 2-IodoanilineAlMe3
 PhMe
 MeINaH
 THF
 Me
 2.71
 EtO
 O
 Ph
 O
 EtO
 O
 Ph
 O
 MeEtO
 O OTf
 MePh EtO
 O
 MePh
 OHMeIK2CO3
 DMF
 Tf2OLiOH
 Hexane/H2O42 %
 Na2CO3Pd(PPh3)4
 BO
 OH
 TBSClImidazole
 EtO
 O
 MePh
 OTBS
 NH
 O
 MePh
 OTBSI
 N
 O
 MePh
 OTBSI
 Me
 N
 O
 MePh
 OHI
 Me
 DMFquant.
 DME/H2O92 %
 2-IodoanilineAlMe3
 Toluene 75 %
 MeINaH
 THF98 %
 TBAF THF95 %
 2.82 Allylic amines:
 I
 NHTs
 Br
 I
 NTs
 2.89a I
 NHAc
 Br
 I
 NAc
 2.89b
 NH
 IO InCl3
 Et3SiHN
 I
 2.93
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 OTBS
 NH2
 O STABOTBS
 NH
 O
 ClOTBS
 NAc
 TBAFOH
 NAc
 Tf2OOTf
 NAc
 2.96 2.95
 S.3 S.4 S.5 S.6
 Amine S.3 (0.350 g, 1.08 mmol, 1.0 equiv), aldehyde S.4 (250 µL, 2.16 mmol, 2.0 equiv), sodium triacetoxyborohydride (450 mg, 2.16 mmol, 2.0 equiv) and DCE were combined and stirred at ambient temperature. Upon completion of the reaction as determined by TLC, the reaction was poured into 1M NaOH. The layers were separated and then the aqueous phase was extracted three times with DCM. The combined organic layers were dried over MgSO4, filtered, and concentrated. The crude product was subjected to flash chromatography to yield amine S.5 (0.459 g, 1.06 mmol, 98%). 1H NMR (500 MHz, Chloroform-d) δ 6.84 (td, J = 7.6, 1.3 Hz, 1H), 6.72 (dd, J = 7.9, 1.4 Hz, 1H), 6.59 (dd, J = 7.9, 1.6 Hz, 1H), 6.54 (td, J = 7.6, 1.6 Hz, 1H), 5.47 - 5.39 (m, 1H), 4.18 (s, 1H), 3.67 - 3.57 (m, 2H), 2.05 (p, J = 7.4 Hz, 2H), 1.68 (s, 3H), 1.02 (s, 9H), 0.95 (t, J = 7.5 Hz, 3H), 0.24 (s, 6H). To a mixture of amine S.5 (0.355 g, 0.82 mmol, 1.0 equiv) and Et3N (0.17 mL, 1.2 mmol, 1.5 equiv) in 10 mL CH2Cl2 at 0 °C was added acetyl chloride (0.10 mL, 1.2 mmol, 1.5 equiv) dropwise. The reaction was warmed to ambient temperature and stirred overnight. Then the reaction was diluted with CH2Cl2 and poured into H2O. The layers were separated and the organic layer was washed with sat. aqueous NaHCO3. The organic layer was dried over Na2SO4, filtered and concentrated. The crude material was flashed to yield the desired product S.6 (0.374 g, 0.79 mmol, 97%). 1H NMR (500 MHz, Chloroform-d) δ 7.19 (td, J = 7.8, 1.8 Hz, 1H), 7.01 - 6.93 (m, 1H), 6.95 - 6.83 (m, 2H), 5.07 - 4.96 (m, 2H), 3.29 (d, J = 14.0 Hz, 1H), 1.92 (p, J = 7.6 Hz, 2H), 1.83 (s, 3H), 1.64 (s, 3H), 0.98 (s, 9H), 0.81 (t, J = 7.5 Hz, 3H), 0.25 (d, J = 10.5 Hz, 6H). To a solution of amide S.6 (0.322 g, 0.70 mmol, 1.0 equiv) in THF at 0 °C was added TBAF (1.0M in THF, 1.05 mL, 1.05 mmol, 1.5 equiv). After 20 minutes the reaction was evaporated and then the crude product was flashed to give phenol 2.96 (0.158 g, 0.68 mmol, 97%). 1H NMR (500 MHz, Chloroform-d) δ 7.81 (s, 1H), 7.22 (td, J = 7.8, 1.6 Hz, 1H), 7.03 (dd, J = 8.1, 1.3 Hz, 1H), 6.91 (dd, J = 7.9, 1.7 Hz, 1H), 6.84 (td, J = 7.6, 1.3 Hz, 1H), 5.07 (t, J = 7.3 Hz, 1H), 4.70 (d, J = 13.9 Hz, 1H), 3.68 (d, J = 13.8 Hz, 1H), 1.96 - 1.87 (m, 5H), 1.66 (s, 3H), 0.82 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.6, 152.8, 132.4, 129.9, 129.7, 129.6, 128.7, 120.3, 117.7, 55.4, 22.7, 21.2, 14.7, 13.8. Triflic anhydride (94 µL, 0.57 mmol, 1.2 equiv) was added to a flask containing phenol 2.96 (0.112 g, 0.48 mmol, 1.0 equiv) and pyridine (100 µL, 1.9 mmol, 4.0 equiv) in 5 mL CH2Cl2. Upon completion of the reaction as judged by TLC, the
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 mixture was diluted with CH2Cl2 (10 mL). The mixture was poured into a solution of brine (10 mL) and H2O (10 mL). The aqueous layer was extracted 3 times with CH2Cl2, and the combined organic layers were dried over Na2SO4, filtered and concentrated. The crude material was flashed on silica gel to yield the product (0.135 g, 0.37 mmol, 77%). 1H NMR (500 MHz, Chloroform-d) δ 7.47 - 7.33 (m, 3H), 7.24 -7.19 (m, 1H), 5.07 - 4.96 (m, 2H), 3.50 (d, J = 14.3 Hz, 1H), 1.96 -1.84 (m, 5H), 1.61 (s, 3H), 0.77 (t, J = 7.5 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 170.3, 145.3, 135.2, 132.3, 132.0, 129.9, 129.5, 129.0, 122.7, 118.6 (q, JCF = 320 Hz) 54.98, 22.6, 21.1, 14.6, 13.9. all carbon structures:
 N
 I
 Br OI
 SO2Cl2
 OI
 ClOI
 CCl480 %
 LiCl
 DMF65 %
 I
 CO2H
 I
 OHBH3.THF
 THF, 99 %
 PBr3
 75 %
 LDA
 THF, 80 %S.7 S.8 S.9
 S.10
 S.11
 S.122.97 Substrate 2.97: 1H NMR (500 MHz, CDCl3) δ 7.72 (dd, J = 7.9, 1.1 Hz, 1H), 7.21 - 7.16 (m, 1H), 7.11 (dd, J = 7.6, 1.8 Hz, 1H), 6.80 (td, J = 7.6, 1.7 Hz, 1H), 6.58 (t, J = 4.3 Hz, 1H), 2.79 - 2.70 (m, 2H), 2.43 - 2.34 (m, 4H), 2.24 (td, J = 6.0, 4.4 Hz, 2H), 1.91 (p, J = 6.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 199.4, 146.1, 144.4, 139.4, 138.4, 129.8, 128.2, 127.7, 100.6, 39.7, 38.6, 30.3, 26.1, 23.1.
 CO2Me O
 2.98 Product 2.98: 1H NMR (500 MHz, CDCl3) δ 7.79 (dd, J = 8.2, 1.5 Hz, 1H), 7.34 (td, J = 7.5, 1.5 Hz, 1H), 7.20 - 7.14 (m, 2H), 6.57 (t, J = 4.2 Hz, 1H), 3.82 (s, 1H), 3.03 2 2.94 (m, 2H), 2.47 - 2.38 (m, 2H), 2.38 - 2.31 (m, 2H), 2.23 (tt, J = 6.0, 2.9 Hz, 2H), 1.89 (p, J = 6.2 Hz, 2H).
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 I
 CO2H H2SO4
 MeOH97 % I
 CO2Me 1. LiHMDS2. MeOCOCl
 THF99 % I
 CO2Me
 CO2Me
 K2CO3Bu4NIMeCN50 %
 O
 BrO
 I
 MeO2CMeO2C
 O
 HO
 O
 S.13 S.14 S.15
 S.16 S.17
 S.18
 HCHO
 DMAP
 HBr
 2.99
 Substrate 2.99: 1H NMR (500 MHz, CDCl3) δ 7.92 (dd, J = 7.9, 1.3 Hz, 1H), 7.39 - 7.28 (m, 2H), 6.95 (td, J = 7.5, 1.8 Hz, 1H), 6.41 (t, J = 4.2 Hz, 1H), 3.72 (s, 6H), 3.44 (s, 2H), 2.34 (dd, J = 7.4, 6.1 Hz, 2H), 2.21 (q, J = 5.6 Hz, 2H), 1.89 (p, J = 6.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 198.4, 169.3, 148.1, 142.0, 140.2, 135.1, 130.1, 128.9, 127.7, 98.8, 66.2, 53.0, 38.1, 33.1, 26.3, 22.8.
 CO2Me O
 2.100MeO2C
 1H NMR (500 MHz CDCl3) δ 7.82 (dt, J = 7.7, 1.2 Hz, 1H), 7.48 - 7.43 (m, 1H), 7.38 - 7.34 (m, 1H), 7.30 (tt, J = 7.5, 1.3 Hz, 1H), 6.44 (t, J = 4.3 Hz, 1H), 4.78 - 4.71 (m, 1H), 3.88 (d, J = 1.1 Hz, 3H), 3.64 (d, J = 1.0 Hz, 3H), 3.16 - 3.08 (m, 1H), 2.53 (dd, J = 13.8, 8.4 Hz, 1H), 2.35 (dd, J = 7.3, 6.0 Hz, 2H), 2.21 (dq, J = 17.3, 5.8 Hz, 1H), 2.16 - 2.07 (m, 1H), 1.85 (dtt, J = 19.5, 12.9, 6.3 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 198.9, 173.9, 168.0, 147.3, 139.6, 136.54, 132.0, 130.4, 130.3, 129.3, 127.0, 52.2, 51.9, 46.0, 38.3, 33.6, 26.0, 22.8.
 Domino carbopalladation-cross-coupling (see supporting info as well):
 O
 O
 OEtH
 O
 O
 OEtHOCrO3
 1.5M H2SO4
 I
 NH2
 O
 O
 OEtNH
 IO
 O
 OEtN
 INaHMeI
 S.19 S.20 S.21 2.101 To a solution of aldehyde S.19 (1.00 mL, 7.34 mmol, 1.0) in acetone (15 mL) was added CrO3 (1.468 g, 14.68 mmol, 2.0 equiv) and 1.5M H2SO4 (30 mL). The reaction was stirred several hours and then the poured into H2O. The aqueous phase was extracted three times with ether. Then the combined organic layers were dried over Na2SO4, filtered and concentrated. The crude material was used directly in the next reaction. 1H NMR (500 MHz, CDCl3) δ 6.89 (q, J = 1.6 Hz, 1H), 4.24 (q, J = 7.1 Hz, 2H), 2.29 (d, J = 1.5 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H). Acid S.20 (474 mg, 3.0 mmol, 2.0 equiv) and oxalyl chloride (0.650 mL, 7.5 mmol, 2.0 equiv compared to acid S.20) were combined and heated to 50 °C for 3 hours in 2 mL toluene. Then the excess oxalyl chloride was evaporated and the acid chloride was resuspended in THF. A mixture of 2-iodoaniline (328 mg, 1.5 mmol, 1.0 equiv) and pyridine (160 µL, 3.0 mmol, 2.0 equiv) was then added by cannula.
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 The reaction was stirred overnight and then poured in H2O. The aqueous phase was extracted 3 times with EtOAc, the combined organic layers were washed with sat. aq. NaHCO3, dried over MgSO4, filtered and concentrated. The crude reaction material was flashed on silica gel to yield the product amide S.21 (0.477 g, 1.32 mmol, 89%). 1H NMR (500 MHz, CDCl3) δ 8.29 (dd, J = 8.3, 1.4 Hz, 1H), 7.96 (s, 1H), 7.80 (dd, J = 7.9, 1.3 Hz, 1H), 7.37 (td, J = 8.0, 7.5, 1.4 Hz, 1H), 6.89 (td, J = 7.7, 1.5 Hz, 1H), 6.67 (d, J = 1.6 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 2.49 (d, J = 1.3 Hz, 3H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CD3CN) δ 167.7, 166.9, 149.2, 140.4, 139.7, 130.3, 128.9, 126.7, 123.7, 95.3, 61.6, 15.3, 14.7. Amide S.21 (0.342 g, 0.95 mmol, 1.0 equiv) was added via cannula (2 X 2 mL THF) to a suspension of NaH (60% dispersion in oil, 57 mg, 1.42 mmol, 1.5 equiv) in THF (1.5 mL). This mixture was stirred for 40 minutes and then MeI (120 µL, 1.90 mmol, 2.0 equiv) was added to the reaction mixture. Upon completion of the reaction, the reaction was poured in H2O and the aqueous phase was extracted 3 times with EtOAc. The combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was flashed to yield the product 2.101 (94 mg, 26%). 1H NMR (500 MHz, CDCl3) δ 7.94 - 7.81 (m, 1H), 7.35 (td, J = 7.7, 1.4 Hz, 1H), 7.17 (dd, J = 7.9, 1.6 Hz, 1H), 7.02 (td, J = 7.7, 1.6 Hz, 1H), 5.93 (q, J = 1.6 Hz, 1H), 4.06 (qd, J = 7.1, 3.9 Hz, 2H), 3.24 (s, 3H), 2.12 (d, J = 1.6 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.1, 165.7, 150.3, 145.5, 140.6, 129.9, 129.7, 129.6, 121.0, 99.0, 60.2, 36.8, 17.0, 14.3.
 NO
 O
 OEt2.102
 1H NMR (500 MHz, CDCl3) δ 7.27 (td, J = 7.7, 1.2 Hz, 1H), 7.20 (dd, J = 7.3, 1.1 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.85 (d, J = 7.8 Hz, 1H), 3.94 - 3.80 (m, 2H), 3.25 (s, 3H), 3.03 (d, J = 16.2 Hz, 1H), 2.83 (d, J = 16.2 Hz, 1H), 1.37 (s, 3H), 0.99 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 180.1, 169.9, 143.8, 133.1, 128.3, 122.5, 122.4, 108.2, 60.5, 45.7, 41.9, 26.5, 24.6, 14.0.
 Ph
 OO
 EtO
 LiOHTf2O
 Ph
 OTfO
 EtO
 phenylboronicacid
 Ph
 PhO
 EtO
 AlMe32-iodoaniline
 S.22 S.23 S.24 Ph
 Ph
 O
 NH
 I NaH,MeI
 Ph
 Ph
 O
 N
 I
 2.104iS.25 Ester S.22 (824 mg, 4.00 mmol, 1.0 equiv) was dissolved in hexanes (20 mL) and cooled to 0 °C then a solution of LiOH (5M, 6 mL, 30 mmol, 7.5 equiv) was added
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 and the mixture was stirred vigorously. Then Tf2O (1.6 mL, 10 mmol, 2.5 equiv) was added dropwise. After 30 minutes the reaction was poured into H2O and the aqueous layer was extracted three times with EtOAc. The combined organic layers were washed with H2O, and then washed with brine, then dried over MgSO4, filtered an concentrated. The crude product was subjected to flash chromatography to give S.23 (0.494 g, 1.5 mmol, 38%) and 44% S.22 recovered. 1H NMR (500 MHz, CDCl3) δ 7.54 - 7.36 (m, 5H), 4.36 (q, J = 7.1 Hz, 2H), 1.99 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). To a flask was added Pd(PPh3)4 (87 mg, 0.077 mmol, 0.05 equiv) and Na2CO3 (476 mg, 4.45 mmol, 3 equiv). Phenylboronic acid 2.105d (200 mg, 1.64 mmol, 1.1 equiv) and triflate S.23 (0.482 g, 1.49 mmol, 1.0 equiv) in dimethoxyethane (DME, 10 mL) and then H2O (3 mL) was added. The reaction mixture was heated to 85 °C and then stirred overnight. The following day the reaction was poured in H2O, and the aqueous phase was extracted three times with EtOAc. The combined organic layers were dried over MgSO4, filtered and concentrated. The crude material was flashed to give product S.24 (0.323 g, 1.25 mmol, 84%). 1H NMR (500 MHz, CDCl3) δ 7.42 - 7.06 (m, 10H), 3.96 (q, J = 7.1 Hz, 2H), 2.06 (s, 3H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.3, 146.6, 142.7, 141.0, 129.7, 128.8, 128.4, 128.2, 128.0, 127.7, 127.4, 60.6, 18.5, 13.7. To a flask was added AlMe3 (2.0M in toluene, 1.16 mmol, 1.15 equiv) followed by toluene (0.5 mL) and the flask was cooled to 0 °C. 2-Iodoaniline (243 mg, 1.11 mmol, 1.1 equiv) was then added to the flask via cannula in toluene (0.5mL X 2). The reaction was stirred at 0 °C for 10 minutes and then allowed to warm to ambient temperature and stirred and additional 40 minutes. Then ester S.24 (0.271 g, 1.01 mmol, 1.0 equiv) was added to the reaction flask via cannula (0.5mL X 2). The reaction was heated to 80 °C for two days. Then the reaction was cooled to rt and 1M HCl was added carefully. This solution was stirred for 15 minutes and then transferred to a separatory funnel. The aqueous layer was extracted 3 times with EtOAc and then combined organic layers were dried over MgSO4, filtered and concentrated. The crude material was flashed to yield the product S.25 (0.415 g, 0.94 mmol, 94%). 1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.2 Hz, 1H), 7.63 (dd, J = 7.9, 1.4 Hz, 1H), 7.41 - 7.18 (m, 12H), 6.76 (td, J = 7.7, 1.6 Hz, 1H), 2.13 (s, 3H). To a suspension of NaH (60% dispersion in oil, 60 mg, 1.5 mmol, 1.5 equiv) in THF (6 mL) at 0 °C was added amide S.25 (0.442 g, 1.00 mmol, 1.0 equiv) via cannula (2mL X 2) in THF. The mixture was stirred for 40 minutes at rt and then MeI (130 µL, 2.0 mmol, 2.0 equiv) was added to the mixture. When the reaction was complete, the mixture was poured into H2O, and the aqueous layer was extracted 3 times EtOAc. The combined organic layers were dried over MgSO4, filter and concentrated. The crude material was subjected to flash chromatography to yield the desired product 2.104i (0.455 g, 1.00 mmol, 99%). Mixture of rotamers: 1H NMR (500 MHz, CDCl3) δ 7.86 (dd, J = 7.7, 1.7 Hz, 1H), 7.81 (d, J = 7.9 Hz, 1H minor rotamer), 7.39 - 7.14 (m, 7 major, 12 minor), 7.13 - 7.07 (m, 2H major), 7.03 - 6.92 (m, 3H major), 6.60 (dd, J = 6.6, 2.9 Hz, 2H major), 6.49 (d, J = 7.6 Hz,
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 1H minor), 5.92 - 5.82 (m, 1H major), 3.11 (s, 3H major), 3.00 (brs, 1H minor), 2.14 (s, 3H minor), 1.94 (s, 3H major). 13C NMR (126 MHz, CDCl3) δ 172.9, 145.5, 1453, 141.5, 141.3, 141.3, 140.6, 140.1, 139.7, 139.6, 131.0, 130.2, 129.8, 129.7, 129.7, 129.6, 129.3, 128.8, 128.4, 128.2, 128.2, 128.1, 128.0, 127.9, 127.8, 127.5, 127.19, 98.3, 38.4, 36.4, 21.4, 18.7.
 NO
 2.115 1H NMR (500 MHz, Chloroform-d) δ 7.18 (td, J = 7.5, 1.1 Hz, 1H), 7.13 (dd, J = 7.3, 1.2 Hz, 1H), 7.09 - 7.00 (m, 4H), 6.85 (dd, J = 7.5, 2.0 Hz, 2H), 6.61 (d, J = 7.7 Hz, 1H), 3.12 (d, J = 12.9 Hz, 1H), 3.01 (d, J = 13.0 Hz, 1H), 2.99 (s, 3H), 1.47 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 180.1, 143.3, 136.3, 133.2, 129.9, 127.9, 127.6, 126.6, 123.4, 122.2, 107.9, 50.1, 44.7, 26.0, 22.9. Asymmetric transfer hydrogenation substrates:
 O
 ONH3+Cl-
 BzClO
 OHN
 O
 (Boc)2O
 O
 OBocN
 O
 LiHMDS
 DMPU O
 OO
 PhNHBoc4.19a
 EtO
 O O
 OEtNH2
 (Boc)2OEtO
 O O
 OEtNHBoc
 NaOHHO
 O O
 OEtNHBoc
 O
 ClArAr
 O O
 OEtNHBoc
 Et3N
 O
 ONH3-Cl O
 OHN
 CbzCl LiHMDS
 R
 O
 Cl
 Cbz O
 ONCbz
 RO LiHMDS
 DMPU O
 O
 CbzHN
 O
 R
 NPh
 Ph
 O
 OEtR
 O
 ClR
 O O
 OEtNHBoc
 +1. tBuOK
 2. (Boc)2OEt3N
 O
 NHBoc
 O
 O
 4.40 1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 15.9 Hz, 1H), 7.62 -7.56 (m, 2H), 7.55 - 7.31 (m, 3H), 7.01 (d, J = 16.0 Hz, 1H), 5.88 (d, J = 7.3 Hz, 1H), 5.35 (d, J = 7.3 Hz, 1H), 3.80 (s, 3H), 1.46 (m, 9H).
 O
 NHBoc
 O
 O
 4.41a 1H NMR (500 MHz, Chloroform-d) δ 7.31 - 7.13 (m, 5H), 5.70 (d, J = 7.2 Hz, 1H), 5.03 (d, J = 7.2 Hz, 1H), 3.70 (s, 3H), 3.13-3.00 (m,1H), 2.99 - 2.87 (m, 3H), 1.45 (s, 9H).
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75
 OH
 NHBoc
 O
 O
 4.42 1H NMR (500 MHz, Chloroform-d) δ 7.33 - 7.22 (m, 3H), 7.21 - 7.08 (m, 2H), 6.60 (d, J = 15.8 Hz, 1H), 6.08 (dd, J = 15.8, 6.0 Hz, 1H), 5.38 (d, J = 8.1 Hz, 1H), 4.66 - 4.58 (brs, 1H), 4.58 - 4.48 (brs, 1H), 3.70 (s, 3H), 1.37 (s, 9H).
 O
 NHBoc
 O
 O
 4.45 1H NMR (500 MHz, CDCl3) δ 6.32 (s, 1H), 5.82 (d, J = 7.1 Hz, 1H), 4.98 (d, J = 7.1 Hz, 1H), 3.76 (s, 3H), 2.16 (s, 3H), 1.95 (s, 3H), 1.42 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 188.9, 168.0, 162.0, 155.1, 120.4, 80.4, 64.2, 53.0, 28.3, 28.2, 21.7.
 OH
 NHBoc
 O
 O
 4.46 1H NMR (500 MHz, CDCl3) δ 5.38 (d, J = 8.2 Hz, 1H major), 5.32 (s, 1H minor), 5.24 (d, J = 9.0 Hz, 1H minor), 5.18 (d, J = 9.0 Hz, 1H major), 4.78 (d, J = 8.8 Hz, 1H minor), 4.74 - 4.62 (m, 1H major), 4.49 - 4.37 (m, 1H major), 4.32 -4.25 (m, 1H minor), 3.76 (s, 3H minor), 3.74 (s, 3H major), 1.72 (s, 6H major), 1.67 (s, 6H minor), 1.43 (s, Hz, 9H major and 9H minor). 13C NMR (126 MHz, CDCl3) δ 171.7, 170.9, 156.3, 156.1, 138.3, 138.2, 122.9, 122.0, 80.6, 80.2, 69.9, 68.9, 58.8, 58.4, 52.6, 52.2, 28.4, 28.4, 26.1, 26.0, 18.6, 18.5.
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