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ABSTRACT 

 Decarboxylation and decarbonylation are important reactions in synthetic organic 

chemistry, transforming readily available carboxylic acids and their derivatives into various 

products through loss of carbon dioxide or carbon monoxide.  In the past few decades, palladium-

catalyzed decarboxylative and decarbonylative reactions experienced tremendous growth due to 

the excellent catalytic activity of palladium.  Development of new reactions in this category for 

fine and commodity chemical synthesis continues to draw attention from the chemistry 

community. 

 The Stoltz laboratory has established a palladium-catalyzed enantioselective 

decarboxylative allylic alkylation of β-keto esters for the synthesis of α-quaternary ketones since 

2005.  Recently, we extended this chemistry to lactams due to the ubiquity and importance of 

nitrogen-containing heterocycles.  A wide variety of α-quaternary and tetrasubstituted α-tertiary 

lactams were obtained in excellent yields and exceptional enantioselectivities using our 

palladium-catalyzed decarboxylative allylic alkylation chemistry.  Enantioenriched α-quaternary 

carbonyl compounds are versatile building blocks that can be further elaborated to intercept 

synthetic intermediates en route to many classical natural products.  Thus our chemistry enables 

catalytic asymmetric formal synthesis of these complex molecules. 

 In addition to fine chemicals, we became interested in commodity chemical synthesis 

using renewable feedstocks.  In collaboration with the Grubbs group, we developed a palladium-

catalyzed decarbonylative dehydration reaction that converts abundant and inexpensive fatty 

acids into value-added linear alpha olefins.  The chemistry proceeds under relatively mild 

conditions, requires very low catalyst loading, tolerates a variety of functional groups, and is 

easily performed on a large scale.  An additional advantage of this chemistry is that it provides 

access to expensive odd-numbered alpha olefins. 

 Finally, combining features of both projects, we applied a small-scale decarbonylative 

dehydration reaction to the synthesis of α-vinyl carbonyl compounds.  Direct α-vinylation is 

challenging, and asymmetric vinylations are rare.  Taking advantage of our decarbonylative 

dehydration chemistry, we were able to transform enantioenriched δ-oxocarboxylic acids into 

quaternary α-vinyl carbonyl compounds in good yields with complete retention of 

stereochemistry.  Our explorations culminated in the catalytic enantioselective total synthesis of 

(–)-aspewentin B, a terpenoid natural product featuring a quaternary α-vinyl ketone.  Both 

decarboxylative and decarbonylative chemistries found application in the late stage of the total 

synthesis. 
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CHAPTER 1 

 

 

 

Palladium-Catalyzed Decarboxylative and Decarbonylative 

Transformations: Past, Present, and Future 

 

1.1 Introduction 

 Decarboxylation and decarbonylation are important transformations in synthetic 

organic chemistry.  Loss of carbon dioxide or carbon monoxide from a carboxylic acid 

(R–COOH) or its derivatives (R–COY) generates a reactive intermediate (formally a 

carbocation, carbanion, radical, or organometallic species) of the R fragment, which may 

participate in a variety of subsequent transformations, including protonation, elimination, 

electrophilic halogenation, cross-coupling, and Heck-type reactions (Scheme 1.1).  Since 

many carboxylic acids and their derivatives are readily available and inexpensive, using 

these compounds as starting materials in organic synthesis is an attractive option. 
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Scheme 1.1 Decarboxylation/decarbonylation and subsequent transformations 

 

 

  Since the 1980s, palladium-catalyzed decarboxylative and decarbonylative 

reactions have received significant attention from the synthetic community.  Due to the 

excellent catalytic activity of palladium, a large number of synthetically useful 

decarboxylative and decarbonylative transformations using palladium catalysis have been 

developed.  In this chapter, we will review past literature, then discuss our own adventure 

in this exciting field, and finally point out future directions for decarboxylative and 

decarbonylative chemistry. 

 

1.2 Palladium-Catalyzed Decarboxylative Reactions 

 The earliest accounts of palladium-catalyzed decarboxylative reactions focused on 

carboxylates that readily undergo decarboxylation, e.g. β-keto carboxylates.  Saegusa1 

and Tsuji2 independently reported palladium-catalyzed decarboxylative allylic alkylation 

of β-keto esters in the early 1980s (Scheme 1.2A).  Presumably, the Pd-carboxylate is 

generated upon deallylation of the ester.  Two decades later, the Stoltz group developed 

enantioselective variants of this reaction (Scheme 1.2B).3 
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Scheme 1.2 Palladium-catalyzed decarboxylative allylic alkylation reactions 

 

 

 Besides β-keto carboxylates, other α- or β-activated carboxylic acids and 

derivatives have also been utilized in palladium-catalyzed reactions.  For example, Fu 

and Liu jointly reported the decarboxylative coupling of potassium oxalate monoesters 

with aryl bromides and chlorides (Scheme 1.3A).4  Kwong and co-workers developed a 

palladium-catalyzed decarboxylative arylation of potassium cyanoacetate (Scheme 

1.3B).5 
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 Another broad class of substrates for decarboxylation is aromatic carboxylic 

acids.  A seminal publication from the Myers group describes the decarboxylative Heck-

type olefination of aromatic carboxylic acids (Scheme 1.4).6  The reaction requires 

Ag2CO3 for catalyst turnover; however, decarboxylation is thought to be promoted by 

palladium alone as evidenced by the results of control experiments using 1.2 equiv 

Pd(O2CCF3)2 in the absence of Ag2CO3 (Scheme 1.4). 

 

Scheme 1.4 Decarboxylative Heck-type olefination of aromatic carboxylic acids 

 

 

  In the past decade, decarboxylative cross-coupling reactions have experienced a 

tremendous growth, in part because aromatic carboxylic acids can serve as the carbanion 

equivalent through decarboxylation and replace conventional but more expensive 

organometallic reagents (e.g. arylboronic acids).7  These reactions often involve another 

transition metal (catalytic or stoichiometric) such as copper or silver that facilitates 

decarboxylation.8  The Gooßen group has pioneered this field (Scheme 1.5).9  A proposed 

reaction mechanism is outlined in Scheme 1.6.7  In addition to aromatic carboxylic acids, 
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alkenyl carboxylic acids such as cinnamic acid have also been employed in palladium-

catalyzed decarboxylative cross coupling reactions under similar conditions.10 

 

Scheme 1.5 Palladium-catalyzed decarboxylative cross-coupling reactions 

 

 

Scheme 1.6 Proposed reaction mechanism for decarboxylative cross-coupling 
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 A third class of substrates are alkynyl carboxylic acids, which decarboxylate upon 

heating to produce an alkynylpalladium species that may be coupled with allylic or 

benzylic electrophiles (Scheme 1.7).11 

 

Scheme 1.7 Palladium-catalyzed decarboxylative allylic alkylation and benzylation of alkynyl 

carboxylic acids 

 

 

1.3 Palladium-Catalyzed Decarbonylative Reactions 

 As an alternative to decarboxylation, decarbonylation represents another approach 

to cleaving the carbonyl group in a carboxylic acid derivative and generating an activated 

species for the remaining fragment.  In 1965, Tsuji and co-workers reported the first 

example of palladium-catalyzed decarbonylation of aliphatic acyl chlorides to form 

alkenes along with CO and HCl (Scheme 1.8A).  The reaction is thought to proceed via 
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which loses carbon monoxide to generate an alkylpalladium(II) species that undergoes  β-
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(Scheme 1.8B).  However, this reaction requires high temperature (200 °C) and the 
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Scheme 1.8 Palladium-catalyzed decarbonylation of aliphatic acyl chlorides 

 

 

 On the other hand, aromatic/alkenyl carboxylic acid derivatives have been 

extensively studied in the context of palladium-catalyzed decarbonylation.  Since the 

corresponding aryl- or alkenylpalladium(II) species cannot undergo  β-hydride 

elimination, they could be employed in further transformations, especially Heck-type 

olefination (Scheme 1.9).  The starting material can be aroyl chlorides,12 anhydrides,13 or 
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Scheme 1.9 Palladium-catalyzed decarbonylative Heck olefinations 

 

 

 In addition to carboxylic acid derivatives, aldehydes have also been employed in 

decarbonylation reactions.  Maiti and co-workers developed a decarbonylation process 

for converting aromatic and aliphatic aldehydes to arenes and alkanes, respectively 

(Scheme 1.10). 

 

Scheme 1.10 Palladium-catalyzed decarbonylation of aldehydes 

 

 

AcO

OAc

Cl

O

Pd(OAc)2 (1 mol%)

N N

Cl

+
OAc

(1 mol%)

NEM, xylene, 120 °C

(73% yield)

AcO

OAc

OAc

O

O

O

+
OBu

O
PdCl2 (0.25 mol%)

NaBr (1 mol%)

NMP, 160 °C

(77% yield)

OBu

O

O

O

Cl

+
PdBr2 (3 mol%)

[Bu3NCH2CH2OH]+Br- (3 mol%)

NMP, 160 °C

(96% yield, 10:1 regioselectivity)
Cl

H

O

OMe

H

O

Pd(OAc)2 (8 mol%)
cyclohexane

4Å MS, 140 °C, air

(81% yield)

H

OMe

H
Pd(OAc)2 (16 mol%)

cyclohexane

4Å MS, 140 °C, air

(62% yield)



Chapter 1 9 

1.4 Our Explorations in the Field of Palladium-Catalyzed Decarboxylative and 

Decarbonylative Reactions 

1.4.1 Palladium-Catalyzed Enantioselective Decarboxylative Allylic Alkylation of 

Lactams 

 At the outset of this study, our group had developed a palladium-catalyzed 

decarboxylative asymmetric allylic alkylation reaction that delivers α-quaternary ketones 

in high yield and enantioselectivity.3  Considering the ubiquity and medicinal importance 

of N-heterocycles, as well as the lack of direct, catalytic enantioselective methods for the 

synthesis of α-quaternary lactams, we became interested in extending our allylic 

alkylation methodology to this important class of substrates.  A combinatorial screen of 

ligand, solvent, and lactam N-protecting group allowed us to identify a set of optimal 

reaction parameters.  A wide range of α-quaternary lactams bearing various substituents, 

functional groups, and scaffolds were synthesized using our decarboxylative allylic 

alkylation reaction in high yield and exceptionally high enantioselectivity (Scheme 1.11, 

see Chapter 2 for details).15 
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Scheme 1.11 Palladium-catalyzed enantioselective decarboxylative allylic alkylation of lactams 

 

 

1.4.2 Formal Syntheses of Classical Natural Product Target Molecules via 
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enantioenriched compounds en route to the target natural product.  We envisioned that 
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building blocks that enable the catalytic asymmetric formal total synthesis of numerous 

classical natural products (Scheme 1.12, see Chapter 3 for details).16   

 

Scheme 1.12 Formal synthesis of classical natural products via palladium-catalyzed enantioselective 

alkylation chemistry 
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chain fatty acids, which are abundant, renewable, and inexpensive.  However, existing 

methods for converting fatty acids to alpha olefins require either very high temperature or 

high loading of precious metal catalysts.  To address these issues, we developed a new 

decarbonylative dehydration process that uses low catalyst loading and proceeds under 

relatively mild conditions.  Alpha olefins of various chain lengths and bearing different 

functional groups are prepared, and the reaction can be easily scaled up (Scheme 1.13, 

see Chapter 4 for details).17 

 

Scheme 1.13 Palladium-catalyzed decarbonylative dehydration of fatty acids for the synthesis of 

linear alpha olefins 
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bearing an ethylene substituent is a common structural motif in many natural products.  

An important approach to the construction of this unit is the α-vinylation of carbonyl 

compounds.  However, direct enolate vinylation is particularly challenging due to the 

unreactive nature of vinyl electrophiles.  Current methods for installing a vinyl group α to 

a carbonyl often rely on an indirect alkylation-elimination strategy and are generally 

limited in substrate scope.  Asymmetric vinylation reactions are rare and severely limited 

in scope.  At the outset of our investigation, even the simple 2-methyl-2-

vinylcyclohexanone was not known as a single enantiomer in the literature.  We 

hypothesized that our decarbonylative dehydration chemistry would be a good method 

for obtaining enantioenriched α-vinyl carbonyl compounds since the quaternary 

stereocenter in the substrate carboxylic acid can be constructed in an asymmetric fashion 

using well-established chemistry.  To test this hypothesis, we prepared a variety of γ-

quaternary-δ-oxocarboxylic acids, subjected them to slightly modified decarbonylative 

dehydration conditions, and were pleased to obtain the corresponding α-vinyl carbonyl 

compounds in good yields (Scheme 1.14, see Chapter 5 for details). 
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Scheme 1.14 Palladium-catalyzed decarbonylative dehydration for the synthesis of α-vinyl carbonyl 

compounds 
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Scheme 1.15 Total synthesis of (–)-aspewentin B: union of palladium-catalyzed allylic alkylation and 

decarbonylative dehydration reactions 
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alkylpalladium(II) species.  If this reaction pathway could be inhibited, we may be able to 

explore other chemistry such as cross coupling with a nucleophile (Scheme 1.16B). 
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Scheme 1.16 Challenges and opportunities in palladium-catalyzed decarboxylative and 

decarbonylative reactions 

 

 

1.6 Concluding Remarks 

 Palladium-catalyzed decarboxylative and decarbonylative transformations are of 

great utility in organic synthesis.  Research in the past three decades has led to a variety 

of synthetic methods.  We contributed to this field through the development of a 

palladium-catalyzed enantioselective decarboxylative allylic alkylation reaction of 

lactams and a palladium-catalyzed decarbonylative dehydration reaction of carboxylic 

acids.  These reactions address challenges in both commodity and fine chemical 

synthesis, and should find application in the context of both academic and industrial 

research. 
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CHAPTER 2 

 

 

 

Palladium-Catalyzed Enantioselective Decarboxylative Allylic Alkylation 

of Lactam Enolates for the Construction of Quaternary N-Heterocycles÷ 

 

2.1 Introduction 

 Nitrogen-containing heterocycles are ubiquitous in natural products, 1 

pharmaceuticals,2 and materials science.3,4,5  Stereoselective methods for the synthesis of 

3,3-disubstituted pyrrolidinones, piperidinones, and caprolactams, in addition to the 

corresponding amines, are valuable for the preparation of a wide array of important 

structures in these areas of research (Figure 2.1).  Despite the prevalence of such 

architectures and the potential of lactam enolate alkylation as a direct method for their 

                                                
÷ This work was performed in collaboration with Dr. Doug Behenna, Taiga Yurino, Dr. 
Jimin Kim, and Guillermo A. Guerrero-Vásquez, and was partially adapted from the 
publication: Behenna, D. C.; Liu, Y.; Yurino, T.; Kim, J.; White, D. E.; Virgil, S. C.; 
Stoltz, B. M. Nature Chem. 2012, 4, 130–133. Copyright 2011 Macmillan Publishers 
Limited.  
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synthesis, a paucity of enantioselective lactam alkylations leading to C(α)-quaternary 

centers are known.  While most methods rely on chiral auxiliary chemistry,6,7,8 the few 

catalytic examples that exist are specific to the oxindole lactam nucleus9,10,11 or cyclic 

imides.12  Importantly, enolate stabilization is critical for success in both of these catalytic 

systems, thereby limiting the scope of each transformation.  To the best of our 

knowledge, there are no examples of catalytic asymmetric alkylations of simple 

piperidinone, pyrrolidinone, and caprolactam scaffolds for the formation of C(α)-

quaternary or C(α)-tetrasubstituted tertiary centers.  Herein, we describe the 

stereoselective synthesis of a wide range of structurally-diverse, functionalized lactams 

by palladium-catalyzed enantioselective enolate alkylation.  The importance of this 

chemistry to the synthesis of bioactive alkaloids is specifically demonstrated, and the 

potential utility of this transformation for the construction of novel building blocks for 

medicinal and polymer chemistry can be readily inferred. 

Figure 2.1 Natural products and pharmaceuticals containing chiral N-heterocycles 
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2.2 Reaction Development and Optimization 

 Transition metal-catalyzed allylic alkylation is a key method for the 

enantioselective preparation of chiral substances and ranks among the best general 

techniques for the catalytic alkylation of prochiral enolates.13,14,15,16  We sought to develop 

a general method for catalytic asymmetric α-alkylation, given the importance of α-

quaternary lactams (vide supra).  Over the past seven years, our laboratory has reported 

an array of methods for the synthesis of α-quaternary ketones17,18,19,20 and demonstrated 

the use of these methods in a number of complex molecule syntheses.21,22,23,24  In the 

course of our investigations of the ketone enolate allylic alkylation and other alkylation 

processes, we have often encountered interesting ligand electronic effects and, in certain 

cases, pronounced solvent effects.25  In keeping with our ultimate goal of N-heterocycle 

alkylation, we set out to further probe these subtle effects by examining enolate reactivity 

in a lactam series that would be amenable to both steric and electronic fine-tuning. 

 We prepared a collection of racemic lactam substrates (i.e., 1a–h) for palladium-

catalyzed decarboxylative allylic alkylation and performed a reactivity and 

enantioselectivity screen across an array of solvents employing two chiral ligands, (S)-t-

BuPHOX (L1) and (S)-(CF3)3-t-BuPHOX (L2).26,27,28  Preliminary data suggested that 

electron rich N-alkyl lactam derivatives were poor substrates for decarboxylative 

alkylation due to low reactivity.  Thus, electron withdrawing N-protecting groups were 

chosen in our study.  We screened these substrates across a series of four solvents (THF, 

MTBE, toluene, and 2:1 hexane–toluene) while employing two electronically distinct 

ligands on Pd.  The results of this broad screen were highly encouraging (Table 2.1, see 

also Experimental Section).  Reactivity across all substrates with either ligand was 
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uniformly good, as all of the compounds were completely converted to the desired 

product.  Strikingly, as the N-substituent group was changed from sulfonyl to carbamoyl 

to acyl functionalities, the enantioselectivity rose from nearly zero to nearly perfect.  

There was also a substantial difference between the two ligands, and electron poor (S)-

(CF3)3-t-BuPHOX was clearly the superior choice.  As the solvent system became less 

polar, a distinct increase in enantiomeric excess was observed, however, this effect was 

substantially less pronounced for reactions employing the electron poor ligand and for 

reactions varying the N-substituent.  Ultimately, with the N-benzoyl group (Bz) on the 

substrate (i.e., 1h) and (S)-(CF3)3-t-BuPHOX as ligand, the reaction produced lactam 2h 

in >96% ee in each of the four solvents. 
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CH2CH2CN) leads to high yields of lactams 3–6 in uniformly excellent 

enantioenrichment (99% ee).  Common silyl protecting groups are tolerated in the 

transformation and lactam 7 is furnished in 85% yield and 96% ee.  Substituted allyl 

groups can be incorporated, however only at C(2), leading to products such as methallyl 

lactam 8 and chloroallyl lactam 9 in good yield and outstanding enantioselectivity (≥95% 

ee).   

 Beyond piperidinones, we have demonstrated that pyrrolidinones and 

caprolactams are also exceptional substrate classes, leading to heterocycles 10–13 in 

excellent yield and ee (Table 2.2b).  Additionally, morpholine-derived product 14, which 

contains a C(α)-tetrasubstituted tertiary center, is produced in 91% yield and 99% ee.  

C(α)-Fluoro substitution is readily introduced into the 1,3-dicarbonyl starting material 

and is viable in the enantioselective reaction leading to fluoropyrrolidinone 12 (86% 

yield, 98% ee) and fluoropiperidinone 15 (89% yield,  99% ee).  Moreover, N-Bz 

glutarimides serve as outstanding substrates, smoothly reacting to provide cyclic imides 

16 and 17 in high yield and enantioselectivity.  Finally, alteration of the N-Bz group is 

possible (Table 2.2c), leading to lactams with an N-acetyl group (18), N-carbamates (19 

and 20), and a variety of N-aroyl derivatives (21–23). 
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Table 2.2 Palladium-catalyzed decarboxylative alkylation of lactams: reaction scope a 

 
a Conditions: Reactions were performed with lactam substrate (0.50 mmol), Pd2(pmdba)3 (5 mol%), and 
(S)-(CF3)3-t-BuPHOX (12.5 mol%) in toluene (15 mL) at 40 °C for 11–172 h.  In all cases, complete 
consumption of starting material and product formation was observed by thin layer chromatography on 
silica gel. Isolated yields are reported.  Enantiomeric excess (ee) was determined by chiral GC, SFC, or 
HPLC.  See Supplementary Information for details. b Pd2(dba)3 was employed.  c Reaction performed at 
50 °C.  d Reaction performed in MTBE as solvent. 
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2.4 Large-Scale Alkylation Reaction 

 To test the scalability of our palladium-catalyzed enantioselective alkylation 

reaction, we conducted gram-scale experiments (Scheme 2.1).  Using 4.73 g (15 mmol) 

of starting material 24, the reaction proceeded smoothly to afford the desired quaternary 

lactam 3 in 81% isolated yield (3.87 g) and 99% ee.  This result establishes the practical 

utility of our chemistry in organic synthesis. 

 

Scheme 2.1 Gram-scale alkylation reactions 

 

 

2.5 Derivatization of Alkylated Lactam Products 

 The enantioenriched lactam products formed by our catalytic asymmetric 

alkylation chemistry are envisioned to be of broad utility in synthetic chemistry.  To 

illustrate this point, lactam 3 can be transformed into the Aspidosperma alkaloid (+)-

quebrachamine by modification of a previous route that employed a chiral auxiliary.8  

Additionally, cleavage of the N-Bz group of lactam 3 produces chiral lactam 25, a 

compound previously used as a racemate in the synthesis of rhazinilam, a microtubule-

disrupting agent that displays similar cellular characteristics to paclitaxel (Scheme 

2.2).29,30  Finally, reduction of lactam 25 produces the C(3)-quaternary piperidine (26) and 

demonstrates access to the corresponding amine building blocks. 
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Scheme 2.2 Synthetic utility of lactam products 

 

 

2.6 Concluding Remarks 

 In summary, we have reported the first method for catalytic enantioselective 

alkylation of monocyclic 5-, 6-, and 7-membered lactam enolate derivatives to form α-

quaternary and α-tetrasubstituted tertiary lactams.  The reaction discovery process was 
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sterically and electronically tuned system for highly enantioselective alkylation.  We have 

applied this method to the catalytic asymmetric synthesis of key intermediates previously 

employed for the construction of Aspidosperma alkaloids.  Finally, the asymmetric 

products formed in this investigation are envisioned to be widely useful as building 

blocks for the preparation of range of nitrogen containing heterocycles in materials 

science, medicinal chemistry and natural products synthesis. 
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by passage through an activated alumina column under argon.  Brine solutions are 

saturated aqueous sodium chloride solutions.  Tris(dibenzylideneacetone)dipalladium(0) 

(Pd2(dba)3) was purchased from Strem and stored in a glove box.  Lithium 

bis(trimethylsilyl)amide was purchased from Aldrich and stored in a glove box.  

Tris[bis(p-methoxybenzylidene)-acetone]dipalladium(0) (Pd2(pmdba)3) was prepared by 

known methods and stored in a glovebox.1  (S)-t-BuPHOX, (S)-(CF3)3-t-BuPHOX, and 

allyl cyanoformate were prepared by known methods.2,3,4  Selectfluor, methyl iodide, and 

ethyl iodide were purchased from Aldrich, Acros Organics, Strem, or Alfa Aesar and 

used as received unless otherwise stated.  Sodium hydride (NaH) was purchased as a 60% 

dispersion in mineral oil from Acros and used as such unless otherwise stated.  

Triethylamine was distilled from CaH2 prior to use.  Acrolein, acrylonitrile, methyl 

acrylate, and benzoyl chloride were distilled prior to use.  Reaction temperatures were 

controlled by an IKAmag temperature modulator.  Thin-layer chromatography (TLC) 

was performed using E. Merck silica gel 60 F254 pre-coated plates (0.25 mm) and 

visualized by UV fluorescence quenching, anisaldehyde, KMnO4, or CAM staining.  ICN 

Silica gel (particle size 0.032-0.063 mm) was used for flash chromatography. Analytical 

chiral HPLC was performed with an Agilent 1100 Series HPLC utilizing a Chiralpak 

(AD-H or AS) or Chiralcel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm) obtained 

from Daicel Chemical Industries, Ltd. with visualization at 220 or 254 nm.  Analytical 

chiral SFC was performed with a JACSO 2000 series instrument utilizing Chiralpak (AD-

H or AS-H) or Chiralcel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm), or a 

Chiralpak IC column (4.6 mm x 10 cm) obtained from Daicel Chemical Industries, Ltd 

with visualization at 210 or 254 nm.  Optical rotations were measured with a Jasco P-
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2000 polarimeter at 589 nm.  1H and 13C NMR spectra were recorded on a Varian Inova 

500 (at 500 MHz and 126 MHz, respectively) or a Mercury 300 (at 300 MHz and 75 

MHz, respectively), and are reported relative to residual protio solvent (CDCl3 = 7.26 and 

77.0 ppm and C6D6 = 7.16 and 128.0 ppm, respectively).  Data for 1H NMR spectra are 

reported as follows: chemical shift (d ppm) (multiplicity, coupling constant (Hz), 

integration).  IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and 

are reported in frequency of absorption (cm-1). High resolution mass spectra were 

obtained using an Agilent 6200 Series TOF with an Agilent G1978A Multimode source 

in electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) or 

mixed (MM) ionization mode or from the Caltech Mass Spectral Facility. 

 

2.7.2 Representative Procedures for the Preparation of Lactam Substrates 
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and the combined organic phases were dried (Na2SO4), filtered, and concentrated under 

reduced pressure.  The resulting oil was purified by flash chromatography (8 x 16 cm 

SiO2, 10 to 20% EtOAc in hexanes) to afford aldehyde 28 as a colorless oil (19.7 g, 92% 

yield).  Rf = 0.32 (20% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 9.71 (t, J = 1.2 

Hz, 1H), 5.83 (ddt, J = 17.2, 10.5, 5.7 Hz, 2H), 5.26 (dq, J = 17.2, 1.5 Hz, 2H), 5.19 (dq, 

J = 10.4, 1.3 Hz, 2H), 4.57 (dt, J = 5.6, 1.4 Hz, 4H), 2.55–2.45 (m, 2H), 2.20–2.10 (m, 

2H), 1.41 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 200.6, 171.2, 131.3, 118.5, 65.9, 52.8, 

39.2, 27.7, 20.3; IR (Neat Film NaCl) 2988, 2945, 1732, 1230, 1186, 1116, 984, 935 cm-

1; HRMS (MM: ESI-APCI) m/z calc’d for C13H19O5 [M+H]+: 255.1227, found 255.1223. 

 

Carbamate 29: To a cooled (0 °C) solution of aldehyde 28 (19.7 g, 77.5 mmol, 1.00 

equiv), BocNH2
32 (22.7 g, 194 mmol, 2.50 equiv), and Et3SiH (31.0 mL, 194 mmol, 2.50 

equiv) in MeCN (310 mL) was added trifluoroacetic acid (12.1 mL, 163 mmol, 2.10 

equiv) dropwise over 5 min.  The reaction mixture was stirred at 0° C for 2 h and at 

ambient temperature for an additional 18 h, at which point the reaction mixture was 

cooled (0 °C), treated with saturated aqueous NaHCO3 (150 mL), stirred for 40 min, and 

concentrated under reduced pressure to remove MeCN (~250 mL).  The remaining 

material was diluted with Et2O (200 mL) and the phases were separated.  The aqueous 

phase was extracted with Et2O (4 x 100 mL) and EtOAc (1 x 150 mL), and the combined 

organic phases were washed with brine (2 x 150 mL), dried over Na2SO4, filtered, and 

concentrated under reduced pressure.  The resulting oil was purified by flash 

chromatography (8 x 25 cm SiO2, 5 to 15% EtOAc in hexanes) to afford carbamate 29 as 

a colorless oil (23.0 g, 87% yield).  Rf = 0.32 (20% EtOAc in hexanes); 1H NMR (300 
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MHz, CDCl3) δ 5.88 (ddt, J = 17.3, 10.4, 5.7 Hz, 2H), 5.30 (dq, J = 17.2, 1.6, 1.5 Hz, 

2H), 5.23 (dq, J = 10.4, 1.3, 1.3 Hz, 2H), 4.61 (dt, J = 5.6, 1.4 Hz, 4H), 4.55 (br s, 1H), 

3.12 (q, J = 6.7 Hz, 2H), 2.00–1.75 (m, 2H), 1.44 (m, 14H); 13C NMR (75 MHz, CDCl3) 

δ 171.6, 155.8, 131.5, 118.4, 79.0, 65.7, 53.4, 40.4, 32.7, 28.3, 24.9, 19.9; IR (Neat Film 

NaCl) 3403, 2977, 2939, 1734, 1517, 1366, 1250, 1173, 985, 934 cm-1; HRMS (MM: 

ESI-APCI) m/z calc’d for C18H29NO6Na [M+Na]+: 378.1887, found 378.1892. 

 

Lactam 30: To a cooled (0 °C) solution of carbamate 29 (10.4 g, 30.6 mmol, 1.00 equiv) 

in toluene (306 mL) was added trimethylaluminum (11.7 mL, 61.1 mmol, 2.00 equiv) 

dropwise over 10 min.  After 5 h the reaction was allowed to warm to ambient 

temperature and stirred for an additional 17 h.  The reaction was cooled (0 °C), treated 

with brine (100 mL, CAUTION: Gas evolution and exotherm) in a dropwise manner over 

30 min, and stirred until gas evolution ceased.  The reaction mixture was then treated 

with saturated aqueous sodium potassium tartrate (200 mL) and stirred for 4 h.  The 

phases were separated and the aqueous phase was extracted with EtOAc (5 x 150 mL).  

The combined organic phases were dried over Na2SO4, filtered, and concentrated under 

reduced pressure.  The resulting oil was purified by flash chromatography (5 x 16 cm 

SiO2, 45 to 65% EtOAc in hexanes) to afford lactam 30 as a colorless oil (3.99 g, 66% 

yield).  Rf = 0.41 (100% EtOAc); 1H NMR (300 MHz, CDCl3) δ 6.85 (s, 1H), 6.00–5.75 

(m, 1H), 5.30 (d, J = 17.1 Hz, 1H), 5.20 (d, J = 10.4 Hz, 1H), 4.70–4.50 (m, 2H), 3.40–

3.20 (m, 2H), 2.30–2.15 (m, 1H), 1.94–1.59 (m, 3H), 1.48 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ 173.1, 172.0, 131.7, 118.1, 65.7, 50.1, 42.3, 33.0, 22.4, 19.3; IR (Neat Film 
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NaCl) 3207, 3083, 2942, 2873, 1737, 1668, 1254, 1194, 1132 cm-1; HRMS (MM: ESI-

APCI) m/z calc’d for C10H16NO3 [M+H]+: 198.1125, found 198.1117. 

 

Benzoyl Lactam 1h: To a cooled (0 °C) solution of lactam 30 (394 mg, 2.00 mmol, 1.00 

equiv), triethylamine (840 mL, 6.00 mmol, 3.00 equiv), and DMAP (25.0 mg, 205 mmol, 

0.102 equiv) in THF (8.00 mL) was added benzoyl chloride (470 mL, 4.00 mmol, 2.00 

equiv) dropwise over 5 min.  The reaction mixture was allowed to warm to ambient 

temperature and stirred for 14 h.  The reaction mixture was then diluted with brine (10 

mL) and EtOAc (10 mL), and the phases were separated.  The aqueous phase was 

extracted with EtOAc (3 x 15 mL), and the combined organic phases were washed with 

brine (2 x 30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure.  

The resulting oil was purified by flash chromatography (3 x 25 cm SiO2, 15 to 25% Et2O 

in hexanes) to afford benzoyl lactam 1h as an amorphous solid (550 mg, 91% yield).  Rf = 

0.38 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.78–7.63 (m, 2H), 7.52–

7.42 (m, 1H), 7.42–7.32 (m, 2H), 5.98 (ddt, J = 17.2, 10.4, 5.9 Hz, 1H), 5.40 (dq, J = 

17.2, 1.4 Hz, 1H), 5.33 (dq, J = 10.4, 1.2 Hz, 1H), 4.72 (dt, J = 6.0, 1.3 Hz, 2H), 3.93–

3.82 (m, 1H), 3.83–3.73 (m, 1H), 2.56–2.43 (m, 1H), 2.13–1.90 (m, 2H), 1.87–1.76 (m, 

1H), 1.49 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 174.9, 172.8, 172.4, 135.9, 131.6, 

131.4, 128.0, 127.9, 119.5, 66.5, 52.9, 46.8, 33.8, 22.5, 20.2; IR (Neat Film NaCl) 3063, 

2941, 2873, 1735, 1681, 1449, 1276, 1040, 942, 724 cm-1; HRMS (MM: ESI-APCI) m/z 

calc’d for C17H20NO4 [M+H]+: 302.1387, found 302.1388. 
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Tosyl Lactam 1a:  To a cooled (–78 °C) solution of LiHMDS (385 mg, 2.30 mmol, 1.15 

equiv) in THF (8.0 mL) was added lactam 30 (394 mg, 2.00 mmol, 1.00 equiv).  The 

reaction mixture warmed to 0 °C and stirred for 30 min, then cooled to –78 °C and 

treated with TsCl (572 mg, 3.00 mmol, 1.50 equiv).  After 5 min, the reaction mixture 

was allowed to warm to ambient temperature for 30 min and treated with saturated 

aqueous NH4Cl (10 mL).  The phases were separated, and the aqueous phase was 

extracted with EtOAc (3 x 20 mL).  The combined organic phases were washed with 

saturated aqueous NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4, filtered, and 

concentrated under reduced pressure.  The resulting oil was purified by flash 

chromatography (3 x 30 cm SiO2, 4:1:1 hexanes-EtOAc-DCM) to afford tosyl lactam 1a 

as a colorless oil (571 mg, 81% yield).  Rf = 0.58 (33% EtOAc in hexanes); 1H NMR (500 

MHz, CDCl3) δ 7.93–7.83 (m, 2H), 7.35–7.27 (m, 2H), 5.68 (ddt, J = 17.2, 10.5, 5.6 Hz, 

1H), 5.17 (dq, J = 9.1, 1.4 Hz, 1H), 5.14 (q, J = 1.4 Hz, 1H), 4.47 (qdt, J = 13.2, 5.6, 1.4 

Hz, 2H), 3.98 (ddd, J = 12.8, 6.9, 6.1 Hz, 1H), 3.90 (ddt, J = 12.4, 6.0, 0.8 Hz, 1H), 2.42 

(s, 3H), 2.34–2.26 (m, 1H), 1.95 (tt, J = 6.5, 5.5 Hz, 2H), 1.71 (ddd, J = 14.2, 8.1, 6.6 Hz, 

1H), 1.41 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 171.8, 169.9, 144.6, 135.7, 131.1, 

129.2, 128.6, 118.7, 66.1, 52.8, 46.4, 32.4, 22.3, 21.6, 20.4; IR (Neat Film NaCl) 2942, 

1740, 1691, 1353, 1284, 1167, 1090 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for 

C17H21NO5SNa [M+Na]+: 374.1033, found 374.1042. 

 

HN

O

O

O

N

O

O

O
Ts1. LiHMDS, THF, –78 → 0 °C

2. TsCl, –78 °C → rt

(81% yield)
1a30
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2.7.3 Characterization Data for Lactam Substrates Used in Table 2.1 

 

Boc Lactam 1b:  Prepared in a manner analogous to tosyl lactam 1a using lactam 30 

(394 mg, 2.00 mmol, 1.00 equiv) and Boc2O (873 mg, 4.00 mmol, 2.00 equiv).  Boc 

lactam 1b (407 mg, 68% yield) was isolated as an amorphous solid by flash 

chromatography (SiO2, 9 to 11% Et2O in hexanes).  Rf = 0.54 (25% EtOAc in hexanes); 

1H NMR (500 MHz, CDCl3) δ 5.95–5.81 (m, 1H), 5.33 (dq, J = 17.2, 1.5 Hz, 1H), 5.22 

(dq, J = 10.5, 1.5 Hz, 1H), 4.64 (m, 2H), 3.80–3.70 (m, 1H), 3.63–3.49 (m, 1H), 2.43–

2.33 (m, 1H), 1.98–1.77 (m, 2H), 1.75–1.66 (m, 1H), 1.52 (s, 9H), 1.50 (s, 3H); 13C NMR 

(126 MHz, CDCl3) δ 172.5, 170.9, 153.1, 131.5, 118.4, 83.0, 65.9, 53.1, 46.0, 32.6, 28.0, 

22.9, 20.1; IR (Neat Film NaCl) 2981, 2939, 1772, 1719, 1457, 1393, 1294, 1282, 1254, 

1152, 988, 945, 852 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C15H23NO5Na 

[M+Na]+: 320.1468, found 320.1470. 

 

 

Cbz Lactam 1c:  Prepared in a manner analogous to tosyl lactam 1a using lactam 30 

(394 mg, 2.00 mmol, 1.00 equiv) and CbzCl (682 mg, 4.00 mmol, 2.00 equiv).  Cbz 

lactam 1c (325 mg, 49% yield) was isolated as a colorless oil by flash chromatography 

(SiO2, 14 to 17% Et2O in hexanes).  Rf = 0.34 (25% EtOAc in hexanes); 1H NMR (500 

MHz, CDCl3) δ 7.47–7.40 (m, 2H), 7.39–7.28 (m, 3H), 5.85 (ddt, J = 17.1, 10.5, 5.6 Hz, 

N

O

O

O
Boc

1b

N

O

O

O
Cbz

1c
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1H), 5.30 (dq, J = 10.5, 1.3 Hz, 1H), 5.29 (s, 2H), 5.19 (dq, J = 10.5, 1.3 Hz, 1H), 4.69–

4.54 (m, 2H), 3.86–3.79 (m, 1H), 3.71–3.60 (m, 1H), 2.44–2.37 (m, 1H), 1.98–1.78 (m, 

2H), 1.73 (ddd, J = 14.0, 9.1, 5.1 Hz, 1H), 1.52 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

172.3, 170.9, 154.4, 135.4, 131.3, 128.5, 128.2, 128.0, 118.7, 68.6, 66.1, 53.3, 46.4, 32.5, 

22.8, 20.0; IR (Neat Film NaCl) 2943, 2876, 1776, 1721, 1456, 1378, 1270, 1191, 1167, 

1125, 1002, 941, 739, 698 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C18H21NO5Na 

[M+Na]+: 354.1312, found 354.1310. 

 

 

Fmoc Lactam 1d:  Prepared in a manner analogous to tosyl lactam 1a using lactam 30 

(394 mg, 2.00 mmol, 1.00 equiv) and FmocCl (621 mg, 2.40 mmol, 1.20 equiv).  Fmoc 

lactam 1d (352 mg, 42% yield) was isolated as a colorless oil by flash chromatography 

(SiO2, 2 to 12% Et2O in hexanes).  Rf = 0.28 (25% EtOAc in hexanes); 1H NMR (500 

MHz, CDCl3) δ 7.77 (dt, J = 7.6, 0.9 Hz, 2H), 7.73 (ddd, J = 7.5, 5.0, 1.0 Hz, 2H), 7.43–

7.38 (m, 2H), 7.32 (tdd, J = 7.4, 4.8, 1.2 Hz, 2H), 5.91 (ddt, J = 17.2, 10.5, 5.6 Hz, 1H), 

5.36 (dq, J = 17.2, 1.5 Hz, 1H), 5.25 (dq, J = 10.5, 1.3 Hz, 1H), 4.69 (ddt, J = 5.6, 2.8, 1.4 

Hz, 2H), 4.56–4.43 (m, 2H), 4.33 (t, J = 7.5 Hz, 1H), 3.86–3.79 (m, 1H), 3.73–3.61 (m, 

1H), 2.44 (dddd, J = 13.8, 6.8, 5.0, 0.9 Hz, 1H), 2.00–1.83 (m, 2H), 1.78 (ddd, J = 14.0, 

9.1, 5.0 Hz, 1H), 1.59 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 172.3, 170.9, 154.5, 143.6, 

141.2, 131.4, 127.8, 127.1, 125.4, 119.9, 118.7, 69.3, 66.1, 53.4, 46.6, 46.4, 32.6, 22.9, 

20.0; IR (Neat Film NaCl) 2948, 2892, 1776, 1721, 1451, 1378, 1269, 1191, 997, 759, 
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O
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742 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C25H25NO5Na [M+Na]+: 442.1625, 

found 442.1610. 

 

 

Acetyl Lactam 1e:  Prepared in a manner analogous to benzoyl lactam 1h using lactam 

30 (394 mg, 2.00 mmol, 1.00 equiv), acetic anhydride (940 mL, 10.0 mmol, 5.00 equiv), 

and triethylamine (2.80 mL, 20.0 mmol, 10.0 equiv).  Acetyl lactam 1e (347 mg, 72% 

yield) was isolated as a colorless oil by flash chromatography (SiO2, 12 to 25% Et2O in 

hexanes).  Rf = 0.44 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 5.88 (ddt, J 

= 17.1, 10.4, 5.7 Hz, 1H), 5.31 (dq, J = 17.2, 1.5 Hz, 1H), 5.25 (dq, J = 10.5, 1.2 Hz, 1H), 

4.66–4.60 (m, 2H), 3.78 (ddd, J = 13.1, 7.6, 5.3 Hz, 1H), 3.71–3.62 (m, 1H), 2.49 (s, 3H), 

2.44–2.37 (m, 1H), 1.93–1.77 (m, 2H), 1.78–1.70 (m, 1H), 1.52 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 174.0, 173.5, 172.4, 131.3, 119.1, 66.2, 53.2, 44.0, 32.9, 27.0, 22.7, 19.9; 

IR (Neat Film NaCl) 2985, 2942, 1739, 1699, 1457, 1368, 1301, 1261, 1190, 1132, 1048, 

990, 959, 936 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C12H18NO4 [M+H]+: 

240.1230, found 240.1237. 

 

 

4-Methoxybenzoyl Lactam 1f:  Prepared in a manner analogous to benzoyl lactam 1h 

using lactam 30 (394 mg, 2.00 mmol, 1.00 equiv), 4-methoxybenzoyl chloride (682 mg, 
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4.00 mmol, 2.00 equiv), and triethylamine (840 mL, 6.00 mmol, 3.00 equiv).  4-

Methoxybenzoyl lactam 1f (425 mg, 64% yield) was isolated as a colorless oil by flash 

chromatography (SiO2, CHCl3-hexanes-Et2O 6.5:5:1).  Rf = 0.76 (50% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.81–7.67 (m, 2H), 6.93–6.79 (m, 2H), 6.05–

5.88 (m, 1H), 5.39 (dq, J = 17.2, 1.4 Hz, 1H), 5.31 (dq, J = 10.4, 1.2 Hz, 1H), 4.71 (dt, J 

= 6.0, 1.3 Hz, 2H), 3.90–3.77 (m, 1H), 3.82 (s, 3H), 3.76–3.63 (m, 1H), 2.48 (ddd, J = 

13.7, 5.7, 4.3 Hz, 1H), 2.06–1.89 (m, 2H), 1.80 (ddd, J = 13.5, 10.0, 5.0 Hz, 1H), 1.49 (s, 

3H); 13C NMR (126 MHz, CDCl3) δ 174.3, 172.6, 172.6, 162.7, 131.4, 130.7, 127.7, 

119.3, 113.3, 66.3, 55.3, 52.8, 46.9, 33.7, 22.5, 20.2; IR (Neat Film NaCl) 3080, 2941, 

1732, 1682, 1604, 1512, 1456, 1390, 1257, 1173, 1139, 1029, 939, 844, 770 cm-1; HRMS 

(MM: ESI-APCI) m/z calc'd for C18H22NO5 [M+H]+: 332.1492, found 332.1501. 

 

 

4-Fluorobenzoyl Lactam 1g:  Prepared in a manner analogous to benzoyl lactam 1h 

using lactam 30 (394 mg, 2.00 mmol, 1.00 equiv), 4-fluorobenzoyl chloride (470 mL, 

4.00 mmol, 2.00 equiv), and triethylamine (840 mL, 6.00 mmol, 3.00 equiv).  4-

Fluorobenzoyl lactam 1g (557 mg, 87% yield) was isolated as an amorphous white solid 

by flash chromatography (SiO2, 15 to 25% Et2O in hexanes).  Rf = 0.37 (25% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.84–7.72 (m, 2H), 7.12–6.97 (m, 2H), 5.99 

(ddt, J = 17.2, 10.4, 5.9 Hz, 1H), 5.41 (dq, J = 17.2, 1.4 Hz, 1H), 5.35 (dq, J = 10.4, 1.2 

Hz, 1H), 4.73 (dt, J = 6.0, 1.3 Hz, 2H), 3.89–3.82 (m, 1H), 3.81–3.75 (m, 1H), 2.57–2.42 

(m, 1H), 2.09–1.91 (m, 2H), 1.89–1.75 (m, 1H), 1.50 (s, 3H); 13C NMR (126 MHz, 
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CDCl3) δ 173.8, 172.9, 172.5, 164.8 (d, JC-F = 252.5 Hz), 131.8 (d, JC-F = 3.3 Hz), 131.3, 

130.7 (d, JC-F = 9.0 Hz), 119.5, 115.2 (d, JC-F = 22.0 Hz), 66.5, 52.9, 47.0, 33.8, 22.4, 

20.2; IR (Neat Film NaCl) 3079, 2943, 2874, 1734, 1684, 1602, 1508, 1277, 1240, 1193, 

1140, 939, 849, 770 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C17H19NO4F [M+H]+: 

320.1293, found 320.1297. 

 

 

Benzoyl Lactam 24:  Prepared in a manner analogous to benzoyl lactam 1h using diallyl 

2-ethylmalonate as a starting material.  Benzoyl lactam 24 was isolated by flash 

chromatography (SiO2, 15 to 25% Et2O in hexanes) as a colorless oil.  Rf = 0.38 (35% 

Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.72–7.67 (m, 2H), 7.51–7.43 (m, 1H), 

7.37 (dd, J = 8.3, 7.1 Hz, 2H), 5.99 (ddt, J = 17.3, 10.4, 5.9 Hz, 1H), 5.40 (dq, J = 17.2, 

1.4 Hz, 1H), 5.33 (dq, J = 10.4, 1.2 Hz, 1H), 4.73 (dt, J = 6.0, 1.3 Hz, 2H), 3.93–3.63 (m, 

2H), 2.43 (ddt, J = 13.7, 4.4, 1.4 Hz, 1H), 2.17–1.65 (m, 5H), 0.91 (t, J = 7.4 Hz, 3H); 13C 

NMR (126 MHz, CDCl3) δ 175.0, 172.0, 171.8, 135.9, 131.6, 131.4, 128.0, 128.0, 119.5, 

66.4, 56.9, 46.4, 29.8, 28.6, 20.3, 9.0; IR (Neat Film NaCl) 3062, 2943, 2882, 1732, 

1678, 1449, 1385, 1268, 1188, 1137, 980, 937, 723, 693, 660 cm-1; HRMS (MM: ESI-

APCI) m/z calc'd for C18H22NO4 [M+H]+: 316.1543, found 316.1545. 
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2.7.4 General Procedure for Allylic Alkylation Screening Reactions 

 All reagents were dispensed as solutions using a Symyx Core Module within a 

nitrogen-filled glovebox.  Oven-dried half-dram vials were charged with a solution of the 

palladium source (Pd2dba3 or Pd2pmdba3, 1.68 µmol, 0.05 equiv) in THF (368 µL).  The 

palladium solutions were evaporated to dryness under reduced pressure using a Genevac 

centrifugal evaporator within the glovebox, and stirbars were added to the vials.  The 

reaction vials were then charged with the desired reaction solvent (500 mL) and a 

solution of the PHOX ligand (4.20 µmol, 0.125 equiv) in the reaction solvent (250 µL) 

and stirred at ambient glovebox temperature (~28 °C).  After 30 min, solutions of the 

lactam substrate (33.6 µmol, 1.0 equiv) in the reaction solvent (250 µL) were added.  The 

reaction vials were tightly capped and heated to the desired temperature.  When complete 

consumption of the starting material was observed by colorimetric change (from light 

green to red-orange) and confirmed by thin-layer chromatography on SiO2 (typically less 

than 72 h), the reaction mixtures were removed from the glovebox, concentrated under 

reduced pressure, resuspended in an appropriate solvent for analysis (e.g., hexanes), 

filtered, and analyzed for enantiomeric excess (see Methods for the Determination of 

Enantiomeric Excess). 
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2.7.5 Results of Screening Various Reaction Parameters 

Table 2.3 Influences of solvent, protecting group, and ligand 

 
a Reactions performed at 50 °C.  b Reaction performed at 60 °C. 

 

Table 2.4 Influence of temperature and concentration 

 

N

O
R

O

O Pd2dba3 (5 mol%)
(S)-t-BuPHOX or (S)-(CF3)3-t-BuPHOX (12.5 mol%)

solvent (0.033 M), 40 °C
N

O
R

THF MTBE Toluene Hex:Tol 2:1

R = Boca

R = Cbz

R = Fmoc

R = Ac

R = Bz

R = 4-F-Bz

R = 4-MeO-Bz

57.3
70.3

74.5
72.1

73.6
73.0

76.7
71.0

36.3
79.9

75.2
83.5

75.1
87.3

71.5
83.2

45.7
78.9

64.9
84.6

38.3
87.1

44.9
84.6

20.0
75.1

64.1
90.6b

61.6
90.2b

83.2
90.9b

52.2
96.2

88.3
99.2

85.8
99.0

96.4
98.8

42.3
95.3

85.8
99.0

83.2
99.3

96.4
99.4

59.5
97.1

90.7
98.3

87.4
99.0

96.8
98.5

R = Tsa 4.1
35.2

25.9
57.2

6.5
37.2

31.4
44.2

% ee

N

O
Bz

O

O Pd2dba3 (5 mol%)
(S)-(CF3)3-t-BuPHOX (12.5 mol%)

toluene, concentration, temperature
N

O
Bz

temperature (°C) concentration (M) time (h) % eeentry

1 40 0.033 43 99.2

0.1 mmol

2 45 0.033 22 98.9

3 50 0.033 12 98.7

4 55 0.033 6 98.2

5 40 0.10 43 98.9

6 40 0.20 43 97.4
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2.7.6 Characterization Data for Lactam Products in Table 2.1 

 

Tosyl Lactam 2a:  Reaction performed in MTBE at 40 °C.  Tosyl lactam 2a was isolated 

by flash chromatography (SiO2, 3 to 15% Et2O in hexanes) as a light yellow solid.  90.0% 

yield.  Rf = 0.29 (35% Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.89–7.84 (m, 

2H), 7.33–7.27 (m, 2H), 5.41 (dddd, J = 16.9, 10.2, 8.1, 6.7 Hz, 1H), 4.99–4.86 (m, 2H), 

3.99 (dddd, J = 11.9, 5.9, 4.9, 1.3 Hz, 1H), 3.82–3.71 (m, 1H), 2.42 (s, 3H), 2.41–2.34 

(m, 1H), 2.07 (ddt, J = 13.6, 8.1, 1.0 Hz, 1H), 1.98–1.83 (m, 2H), 1.83–1.75 (m, 1H), 

1.55–1.48 (m, 1H), 1.12 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 175.7, 144.4, 136.2, 

132.9, 129.2, 128.5, 118.9, 47.6, 44.2, 44.0, 32.1, 25.5, 21.6, 20.1; IR (Neat Film NaCl) 

3074, 2938, 1689, 1597, 1454, 1351, 1283, 1171, 1103, 1089, 1039, 921, 814, 748 cm-1; 

HRMS (MM: ESI-APCI) m/z calc'd for C16H21NO3SNa [M+Na]+: 330.1134, found 

330.1141; [α]D
25 –69.2° (c 1.16, CHCl3, 75% ee). 

 

 

Boc Lactam 2b:  Reaction performed in toluene at 40 °C.  Boc lactam 2b was isolated 

by flash chromatography (SiO2, 8 to 9% Et2O in hexanes) as a colorless oil.  87.1% yield.  

Rf = 0.57 (35% Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 5.74 (dddd, J = 17.1, 

10.4, 7.8, 7.0 Hz, 1H), 5.14–5.02 (m, 2H), 3.71–3.61 (m, 1H), 3.58–3.48 (m, 1H), 2.48 

(dd, J = 13.6, 7.0 Hz, 1H), 2.26 (dd, J = 13.6, 7.9 Hz, 1H), 1.87–1.76 (m, 3H), 1.61–1.52 

N

O
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N
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Boc
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(m, 1H), 1.50 (s, 9H), 1.22 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 177.1, 153.7, 133.7, 

118.5, 82.5, 47.4, 44.5, 44.2, 33.0, 28.0, 25.4, 19.7; IR (Neat Film NaCl) 3076, 2978, 

2936, 1768, 1715, 1457, 1392, 1368, 1298, 1280, 1252, 1149, 999, 917, 854 cm-1; HRMS 

(MM: ESI-APCI) m/z calc'd for C14H23NO3Na [M+Na]+: 276.1570, found 276.1574; 

[α]D
25 –73.6° (c 1.025, CHCl3, 81% ee). 

 

 

Cbz Lactam 2c:  Reaction performed in toluene at 40 °C.  Cbz lactam 2c was isolated by 

flash chromatography (SiO2, 8 to 10% Et2O in hexanes) as a colorless oil.  84.6% yield.  

Rf = 0.49 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.44–7.40 (m, 2H), 

7.36 (ddd, J = 7.9, 7.0, 1.0 Hz, 2H), 7.33–7.29 (m, 1H), 5.74 (dddd, J = 16.6, 10.5, 7.8, 

6.9 Hz, 1H), 5.26 (s, 2H), 5.13–5.02 (m, 2H), 3.80–3.72 (m, 1H), 3.67–3.58 (m, 1H), 

2.51 (dd, J = 13.6, 7.0 Hz, 1H), 2.26 (dd, J = 13.6, 7.9 Hz, 1H), 1.90–1.77 (m, 3H), 1.62–

1.53 (m, 1H), 1.25 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 177.0, 154.8, 135.6, 133.4, 

128.5, 128.2, 128.0, 118.8, 68.3, 47.8, 44.8, 44.2, 32.8, 25.5, 19.6; IR (Neat Film NaCl) 

2940, 1772, 1712, 1456, 1377, 1296, 1270, 1218, 1161, 1001, 918 cm-1; HRMS (MM: 

ESI-APCI) m/z calc'd for C17H20NO3Na [M+Na]+: 310.1414, found 310.1414; [α]D
25 –

65.8° (c 1.48, CHCl3, 86% ee). 
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Fmoc Lactam 2d:  Reaction performed in toluene at 40 °C.  Fmoc lactam 2d was 

isolated by flash chromatography (SiO2, 6 to 8% Et2O in hexanes) as a colorless oil.  

82.4% yield.  Rf = 0.45 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.77 (dt, 

J = 7.6, 1.0 Hz, 2H), 7.71 (ddd, J = 7.5, 3.6, 1.0 Hz, 2H), 7.41 (tt, J = 7.5, 0.9 Hz, 2H), 

7.33 (ddt, J = 7.5, 2.0, 1.2 Hz, 2H), 5.80 (dddd, J = 17.9, 8.7, 7.9, 6.9 Hz, 1H), 5.18–5.10 

(m, 2H), 4.53–4.42 (m, 2H), 4.33 (t, J = 7.4 Hz, 1H), 3.80–3.71 (m, 1H), 3.65–3.57 (m, 

1H), 2.58 (dd, J = 13.6, 7.0 Hz, 1H), 2.32 (ddt, J = 13.6, 7.8, 1.1 Hz, 1H), 1.93–1.79 (m, 

3H), 1.64–1.57 (m, 1H), 1.31 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 177.0, 154.9, 143.7, 

141.2, 133.5, 127.7, 127.1, 125.4, 119.9, 118.8, 68.9, 47.7, 46.7, 44.8, 44.2, 32.8, 25.5, 

19.6; IR (Neat Film NaCl) 3067, 2945, 1770, 1712, 1478, 1451, 1377, 1297, 1269, 1161, 

1000, 759, 740 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C24H26NO3 [M+H]+: 

376.1907, found 376.1914; [α]D
25 –38.5° (c 2.17, CHCl3, 89% ee). 

 

 

Acetyl Lactam 2e:  Reaction performed in toluene at 40 °C.  Acetyl lactam 2e was 

isolated by flash chromatography (SiO2, 8 to 10% Et2O in hexanes) as a colorless oil.  

47.2% yield.  Rf = 0.38 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 5.73 

(dddd, J = 16.6, 10.4, 7.8, 7.0 Hz, 1H), 5.14–5.04 (m, 2H), 3.82–3.72 (m, 1H), 3.60–3.49 

(m, 1H), 2.50 (ddt, J = 13.6, 7.0, 1.2 Hz, 1H), 2.44 (s, 3H), 2.25 (ddt, J = 13.6, 7.7, 1.1 

Hz, 1H), 1.91–1.71 (m, 3H), 1.64–1.52 (m, 1H), 1.25 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 179.3, 174.4, 133.3, 118.9, 45.4, 44.8, 44.4, 32.8, 27.2, 25.7, 19.4; IR (Neat 

Film NaCl) 2941, 1694, 1387, 1367, 1293, 1248, 1177, 1114, 1046, 920 cm-1; HRMS 
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(MM: ESI-APCI) m/z calc'd for C11H18NO2 [M+H]+: 196.1332, found 196.1329; [α]D
25 –

100.9° (c 0.99, CHCl3, 91% ee). 

 

 

4-Methoxybenzoyl Lactam 2f:  Reaction performed in toluene at 40 °C.  4-

Methoxybenzoyl lactam 2f was isolated by flash chromatography (SiO2, 15% EtOAc in 

hexanes) as a colorless oil.  92.7% yield.  Rf = 0.36 (25% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 7.60–7.48 (m, 2H), 6.92–6.82 (m, 2H), 5.76 (dddd, J = 17.2, 10.3, 

7.7, 7.0 Hz, 1H), 5.19–5.03 (m, 2H), 3.83 (s, 3H), 3.80 (ddd, J = 12.1, 5.3, 1.4 Hz, 1H), 

3.73–3.64 (m, 1H), 2.57 (ddt, J = 13.6, 7.1, 1.2 Hz, 1H), 2.29 (ddt, J = 13.7, 7.6, 1.1 Hz, 

1H), 2.05–1.91 (m, 3H), 1.72–1.63 (m, 1H), 1.32 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

179.0, 174.9, 162.4, 133.4, 130.1, 128.4, 118.9, 113.5, 55.4, 47.3, 43.9, 43.4, 33.3, 25.3, 

19.6; IR (Neat Film NaCl) 2937, 1675, 1604, 1511, 1254, 1164, 1029, 922, 840, 770 cm-

1; HRMS (MM: ESI-APCI) m/z calc'd for C17H22NO3 [M+H]+: 288.1594, found 288.1595; 

[α]D
25 –94.2° (c 1.00, CHCl3, 99% ee). 

 

 

4-Fluorobenzoyl Lactam 2g:  Reaction performed in toluene at 40 °C.  4-Fluorobenzoyl 

lactam 2g was isolated by flash chromatography (SiO2, 9% Et2O in hexanes) as a 

colorless oil.  89.4% yield.  Rf = 0.41 (17% EtOAc in hexanes); 1H NMR (500 MHz, 
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CDCl3) δ 7.59–7.47 (m, 2H), 7.12–6.99 (m, 2H), 5.74 (ddt, J = 17.0, 10.4, 7.3 Hz, 1H), 

5.18–5.05 (m, 2H), 3.89–3.77 (m, 1H), 3.77–3.63 (m, 1H), 2.55 (dd, J = 13.7, 7.0 Hz, 

1H), 2.28 (dd, J = 13.7, 7.6 Hz, 1H), 2.07–1.88 (m, 3H), 1.76–1.62 (m, 1H), 1.31 (s, 3H); 

13C NMR (126 MHz, CDCl3) δ 179.1, 174.2, 164.6 (d, JC-F = 252.4 Hz), 133.2, 132.5 (d, 

JC-F = 3.4 Hz), 123.0 (d, JC-F = 8.9 Hz), 119.1, 115.3 (d, JC-F = 22.1 Hz), 47.3, 44.0, 43.3, 

33.3, 25.2, 19.5; IR (Neat Film NaCl) 3076, 2940, 1679, 1602, 1507, 1384, 1280, 1145, 

922, 844, 769 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C16H19NO2F [M+H]+: 

276.1394, found 276.1392; [α]D
25 –85.5° (c 1.02, CHCl3, 99% ee). 

 

 

Benzoyl Lactam 2h:  Reaction performed in toluene at 40 °C.  Benzoyl lactam 2h was 

isolated by flash chromatography (SiO2, 5 to 9% Et2O in pentane) as a colorless oil.  

84.7% yield.  Rf = 0.55 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.54–

7.50 (m, 2H), 7.49–7.43 (m, 1H), 7.40–7.35 (m, 2H), 5.75 (dddd, J = 17.1, 10.2, 7.7, 7.0 

Hz, 1H), 5.19–5.03 (m, 2H), 3.92–3.78 (m, 1H), 3.72 (ddt, J = 12.6, 6.4, 6.0, 1.2 Hz, 1H), 

2.55 (ddt, J = 13.7, 7.0, 1.2 Hz, 1H), 2.29 (ddt, J = 13.7, 7.7, 1.1 Hz, 1H), 2.07–1.87 (m, 

3H), 1.75–1.60 (m, 1H), 1.31 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 179.0, 175.3, 136.5, 

133.3, 131.3, 128.1, 127.4, 118.9, 47.1, 44.0, 43.3, 33.3, 25.1, 19.5; IR (Neat Film NaCl) 

3074, 2939, 2870, 1683, 1478, 1449, 1386, 1282, 1151, 919, 726, 695 cm-1; HRMS (MM: 

ESI-APCI) m/z calc'd for C16H20NO2 [M+H]+: 258.1489, found 258.1491; [α]D
25 –91.2° (c 

1.07, CHCl3, 99% ee). 
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2.7.7 General Procedure for Preparative Allylic Alkylation Reactions 

 In a nitrogen-filled glovebox, an oven-dried 20 mL vial was charged with 

Pd2pmdba3 (27.4 mg, 0.025 mmol, 0.05 equiv) or Pd2dba3 (22.9 mg, 0.025 mmol, 0.05 

equiv),33 (S)-(CF3)3-t-BuPHOX (37.0 mg, 0.0625 mmol, 0.125 equiv), toluene (15 mL or 

13 mL if the substrate is an oil), and a magnetic stir bar.  The vial was stirred at ambient 

glovebox temperature (~28 °C) for 30 min and the substrate (0.50 mmol, 1.00 equiv) was 

added either as a solid or as a solution of an oil dissolved in toluene (2 mL).  The vial was 

sealed and heated to 40 °C.  When complete consumption of the starting material was 

observed by colorimetric change (from light green to red-orange) and confirmed by thin 

layer chromatography on SiO2, the reaction mixtures were removed from the glovebox, 

concentrated under reduced pressure, and purified by flash chromatography to afford the 

desired alkylated product. 

 

2.7.8 Characterization Data for Lactam Products in Table 2.2 

 

Benzoyl Lactam 3: Benzoyl lactam 3 was isolated by flash chromatography (SiO2, 15 to 

20% Et2O in hexanes) as a colorless oil.  97.2% yield.  Rf = 0.39 (20% Et2O in hexanes); 

1H NMR (500 MHz, CDCl3) δ 7.53–7.49 (m, 2H), 7.48–7.43 (m, 1H), 7.41–7.34 (m, 2H), 

5.74 (dddd, J = 16.7, 10.4, 7.6, 7.0 Hz, 1H), 5.19–5.02 (m, 2H), 3.84–3.70 (m, 2H), 2.51 

(ddt, J = 13.8, 7.0, 1.3 Hz, 1H), 2.28 (ddt, J = 13.8, 7.6, 1.2 Hz, 1H), 2.06–1.91 (m, 2H), 

1.91–1.74 (m, 3H), 1.74–1.63 (m, 1H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 178.0, 175.6, 136.7, 133.6, 131.2, 128.1, 127.4, 118.6, 47.4, 46.9, 41.3, 30.3, 
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30.3, 19.6, 8.3; IR (Neat Film NaCl) 3072, 2970, 2941, 2880, 1678, 1448, 1384, 1283, 

1147, 916, 725, 694 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C17H22NO2 [M+H]+: 

272.1645, found 272.1649; [α]D
25 –28.6° (c 1.15, CHCl3, 99% ee). 

 

 

Benzoyl Lactam 4: Benzoyl lactam 4 was isolated by flash chromatography (SiO2, 10% 

Et2O in hexanes) as a white solid.  84.8% yield.  Rf = 0.48 (35% Et2O in hexanes); 1H 

NMR (500 MHz, CDCl3) δ 7.54 (dd, J = 8.1, 1.4 Hz, 2H), 7.52–7.46 (m, 1H), 7.43–7.37 

(m, 2H), 7.32–7.22 (m, 3H), 7.18–7.11 (m, 2H), 5.80 (dddd, J = 16.8, 10.1, 7.6, 6.8 Hz, 

1H), 5.21–5.06 (m, 2H), 3.70 (ddd, J = 12.2, 7.0, 4.8 Hz, 1H), 3.63 (ddd, J = 12.5, 7.7, 

4.4 Hz, 1H), 3.34 (d, J = 13.4 Hz, 1H), 2.73–2.64 (m, 1H), 2.68 (d, J = 13.3 Hz, 1H), 

2.25 (ddt, J = 13.8, 7.7, 1.1 Hz, 1H), 2.03–1.91 (m, 1H), 1.91–1.83 (m, 1H), 1.81 (dd, J = 

6.7, 5.3 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 177.4, 175.5, 136.9, 136.6, 133.2, 131.4, 

130.8, 128.2, 128.1, 127.6, 126.7, 119.3, 48.8, 46.8, 43.0, 42.9, 28.9, 19.6; IR (Neat Film 

NaCl) 3061, 3028, 2942, 1679, 1449, 1286, 1149, 919, 724, 704, 695 cm-1; HRMS (MM: 

ESI-APCI) m/z calc'd for C22H24NO2 [M+H]+: 334.1802, found 334.1800; [α]D
25 +48.1° (c 

0.825, CHCl3, 99% ee). 
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Benzoyl Lactam 5: Benzoyl lactam 5 was isolated by flash chromatography (SiO2, 25% 

Et2O in hexanes) as a light yellow oil.  91.8% yield.  Rf = 0.39 (35% Et2O in hexanes); 1H 

NMR (500 MHz, CDCl3) δ 7.53–7.49 (m, 2H), 7.49–7.44 (m, 1H), 7.41–7.31 (m, 2H), 

5.72 (ddt, J = 17.4, 10.3, 7.3 Hz, 1H), 5.23–5.05 (m, 2H), 3.78 (t, J = 6.0 Hz, 2H), 3.67 

(s, 3H), 2.58–2.47 (m, 1H), 2.42–2.24 (m, 3H), 2.08–1.97 (m, 4H), 1.93 (ddd, J = 14.0, 

7.8, 4.6 Hz, 1H), 1.78 (ddd, J = 13.9, 7.1, 4.9 Hz, 1H); 13C NMR (126 MHz, CDCl3) δ 

177.4, 175.5, 173.7, 136.5, 132.6, 131.4, 128.2, 127.4, 119.4, 51.7, 47.0, 46.6, 41.2, 32.2, 

31.2, 29.0, 19.4; IR (Neat Film NaCl) 3073, 2950, 2874, 1736, 1679, 1448, 1281, 1150, 

920, 727, 696, 665 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C19H24NO4 [M+H]+: 

330.1700, found 330.1704; [α]D
25 +14.0° (c 0.72, CHCl3, 99% ee). 

 

 

Benzoyl Lactam 6: Benzoyl lactam 6 was isolated by flash chromatography (SiO2, 15 to 

25% EtOAc in hexanes) as a colorless oil.  88.2% yield.  Rf = 0.43 (35% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.52–7.47 (m, 3H), 7.41 (ddt, J = 8.7, 6.6, 1.0 

Hz, 2H), 5.71 (ddt, J = 17.4, 10.1, 7.3 Hz, 1H), 5.28–5.15 (m, 2H), 3.88–3.79 (m, 1H), 

3.76 (ddd, J = 12.9, 8.7, 4.2 Hz, 1H), 2.57 (ddt, J = 14.1, 7.3, 1.2 Hz, 1H), 2.44–2.29 (m, 

3H), 2.13–2.04 (m, 2H), 2.03–1.89 (m, 3H), 1.87–1.78 (m, 1H); 13C NMR (126 MHz, 

CDCl3) δ 176.8, 175.2, 136.2, 131.7, 131.5, 128.3, 127.3, 120.3, 119.5, 47.0, 46.5, 41.1, 

32.7, 30.8, 19.2, 12.5; IR (Neat Film NaCl) 3074, 2945, 2876, 1678, 1448, 1389, 1282, 
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1151, 922, 727, 696 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C18H21N2O2 [M+H]+: 

297.1598, found 297.1603; [α]D
25 +46.9° (c 0.83, CHCl3, 99% ee). 

 

 

Benzoyl Lactam 7: Benzoyl lactam 7 was isolated by flash chromatography (SiO2, 5 to 

15% Et2O in hexanes) as a colorless oil.  85.4% yield.  Rf = 0.32 (10% Et2O in hexanes); 

1H NMR (500 MHz, CDCl3) δ 7.54–7.48 (m, 2H), 7.48–7.42 (m, 1H), 7.41–7.33 (m, 2H), 

5.76 (ddt, J = 17.3, 10.2, 7.3 Hz, 1H), 5.18–5.06 (m, 2H), 3.81–3.75 (m, 2H), 3.75–3.64 

(m, 2H), 2.55 (ddt, J = 13.8, 7.1, 1.2 Hz, 1H), 2.33 (ddt, J = 13.8, 7.5, 1.1 Hz, 1H), 2.10–

1.94 (m, 4H), 1.94–1.85 (m, 1H), 1.81 (ddd, J = 13.9, 7.3, 5.6 Hz, 1H), 0.88 (s, 9H), 0.04 

(s, 6H); 13C NMR (126 MHz, CDCl3) δ 177.6, 175.5, 136.8, 133.4, 131.2, 128.1, 127.4, 

118.9, 59.2, 46.9, 46.3, 42.2, 39.7, 30.8, 25.9, 19.6, 18.2, –5.4; IR (Neat Film NaCl) 

2953, 2928, 2884, 2856, 1681, 1280, 1257, 1151, 1093, 836, 776, 725, 694 cm-1; HRMS 

(MM: ESI-APCI) m/z calc'd for C23H36NO3Si [M+H]+: 402.2459, found 402.2467; [α]D
25 

–3.71° (c 1.40, CHCl3, 96% ee). 

 

 

Benzoyl Lactam 8: Benzoyl lactam 8 was isolated by flash chromatography (SiO2, 5 to 

9% EtOAc in hexanes) as a colorless oil.  78.0% yield.  Rf = 0.54 (25% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.54–7.50 (m, 2H), 7.48–7.43 (m, 1H), 7.41–
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7.35 (m, 2H), 4.89 (t, J = 1.8 Hz, 1H), 4.70 (dt, J = 2.1, 1.0 Hz, 1H), 3.94–3.84 (m, 1H), 

3.74–3.63 (m, 1H), 2.75 (dd, J = 13.8, 1.3 Hz, 1H), 2.13 (dd, J = 13.8, 0.8 Hz, 1H), 2.08–

1.94 (m, 3H), 1.69 (s, 3H), 1.68–1.61 (m, 1H), 1.37 (s, 3H); 13C NMR (126 MHz, CDCl3) 

δ 178.8, 175.5, 141.9, 136.5, 131.3, 128.1, 127.4, 115.5, 47.2, 46.2, 44.0, 32.9, 26.9, 

24.7, 19.8; IR (Neat Film NaCl) 3070, 2940, 1678, 1448, 1274, 1144, 726  cm-1; HRMS 

(MM: ESI-APCI) m/z calc'd for C17H22NO2 [M+H]+: 272.1645, found 272.1655; [α]D
25 –

105.6° (c 0.99, CHCl3, 97% ee). 

 

 

Benzoyl Lactam 9: Benzoyl lactam 9 was isolated by flash chromatography (SiO2, 8 to 

10% Et2O in hexanes) as a colorless oil.  60.3% yield.  Rf = 0.39 (25% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.55–7.49 (m, 2H), 7.49–7.43 (m, 1H), 7.42–

7.34 (m, 2H), 5.32 (d, J = 1.7 Hz, 1H), 5.18 (s, 1H), 3.92 (ddt, J = 12.7, 4.8, 1.7 Hz, 1H), 

3.75–3.66 (m, 1H), 3.04 (dd, J = 14.5, 1.0 Hz, 1H), 2.50 (d, J = 14.5 Hz, 1H), 2.16 (ddd, 

J = 13.4, 10.2, 4.4 Hz, 1H), 2.12–1.98 (m, 2H), 1.86–1.77 (m, 1H), 1.43 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 177.9, 175.3, 138.3, 136.4, 131.4, 128.1, 127.4, 117.1, 47.0, 

47.0, 44.2, 32.8, 26.3, 19.7; IR (Neat Film NaCl) 2944, 2872, 1679, 1628, 1448, 1386, 

1277, 1151, 894, 726 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C16H19NO2Cl [M+H]+: 

292.1099, found 292.1102; [α]D
25 –91.4° (c 0.94, CHCl3, 95% ee). 
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Benzoyl Lactam 10: Benzoyl lactam 10 was isolated by flash chromatography (SiO2, 5 

to 10% Et2O in hexanes) as a colorless oil.  90.3% yield.  Rf = 0.35 (35% Et2O in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.58–7.54 (m, 2H), 7.53–7.48 (m, 1H), 7.43–

7.38 (m, 2H), 5.78 (dddd, J = 17.1, 10.2, 7.8, 7.0 Hz, 1H), 5.22–5.09 (m, 2H), 3.87 (dd, J 

= 7.7, 6.7 Hz, 2H), 2.36 (dd, J = 13.8, 7.0 Hz, 1H), 2.24 (dd, J = 13.7, 7.8 Hz, 1H), 2.15 

(dt, J = 12.9, 7.6 Hz, 1H), 1.85 (dt, J = 13.1, 6.7 Hz, 1H), 1.22 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 178.6, 170.8, 134.4, 133.0, 131.8, 128.8, 127.7, 119.3, 46.2, 42.8, 41.8, 

29.3, 22.8; IR (Neat Film NaCl) 3075, 2974, 2902, 1742, 1674, 1448, 1377, 1357, 1306, 

1243, 1156, 921, 860, 731, 694, 656 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for 

C15H18NO2 [M+H]+: 244.1332, found 244.1336; [α]D
25 –31.6° (c 1.04, CHCl3, 98% ee). 

 

 

Benzoyl Lactam 11: Benzoyl lactam 11 was isolated by flash chromatography (SiO2, 10 

to 20% Et2O in hexanes) as a colorless oil.  89.3% yield.  Rf = 0.24 (20% Et2O in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.60–7.56 (m, 2H), 7.56–7.51 (m, 1H), 7.49–

7.45 (m, 2H), 7.42 (ddt, J = 7.8, 6.7, 1.0 Hz, 2H), 7.31 (d, J = 7.7 Hz, 2H), 5.83 (dddd, J 

= 17.1, 10.1, 7.8, 6.9 Hz, 1H), 5.28–5.10 (m, 2H), 3.70 (dt, J = 11.4, 7.5 Hz, 1H), 3.39 

(dt, J = 11.4, 6.9 Hz, 1H), 3.10 (d, J = 13.4 Hz, 1H), 2.76 (d, J = 13.5 Hz, 1H), 2.48 (dd, J 

= 13.8, 7.0 Hz, 1H), 2.32 (dd, J = 13.8, 7.8 Hz, 1H), 2.05 (t, J = 7.3 Hz, 2H); 13C NMR 
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(126 MHz, CDCl3) δ 177.1, 170.5, 140.9, 134.2, 132.3, 131.9, 130.7, 129.4 (q, JC-F = 32.5 

Hz), 128.7, 127.7, 125.3 (q, JC-F = 3.7 Hz), 124.1 (q, JC-F = 272.2 Hz), 120.1, 51.3, 43.0, 

41.9, 41.9, 25.2; IR (Neat Film NaCl) 3080, 2977, 2913, 1738, 1677, 1325, 1294, 1244, 

1164, 1121, 1067, 859, 728, 701, 665 cm-1; HRMS (FAB) m/z calc'd for C22H21NO2F3 

[M+H]+: 388.1524, found 388.1525; [α]D
25 +78.3° (c 1.90, CHCl3, 93% ee). 

 

 

Benzoyl Lactam 12: Benzoyl lactam 12 was isolated by flash chromatography (SiO2, 10 

to 20% Et2O in hexanes) as a white solid.  85.7% yield.  Rf = 0.35 (35% Et2O in hexanes); 

1H NMR (500 MHz, CDCl3) δ 7.63–7.58 (m, 2H), 7.58–7.52 (m, 1H), 7.49–7.40 (m, 2H), 

5.87–5.73 (m, 1H), 5.32–5.20 (m, 2H), 4.00 (ddd, J = 11.5, 7.7, 6.5 Hz, 1H), 3.90–3.80 

(m, 1H), 2.81–2.70 (m, 1H), 2.62–2.48 (m, 1H), 2.46–2.27 (m, 2H); 13C NMR (126 MHz, 

CDCl3) δ 170.3, 169.7 (d, JC-F = 23.1 Hz), 133.4, 132.4, 129.7 (d, JC-F = 7.1 Hz), 129.0, 

127.9, 121.0, 97.0 (d, JC-F = 185.4 Hz), 42.0 (d, JC-F = 2.3 Hz), 38.4 (d, JC-F = 25.2 Hz), 

28.5 (d, JC-F = 22.6 Hz); IR (Neat Film NaCl) 3076, 1760, 1676, 1365, 1314, 1253, 1132, 

1058, 1008, 980, 920, 863, 791, 729 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for 

C14H15NO2F [M+H]+: 248.1081, found 248.1092; [α]D
25 –120.5° (c 1.11, CHCl3, 98% ee). 
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4-Methoxybenzoyl Lactam 13: Reaction performed in MTBE at 40 °C.  4-

Methoxybenzoyl lactam 13 was isolated by flash chromatography (SiO2, 8% Et2O in 

hexanes) as a colorless oil.  83.2% yield.  Rf = 0.48 (25% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 7.56–7.48 (m, 2H), 6.91–6.82 (m, 2H), 5.86–5.66 (m, 1H), 5.18–

5.02 (m, 2H), 4.03 (ddd, J = 15.0, 8.0, 2.4 Hz, 1H), 3.88 (ddd, J = 15.1, 8.5, 2.1 Hz, 1H), 

3.83 (s, 3H), 2.50 (ddt, J = 13.6, 7.0, 1.2 Hz, 1H), 2.35 (ddt, J = 13.7, 7.6, 1.1 Hz, 1H), 

1.92–1.77 (m, 4H), 1.77–1.62 (m, 2H), 1.31 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

182.3, 174.7, 162.2, 133.9, 130.0, 128.9, 118.6, 113.5, 55.4, 47.7, 44.7, 43.0, 35.1, 28.2, 

25.0, 23.4; IR (Neat Film NaCl) 3074, 2932, 1673, 1605, 1511, 1279, 1255, 1168, 1112, 

1025, 837 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C18H24NO3 [M+H]+: 302.1751, 

found 302.1744; [α]D
25 –34.7° (c 0.75, CHCl3, 93% ee). 

 

 

Benzoyl Lactam 14: Benzoyl lactam 14 was isolated by flash chromatography (SiO2, 10 

to 20% Et2O in hexanes) as a colorless oil.  91.4% yield.  Rf = 0.36 (35% Et2O in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.55–7.52 (m, 2H), 7.52–7.47 (m, 1H), 7.42–

7.37 (m, 2H), 5.90 (ddt, J = 17.3, 10.3, 7.2 Hz, 1H), 5.26–5.10 (m, 2H), 4.12–3.95 (m, 

3H), 3.94–3.81 (m, 1H), 2.71 (ddt, J = 14.1, 7.3, 1.2 Hz, 1H), 2.47 (ddt, J = 14.1, 7.0, 1.3 

Hz, 1H), 1.48 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 174.3, 173.1, 135.7, 132.1, 131.7, 

128.1, 127.7, 119.3, 80.3, 59.4, 45.7, 43.1, 23.3; IR (Neat Film NaCl) 3075, 2978, 2894, 

1685, 1448, 1373, 1283, 1227, 1111, 1092, 921, 726, 694 cm-1; HRMS (FAB) m/z calc'd 

N
O

O
Bz

14



Chapter 2 54 

for C15H18NO3 [M+H]+: 260.1287, found 260.1277; [α]D
25 –72.1° (c 0.97, CHCl3, 99% 

ee). 

 

 

Benzoyl Lactam 15: Benzoyl lactam 15 was isolated by flash chromatography (SiO2, 5 

to 10% EtOAc in hexanes) as a colorless oil.  88.8% yield.  Rf = 0.35 (35% Et2O in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 7.62–7.57 (m, 2H), 7.53–7.47 (m, 1H), 7.44–

7.37 (m, 2H), 5.87–5.70 (m, 1H), 5.28–5.15 (m, 2H), 3.91 (dddd, J = 12.8, 6.0, 4.7, 1.4 

Hz, 1H), 3.74 (dddd, J = 13.6, 9.2, 4.5, 2.4 Hz, 1H), 2.86–2.60 (m, 2H), 2.33–2.14 (m, 

2H), 2.13–1.89 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 174.5, 170.8 (d, JC-F = 23.5 Hz), 

135.0, 132.0, 130.6 (d, JC-F = 6.5 Hz), 128.3, 128.0, 120.4, 93.9 (d, JC-F = 179.3 Hz), 46.4, 

40.0 (d, JC-F = 23.6 Hz), 32.1 (d, JC-F = 22.5 Hz), 19.1 (d, JC-F = 4.6 Hz); IR (Neat Film 

NaCl) 3078, 2956, 1715, 1687, 1478, 1449, 1435, 1390, 1288, 1273, 1175, 1152, 1000, 

930, 725, 694, 662 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C15H16NO2F [M+H]+: 

262.1238, found 262.1244; [α]D
25 –120.6° (c 1.09, CHCl3, 99% ee). 

 

 

Benzoyl Glutarimide 16: Benzoyl glutarimide 16 was isolated by flash chromatography 

(SiO2, 17 to 25% EtOAc in hexanes) as a colorless oil. 81% yield. Rf = 0.21 (25% EtOAc 

in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.29 Hz, 2H), 7.63 (t, J = 7.45 

N

O
F
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Hz, 1H), 7.48 (dd, J = 8.29, 7.45 Hz, 2H), 5.77 (dddd, J = 17.4, 10.2, 7.4, 7.0 Hz, 1H), 

5.22–5.16 (m, 2H), 2.87–2.77 (m, 2H), 2.59 (ddt, J = 13.8, 7.0, 1.0 Hz, 1H), 2.40 (ddt, J 

= 13.8, 7.4, 1.0 Hz, 1H), 2.12 (ddd, J = 14.2, 7.73, 6.81 Hz, 1H), 1.85 (ddd, J = 14.2, 6.5, 

6.1 Hz, 1H), 1.37 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 176.6, 171.6, 170.9, 134.8, 

132.0, 131.9, 130.0, 129.1, 120.0, 41.9, 41.7, 29.2, 28.2, 22.8; IR (Neat Film NaCl) 3077, 

2975, 2935, 1750, 1713, 1683, 1450, 1340, 1239, 1198, 981, 776 cm-1; HRMS (MM: 

ESI-APCI) m/z calc'd for C16H18NO3[M+H]+: 272.1281, found 272.1281; [α]D
25 –31.3° (c 

1.00, CHCl3, 94% ee). 

 

 

Benzoyl Glutarimide 17: Benzoyl glutarimide 17 was isolated by flash chromatography 

(SiO2, 17 to 25% EtOAc in hexanes) as a colorless oil. 86% yield. Rf = 0.24 (25% EtOAc 

in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.38 Hz, 2H), 7.64 (t, J = 7.46 

Hz, 1H), 7.48 (dd, J = 8.38, 7.46 Hz, 2H), 5.75 (dddd, J = 17.2, 10.2, 7.7, 7.0 Hz, 

1H),5.20–5.15 (m, 2H), 2.86–2.76 (m, 2H), 2.60 (ddt, J = 14.0, 7.0, 1.1 Hz, 1H), 2.37 

(ddt, J = 14.0, 7.7, 1.1 Hz, 1H), 2.05 (ddd, J = 14.3, 7.85, 6.81 Hz, 1H), 1.97 (ddd, J = 

14.3, 6.56, 6.24 Hz, 1H), 1.87–1.75 (m, 2H), 0.97 (t, J = 7.46, 3H); 13C NMR (126 MHz, 

CDCl3) δ 175.9, 171.6, 171.0, 134.8, 132.4, 131.9, 130.0, 129.0, 119.8, 45.4, 39.3, 29.0, 

28.1, 25.4, 8.1; IR (Neat Film NaCl) 3076, 2974, 2940, 2882, 1750, 1713, 1683, 1450, 

1340, 1239, 1195, 1001, 923, 778 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for 

C17H20NO3[M+H]+: 286.1438, found 286.1432; [α]D
25 –16.2° (c 1.00, CHCl3, 96% ee). 
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Acyl Lactam 18: Acyl lactam 18 was isolated by flash chromatography (SiO2, 10 to 20% 

Et2O in hexanes) as a colorless oil.  88.4% yield.  Rf = 0.40 (35% Et2O in hexanes); 1H 

NMR (500 MHz, CDCl3) δ 7.32–7.17 (m, 3H), 7.17–7.09 (m, 2H), 5.77 (dddd, J = 17.0, 

10.3, 7.9, 6.8 Hz, 1H), 5.19–5.05 (m, 2H), 3.60–3.48 (m, 1H), 3.44 (dddd, J = 13.0, 7.0, 

4.6, 1.0 Hz, 1H), 3.27 (d, J = 13.3 Hz, 1H), 2.68 (d, J = 13.2 Hz, 1H), 2.66–2.62 (m, 1H), 

2.51 (s, 3H), 2.23 (ddt, J = 13.5, 7.9, 1.1 Hz, 1H), 1.90–1.61 (m, 3H), 1.57–1.38 (m, 1H); 

13C NMR (126 MHz, CDCl3) δ 178.0, 174.2, 137.1, 133.2, 130.4, 128.3, 126.8, 119.2, 

49.7, 45.1, 44.8, 44.5, 29.0, 27.6, 19.6; IR (Neat Film NaCl) 3028, 2941, 1691, 1367, 

1291, 1247, 111178, 1131, 1031, 923 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for 

C17H22NO2 [M+H]+: 272.1645, found 272.1646; [α]D
25 +11.4° (c 1.03, CHCl3, 88% ee). 

 

 

Phenyl Carbamate Lactam 19: Phenyl Carbamate lactam 19 was isolated by flash 

chromatography (SiO2, 10 to 20% Et2O in hexanes) as a colorless oil.  82.2% yield.  Rf = 

0.39 (35% Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.40–7.35 (m, 2H), 7.25–

7.21 (m, 1H), 7.20–7.15 (m, 2H), 5.79 (dddd, J = 16.7, 10.4, 7.8, 7.0 Hz, 1H), 5.18–5.08 

(m, 2H), 3.89–3.82 (m, 1H), 3.78–3.70 (m, 1H), 2.55 (ddt, J = 13.6, 7.0, 1.2 Hz, 1H), 

2.33 (ddt, J = 13.6, 7.8, 1.1 Hz, 1H), 2.00–1.85 (m, 3H), 1.70–1.59 (m, 1H), 1.30 (s, 3H); 

13C NMR (126 MHz, CDCl3) δ 177.3, 153.8, 150.8, 133.3, 129.3, 125.9, 121.5, 118.9, 

N

O
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48.2, 45.0, 44.1, 33.0, 25.3, 19.6; IR (Neat Film NaCl) 3074, 2939, 2870, 1783, 1733, 

1718, 1494, 1299, 1265, 1203, 1153, 991, 920 cm-1; HRMS (MM: ESI-APCI) m/z calc'd 

for C16H20NO3 [M+H]+: 274.1438, found 274.1444; [α]D
25 –81.6° (c 1.11, CHCl3, 94% 

ee). 

 

 

Benzyl Carbamate Lactam 20: Benzyl carbamate lactam 20 was isolated by flash 

chromatography (SiO2, 10 to 30% Et2O in hexanes) as a colorless oil.  85.9% yield.  Rf = 

0.41 (35% Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.46–7.42 (m, 2H), 7.37 

(ddd, J = 7.4, 6.3, 1.5 Hz, 2H), 7.35–7.30 (m, 1H), 5.74 (dddd, J = 15.9, 11.0, 7.9, 6.9 Hz, 

1H), 5.28 (s, 2H), 5.18–5.06 (m, 2H), 3.77–3.63 (m, 2H), 2.33 (ddt, J = 13.8, 6.9, 1.2 Hz, 

1H), 2.24 (ddt, J = 13.8, 7.9, 1.0 Hz, 1H), 2.03 (ddd, J = 12.9, 8.1, 6.9 Hz, 1H), 1.74 

(ddd, J = 13.2, 7.7, 5.9 Hz, 1H), 1.19 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 178.0, 

151.7, 135.3, 133.0, 128.6, 128.3, 128.1, 119.1, 68.0, 45.5, 42.9, 41.7, 29.5, 22.6; IR 

(Neat Film NaCl) 3066, 2973, 2930, 2903, 1789, 1750, 1719, 1456, 1380, 1363, 1301, 

1217, 1001, 919, 776, 736 cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C16H20NO3 

[M+H]+: 274.1438, found 274.1438; [α]D
25 –41.4° (c 1.02, CHCl3, 91% ee). 
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4-Phenylbenzoyl Lactam 21: 4-Phenylbenzoyl lactam 21 was isolated by flash 

chromatography (SiO2, 10 to 15% Et2O in pentane) as a colorless oil.  84.6% yield.  Rf = 

0.43 (35% Et2O in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.64–7.57 (m, 6H), 7.45 

(ddd, J = 7.8, 6.7, 1.1 Hz, 2H), 7.40–7.34 (m, 1H), 5.84–5.70 (m, 1H), 5.20–5.09 (m, 

2H), 3.91–3.82 (m, 1H), 3.74 (ddd, J = 12.1, 7.4, 5.7 Hz, 1H), 2.59 (ddd, J = 13.7, 7.0, 

1.3 Hz, 1H), 2.32 (ddt, J = 13.7, 7.7, 1.2 Hz, 1H), 2.10–1.91 (m, 3H), 1.77–1.64 (m, 1H), 

1.34 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 179.1, 175.1, 144.2, 140.2, 135.1, 133.3, 

128.8, 128.1, 127.8, 127.2, 126.9, 119.0, 47.2, 44.0, 43.3, 33.3, 25.2, 19.5; IR (Neat Film 

NaCl) 3073, 2938, 2869, 1677, 1607, 1478, 1383, 1295, 1279, 1145, 922, 849, 743, 698 

cm-1; HRMS (MM: ESI-APCI) m/z calc'd for C22H24NO2 [M+H]+: 334.1802, found 

334.1812; [α]D
25 –82.6° (c 0.75, CHCl3, 99% ee). 

 

 

1-Naphthoyl Lactam 22: 1-Naphthoyl lactam 22 was isolated by flash chromatography 

(SiO2, 10 to 20% Et2O in hexanes) as a white solid.  86.3% yield.  Rf = 0.42 (35% Et2O in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 8.03–7.97 (m, 1H), 7.90–7.83 (m, 2H), 7.55–

7.46 (m, 2H), 7.42 (dd, J = 8.1, 7.1 Hz, 1H), 7.37 (dd, J = 7.1, 1.3 Hz, 1H), 5.64 (dddd, J 

= 17.2, 10.2, 7.6, 7.1 Hz, 1H), 5.16–4.97 (m, 2H), 4.05 (dddd, J = 12.8, 6.3, 5.2, 1.3 Hz, 

1H), 3.95–3.82 (m, 1H), 2.43 (ddt, J = 13.7, 7.1, 1.2 Hz, 1H), 2.19 (ddt, J = 13.7, 7.6, 1.1 

Hz, 1H), 2.11–1.99 (m, 2H), 1.99–1.91 (m, 1H), 1.73–1.64 (m, 1H), 1.18 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 178.5, 174.3, 135.8, 133.6, 133.1, 130.0, 129.8, 128.4, 126.9, 

126.2, 124.9, 124.5, 123.3, 118.9, 46.4, 44.1, 43.3, 33.2, 24.8, 19.5; IR (Neat Film NaCl) 

N

OO

22
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3062, 2937, 2869, 1702, 1677, 1381, 1295, 1251, 1147, 923, 781 cm-1; HRMS (MM: 

ESI-APCI) m/z calc'd for C20H22NO2 [M+H]+: 308.1645, found 308.1648; [α]D
25 –102.3° 

(c 1.12, CHCl3, 99% ee). 

 

 

2-Naphthoyl Lactam 23: 2-Naphthoyl lactam 23 was isolated by flash chromatography 

(SiO2, 10 to 20% Et2O in hexames) as a colorless oil.  82.1% yield.  Rf = 0.42 (35% Et2O 

in hexanes); 1H NMR (500 MHz, CDCl3) δ 8.10 (dd, J = 1.8, 0.8 Hz, 1H), 7.93–7.76 (m, 

3H), 7.63–7.43 (m, 3H), 5.87–5.67 (m, 1H), 5.21–5.06 (m, 2H), 3.95–3.84 (m, 1H), 3.84–

3.72 (m, 1H), 2.58 (ddt, J = 13.8, 7.1, 1.2 Hz, 1H), 2.33 (ddt, J = 13.7, 7.6, 1.1 Hz, 1H), 

2.12–1.89 (m, 3H), 1.71 (ddt, J = 10.9, 4.9, 4.3, 2.4 Hz, 1H), 1.34 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 179.0, 175.3, 134.6, 133.7, 133.3, 132.5, 128.9, 128.1, 127.7, 127.7, 

127.5, 126.4, 124.1, 118.9, 47.2, 44.0, 43.3, 33.3, 25.1, 19.5; IR (Neat Film NaCl) 3059, 

2938, 2869, 1677, 1467, 1383, 1293, 1234, 1165, 1139, 923, 862, 822, 780, 762 cm-1; 

HRMS (FAB) m/z calc'd for C20H22NO2 [M+H]+: 308.1650, found 308.1638; [α]D
25 –

257.4° (c 0.92, CHCl3, 97% ee). 

 

2.7.9 Procedures for the Derivatization of Lactam 3 
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Piperidin-2-one 25:  To a solution of lactam 3 (2.00 g, 7.37 mmol, 1.00 equiv) in MeOH 

(188 mL) was added a solution of LiOH•H2O (464 mg, 11.1 mmol, 1.50 equiv) in H2O 

(75 mL).  After 20 h, the reaction mixture was concentrated under reduced pressure and 

diluted with saturated aqueous NaHCO3 (100 mL) and EtOAc (75 mL). The phases were 

separated, and the aqueous phase was extracted with EtOAc (4 x 75 mL). The combined 

organic phases were washed with brine (2 x 30 mL), dried (Na2SO4), filtered, and 

concentrated under reduced pressure.  The resulting oil was purified by flash 

chromatography (3 x 25 cm SiO2, 40 to 60% EtOAc in hexanes) to afford known30 lactam 

25 as a colorless oil (1.18 g, 96% yield).  Rf = 0.21 (50% EtOAc in hexanes); 1H NMR 

(300 MHz, CDCl3) δ 6.05 (br s, 1H), 5.88–5.66 (m, 1H), 5.12–4.95 (m, 2H), 3.25 (td, J = 

5.8, 1.9 Hz, 2H), 2.48 (ddt, J = 13.6, 6.7, 1.3 Hz, 1H), 2.18 (ddt, J = 13.6, 8.1, 1.0 Hz, 

1H), 1.87–1.62 (m, 5H), 1.49 (dq, J = 13.5, 7.4 Hz, 1H), 0.89 (t, J = 7.5 Hz, 3H); [α]D
25 –

13.7° (c 0.57, CHCl3, 99% ee). 

 

Piperidine 26:  To a solution of piperidin-2-one 25 (250 mg, 1.49 mmol, 1.00 equiv) in 

ether (14.9 mL) was added lithium aluminum hydride (170 mg, 4.48 mmol, 3.0 equiv) 

(Caution: Gas evolution and exotherm).  After stirring at ambient temperature for 5 min, 

the reaction mixture was heated to reflux for 36 h, cooled (0 °C), and quenched with 

saturated aqueous K2CO3 (20 mL, Caution: Gas evolution and exotherm). The phases 

were separated, and the aqueous phase was extracted with Et2O (4 x 75 mL). The 

combined organic phases were washed with brine (2 x 30 mL), dried (Na2SO4), filtered, 

and concentrated under reduced pressure to provide piperidine 26 (206 mg, 90% yield) as 

a colorless oil. Rf = 0.29 (20% MeOH in DCM); 1H NMR (500 MHz, CDCl3) δ 5.76 (ddt, 
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J = 16.4, 10.6, 7.5 Hz, 1H), 5.10–4.96 (m, 2H), 2.81–2.68 (m, 2H), 2.53 (dd, J = 13.0, 

20.0 Hz, 2H), 2.06 (d, J = 7.5 Hz, 2H), 2.02 (br s, 1H), 1.55–1.42 (m, 2H), 1.40–1.30 (m, 

2H), 1.32 (q, J = 7.5 Hz, 2H), 0.80 (t, J = 7.6 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 

134.6, 116.9, 55.1, 47.0, 39.2, 34.9, 33.6, 27.7, 22.4, 7.1; IR (Neat Film NaCl) 3298, 

3073, 2963, 2931, 2853, 2799, 1638, 1462, 1125, 996, 911 cm-1; HRMS (MM: ESI-

APCI) m/z calc'd for C10H20N [M+H]+: 154.1590, found 154.1590; [α]D
25 –7.5° (c 0.80, 

MeOH, 96% ee). 
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2.7.10 Methods for the Determination of Enantiomeric Excess 

Table 2.5 Analytical HPLC and SFC assays and retention times 

 

entry product
retention time

of major
isomer (min)

% ee

1 75

retention time
of minor

isomer (min)
assay

conditions

19.10 15.77

5 9110.15 9.71

2 8115.22 18.10

3 8618.68 17.60

4 8928.89 21.47

6 9915.73 18.12

9929.12 19.747

9932.97 31.168

993.85 2.499

10 993.84 3.20

2a
N

O
Ts

2b
N

O
Boc

2c
N

O
Cbz

2d

N

O
Fmoc

2e
N

O
Ac

2f
N

O

2g

N

O

2h

N

O
Bz

O

MeO

O

F

N

O
Bz

N

O
Bz

Ph

SFC
Chiralcel OJ-H
3% MeOH in CO2
isocratic, 5.0 mL/min
254 nm

SFC
Chiralcel OD-H
10% MeOH in CO2
isocratic, 5.0 mL/min
254 nm

HPLC
Chiralpak AD-H
5% EtOH in hexanes
isocratic, 1.0 mL/min
254 nm

HPLC
Chiralcel OJ-H
0.1% IPA in hexanes
isocratic, 1.0 mL/min
220 nm

HPLC
Chiralcel OJ-H
3% EtOH in hexanes
isocratic, 1.0 mL/min
220 nm

HPLC
Chiralcel OD
3% EtOH in hexanes
isocratic, 1.0 mL/min
254 nm

HPLC
Chiralcel OJ
1% IPA in hexanes
isocratic, 1.0 mL/min
254 nm

HPLC
Chiralcel OD-H
3% IPA in hexanes
isocratic, 1.0 mL/min
254 nm

HPLC
Chiralcel OJ-H
2% IPA in hexanes
isocratic, 1.0 mL/min
254 nm

HPLC
Chiralcel OJ-H
5% IPA in hexanes
isocratic, 1.0 mL/min
254 nm

3

4
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entry product
retention time

of major
isomer (min)

% ee

11 99

retention time
of minor

isomer (min)
assay

conditions

32.69 27.83

15 95

HPLC
Chiralpak AD
2% IPA in hexane
isocratic, 1.0 mL/min
254 nm

18.72 27.05

12 992.67 3.84

13 967.75 5.95
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CHAPTER 3 

 

 

 

Formal Synthesis of Classical Natural Product Target Molecules via 

Palladium-Catalyzed Enantioselective Alkylation÷ 

 

3.1 Introduction 

 Catalytic enantioselective allylic alkylation has emerged as a powerful method for 

the construction of building blocks bearing quaternary carbon and fully substituted 

tertiary centers.1,2  A recent addition developed by our laboratory is the allylic alkylation 

of nonstabilized enolate precursors to form α-quaternary carbonyl compounds (Scheme 

3.1).3  Once the key stereocenter is set by this chemistry, further elaboration allows 

access to many bioactive small molecules.  In our lab alone, this palladium-catalyzed 
                                                
÷ This work was performed in collaboration with Dr. Marc Liniger.  Drs. Ryan M. 
McFadden and Jenny L. Roizen also contributed significantly to this work.  This chapter 
was partially adapted from the publication: Liu, Y.; Liniger, M.; McFadden, R. M.; 
Roizen, J. L.; Malette, J.; Reeves, C. M.; Behenna, D. C.; Seto, M.; Kim, J.; Mohr, J. T.; 
Virgil, S. C.; Stoltz, B. M. Beilstein J. Org. Chem. 2014, 10, 2501–2512.  Open Access 
2014 Beilstein-Institut.  
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alkylation has enabled the enantioselective total syntheses of dichroanone,4 elatol,5 

cyanthiwigins,6,7,8 carissone,9 cassiol,10 chamigrenes,11 and liphagal.12  Other labs have 

also utilized our method in natural products total synthesis.13,14  Often, it is the case that a 

new technology that allows the synthesis of building blocks will open up new avenues to 

complex structures of long standing interest.15,16  Herein we detail the application of this 

asymmetric chemistry in formal total syntheses of “classic” natural product targets across 

a range of compound families by strategic selection of allylic alkylation substrates and 

subsequent product transformations. 

 

Scheme 3.1 Three classes of Pd-catalyzed enantioselective allylic alkyations 

 

 

3.2 Thujopsene 

 The Japanese hiba tree, Thujopsis dolabrata has been used for centuries as 

decoration and within traditional architechture.17  The plant is a member of the order 

Cupressaceae, and its fragrant wood oil contains numerous sesquiterpenes including 
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mayurone (35),18,19 widdrol (36),20 and (–)-thujopsene (37) (Figure 3.1).21,22  The wood 

oil is a potent dust mite deterrent; thus, in addition to its ornamental value, the hiba tree 

also provides and environmentally benign means of pest control.23,24 

 

Figure 3.1 Selected natural products from Thujopsis dolabrata 

 

 

 (–)-Thujopsene (37) has attractive features to the synthetic chemist.  Its 

tricyclo[5.4.0.01,3]undecane skeleton contains three contiguous all-carbon quaternary 

centers, two of which are stereogenic.  Being a hydrocarbon, (–)-thujopsene (37) has few 

natural handles for retrosynthetic analysis.  Inspired by the complexity of this relatively 

small natural product, several total syntheses of racemic 37 have been reported25,26,27,28,29 

along with at least two enantioselective routes.30,31,32 

 One enantiospecific total synthesis of (+)-thujopsene (37) by Srikrishna and 

Anebouselvy began with (R)-carvone (38) (Scheme 3.2).33  During the total synthesis, the 

authors prepared carboxylic acid (+)-42 over a 14-step sequence.  We planned to 

intercept the antipode of (+)-42 using the palladium-catalyzed enantioselective alkylation 

chemistry described above. 

 

(–)-Thujopsene (37)

O

Mayurone (35) Widdrol (36)

OH



Chapter 3 157 

Scheme 3.2 Srikrishna and Anebouselvy’s approach to thujopsene 

 

 

 We commenced a formal total synthesis of (–)-Thujopsene (37) with the goal of 

improved efficiency compared to the Srikrishna/Anebouselvy route and to use 

enantioselective palladium catalysis to install the initial stereocenters (Scheme 3.3).  

Treatment of 43 with LiHMDS in THF, followed by allyl chloroformate, furnished the 

known carbonate 44 in high yield.34  This substrate smoothly undergoes palladium-

catalyzed enantioselective decarboxylative allylation in the presence of (S)-t-Bu-PHOX 

(L1), giving allyl ketone (–)-45 in 94% yield and 91% ee.34  Treatment of the ketone (–)-

45 with MeMgBr at 23 ºC provided a mixture of two diastereomeric alcohols 46A and 

46B in 96% yield.  Without separation, the diastereomers were rapidly carried through a 

three-step sequence of hydroboration/oxidation, terminal alcohol silylation, and tertiary 

alcohol dehydration, affording methylene cyclohexane (–)-47.  Treatment of this silyl 

ether with Jones reagent simultaneously cleaved the silyl group and oxidized the resulting 

alcohol, furnishing carboxylic acid (–)-42 in 65% yield.  With this enantioenriched acid 

in hand, the formal total synthesis of (–)-thujopsene (37) is completed in only 9 steps 

from trimethylcyclohexanone (43).  
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Scheme 3.3 Formal total synthesis of (−)-thujopsene 

 

 

3.3 Quinic Acid 

 (–)-Quinic acid (51)35,36 serves as a useful chiral building block that has been 

employed in numerous syntheses, 37  including our own syntheses of (+)- and (–)-

dragmacidin F,38,39,40,41 and the initial commercial-scale synthesis of Tamiflu.42  In 
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in the requisite syn relationship between the carboxylate group and the 3-hydroxyl group, 

ultimately leading to quinic acid. 

 

Scheme 3.4 Renaud’s formal total synthesis of quinic acid 

 

 

 Unlike the allylic alkylations in Scheme 3.1, which form all-carbon stereocenters, 

we envisioned a unique modification of the silyl enol ether version to access nonracemic 

tertiary alcohols (Scheme 3.5).43  The planned modification would involve the use of 

dioxanone-derived substrates instead of the prototypical cycloalkanone-derived ones.  To 

demonstrate this new technology in the context of formal total synthesis, we chose to 

intercept the acid 50 in the Renaud and Novak routes to quinic acid (51).  Conversion of 

dioxanone 52 to a cyclohexylimine enabled alkylation via a metalloenamine.  On acidic 

work-up, imine hydrolysis furnished an alkylated dioxanone in good yield.  The targeted 

silyl enol ether 53 was prepared by thermodynamic silylation in 66% yield.43  Optimal 

conversions and enantioselectivities were achieved from triethylsilyl enol ether 53 on 

exposure to Pd(dmdba)2 (5 mol%), (S)-t-BuPHOX (L1, 5.5 mol%), and diallyl carbonate 

(1.05 equiv) at 25 °C, in PhMe with an equivalent of Bu4NPh3SiF2 (TBAT).43  

Recognizing that enantioenriched α,ω-dienes could be transformed into cycloalkenes 
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acetonide cleavage and periodic acid oxidation to provide carboxylic acid (S)-50,43 

completing the formal synthesis of (–)-quinic acid (51).  Additionally, one could in 

principle also access the less commercially abundant antipode (+)-quinic acid (51) using 

the catalyst (R)-t-Bu-PHOX. 

 

Scheme 3.5 Formal total synthesis of (−)-quinic acid 

 

 

3.4 Dysidiolide 

 Dysidiolide (56, Scheme 3.6) was isolated from the marine sponge Dysidea 
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dephosphorylation of cyclin-dependent kinases.46  Thus, inhibitors of cdc25 might allow 
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 In Danishefsky’s approach to racemic dysidiolide, the cyclohexene ring of 57 was 

installed via diastereoselective Diels-Alder reaction of a transient dioxolenium dienophile 

and chiral vinylcyclohexene 58.48  Triene 58 was prepared from α-quaternary ketone (±)-

59 in racemic form.  We anticipated the interception of (–)-59 in Danishefsky’s route 

using enantioselective palladium-catalyzed allylic alkylation to set the quaternary 

stereocenter. 

 

Scheme 3.6 Danishefsky’s approach to (±)-dysidiolide 

 

 

 The formal total synthesis of (–)-Dysidiolide (56) commenced with known allyl 

β-ketoester 34 (Scheme 3.7), which was converted to 2-allyl-2-methylcyclohexanone (32) 

in 85% yield and 88% ee57 with a catalytic amount of Pd2dba3 and (S)-t-BuPHOX (L1, 

Scheme 3.1).  The allyl ketone was enriched to 98% ee via the semicarbazone 60.58  
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OH

O

O

HO

(–)-Dysidiolide (56)

H

H

O
O

TBDPSO

O

5857 59



Chapter 3 162 

enantioselective allylic alkylation to access formerly racemic constructs as single 

enantiomers; Danishefsky’s synthesis is now rendered enantioselective. 

 

Scheme 3.7 Formal total synthesis of (−)-dysidiolide 

 

 

3.5 Aspidospermine 

 The aspidosperma alkaloids have garnered much attention as beautiful targets for 

the synthetic chemist.  Most of the 250-plus compounds in this class share a pentacyclic 

core, from the clinical anti-cancer therapeutics vincristine and vinblastine to the simpler 

aspidospermidine.59  To address the challenging synthetic features of the aspidosperma 

alkaloids, many clever synthetic approaches have been reported.60,61  One popular target 
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inferior to other members of the class, this alkaloid has served as a proving ground for 

many synthetic chemists. 

 In 1989, Meyers reported an enantioselective synthesis of the (4aS,8aR,8S)-

hydrolilolidone core 6460,62 present in aspidospermine (63), and thus a formal total 

synthesis of the alkaloid itself,63 intercepting Stork’s classic route.64  One precursor 

described in the core synthesis is enone (–)-65, which bears the quaternary stereocenter of 

the natural product.  Contrasting Meyers’ approach, which employed a chiral auxiliary as 

part of 66, we thought a catalytic enantioselective alkylation strategy would be ideal for a 

formal total synthesis of natural (–)-aspidospermine (63) via the antipode of (–)-65. 

 

Scheme 3.8 Meyers’ approach to unnatural (+)-aspidospermine 

 

 

 The formal synthesis began with 1,3-cyclohexanedione (67), which was converted 

to isobutyl vinylogous ether 68 under acid promotion (Scheme 3.9).65  The β-ketoester 69 
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represents a previously rare but now readily accessible example of enantioselective 

Stork-Danheiser chemistry.66,67 

 

Scheme 3.9 Formal total synthesis of (−)-aspidospermine 

 

 

3.6 Rhazinilam 

 (−)-Rhazinilam (71) has been isolated from various plants including Rhazya strica 

decaisne,68 Melodinus australis,69 and Kopsia singapurensis.70  Shortly after the first 

isolation, its structure was elucidated by single crystal X-ray diffraction analysis.71  It 
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stereocenter.  This alkaloid is a microtubule-disrupting agent that displays similar cellular 

effects to paclitaxel.72,73  Because of its biological activities and potential pharmaceutical 

use, many groups have pursued its total synthesis,74,75 ,76,77 including a number of 

enantioselective syntheses.78,79,80,81,82 
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ring of 72 was formed by intramolecular condensation of cinnamyl amide 73, which is 

prepared via union of quaternary piperidinone 25 and cinnamyl electrophile 74.  We 

envisioned that our allylic alkylation of lactam enolates would furnish enantioenriched 

piperidinone 25, and thus a single enantiomer of rhazinilam may be prepared. 

 

Scheme 3.10 Magnus’ approach to rhazinilam 

 

 

 The formal synthesis of (+)-rhazinilam commenced with palladium-catalyzed 

decarboxylative allylic alkylation of known carboxy-lactam 24 to afford benzoyl-

protected piperidinone 3 in 97% yield and 99% ee (Scheme 3.11).84  Cleavage of the 

benzoyl group under basic conditions furnished piperidinone (–)-25,84 which can be 

advanced to (+)-rhazinilam via Magnus’ route.  This formal synthesis demonstrates the 

utility of our recently developed asymmetric lactam alkylation chemistry. 
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Scheme 3.11 Formal total synthesis of (+)-rhazinilam 

 

 

3.7 Quebrachamine 

 Quebrachamine (75) is an indole alkaloid isolated from the Aspidosperma 

quebracho tree bark.85  It has been found to possess adrenergic blocking activities for a 

variety of urogenital tissues.86  Structurally, it features a tetracycle including an indole 

nucleus, a 9-membered macrocycle, and an all-carbon quaternary stereocenter.  Due to its 

structural complexity and biological activities, quebrachamine has received considerable 

attention from the chemistry community.  A number of total syntheses have been 

reported,87,88,89 with several examples of asymmetric syntheses.90,91,92 

 In 2007, Amat reported an enantioselective total synthesis of quebrachamine 

(Scheme 3.12).93  In their planning, disconnection at the macrocycle led to amide 76, 

which was prepared from 3,3-disubstituted piperidine (+)-77.  The all-carbon quaternary 

stereocenter in 78 was installed by double alkylation of lactam 79, using an auxiliary to 

control the stereoselectivity.  We envisioned that an alternative way of constructing this 

motif would again make use of our recently developed palladium-catalyzed asymmetric 

alkylation of lactam enolates. 
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Scheme 3.12 Amat’s approach to quebrachamine 

 

 

 The formal synthesis of (+)-quebrachamine commenced with benzoyl lactam 3 

(Scheme 3.13), which was prepared in excellent yield and ee by alkylation of carboxy-

lactam 24 (see Scheme 3.11).84  Oxidative cleavage of the terminal double bond and 

subsequent reduction with LiAlH4 afforded N-benzyl piperidine-alcohol 80.84  

Hydrogenolysis of the N-benzyl group and re-protection with di-tert-butyl dicarbonate 

furnished N-boc piperidine-alcohol (–)-77,84 thus intercepting an intermediate in Amat’s 

synthesis of quebrachamine. 

 

Scheme 3.13 Formal total synthesis of (+)-quebrachamine 

 

 

3.8 Vincadifformine 

 Vincadifformine (83) was isolated in both enantioenriched and racemic forms 

from the leaves and roots of Rhazya stricta in 1963.94  Not only is it a representative 
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member of the Aspidosperma alkaloid family, but it also holds particular significance as a 

valuable precursor to pharmaceutically important vincamine, vincamone, and 

cavinton.95,96,97,98  The molecule has a fused pentacyclic framework with three contiguous 

stereocenters, two of which are all-carbon quaternary centers.  The medicinal relevance 

and structural complexity of vincadifformine have led to a large number of total 

syntheses,99,100,101,102,103,104,105 including several enantioselective examples.106,107,108,109 

 Recently, Pandey reported a highly efficient synthesis of (+)-vincadifformine 

(Scheme 3.14).107  The key step in the synthesis was an iminium ion cascade reaction that 

formed the fused ring systems by coupling 3,3-disubstituted tetrahydropyridine 81 with 

indole derivative 82.  The former coupling partner was derived from chiral α-quaternary 

lactam (+)-84, which was constructed using a chiral auxiliary strategy.  We envisioned 

that chiral lactam 84 could again be readily accessed by our palladium-catalyzed 

enantioselective alkylation chemistry. 

 

Scheme 3.14 Pandey’s approach to (+)-vincadifformine 
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compound’s natural antipode.  Our lab’s novel approach to quinic acid (51) allowed 

access to either enantiomer of this important substance.  We have also intercepted a key 

intermediate in Danishefsky’s synthesis of dysidiolide (56), rendering the former racemic 

route enantioselective.  Additionally, a rapid approach to a compound in Meyers’ formal 

synthesis of aspidospermine (63) granted access to the natural product without the use of 

a chiral auxiliary.  Finally, we have demonstrated the application of lactam alkylation 

products in the catalytic asymmetric syntheses of rhazinilam (71), quebrachamine (75), 

and vincadifformine (83).  The powerful catalytic enantioselective allylic alkylation will 

undoubtedly enable new synthetic endeavors in the context of both academic and 

industrial research. 

 

Figure 3.2 Two generations of building blocks 
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3.10 Experimental Section 

3.10.1 Materials and Methods 

 Unless stated otherwise, reactions were conducted in flame-dried glassware under 

an atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed 

through activated alumina columns). Chloroform, stabilized with ethanol, was stored in 

the dark over oven-dried 4Å molecular sieves. Absolute ethanol, methanol, and N,N-

dimethyl acetamide were used as purchased. 2,2,6-Trimethylcyclohexanone (43) was 

used as received. TMEDA and i-Pr2NH were distilled from CaH2. All other commercially 

obtained reagents were used as received unless specified otherwise. (S)-t-Bu-PHOX 

ligand L1 was prepared according to known methods.111 Reaction temperatures were 

controlled using an IKAmag temperature modulator. Thin-layer chromatography (TLC) 

was conducted with E. Merck silica gel 60 F254 pre-coated plates (0.25 mm) and 

visualized using UV at 254 nm, p-anisaldehyde, potassium permanganate, and iodine 

vapor over sand. TLC data include Rf, eluent, and method of visualization. ICN silica gel 

(particle size 0.032-0.063 mm), SilliaFlash P60 Academic silica gel (0.040-0.063 mm), or 

Florisil (Aldrich) was used for flash column chromatography. Analytical chiral HPLC 

analyses were performed with an Agilent 1100 Series HPLC using a chiralcel OD or AD 

normal-phase column (250 x 4.6 mm) employing 2.0–3.0% ethanol in hexane isocratic 

elution and a flow rate of 0.1 mL/min with visualization at 254nm. Analytical chiral GC 

analysis was performed with an Agilent 6850 GC using a GT-A column (0.25m x 

30.00m) employing an 80 °C isotherm and a flow rate of 1.0 mL/min. 1H NMR spectra 

were recorded on a Varian Mercury 300 (at 300 MHz) or a Varian Inova 500 (at 500 

MHz) and are reported relative to the residual solvent peak (δ 7.26 for CDCl3 and δ 7.16 
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for C6D6). Data for 1H NMR spectra are reported as follows: chemical shift (d ppm), 

multiplicity, coupling constant (Hz),112 and integration. 13C NMR spectra were recorded 

on a Varian Mercury 300 (at 75 MHz) or a Varian Inova 500 (at 125 MHz) and are 

reported relative the residual solvent peak (δ 77.2 for CDCl3 and δ 128.4 for C6D6). Data 

for 13C NMR spectra are reported in terms of chemical shift, and integration (where 

appropriate). IR spectra were recorded on a Perkin Elmer Spectrum BXII spectrometer 

and are reported in frequency of absorption (cm-1). IR samples were thin films deposited 

on sodium chloride plates by evaporation from a solvent (usually CDCl3), which is 

recorded. Optical rotations were measured with a Jasco P-1010 polarimeter, using a 100 

mm path-length cell. High-resolution mass spectra were obtained from the California 

Institute of Technology Mass Spectral Facility. Melting points were determined on a 

Thomas-Hoover melting point apparatus and are uncorrected. 

 

3.10.2 Syntheses of Compounds Related to Thujopsene 

 

Enol Carbonate 44.113 A solution of LiHMDS (1.0 M in THF, 57.5 mL, 57.5 mmol) was 

added to THF (300 mL), then cooled to 0 °C. A solution of 2,2,6-trimethylcyclohexanone 

(43) (6.67 g, 47.6 mmol) in THF (10 mL) was added. The reaction was stirred at 0 °C for 

1 h, then cooled to –78 °C and fitted with an addition funnel, which was charged with a 

solution of allyl chloroformate (6.56 mL, 61.8 mmol) in THF (200 mL). The solution was 

added dropwise over 30 min. Then the reaction was warmed to 23 °C. After 13 h, the 

reaction was poured into a mixture of sat. aq NH4Cl (100 mL), water (100 mL), and 

43

LiHMDS (1.2 equiv)
THF, 0°C

then allyl chloroformate
(1.3 equiv), -78 °C

(86% yield) 44

O O

O

O
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hexane (100 mL). After 10 min, the organic phase was collected and the aqueous phase 

extracted with Et2O (3 x 75 mL). All organic layers were combined, washed with brine 

(100 mL), dried (Na2SO4), filtered, and concentrated. The residue was purified by flash 

chromatography on silica gel (2:98 Et2O/hexane eluent), affording enol carbonate 44 

(9.19 g, 86% yield) as a clear oil. Rf = 0.43 (10% EtOAc in hexanes); 1H NMR (300 

MHz, CDCl3) δ 5.96 (app. ddt, Jd1 = 17.1 Hz, Jd2 = 10.7 Hz, Jt = 5.8 Hz, 1H), 5.38 (app. 

ddq, Jd1 = 17.3 Hz, Jd2 = 8.3 Hz, Jq = 1.4 Hz, 1H), 5.28 (app. ddq, Jd1 = 10.5 Hz, Jd2 = 4.4 

Hz, Jq = 1.1 Hz, 1H), 4.65 (app. ddt, Jd1 = 10.2 Hz, Jd2 =  5.7 Hz, Jt = 1.4 Hz, 2H), 2.05 (t, 

J = 5.5 Hz, 2H), 1.77–1.52 (m, 4H), 1.50 (s, 3H), 1.04 (s, 6H); 13C NMR (75 MHz, 

CDCl3) δ 153.5, 148.1, 131.8, 120.9, 119.1, 68.7, 39.4, 35.1, 31.4, 26.9, 19.3, 16.7; IR 

(Neat Film NaCl) 2965, 2934, 2868, 2838, 1759, 1459, 1363, 1271, 1238, 1138, 1025, 

993, 937 cm-1; HRMS (EI+) m/z calc’d for C13H20O [M]+: 224.1413, found 224.1408. 

 

 

Allyl Ketone (–)-45. A round bottom flask was flame-dried under argon and cycled into 

the glovebox. It was charged with Pd2(dba)3 (242 mg, 0.264 mmol, 6.25 mol%) and (S)-t-

Bu-PHOX (L1, 256 mg, 0.661 mmol, 2.5 mol%). Then, THF (317 mL) was introduced. 

The red mixture was stirred for 20 min at 25 °C. Then, enol carbonate 44 (2.37 g, 10.57 

mmol, 1.00 equiv) in THF (10 mL) was added. After the reaction was gauged complete 

using TLC analysis, it was removed from the glovebox, then concentrated. PhH (~20 mL) 

was added. After concentrating a second time, more PhH (~20 mL) was added. The 

Pd2(dba)3 (2.5 mol%)
(S)-t-Bu-PHOX (5) (6.25 mol%)

THF, 23 °C

(94% yield)44 (–)-45
(91% ee)

O

O

O O
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solution was purified by flash chromatography on silica gel (2:98 Et2O/hexane eluent), 

affording allyl ketone (–)-45 (1.72 g, 94% yield) as a clear oil in 91% ee as determined 

by chiral HPLC analysis. Rf = 0.48 (10% EtOAc in hexanes); 1H NMR (300 MHz, 

CDCl3) δ 5.64 (dddd, J = 17.1 Hz, 10.5 Hz, 7.7 Hz, 6.9 Hz, 1H), 5.05 (app. ddt, Jd1 = 6.3 

Hz, Jd2 = 2.2 Hz, Jt = 1.1 Hz, 1H), 4.98 (app. ddt, Jd1 = 13.8 Hz, Jd2 = 2.5 Hz, Jt = 1.4 Hz, 

1H), 2.32 (app. ddt, Jd1 = 13.8 Hz, Jd2 = 6.9 Hz, Jt = 1.4 Hz, 1H), 2.16 (app. ddt, Jd1 = 

13.8 Hz, Jd2 = 6.9 Hz, Jt = 1.4 Hz, 1H) 1.87–1.47 (m, 6H), 1.15 (s, 3H), 1.09 (s, 3H), 1.08 

(s, 3H); 13C NMR (75 MHz, CDCl3) δ 219.8, 134.7, 118.0, 47.7, 44.6, 44.0, 39.9, 37.0, 

28.0, 27.3, 25.7, 17.9; IR (Neat Film NaCl) 3077, 2979, 2964, 2933, 2869, 1697, 1463, 

1382, 999, 914 cm-1; HRMS (EI+) m/z calc’d for C12H20O [M]+: 180.1514, found 

180.1506; [α]D
24 –36.3° (c 0.140, CHCl3, 91% ee). 

 

 

Alcohols 46A and 46B. A round-bottom flask was charged with a solution of allyl ketone 

(–)-45 (1.02 g, 5.65 mmol, 1.00 equiv, 91% ee) and THF (55.5 mL). Then, methyl 

magnesium bromide (3.0 M in Et2O, 9.25 mL, 27.8 mmol, 5.00 equiv) was gradually 

introduced at 23 °C. After 24 h, the reaction was carefully quenched at 0 °C with sat. aq 

NH4Cl (30 mL). Then H2O (50 mL) was added, along with hexanes (50 mL). The 

biphasic mixture was extracted with Et2O (2 x 30 mL). All organic layers were combined, 

dried (Na2SO4), filtered, and concentrated. The wet residue was taken up in CHCl3 and 

dried again with Na2SO4, then filtered. The filtrate was concentrated, giving a 1:1 mixture 

MeMgBr

THF, 23°C

(96% yield)

46A, 46B

O OH

(–)-45
(91% ee)
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of diastereomeric alcohols 46A and 46B (1.04 g, 94% yield) as a colorless oil. Rf = 0.59 

(10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) (both diastereomers) δ 5.84 (app. 

dddd, J = 19.4 Hz, 14.6 Hz, 7.4 Hz, 7.2 Hz, 2H), 5.01 (app. d, J = 11.1 Hz, 2H), 5.00 

(app. d, J = 14.6 Hz, 2H), 2.44 (app. ddd, J = 12.6 Hz, 11.1 Hz, 7.5 Hz, 2H), 2.07 (app. 

ddd, J = 19.4 Hz, 13.6 Hz, 7.7 Hz, 2H), 1.62–1.46 (m, 4H), 1.44–1.36 (m, 4H), 1.28–1.10 

(m, 2H), 1.14 (app. s, 6H), 1.07 (s, 3H), 1.06 (s, 3H), 1.10 (s, 3H), 0.99 (s, 3H), 0.98–0.86 

(m, 2H), 0.97 (s, 3H), 0.95 (s, 3H); 13C NMR (75 MHz, CDCl3) (both diastereomers) δ 

136.8, 136.4, 117.0, 116.8, 78.2, 77.9, 43.8, 42.0, 41.6, 41.2, 39.2, 39.0, 37.2, 36.9, 33.6, 

33.0, 28.3, 28.2, 26.6, 25.8, 22.9, 22.2, 18.6, 18.5, 18.3, 18.1; IR (Neat Film NaCl) 3504 

(broad), 3074, 2930, 2867, 1638, 1454, 1378, 1305, 1071, 998, 910 cm-1; HRMS (EI+) 

m/z calc’d for C13H24O [M]+: 196.1827, found 196.1803. 

 

 

Methylene Cyclohexane (–)-47. A 20 mL scintillation vial containing a mixture of 

diastereomeric alcohols 46A and 46B (72 mg, 0.367 mmol, 1.00 equiv, 91% ee) was 

treated with a solution of 9-borabicyclo[3.3.1]nonane in THF (0.5 M, 0.90 mL, 0.45 

mmol, 1.23 equiv) at 23 °C. The reaction was stirred for 2.5 h. Then the reaction was 

cooled to 0 °C, and H2O (1 mL) was carefully added, followed by NaBO3•4H2O (219 g, 

1.42 mmol, 3.88 equiv). The biphasic reaction mixture was stirred vigorously at 23 °C for 

2 h, diluted with water, and extracted with CH2Cl2 (4 x 1 mL). All organic layers were 

combined, dried (Na2SO4), filtered, and concentrated. The residue was purified by flash 

46A, 46B (–)-47

1. 9-BBN, THF
    then NaBO3·4H2O

2. TBSCl, Imidazole
    DMAP, CH2Cl2
3. SOCl2, pyridine

  (42% over 3 steps)

OH

OTBS
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chromatography on silica gel (25% → 33% → 50% EtOAc in hexanes), giving an oil 

containing two diastereomeric products, which was immediately used in the next 

reaction. 

This mixture was transferred to a 20 mL scintillation vial. Imidazole (39 mg, 0.57 

mmol), 4-dimethylaminopyridine (1 mg, 0.00885 mmol), and anhydrous CH2Cl2 (1.0 

mL) were introduced, followed by a solution of TBSCl (48 mg, 0.314 mmol) in 

anhydrous CH2Cl2 (1.0 mL) at 23 °C. A white precipitate quickly formed. After 10 min, 

the reaction was diluted with hexanes (4 mL), filtered, and concentrated. The residue was 

purified by flash chromatography on silica gel (5:95 EtOAc:hexane eluent), affording a 

diastereomeric mixture of silyl ethers. This composite was carried on to the next reaction 

without further characterization. 

The mixture of silyl ethers was transferred to a 20 mL scintillation vial, which 

was charged with pyridine (freshly distilled from CaH2, 1.5 mL). After cooling to 0 °C, 

SOCl2 (36 µL, 0.50 mmol) was slowly introduced. After stirring 1 h at 0 °C and another 1 

h at 23 °C, H2O (5 mL) was carefully added, followed by Et2O (8 mL). The organic 

phase was collected, and the aqueous layer was extracted with Et2O (2 x 10 mL). All 

organic layers were combined and washed with 1.0 M aq CuSO4 (4 x 5 mL). The aqueous 

washings were back-extracted with Et2O (1 x 10 mL). All organic layers were combined, 

dried (Na2SO4), filtered, and concentrated. The residue was purified by flash 

chromatography on silica gel (1% → 2% Et2O in hexanes), giving pure methylene 

cyclohexane (–)-47 (48 mg, 42% yield from 46A and 46B) as a colorless oil. Rf = 0.71 

(10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 5.00 (app. s, 1H), 4.79 (app. s, 

1H), 3.57 (app. t, J = 6.6 Hz, 2H), 1.80–1.64 (m, 2H), 1.62–1.16 (m, 8H), 1.11 (s, 3H), 
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1.10 (s, 3H), 1.04 (s, 3H), 0.89 (s, 9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 160.5, 

108.7, 64.1, 41.8, 40.8, 39.4, 36.6, 36.5, 32.8, 29.9, 29.8, 28.4, 26.2 (3C), 18.7, 18.6, 5.0 

(2C); IR (Neat Film NaCl) 3100, 2955, 2929, 2858, 1623, 1472, 1382, 1361, 1255, 1100, 

940, 900, 836, 774 cm-1; HRMS (EI+) m/z calc’d for C19H38SiO [M]+: 310.2692, found 

310.2689; [α]D
24 –18.8° (c 1.90, CHCl3, 91% ee). 

 

 

Carboxylic Acid (–)-42. A vessel containing methylene cyclohexane (–)-47 (48 mg, 

0.154 mmol) was charged with acetone (ACS grade, 2.5 mL), then treated with Jones 

reagent (1.0 M CrO3, 4.0 H2SO4 in H2O)(1.0 mL, dropwise from a glass pipet) at 23 °C. 

After 15 min, the reaction was carefully quenched with sat. aq Na2SO3 (2 mL). CHCl3 (5 

mL) was added, followed by H2O (5 mL) and 6 M aq HCl (4 mL). After 5 min, the 

reaction was extracted with CHCl3 (3 x 10 mL). All organic layers were combined, dried 

(Na2SO4), filtered, and concentrated. The residue was purified by flash chromatography 

on silica gel (6% → 14% Et2O in CH2Cl2), giving carboxylic acid (–)-42 (21 mg, 65% 

yield) as a colorless oil. Rf = 0.17 (10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) 

δ 5.06 (app. s, 1H), 4.80 (app. s, 1H), 2.36–2.04 (m, 3H), 1.82–1.66 (m, 2H), 1.60–1.30 

(m, 5H), 1.11 (s, 3H), 1.10 (s, 3H), 1.05 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 159.3, 

109.6, 41.5, 40.6, 39.2, 36.5, 34.7, 32.7, 29.61, 29.56, 18.6; IR (Neat Film NaCl) 3000 

(broad), 2927, 1708, 1462, 1414, 1380, 1296, 1095, 902 cm-1; HRMS (EI+) m/z calc’d 

for C13H22O [M]+: 210.1620, found 210.1618; [α]D
24 –27.8° (c 1.205, CHCl3, 91% ee). 

(–)-47 (–)-42

CrO3/H2SO4

acetone, 23 °C

(65% yield)

OTBS O

OH
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3.10.3 Syntheses of Compounds Related to Quinic Acid 

 

Dioxanone 89.114 To a solution of 2,2-dimethyl-1,3-dioxan-5-one 52 (5.0 g, 38.4 mmol, 

1.0 equiv) in toluene (125 mL, 0.3 M) were added 4Å molecular sieves (5.0 g) and 

cyclohexylamine (8.50 mL, 74.3 mmol, 1.94 equiv) at room temperature (ca. 25 °C). The 

mixture was stirred for 14 h, before the molecular sieves were removed by filtration. The 

filtrate was concentrated under reduced pressure to give crude imine (7.95 g). 

Lithium diisopropylamine was prepared in a separate flask by dropwise addition 

of n-BuLi (2.50 M in hexanes, 15.4 mL, 38.5 mmol, 1.0 equiv) via syringe to a solution 

of diisopropylamine (5.40 mL, 38.5 mmol, 1.0 equiv) in THF (60 mL, 0.64 M) at 0 °C. 

The solution was stirred at 0 °C for 10 min, and then cooled to –78 °C.  A solution of the 

imine (7.95 g) in THF (40.0 mL) was added dropwise via syringe to the resulting LDA 

solution at –78 °C.  The reaction mixture was warmed to –35 °C, and stirred for 2 h, after 

which it was re-cooled to –78 °C, and 1-iodo-3-butene (7.00 g, 38.4 mmol, 1.0 equiv) 

was added.  The reaction was warmed to room temperature (ca. 25 °C) over 3 h. 

Saturated aq NH4Cl (60 mL) was added to the reaction mixture, and the mixture was 

stirred at room temperature overnight.  The mixture was extracted with Et2O (3 x 50 mL). 

The combined organic layers were washed with brine (30 mL), dried over MgSO4, and 

filtered. Solvent was removed under reduced pressure, and the residue was purified by 

flash chromatography (20% Et2O in pentane on silica gel) to give dioxanone 89 (3.75 g, 

53% yield over 2 steps) as a colorless oil. Rf = 0.38 (20% Et2O in hexanes); 1H NMR 

O O

O

52

1. CyNH2 (1.94 equiv)
    4AMS, toluene

2. LDA (1.0 equiv)
    1-iodo-3-butene (1.0 equiv)
    THF, −78 °C

    (53% over 2 steps)

O O

O

89
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(300 MHz, CDCl3) δ 5.85–5.72 (m, 1H), 5.09–4.98 (m, 2H), 4.29–4.21 (m, 2H), 3.98 (d, 

J = 16.8 Hz, 1H), 2.30–2.08 (m, 2H), 2.03–1.92 (m, 1H), 1.70–1.58 (m, 1H), 1.45 (s, 

3H), 1.44 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 210.0, 137.7, 115.8, 101.0, 73.8, 66.8, 

29.3, 27.6, 24.1, 23.9; IR (Neat Film NaCl) 2988, 2938, 2884, 1748, 1642, 1434, 1376, 

1251, 1225, 1175, 1103, 1071, 916, 864 cm-1; HRMS (EI+) m/z calc’d for C10H16O3 

[M]+: 184.1100, found 184.1131. 

 

 

Triethylsilyl Enol Ether 53.114 To a solution of dioxanone 89 (0.58 g, 3.16 mmol, 1.0 

equiv), Et3N (0.71 mL, 5.09 mmol, 1.6 equiv) and sodium iodide (0.62 g, 4.14 mmol, 1.3 

equiv) in acetonitrile (5.0 mL, 0.63 M) was added triethylsilyl chloride (0.69 mL, 4.11 

mmol, 1.3 equiv) at room temperature (ca. 25 °C).  After the mixture was stirred for 20 h, 

pentane (10 mL) was added.  The mixture was stirred at room temperature for 2 min, 

before the pentane was decanted.  After additional pentane extractions (5 x 10 mL), the 

combined pentane extracts were washed with water (20 mL) and then with brine (20 mL), 

dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by 

flash chromatography (1% Et2O in petroleum ether on silica gel) to give triethylsilyl enol 

ether 53 (0.623 g, 66% yield) as a colorless oil. Rf = 0.58 (10% Et2O in hexanes); 1H 

NMR (300 MHz, CDCl3) δ 5.90–5.77 (m, 1H), 5.07–5.0 (m, 1H), 5.0–4.93 (m, 1H), 4.05 

(s, 2H), 2.30–2.13 (m, 4H), 1.43 (s, 6H), 0.98 (t, J = 7.8 Hz, 9H), 0.65 (q, J = 7.8 Hz, 

6H); 13C NMR (75 MHz, CDCl3) δ 138.5, 137.2, 125.7, 114.8, 98.2, 61.1, 30.9, 27.0, 

O O

OSiEt3

53

TESCl, Et3N, NaI

CH3CN, 25 °C

 (66% yield)

O O

O

89
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24.3, 6.9, 5.6; IR (Neat Film NaCl) 2995, 2957, 2914, 2878, 2838, 1383, 1369, 1277, 

1223, 1198, 1147, 1085, 1006, 857, 745, 730 cm-1; HRMS (EI+) m/z calc’d for 

C16H30O3Si [M]+: 298.1964, found 298.1967. 

 

 

Diene 54.114 A 100 mL round-bottom flask was flame dried under vacuum and back-

filled with argon.  Pd(dmdba)2 (20.3 mg, 0.025 mmol, 0.05 equiv), (S)-t-Bu-PHOX (10.6 

mg, 0.027 mmol, 0.055 equiv), and TBAT (270 mg, 0.50 mmol, 1.0 equiv) were added to 

the flask. The system was evacuated under vacuum and backfilled with argon (3 x). 

Toluene (15 mL, 0.033 M) was added by syringe and the mixture was stirred at room 

temperature (ca. 25 °C) for 30 min.  Diallyl carbonate (75.2 µL, 0.52 mmol, 1.05 equiv) 

and triethylsilyl enol ether 53 (149 mg, 0.50 mmol, 1.0 equiv) were added sequentially. 

When the reaction was complete by TLC (after ca. 9 h), the reaction mixture was loaded 

onto a silica gel column and eluted with 2% Et2O in petroleum ether to give diene 54 

(93.0 mg, 83% yield, 92% ee) as a colorless oil. Rf = 0.33 (10% Et2O in hexanes); 1H 

NMR (300 MHz, CDCl3) δ 5.86–5.70 (m, 2H), 5.11–4.92 (m, 4H), 4.19 (d, J = 18.0 Hz, 

2H), 4.15 (d, J = 18.0 Hz, 2H), 2.60–2.45 (m, 2H), 2.27–1.95 (m, 2H), 1.93–1.69 (m, 

2H), 1.51 (s, 3H), 1.48 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 210.5, 138.2, 132.4, 119.1, 

115.0, 100.1, 84.5, 67.4, 41.9, 36.1, 27.7, 27.3, 26.5; IR (Neat Film NaCl) 3079, 2987, 

2941, 1738 1642, 1427, 1382 1372, 1232, 1209, 1168, 1148, 1098, 998, 915 cm-1; HRMS 

O O

OSiEt3

53

diallyl carbonate
(S)-t-Bu-PHOX (5.5 mol%)

Pd(dmdba)2 (5.0 mol%)

TBAT (1 equiv)
toluene, 25 °C

(83% yield)

O O

O

54
(92% ee)
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(EI+) m/z calc’d for C13H20O3 [M]+: 224.1412, found 224.1416; [α]D
20.2 +7.04° (c 1.030, 

CH2Cl2, 92% ee). 

 

 

Cyclohexene 55.114 To a solution of diene 54 (60 mg, 0.268 mmol, 1.0 equiv) in CH2Cl2 

(10 mL) was added Grubbs second generation catalyst (4.6 mg, 0.0054 mmol, 0.02 equiv) 

at room temperature.  After the mixture was stirred at 35 °C for 40 h, it was concentrated 

under reduced pressure.  The residue was purified by flash chromatography (2% Et2O in 

petroleum ether on silica gel) to give the cyclohexene 55 (47.3 mg, 90% yield) as a 

colorless oil.  Rf = 0.24 (10% Et2O in hexanes); 1H NMR (300 MHz, CDCl3) δ 5.80–5.70 

(m, 1H), 5.67–5.58 (m, 1H), 4.27 (s, 2H), 2.60–2.47 (m, 1H), 2.38–2.18 (m, 2H), 2.17–

1.81 (m, 3H), 1.51 (s, 3H), 1.47 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 211.1, 126.4, 

122.8, 100.5, 79.9, 66.6, 33.5, 29.9, 27.7, 26.3, 21.8; IR (Neat Film NaCl) 3030, 2991, 

2938, 2911, 1739, 1429, 1382, 1372, 1259, 1230, 1200, 1155, 1099, 1062, 999, 886, 836, 

778, 651 cm-1; HRMS (EI+) m/z calc’d for C11H16O3 [M]+: 196.1100, found 196.1139; 

[α]D
20.2 –20.9° (c 1.045, CH2Cl2, 92% ee). 

 

 

Grubbs II (2 mol%)

CH2Cl2, 35 °C

(90% yield)

O O

O

O O

O

55
54

(92% ee)

O O

O

55

1. TsOH·H2O
    MeOH

2. H5IO6
    THF / H2O

(56% yield over 2 steps)

HO
O

OH

50
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Carboxylic Acid 50.114 To a solution of cyclohexene 55 (40 mg, 0.20 mmol, 1.0 equiv) 

in MeOH (4 mL, 0.05 M) was added p-toluenesulfonic acid monohydrate (3.9 mg, 0.02 

mmol, 0.1 equiv) at room temperature (24 °C). After the mixture was stirred for 3 h, Et3N 

(0.1 mL) was added. The mixture was concentrated under reduced pressure to give a 

yellow oil. The oil was diluted with EtOAc (10 mL), filtered through SiO2 (1 mL), and 

concentrated under reduced pressure to furnish a white solid (35 mg).  The solid was 

dissolved in THF (0.4 mL) and water (0.2 mL), and the colorless solution was cooled to 0 

°C (ice water bath). H5IO6 (46 mg, 0.20 mmol, 1 equiv) was added to the solution.  The 

mixture was allowed to warm to room temperature (26 °C) over 10 minutes, and then 

stirred for 2 h.  The reaction was diluted with water (0.5 mL), and extracted with EtOAc 

(4 x 15 mL). Extracts were dried over Na2SO4 and concentrated under reduced pressure.  

The white solid was purified by column chromatography over silica gel (ca. 9 mL) with 

2:1 Hexanes:EtOAc to give carboxylic acid 50 (16.3 mg, 56% yield, 92% ee) as a white 

solid: mp 79–81 °C;  1H NMR (300 MHz, CDCl3) δ 5.88–5.79 (m, 1H), 5.72–5.61 (m, 

1H), 2.79–2.62 (m, 1H), 2.37–2.11 (m, 4H), 1.95–1.80 (m, 1H); 13C NMR (75 MHz, 

CDCl3) δ 181.5, 126.6, 122.6, 72.6, 34.9, 30.6, 21.4; IR (Neat Film NaCl) 3432, 3032, 

2929, 2624, 1736, 1443, 1370, 1356, 1318, 1253, 1216, 1092, 1064, 982, 939, 886, 773, 

746, 650, 736 cm-1; HRMS (EI+) m/z calc’d for C8H12O3 [M]+: 143.0708, found 

143.0708; [α]D
20.7 +31.7° (c 0.310, CH2Cl2, 92% ee). 
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3.10.4 Syntheses of Compounds Related to Dysidiolide 

 

Keto-Enone 61.113 A vial was charged with allyl ketone 32 (45.2 mg, 0.297 mmol, 1.0 

equiv, 98% ee), followed by a solution of methyl vinyl ketone (61.8 µL, 0.743 mmol, 2.5 

equiv) in 1,2-dichloroethane (1.5 mL). Then, Grubbs 2nd generation catalyst (12.6 mg, 

14.9 µmol, 5 mol%) was added. The vessel was sealed and warmed to 55 °C for 24 h. 

The reaction transitioned from maroon to deep green. The reaction was cooled to 23 °C 

and concentrated. The residue was purified by flash chromatography on silica gel 

(hexanes → 20% EtOAc in hexanes), giving keto-enone 61 (35.7 mg, 62% yield) as a 

pale brown oil. Rf = 0.23 (20% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 6.70 

(app. dt, Jd = 15.9 Hz, Jt = 7.4 Hz, 1H), 6.03 (app. d, J = 15.9 Hz, 1H), 2.50–2.26 (m, 

2H), 2.40 (app. d, J = 6.9 Hz, 1H), 2.39 (app. d, J = 6.9 Hz, 1H), 2.22 (s, 3H), 1.91–1.81 

(m, 2H), 1.80–1.60 (m, 4H), 1.12 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 214.6, 198.4, 

144.1, 134.2, 48.7, 41.0, 38.9, 38.7, 27.4, 26.9, 23.1, 21.1; IR (Neat Film NaCl) 2935, 

2866, 1704, 1672, 1626, 1426, 1361, 1254, 1124, 986 cm-1; HRMS (EI+) m/z calc’d for 

C12H18O2 [M]+: 194.1307, found 194.1336; [α]D
22 –1.14° (c 1.415, CHCl3, 98% ee). 

 

 

O

32
(98% ee)

Grubbs II (5 mol%)
Methyl Vinyl Ketone (2.5 equiv)

1,2-Dichloroethane, 55 °C

(62% yield)

O
O

61

10% w/v Pd/C (20 mol%)
H2 (1 atm)

EtOAc, 23 °C

(61% yield)

O
O

62

O
O

61
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Diketone 62.113 A round-bottom flask containing keto-enone 61 (28.0 mg, 0.144 mmol, 

1.0 equiv) in EtOAc (3.0 mL) was sparged with argon for 2 min. Pd/C (10% w/w) (30.6 

mg, 28.8 µmol, 20 mol) was introduced, and the reaction was cooled to –78 °C. It was 

purged/backfilled with vacuum/H2 (1 atm) (3 x) and warmed to 23 °C and stirred under 

H2 (1 atm) for 12 h. More EtOAc (5 mL) was added, and the reaction was sparged with 

argon to remove residual H2. The material was filtered through a plug of silica gel with 

the aide of EtOAc. The filtrate was concentrated, affording diketone 62 (17.3 mg, 61% 

yield) as a pale yellow oil. Rf = 0.26 (20% EtOAc in hexanes); 1H NMR (300 MHz, 

CDCl3) δ 2.40 (app. t, J = 6.6 Hz, 2H), 2.36 (app. t, J = 5.5 Hz, 2H), 2.11 (s, 3H), 1.90–

1.44 (m, 9H), 1.36 (app. d, J = 7.7 Hz, 1H), 1.15 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 

216.0, 208.8, 48.6, 44.0, 39.2, 38.9, 37.0, 30.1, 27.6, 22.7, 21.2, 18.2; IR (Neat Film 

NaCl) 2936, 2865, 1705, 1452, 1360, 1167, 1123, 1099 cm-1; HRMS (EI+) m/z calc’d for 

C12H20O2 [M]+: 196.1463, found 196.1469; [α]D
22 –42.3° (c 0.865, CHCl3, 98% ee). 

 

 

Keto-Olefin 59. A round-bottom flask was charged with methyl triphenyl phosphonium 

bromide (weighed in glovebox, 260 mg, 0.688 mmol, 5.0 equiv). THF (5.5 mL) was 

introduced, followed by n-BuLi (2.5 M in hexane, 165 µL, 0.413 mmol, 3.0 equiv) at 23 

°C. After stirring for 1 h, a solution of diketone 62 (27.0 mg, 0.138 mmol, 1.0 equiv) in 

THF (2.0 mL) was added. 30 min later, the reaction was quenched with sat. aq NH4Cl 

(4.0 mL). Then, the reaction was diluted with H2O (20 mL) and hexane (15 mL). The 

n-BuLi (3.0 equiv)
Ph3PCH2Br (5.0 equiv)

then add 62
THF, 23 °C

(65% yield)

O

59

O
O

62
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biphasic mixture was extracted with EtOAc (4 x 20 mL). All organic layers were 

combined, dried (Na2SO4), filtered, and concentrated. The residue was purified by flash 

chromatography on silica gel (hexanes → 2% EtOAc in hexanes), giving keto-olefin 59 

(17.3 mg, 65% yield) as a colorless oil. Rf = 0.75 (20% EtOAc in hexanes); 1H NMR (300 

MHz, CDCl3) δ 4.70 (app. s, 1H), 4.65 (app. s, 1H), 2.46–2.26 (m, 2H), 1.98 (app. t, J = 

7.1 Hz, 2H), 1.94–1.84 (m, 1H), 1.82–1.50 (m, 5H), 1.68 (s, 3H), 1.47–1.39 (m, 1H), 1.38 

(app. ddd, J = 26.4 Hz, 12.6 Hz, 4.1 Hz, 1H), 1.22–1.10 (m, 2H), 1.14 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ 216.3, 145.7, 110.3, 48.7, 39.6, 39.0, 38.4, 37.2, 27.7, 22.8, 22.5, 

21.7, 21.2; IR (Neat Film NaCl) 3074, 2936, 2865, 1707, 1650, 1452, 1376, 1260, 1096, 

1020, 886, 804 cm-1; HRMS (EI+) m/z calc’d for C13H22O [M]+: 194.1671, found 

194.1680; [α]D
21 –49.8° (c 0.865, CHCl3, 98% ee). 

 

 

3.10.5 Syntheses of Compounds Related to Aspidospermine 

 

α-Ethyl-α-Allyloxycarbonyl Vinylogous Ester 69. A round-bottom flask was 

flamedried under argon and charged with dry PhMe (320 mL). Then, i-Pr2NH (12.81 mL, 

91.3 mmol, 2.05 equiv) was introduced. The reaction was cooled to –78 °C, and n-BuLi 

(2.5 M in hexane, 35.68 mL, 89.2 mmol, 2.00 equiv) was added slowly. The reaction was 

warmed to 0 °C for 15 min, then promptly cooled back to –78 °C.  Then, a solution of 

vinylogous ester 68 (7.50 g, 44.6 mmol, 1.00 equiv) in PhMe (20 mL) was added at –78 

O

O

68

1. LDA, PhMe
    then 68
    then allyl chloroformate

2. Cs2CO3, iodoethane
    CH3CN, 65 °C

(60% yield over 2 steps)

O

O

69

O

O
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°C over a 5 min period. After 40 min had passed, the reaction was treated with allyl 

chloroformate (4.97 mL, 46.8 mmol, 1.05 equiv) over a 5 min timeframe at –78 °C. After 

15 min, the reaction was warmed to 23 °C and stirred for 1 h, during which the reaction 

went from yellow to orange. Then, 1.0 M aq KHSO4 (127 mL) was added with vigorous 

stirring, causing the reaction to turn yellow. The organic phase was collected. The 

aqueous layer was extracted with Et2O (2 x 50 mL). All organic layers were combined, 

dried (Na2SO4), filtered, and concentrated, giving a crude α-allyloxycarbonyl vinylogous 

ester as an orange oil, which was immediately used in the next reaction.  

A round-bottom flask containing the crude vinylogous ester was charged with 

CH3CN (45 mL), followed by iodoethane (14.26 mL, 178.4 mmol, 4.0 equiv relative to 

68. Anhydrous Cs2CO3 (29.06 g, 89.2 mmol, 2.0 equiv relative to 68) was introduced, 

and the reaction was stirred vigorously at 65 °C for 12 h. The reaction was cooled to 23 

°C and filtered over glass frits. The filtrate was concentrated in vacuo, and the residue 

was purified by flash column chromatography on silica gel (hexane → 15% EtOAc in 

hexanes), giving semipure 69. The product-containing fractions were combined and 

concentrated, and the resulting residue was purified on a second silica gel flash column 

(5% EtOAc in CH2Cl2), giving pure α-ethyl-α-allyloxycarbonyl vinylogous ester 69 

(7.47 g, 60% yield over 2 steps) as a yellow oil. Rf = 0.44 (20% EtOAc in hexanes); 1H 

NMR (300 MHz, CDCl3) δ 5.83 (ddt, Jd1 = 16.2 Hz, Jd2 = 10.7 Hz, Jt = 5.7 Hz, 1H), 5.31 

(s, 1H), 5.24 (app. ddd, J = 16.2 Hz, 2.9 Hz, 1.5 Hz, 1H), 5.15 (app. ddd, J = 10.7 Hz, 2.9 

Hz, 1.5 Hz, 1H), 4.56 (app. dt, Jd = 5.4 Hz, Jt = 1.5 Hz, 2H), 3.54 (d, J = 6.7 Hz, 2H), 

2.68–2.28 (m, 2H), 2.42–2.26 (m, 1H), 1.99 (dq, Jd = 22.2 Hz Jq = 7.4 Hz, 1H), 1.97–1.85 

(m, 2H), 1.78 (dq, Jd = 22.2 Hz, Jq = 7.4 Hz, 1H), 0.92 (d, J = 6.9 Hz, 6H), 0.86 (t, J = 7.4 
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Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 195.8, 176.8, 171.6, 131.9, 118.2, 102.2, 74.9, 

65.5, 56.3, 27.77, 27.76, 27.0, 26.4, 19.1, 9.1; IR (Neat Film NaCl) 3083, 2963, 2939, 

2879, 1731, 1664, 1610, 1470, 1384, 1236, 1195, 1178, 1119, 998, 919 cm-1; HRMS 

(EI+) m/z calc’d for C16H24O4 [M]+: 280.1687, found 280.1687. 

 

 

Allyl Vinylogous Ester (+)-70. In the glovebox, a flamedried round-bottom flask was 

charged with Pd(dmdba)2 (40.8 mg, 50.0 µmol, 5.00 mol%) and (S)-t-butyl 

phosphinooxazoline (24.2 mg, 62.5 µmol, 6.25 mol%) and removed from the glovebox. 

THF (30 mL) was added, and the reaction stirred at 23 °C for 30 min. Then, a solution of 

α-ethyl-α-allyloxycarbonyl vinylogous ester 69 (280 mg, 1.00 mmol, 1.00 equiv) in THF 

(3.0 mL) was added. The reactor was quickly fitted with a reflux condenser, and the 

reaction was heated to 50 °C under N2 for 24 h. During this time the reaction went from 

orange to green. The reaction was cooled to 23 °C and concentrated. The residue was 

purified by flash chromatography on silica gel (hexanes → 5% EtOAc in hexanes), 

giving allyl vinylogous ester (+)-70 (193.4 mg, 82% yield) in 86% ee (as determined by 

chiral HPLC assay) as a yellow oil. Rf = 0.58 (20% EtOAc in hexanes); 1H NMR (300 

MHz, CDCl3) δ 5.73 (app. dddd, J = 17.0 Hz, 10.5 Hz, 7.7 Hz, 6.9 Hz, 1H), 5.24 (s, 1H), 

5.08–5.04 (m, 1H), 5.04–5.00 (m, 1H), 3.57 (d, J = 6.6 Hz, 2H), 2.42 (app. td, Jt = 6.6 

Hz, Jd = 2.5 Hz, 2H), 2.38 (app. dd, J = 14.0 Hz, 7.1 Hz, 1H), 2.19 (app. dd, J = 14.0 Hz, 

7.1 Hz, 1H), 1.85 (app. t, J = 6.6 Hz, 2H), 2.01 (app. septuplet, J = 6.6 Hz, 1H), 1.61 (dq, 

Pd(dmdba)2 (5 mol%)
(S)-t-Bu-PHOX (6.25 mol%)

THF, 50 °C

(82% yield, 86% ee) O

O

(+)-70
O

O

69

O

O
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Jd = 22.2 Hz, Jq = 7.4 Hz, 1H), 1.55 (dq, Jd = 22.2 Hz, Jq = 7.4 Hz, 1H), 0.97 (d, J = 6.6 

Hz, 6H), 0.84 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 203.0, 176.0, 134.8, 

117.8, 102.0, 74.8, 46.6, 39.4, 29.0, 27.9, 27.6, 25.8, 19.2, 8.5; IR (Neat Film NaCl) 

3074, 2963, 2936, 2878, 1652, 1612, 1384, 1193, 1178, 1003 cm-1; HRMS (EI+) m/z 

calc’d for C15H24O2 [M]+: 236.1776, found 236.1788; [α]D
24 +10.4° (c 0.675, CHCl3, 

86% ee). 

 

 

γ-Ethyl-γ-Allyl Enone (+)-65. A round-bottom flask was charged with allyl vinylogous 

ester (+)-70 (50.0 mg, 0.212 mmol, 95% ee, 1.00 equiv), and the reactor was purged with 

vacuum/argon (1 x). Et2O (10.0 mL) was introduced, and the reaction was cooled to 0 °C. 

LiAlH4 (8.0 mg, 0.212 mmol, 1.00 equiv) was then added, and the reaction was stirred 

for 1 h. The 3 M aq HCl (10.0 mL) was very cautiously added at 0 °C. Once the addition 

was complete, the reaction was warmed to 23 °C and stirred vigorously for 5 h. The 

reaction was transferred to a separatory funnel and extracted with Et2O (3 x 10 mL). All 

organic layers were combined, dried (Na2SO4), filtered, and concentrated. The residue, 

which contained some H2O, was dissolved in CHCl3 and dried with Na2SO4. The mixture 

was filtered, and the filtrate was concentrated, affording γ-ethyl-γ-allyl enone (+)-65 

(26.2 mg, 75% yield) as a colorless, volatile oil. Rf = 0.57 (20% EtOAc in hexanes); 1H 

NMR (300 MHz, CDCl3) δ 6.69 (d, J = 10.4 Hz, 1H), 5.91 (d, J = 10.4 Hz, 1H), 5.74 

(app. ddt, Jd1 = 16.7 Hz, Jd2 = 9.9 Hz, Jt = 7.4 Hz, 1H), 5.10 (app. d, J = 9.9 Hz, 1H), 5.08 

LiAlH4 (1.00 equiv)
Et2O, 0 °C

then 3 M aq HCl

(75% yield)
O

(+)-65
O

O

(+)-70
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(app. d, J = 16.7 Hz, 1H), 2.42 (app. t, J = 6.9 Hz, 2H), 2.21 (app. d, J = 7.4 Hz, 2H), 

1.86 (app. t, J = 6.9 Hz, 2H), 1.53 (dq, Jd = 22.2 Hz, Jq = 7.4 Hz, 1H), 1.47 (dq, Jd = 22.2 

Hz, Jq = 7.4 Hz, 1H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 199.9, 

158.3, 133.7, 128.4, 118.7, 41.9, 38.7, 34.0, 30.6, 30.4, 8.5; IR (Neat Film NaCl) 3077, 

2966, 2929, 2880, 1682, 1452, 1387, 916, 800 cm-1; HRMS (EI+) m/z calc’d for C11H16O 

[M]+: 164.1201, found 164.1207; [α]D
25 +27.5° (c 0.524, CHCl3, 95% ee). 

 

 

3.10.6 Syntheses of Compounds Related to Rhazinilam 

 

Benzoyl Lactam 3.115 See Chapter 2 for synthetic procedure and characterization data of 

benzoyl lactam 3. 

 

 

Piperidin-2-one (–)-25.115 See Chapter 2 for synthetic procedure and characterization 

data of piperidin-2-one (–)-25. 

 

 

N
Bz

O

O

O [Pd2(pmdba)3] (5 mol%)
(S)-(CF3)3-t-Bu-PHOX

(12.5 mol%)

Toluene, 40 °C

(97% yield, 99% ee)

N
Bz

O

24 3

LiOH⋅H2O

MeOH, 23 °C

(96% yield)

HN

O

(–)-25

N
Bz

O

3
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3.10.7 Syntheses of Compounds Related to Quebrachamine 

 

Alcohol 56.115 To a vigorously stirred mixture of benzoyl lactam 3 (291 mg, 1.07 mmol, 

1.00 equiv) and NaIO4 (915 mg, 4.28 mmol, 4.00 equiv) in CCl4 (4.3 mL), MeCN (4.3 

mL), and H2O (6.5 mL) was added RuCl3•H2O (11.0 mg, 0.053mmol, 0.05 equiv). After 

28 h, the reaction mixture was diluted with half-saturated brine (30 mL) and extracted 

with CH2Cl2 (5 x 25 mL). The combined organics were washed with half-saturated brine, 

dried (Na2SO4), and concentrated under reduced pressure. The resulting residue was 

suspended in Et2O (30 mL) and filtered through a pad of celite. The celite pad was 

washed with Et2O (2 x 15 mL), and the combined filtrate was concentrated under reduced 

pressure. This crude residue was used in the next step without further purification. 

With cooling from a room temperature bath, the above residue was dissolved in 

THF (19 mL) and then treated with lithium aluminum hydride (487 mg, 12.9 mmol, 12.0 

equiv) (Caution: Gas evolution and exotherm). The reaction mixture was stirred at 

ambient temperature for 12 h and then warmed to 40 °C for an addition 12 h. The 

reaction mixture was then cooled (0 °C) and dropwise treated with brine (20 mL, 

Caution: Gas evolution and exotherm). Once gas evolution had ceased the reaction 

mixture was diluted with half-saturated brine (20 mL) and EtOAc (20 mL). The phases 

were separated and the aqueous phase was extracted with EtOAc (5 x 50 mL). The 

combined organic phases were dried (Na2SO4), filtered, and concentrated under reduced 

pressure. The resulting oil was purified by flash chromatography (3 x 12 cm SiO2, 35 to 

70% EtOAc in hexanes) to afford alcohol 80 as a colorless oil (162 mg, 61% yield for 

N
Bz

O

3

1. RuCl3⋅H2O, NaIO4
    CCl4, MeCN, H2O

2. LiAlH4, THF, 40 °C
(61% yield, 2 steps)

N
OH

80

Ph
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two steps). Rf = 0.36 (75% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.35–7.24 

(m, 5H), 3.80–3.72 (m, 1H), 3.71–3.60 (m, 2H), 3.31 (br s, 1H), 2.85–2.70 (br s, 2H), 

2.00–1.70 (br s, 4H), 1.66–1.45 (m, 3H), 1.35–1.10 (m, 3H), 0.81 (t, J = 7.5 Hz, 3H); 13C 

NMR (126 MHz, CDCl3) δ 129.5, 128.4, 127.4, 63.9, 63.4, 59.4, 52.9, 39.9, 35.9, 35.1, 

33.4, 22.4, 7.5; IR (Neat Film NaCl) 3345 (br), 2933, 2793, 1453, 1350, 1115, 1040, 

1028, 739 cm–1; HRMS (MM: ESI-APCI+) m/z calc'd for C16H26NO [M+H]+: 248.2009, 

found 248.2016. 

 

 

Alcohol (–)-77.115 A mixture of alcohol 80 (162.3 mg, 0.656 mmol, 1.00 equiv) and 20% 

Pd(OH)2/C (50 mg) in MeOH (15 mL) was stirred under an H2 atmosphere for 3.5 h. The 

reaction mixture was filtered through a pad of celite. The celite pad was washed with 

MeOH (2 x 15 mL), and the combined filtrate was concentrated under reduced pressure. 

This crude residue was used in the next step without further purification. 

To a solution of the above residue in THF (10 mL) was added Boc2O (150 mg, 

0.689 mmol, 1.05 equiv). After stirring for 24 h, the reaction mixture was concentrated 

under reduced pressure and partitioned between CH2Cl2 (20 mL) and saturated aqueous 

NaHCO3 (20 mL). The organic layer was dried (Na2SO4), filtered, and concentrated 

under reduced pressure. The resulting oil was purified by flash chromatography (2 x 20 

cm SiO2, 15 to 35% EtOAc in hexanes) to afford alcohol (–)-77 as a colorless oil (130 

mg, 77% yield for two steps). Rf = 0.34 (35% EtOAc in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 3.74–3.60 (m, 2H), 3.48 (br s, 1H), 3.31 (br s, 1H), 3.20 (br s, 1H), 2.96 (br s, 

1. Pd(OH2)/C, H2
    MeOH, 35 °C

2. Boc2O, THF, 23 °C

(77% yield, 2 steps)

N
Boc OH

(–)-77

N
OH

80

Ph
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1H), 2.16 (br s, 1H), 1.66–1.55 (m, 1H), 1.55–1.42 (m, 3H), 1.44 (s, 9H), 1.40–1.27 (m, 

2H), 1.25–1.15 (m, 1H), 0.83 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 155.2, 

79.4, 58.7, 52.5, 44.5, 36.1, 35.3, 34.6, 28.4, 27.6, 21.2, 7.4; IR (Neat Film NaCl) 3439 

(br), 2967, 2934, 2861, 1693, 1670, 1429, 1365, 1275, 1248, 1162, 1045, 865, 767 cm–1; 

HRMS (MM: ESI-APCI+) m/z calc'd for C14H28NO3 [M+H]+: 258.2064, found 258.2069; 

[α]D
25 –7.0° (c 1.13, CHCl3, 96% ee). 

 

3.10.8 Syntheses of Compounds Related to Vincadifformine 

 

Disubstituted Alkene 87.116 To a solution of (–)-25 (108 mg, 0.65 mmol, 1.0 equiv) and 

vinyloxytrimethylsilane (0.96 mL, 6.46 mmol, 10 equiv) in toluene (34 mL) was added at 

rt Grubbs 2nd generation catalyst (27.4 mg, 5 mol%). The purple reaction mixture was 

immersed in an oil bath (125 °C) (color changed to yellow) and refluxed for 16 h. The 

reaction mixture was then concentrated under reduced pressure and the residue was 

purified by column chromatography (50% EtOAc in hexanes → EtOAc) to afford 87 

(102 mg, 93% conv., 94%) as a brown oil. Rf = 0.20 (50% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 5.94 (brs, 1H), 5.55–5.42 (m, 2H), 3.31–3.22 (m, 2H), 1.91–1.66 

(m, 5H), 1.69 (d, J = 5.4 Hz, 3H), 1.64–1.54 (m, 1H), 0.84 (t, J = 7.4 Hz, 3H); 13C NMR 

(126 MHz, CDCl3) δ 175.7, 134.8, 124.7, 48.1, 42.7, 31.5, 29.3, 19.1, 18.1, 8.4; IR (Neat 

Film NaCl) 3203, 3074, 2936, 2876, 1654, 1489, 1447, 1354, 1298, 1209, 979, 852 cm-1; 

HN

O
Grubbs II cat.

(5 mol%)

toluene,
reflux, 16 h

(94% yield)

HN

O
OTMS

(–)-25 87
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HRMS (MM: ESI-APCI+) m/z calc'd for C10H17NO [M+H]+: 168.1383, found 168.1385; 

[α]D
24 +10.2° (c 1.270, CHCl3). 

 

 

Aldehyde 88. Ozone was bubbled through a cooled (–78 °C) solution of 87 (100 mg, 

0.60 mmol, 1.0 equiv) in CH2Cl2 (6.0 mL with one drop of sat. Sudan Red 7B CH2Cl2 

solution) until the reaction mixture turned from bright purple to colorless. Then, the 

ozone generator was turned off and oxygen was bubbled through for a few minutes. 

Then, the argon flow was turned on and dimethylsulfide (0.88 mL, 12.0 mmol, 20 equiv) 

was added dropwise at –78 °C. After stirring for 30 min at that temperature, the reaction 

mixture was allowed to warm to rt over 2.5 h. The reaction mixture was then 

concentrated under reduced pressure and the residue was purified by column 

chromatography (67% EtOAc in hexanes → EtOAc) to afford 88 (84.7 mg, 91%) as 

beige crystalline solid. X-ray quality crystals sublimed under high vacuum at rt. Rf = 0.36 

(EtOAc); 1H NMR (500 MHz, CDCl3) δ 9.63 (s, 1H), 6.54 (brs, 1H), 3.34–3.20 (m, 2H), 

2.33–2.20 (m, 1H), 2.05–1.93 (m, 1H), 1.89–1.75 (m, 2H), 1.73–1.62 (m, 1H), 1.62–1.52 

(m, 1H), 0.87 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 201.2, 171.1, 58.9, 

42.5, 27.3, 24.1, 20.2, 8.2; IR (Neat Film NaCl) 3290, 2941, 2877, 1727, 1660, 1488, 

1462, 1450, 1353, 1323 cm-1; HRMS (MM: ESI-APCI+) m/z calc'd for C8H13NO2 

[M+H]+: 156.1019, found 156.1021; [α]D
24 –54.6° (c 1.305, CHCl3); mp: 63–65 °C. X-

HN

O O3, Me2S
Sudan Red 7B

CH2Cl2
−78 → 23 °C, 3 h

(91% yield)

HN

O

O

87 88
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3.10.9 Methods for the Determination of Enantiomeric Excess 

Table 3.1 Analytical GC and HPLC assays and retention times 
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diffraction data. Bayesian statistics P2(true) 0.977, P3(true)....    0.680, P3(rac-twin)    

0.304, P3(false) ..    0.016.4 

Table A3.1 Crystal data and structure refinement for 88. 
 
Identification code  A14103 

CCDC Deposition Number 1000826 

Empirical formula  C8 H13 N O2 

Formula weight  155.19 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21 

Unit cell dimensions a = 8.1906(13) Å α = 90°. 

 b = 10.4809(17) Å β = 110.678(7)°. 

 c = 10.3279(16) Å Υ = 90°. 

Volume 829.5(2) Å3 

Z 4 

Density (calculated) 1.243 Mg/m3 

Absorption coefficient 0.089 mm-1 

F(000) 336 

Crystal size 0.700 x 0.070 x 0.050 mm3 

Theta range for data collection 2.108 to 36.313°. 

Index ranges -13<=h<=13, -17<=k<=17, -17<=l<=17 

Reflections collected 39923 

Independent reflections 8043 [R(int) = 0.0504] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7474 and 0.6748 

Refinement method Full-matrix least-squares on F2 

                                                
4 Hoft, R.; Straver, L.; Spek, A. J. Appl. Cryst. 2008, 41, 96–103. 
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Data / restraints / parameters 8043 / 3 / 207 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0436, wR2 = 0.1030 

R indices (all data) R1 = 0.0578, wR2 = 0.1104 

Absolute structure parameter 0.0(4) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.439 and -0.239 e.Å-3 

 
 
Table A3.2 Atomic coordinates  ( x 10

4
) and equivalent  isotropic displacement parameters (Å

2
x 

10
3
) for 88.  U(eq) is defined as one third of the trace of the orthogonalized U

ij
 tensor. 

________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
C(1) 5129(2) 2251(1) 3426(1) 11(1) 
O(1) 4972(1) 2819(1) 2328(1) 15(1) 
C(2) 6748(2) 1423(1) 4116(1) 12(1) 
C(6) 6594(2) 318(1) 3110(2) 17(1) 
O(2) 7134(2) -744(1) 3455(1) 25(1) 
C(7) 8414(2) 2137(1) 4138(1) 16(1) 
C(8) 8695(2) 3426(2) 4864(2) 25(1) 
C(3) 6914(2) 931(1) 5548(1) 17(1) 
C(4) 5150(2) 517(1) 5581(2) 19(1) 
C(5) 3940(2) 1663(1) 5263(2) 18(1) 
N(1) 3887(1) 2283(1) 3982(1) 13(1) 
C(11) 10512(2) 4123(1) 1308(1) 12(1) 
O(3) 10666(1) 3510(1) 2374(1) 16(1) 
C(12) 8793(2) 4826(1) 554(1) 14(1) 
C(16) 7434(2) 3755(2) 91(2) 24(1) 
O(4) 6589(2) 3526(2) -1097(2) 47(1) 
C(17) 8355(2) 5646(2) 1638(2) 23(1) 
C(18) 6550(2) 6260(2) 1077(2) 30(1) 
C(13) 8826(2) 5624(2) -676(2) 20(1) 
C(14) 9870(2) 4978(2) -1451(2) 24(1) 
C(15) 11737(2) 4807(2) -482(2) 21(1) 
N(2) 11786(1) 4161(1) 787(1) 16(1) 
________________________________________________________________________________  
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Table A3.3 Bond lengths [Å] and angles [°] for 88 

_____________________________________________________  
C(1)-O(1)  1.2460(15) 
C(1)-N(1)  1.3336(16) 
C(1)-C(2)  1.5334(17) 
C(2)-C(3)  1.5262(19) 
C(2)-C(6)  1.5311(19) 
C(2)-C(7)  1.5497(18) 
C(6)-O(2)  1.2037(18) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.523(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(3)-C(4)  1.5208(19) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.5176(19) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-N(1)  1.4617(17) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
N(1)-H(1N)  0.901(17) 
C(11)-O(3)  1.2420(16) 
C(11)-N(2)  1.3334(17) 
C(11)-C(12)  1.5352(17) 
C(12)-C(13)  1.5286(19) 
C(12)-C(16)  1.533(2) 
C(12)-C(17)  1.552(2) 
C(16)-O(4)  1.202(2) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.526(2) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
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C(18)-H(18C)  0.9800 
C(13)-C(14)  1.521(2) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-C(15)  1.514(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-N(2)  1.4625(18) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
N(2)-H(2N)  0.851(17) 
 
O(1)-C(1)-N(1) 122.04(11) 
O(1)-C(1)-C(2) 119.17(11) 
N(1)-C(1)-C(2) 118.69(11) 
C(3)-C(2)-C(6) 111.08(11) 
C(3)-C(2)-C(1) 114.09(10) 
C(6)-C(2)-C(1) 105.21(10) 
C(3)-C(2)-C(7) 111.85(10) 
C(6)-C(2)-C(7) 103.66(11) 
C(1)-C(2)-C(7) 110.25(10) 
O(2)-C(6)-C(2) 124.42(13) 
O(2)-C(6)-H(6) 117.8 
C(2)-C(6)-H(6) 117.8 
C(8)-C(7)-C(2) 114.49(12) 
C(8)-C(7)-H(7A) 108.6 
C(2)-C(7)-H(7A) 108.6 
C(8)-C(7)-H(7B) 108.6 
C(2)-C(7)-H(7B) 108.6 
H(7A)-C(7)-H(7B) 107.6 
C(7)-C(8)-H(8A) 109.5 
C(7)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(7)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(3)-C(2) 110.99(10) 
C(4)-C(3)-H(3A) 109.4 
C(2)-C(3)-H(3A) 109.4 
C(4)-C(3)-H(3B) 109.4 
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C(2)-C(3)-H(3B) 109.4 
H(3A)-C(3)-H(3B) 108.0 
C(5)-C(4)-C(3) 108.79(11) 
C(5)-C(4)-H(4A) 109.9 
C(3)-C(4)-H(4A) 109.9 
C(5)-C(4)-H(4B) 109.9 
C(3)-C(4)-H(4B) 109.9 
H(4A)-C(4)-H(4B) 108.3 
N(1)-C(5)-C(4) 110.86(11) 
N(1)-C(5)-H(5A) 109.5 
C(4)-C(5)-H(5A) 109.5 
N(1)-C(5)-H(5B) 109.5 
C(4)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 108.1 
C(1)-N(1)-C(5) 126.55(11) 
C(1)-N(1)-H(1N) 115.4(13) 
C(5)-N(1)-H(1N) 118.0(13) 
O(3)-C(11)-N(2) 121.64(11) 
O(3)-C(11)-C(12) 119.05(11) 
N(2)-C(11)-C(12) 119.30(11) 
C(13)-C(12)-C(16) 111.43(11) 
C(13)-C(12)-C(11) 113.70(11) 
C(16)-C(12)-C(11) 103.98(11) 
C(13)-C(12)-C(17) 111.89(12) 
C(16)-C(12)-C(17) 107.65(12) 
C(11)-C(12)-C(17) 107.73(10) 
O(4)-C(16)-C(12) 123.93(15) 
O(4)-C(16)-H(16) 118.0 
C(12)-C(16)-H(16) 118.0 
C(18)-C(17)-C(12) 113.55(12) 
C(18)-C(17)-H(17A) 108.9 
C(12)-C(17)-H(17A) 108.9 
C(18)-C(17)-H(17B) 108.9 
C(12)-C(17)-H(17B) 108.9 
H(17A)-C(17)-H(17B) 107.7 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
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H(18B)-C(18)-H(18C) 109.5 
C(14)-C(13)-C(12) 111.85(12) 
C(14)-C(13)-H(13A) 109.2 
C(12)-C(13)-H(13A) 109.2 
C(14)-C(13)-H(13B) 109.2 
C(12)-C(13)-H(13B) 109.2 
H(13A)-C(13)-H(13B) 107.9 
C(15)-C(14)-C(13) 109.24(13) 
C(15)-C(14)-H(14A) 109.8 
C(13)-C(14)-H(14A) 109.8 
C(15)-C(14)-H(14B) 109.8 
C(13)-C(14)-H(14B) 109.8 
H(14A)-C(14)-H(14B) 108.3 
N(2)-C(15)-C(14) 110.44(12) 
N(2)-C(15)-H(15A) 109.6 
C(14)-C(15)-H(15A) 109.6 
N(2)-C(15)-H(15B) 109.6 
C(14)-C(15)-H(15B) 109.6 
H(15A)-C(15)-H(15B) 108.1 
C(11)-N(2)-C(15) 126.69(11) 
C(11)-N(2)-H(2N) 115.7(14) 
C(15)-N(2)-H(2N) 117.6(14) 

_____________________________________________________________  

 

 
Table A3.4 Anisotropic displacement parameters  (Å

2
x 10

3
) for 88.  The anisotropic displacement 

factor exponent takes the form:  -2p
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 9(1)  11(1) 11(1)  0(1) 2(1)  0(1) 
O(1) 14(1)  18(1) 13(1)  4(1) 5(1)  2(1) 
C(2) 9(1)  14(1) 12(1)  1(1) 4(1)  1(1) 
C(6) 13(1)  19(1) 19(1)  -4(1) 5(1)  2(1) 
O(2) 21(1)  17(1) 36(1)  -3(1) 7(1)  3(1) 
C(7) 9(1)  20(1) 18(1)  2(1) 5(1)  -1(1) 
C(8) 23(1)  26(1) 26(1)  -7(1) 8(1)  -11(1) 
C(3) 13(1)  22(1) 14(1)  7(1) 3(1)  4(1) 
C(4) 18(1)  18(1) 23(1)  9(1) 11(1)  4(1) 
C(5) 18(1)  20(1) 21(1)  8(1) 12(1)  5(1) 
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N(1) 11(1)  15(1) 15(1)  4(1) 6(1)  4(1) 
C(11) 11(1)  12(1) 12(1)  0(1) 3(1)  0(1) 
O(3) 14(1)  20(1) 14(1)  6(1) 5(1)  4(1) 
C(12) 11(1)  16(1) 13(1)  4(1) 3(1)  3(1) 
C(16) 14(1)  24(1) 30(1)  7(1) 1(1)  -2(1) 
O(4) 34(1)  52(1) 37(1)  -1(1) -7(1)  -20(1) 
C(17) 20(1)  30(1) 17(1)  2(1) 5(1)  11(1) 
C(18) 25(1)  39(1) 28(1)  7(1) 11(1)  18(1) 
C(13) 18(1)  22(1) 18(1)  9(1) 7(1)  6(1) 
C(14) 25(1)  31(1) 16(1)  8(1) 8(1)  7(1) 
C(15) 21(1)  26(1) 21(1)  11(1) 12(1)  6(1) 
N(2) 12(1)  19(1) 16(1)  6(1) 6(1)  4(1) 

______________________________________________________________________________  

 

 
Table A3.5 Hydrogen coordinates ( x 10

4
) and isotropic displacement parameters (Å

2 x 10
3
) for 88. 

________________________________________________________________________________  

 x  y  z  U(eq) 
________________________________________________________________________________  

  
H(6) 6035 481 2149 21 
H(7A) 9440 1590 4603 19 
H(7B) 8351 2267 3172 19 
H(8A) 7744 4005 4359 38 
H(8B) 9810 3787 4891 38 
H(8C) 8712 3315 5811 38 
H(3A) 7729 199 5795 20 
H(3B) 7401 1612 6241 20 
H(4A) 4651 -162 4887 22 
H(4B) 5288 172 6506 22 
H(5A) 2750 1385 5174 22 
H(5B) 4350 2280 6037 22 
H(1N) 2940(20) 2750(20) 3510(20) 16 
H(16) 7250 3243 786 29 
H(17A) 8425 5102 2439 27 
H(17B) 9243 6327 1974 27 
H(18A) 6455 6781 265 45 
H(18B) 6381 6801 1793 45 
H(18C) 5656 5591 812 45 
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H(13A) 7615 5763 -1318 23 
H(13B) 9345 6468 -340 23 
H(14A) 9351 4138 -1802 28 
H(14B) 9842 5508 -2252 28 
H(15A) 12388 4297 -946 25 
H(15B) 12309 5651 -249 25 
H(2N) 12730(20) 3790(20) 1260(20) 19 

________________________________________________________________________________  

 

 
Table A3.6 Hydrogen bonds for 88 [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 C(5)-H(5B)...O(2)#1 0.99 2.55 3.277(2) 130.3 
 N(1)-H(1N)...O(3)#2 0.901(17) 1.984(17) 2.8771(15) 171(2) 
 N(2)-H(2N)...O(1)#3 0.851(17) 2.047(17) 2.8963(15) 177(2) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y+1/2,-z+1    #2 x-1,y,z    #3 x+1,y,z       
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Z 4 

Density (calculated) 1.246 Mg/m3 

Absorption coefficient 0.089 mm-1 

F(000) 344 

Crystal size 0.250 x 0.200 x 0.150 mm3 

Theta range for data collection 1.713 to 35.630°. 

Index ranges -9<=h<=9, -19<=k<=19, -19<=l<=19 

Reflections collected 48695 

Independent reflections 7714 [R(int) = 0.0550] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7471 and 0.6469 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7714 / 4 / 214 

Goodness-of-fit on F2 1.078 

Final R indices [I>2sigma(I)] R1 = 0.0793, wR2 = 0.2239 

R indices (all data) R1 = 0.1022, wR2 = 0.2511 

Extinction coefficient n/a 

Largest diff. peak and hole 0.709 and -0.413 e.Å-3 
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Table A3.8 Atomic coordinates  ( x 10
4
) and equivalent  isotropic displacement parameters (Å

2
x 

10
3
) for (±)-84. U(eq) is defined as one third of  the trace of the orthogonalized U

ij
 tensor. 

________________________________________________________________________________  

 x y z U(eq) 
________________________________________________________________________________   
N(1) 5794(3) 6168(2) 5728(2) 17(1) 
C(1) 5529(3) 5411(2) 6563(2) 14(1) 
O(1) 6927(2) 4579(1) 6721(1) 19(1) 
C(2) 3485(3) 5561(2) 7352(2) 13(1) 
C(3) 1921(3) 6634(2) 7084(2) 18(1) 
C(6) 2270(3) 4459(2) 7288(2) 16(1) 
O(2) 1294(2) 4312(1) 6233(1) 18(1) 
C(7) 4304(3) 5600(2) 8571(2) 17(1) 
C(8) 5917(4) 6501(2) 8764(2) 27(1) 
C(4) 1908(3) 6950(2) 5834(2) 19(1) 
C(5) 4248(4) 7153(2) 5440(2) 20(1) 
N(101) 11065(3) 1082(1) 9237(1) 16(1) 
C(101) 10787(3) 325(2) 8443(2) 13(1) 
O(101) 12055(2) -576(1) 8353(1) 17(1) 
C(102) 8897(3) 540(2) 7617(2) 13(1) 
C(103) 7567(3) 1713(2) 7772(2) 18(1) 
C(106) 7405(3) -457(2) 7767(2) 15(1) 
O(102) 6312(2) -464(1) 8840(1) 17(1) 
C(107) 9890(3) 448(2) 6410(2) 16(1) 
C(108) 11805(3) 1187(2) 6147(2) 21(1) 
C(104) 7387(4) 2097(2) 8991(2) 20(1) 
C(105) 9683(4) 2151(2) 9448(2) 19(1) 

________________________________________________________________________________  
 

 
Table A3.9 Bond lengths [Å] and angles [°] for (±)-84. 

_____________________________________________________  
N(1)-C(1)  1.340(3) 
N(1)-C(5)  1.461(3) 
N(1)-H(1N)  0.869(17) 
C(1)-O(1)  1.247(2) 
C(1)-C(2)  1.537(2) 
C(2)-C(3)  1.538(2) 
C(2)-C(6)  1.542(3) 
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C(2)-C(7)  1.542(3) 
C(3)-C(4)  1.528(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(6)-O(2)  1.415(2) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
O(2)-H(2O)  0.820(18) 
C(7)-C(8)  1.520(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(4)-C(5)  1.520(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
N(101)-C(101)  1.324(2) 
N(101)-C(105)  1.464(2) 
N(101)-H(01N)  0.880(17) 
C(101)-O(101)  1.252(2) 
C(101)-C(102)  1.524(2) 
C(102)-C(103)  1.539(2) 
C(102)-C(106)  1.543(3) 
C(102)-C(107)  1.547(3) 
C(103)-C(104)  1.522(3) 
C(103)-H(10A)  0.9900 
C(103)-H(10B)  0.9900 
C(106)-O(102)  1.426(2) 
C(106)-H(10C)  0.9900 
C(106)-H(10D)  0.9900 
O(102)-H(02O)  0.822(18) 
C(107)-C(108)  1.531(3) 
C(107)-H(10E)  0.9900 
C(107)-H(10F)  0.9900 
C(108)-H(10G)  0.9800 
C(108)-H(10H)  0.9800 
C(108)-H(10I)  0.9800 
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C(104)-C(105)  1.507(3) 
C(104)-H(10J)  0.9900 
C(104)-H(10K)  0.9900 
C(105)-H(10L)  0.9900 
C(105)-H(10M)  0.9900 
 
C(1)-N(1)-C(5) 126.10(16) 
C(1)-N(1)-H(1N) 121(2) 
C(5)-N(1)-H(1N) 113(2) 
O(1)-C(1)-N(1) 121.07(17) 
O(1)-C(1)-C(2) 118.75(16) 
N(1)-C(1)-C(2) 120.18(15) 
C(1)-C(2)-C(3) 113.54(15) 
C(1)-C(2)-C(6) 107.54(14) 
C(3)-C(2)-C(6) 111.31(15) 
C(1)-C(2)-C(7) 108.13(14) 
C(3)-C(2)-C(7) 110.52(15) 
C(6)-C(2)-C(7) 105.42(15) 
C(4)-C(3)-C(2) 112.97(15) 
C(4)-C(3)-H(3A) 109.0 
C(2)-C(3)-H(3A) 109.0 
C(4)-C(3)-H(3B) 109.0 
C(2)-C(3)-H(3B) 109.0 
H(3A)-C(3)-H(3B) 107.8 
O(2)-C(6)-C(2) 113.33(15) 
O(2)-C(6)-H(6A) 108.9 
C(2)-C(6)-H(6A) 108.9 
O(2)-C(6)-H(6B) 108.9 
C(2)-C(6)-H(6B) 108.9 
H(6A)-C(6)-H(6B) 107.7 
C(6)-O(2)-H(2O) 109(3) 
C(8)-C(7)-C(2) 114.14(17) 
C(8)-C(7)-H(7A) 108.7 
C(2)-C(7)-H(7A) 108.7 
C(8)-C(7)-H(7B) 108.7 
C(2)-C(7)-H(7B) 108.7 
H(7A)-C(7)-H(7B) 107.6 
C(7)-C(8)-H(8A) 109.5 
C(7)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
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C(7)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(5)-C(4)-C(3) 109.48(17) 
C(5)-C(4)-H(4A) 109.8 
C(3)-C(4)-H(4A) 109.8 
C(5)-C(4)-H(4B) 109.8 
C(3)-C(4)-H(4B) 109.8 
H(4A)-C(4)-H(4B) 108.2 
N(1)-C(5)-C(4) 110.39(16) 
N(1)-C(5)-H(5A) 109.6 
C(4)-C(5)-H(5A) 109.6 
N(1)-C(5)-H(5B) 109.6 
C(4)-C(5)-H(5B) 109.6 
H(5A)-C(5)-H(5B) 108.1 
C(101)-N(101)-C(105) 126.71(16) 
C(101)-N(101)-H(01N) 117(2) 
C(105)-N(101)-H(01N) 116(2) 
O(101)-C(101)-N(101) 121.24(16) 
O(101)-C(101)-C(102) 118.64(16) 
N(101)-C(101)-C(102) 120.12(15) 
C(101)-C(102)-C(103) 113.21(15) 
C(101)-C(102)-C(106) 106.96(14) 
C(103)-C(102)-C(106) 111.53(15) 
C(101)-C(102)-C(107) 108.21(14) 
C(103)-C(102)-C(107) 110.07(15) 
C(106)-C(102)-C(107) 106.57(14) 
C(104)-C(103)-C(102) 113.37(15) 
C(104)-C(103)-H(10A) 108.9 
C(102)-C(103)-H(10A) 108.9 
C(104)-C(103)-H(10B) 108.9 
C(102)-C(103)-H(10B) 108.9 
H(10A)-C(103)-H(10B) 107.7 
O(102)-C(106)-C(102) 113.08(15) 
O(102)-C(106)-H(10C) 109.0 
C(102)-C(106)-H(10C) 109.0 
O(102)-C(106)-H(10D) 109.0 
C(102)-C(106)-H(10D) 109.0 
H(10C)-C(106)-H(10D) 107.8 
C(106)-O(102)-H(02O) 104(3) 
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C(108)-C(107)-C(102) 115.97(16) 
C(108)-C(107)-H(10E) 108.3 
C(102)-C(107)-H(10E) 108.3 
C(108)-C(107)-H(10F) 108.3 
C(102)-C(107)-H(10F) 108.3 
H(10E)-C(107)-H(10F) 107.4 
C(107)-C(108)-H(10G) 109.5 
C(107)-C(108)-H(10H) 109.5 
H(10G)-C(108)-H(10H) 109.5 
C(107)-C(108)-H(10I) 109.5 
H(10G)-C(108)-H(10I) 109.5 
H(10H)-C(108)-H(10I) 109.5 
C(105)-C(104)-C(103) 109.30(17) 
C(105)-C(104)-H(10J) 109.8 
C(103)-C(104)-H(10J) 109.8 
C(105)-C(104)-H(10K) 109.8 
C(103)-C(104)-H(10K) 109.8 
H(10J)-C(104)-H(10K) 108.3 
N(101)-C(105)-C(104) 111.07(16) 
N(101)-C(105)-H(10L) 109.4 
C(104)-C(105)-H(10L) 109.4 
N(101)-C(105)-H(10M) 109.4 
C(104)-C(105)-H(10M) 109.4 
H(10L)-C(105)-H(10M) 108.0 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
  

 

Table A3.10 Anisotropic displacement parameters  (Å
2
x 10

3
) for (±)-84. The anisotropic 

displacement factor exponent takes the form:  -2p
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
N(1) 16(1)  17(1) 17(1)  0(1) 4(1)  0(1) 
C(1) 12(1)  13(1) 16(1)  -3(1) 1(1)  1(1) 
O(1) 13(1)  19(1) 23(1)  -1(1) 1(1)  6(1) 
C(2) 11(1)  12(1) 15(1)  -1(1) 2(1)  2(1) 
C(3) 17(1)  15(1) 21(1)  0(1) 3(1)  6(1) 
C(6) 15(1)  14(1) 18(1)  0(1) 1(1)  -1(1) 
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O(2) 12(1)  22(1) 19(1)  -5(1) 1(1)  -1(1) 
C(7) 18(1)  19(1) 15(1)  -1(1) 0(1)  -1(1) 
C(8) 26(1)  36(1) 21(1)  -10(1) 3(1)  -14(1) 
C(4) 20(1)  15(1) 22(1)  2(1) -3(1)  5(1) 
C(5) 25(1)  15(1) 20(1)  3(1) 2(1)  0(1) 
N(101) 16(1)  14(1) 16(1)  -1(1) -4(1)  0(1) 
C(101) 12(1)  11(1) 15(1)  0(1) 0(1)  1(1) 
O(101) 12(1)  15(1) 22(1)  0(1) -1(1)  4(1) 
C(102) 13(1)  12(1) 14(1)  0(1) -2(1)  2(1) 
C(103) 20(1)  15(1) 19(1)  -2(1) -5(1)  7(1) 
C(106) 12(1)  15(1) 17(1)  -1(1) -1(1)  -2(1) 
O(102) 12(1)  24(1) 17(1)  2(1) 0(1)  -1(1) 
C(107) 18(1)  17(1) 14(1)  -1(1) 1(1)  -2(1) 
C(108) 20(1)  23(1) 20(1)  2(1) -1(1)  -6(1) 
C(104) 22(1)  15(1) 21(1)  -2(1) 0(1)  7(1) 
C(105) 26(1)  12(1) 18(1)  -2(1) -3(1)  1(1) 

______________________________________________________________________________  
 

 

Table A3.11 Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å

2
x 10

3
) for (±)-

84. 

________________________________________________________________________________  

 x  y  z  U(eq) 
________________________________________________________________________________  
H(1N) 6870(40) 6050(30) 5240(20) 20 
H(3A) 395 6497 7333 21 
H(3B) 2382 7289 7516 21 
H(6A) 3338 3788 7444 19 
H(6B) 1096 4481 7881 19 
H(2O) -50(30) 4450(30) 6300(30) 27 
H(7A) 3002 5752 9081 20 
H(7B) 5034 4837 8773 20 
H(8A) 7266 6324 8307 41 
H(8B) 6301 6502 9561 41 
H(8C) 5225 7259 8549 41 
H(4A) 1357 6320 5398 23 
H(4B) 903 7652 5709 23 
H(5A) 4271 7279 4615 24 
H(5B) 4714 7851 5800 24 
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H(01N) 12130(40) 910(30) 9720(20) 19 
H(10A) 8287 2297 7320 22 
H(10B) 6055 1670 7480 22 
H(10C) 6274 -400 7173 18 
H(10D) 8323 -1193 7668 18 
H(02O) 5030(30) -580(30) 8690(30) 26 
H(10E) 10420 -365 6274 19 
H(10F) 8687 659 5873 19 
H(10G) 11282 2000 6225 31 
H(10H) 12348 1044 5376 31 
H(10I) 13012 991 6673 31 
H(10J) 6554 2863 9038 24 
H(10K) 6574 1549 9444 24 
H(10L) 10384 2800 9088 23 
H(10M) 9577 2290 10268 23 

________________________________________________________________________________  
 

 
Table A3.12 Hydrogen bonds for (±)-84 [Å and °]. 

_____________________________________________________________________________________

________  

D-H...A  d(D-H) d(H...A) d(D...A) <(DHA) 
_____________________________________________________________________________________

________ 
 N(1)-H(1N)...O(2)#1  0.869(17) 2.08(2) 2.926(2) 163(3) 
 O(2)-H(2O)...O(1)#2  0.820(18) 1.880(19) 2.686(2) 168(4) 
 C(4)-H(4A)...O(2)  0.99 2.54 3.168(3) 121.0 
 N(101)-H(01N)...O(102)#3  0.880(17) 2.01(2) 2.858(2) 161(3) 
 O(102)-H(02O)...O(101)#2  0.822(18) 1.849(19) 2.664(2) 171(4) 
 C(104)-H(10K)...O(102)  0.99 2.49 3.128(3) 122.0 

_____________________________________________________________________________________

________ 

Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1    #2 x-1,y,z    #3 -x+2,-y,-z+2       
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APPENDIX 4 

 

 

 

Catalytic Enantioselective Construction of Quaternary Stereocenters: 

Assembly of Key Building Blocks for the Synthesis of Biologically Active 

Molecules÷ 

 

CONSPECTUS: The ever-present demand for drugs with 

better efficacy and fewer side effects continually 

motivates scientists to explore the vast chemical space.  

Traditionally, medicinal chemists have focused much attention on achiral or so-called 

“flat” molecules.   More recently, attention has shifted toward molecules with stereogenic 

centers since their three-dimensional structures represent a much larger fraction of the 

chemical space and have a number of superior properties compared with flat aromatic 

                                                
÷ This account was written in collaboration with Seo-Jung Han and Dr. Wen-Bo Liu, and 
was partially adapted from the publication: Liu, Y.; Han, S.-J.; Liu, W.-B.; Stoltz, B. M. 
Acc. Chem. Res. 2015, 48, 740–751. Copyright 2015 American Chemical Society.  
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compounds.  Quaternary stereocenters, in particular, add greatly to the three-

dimensionality and novelty of the molecule.  Nevertheless, synthetic challenges in 

building quaternary stereocenters have largely prevented their implementation in drug 

discovery.  The lack of effective and broadly general methods for enantioselective 

formation of quaternary stereocenters in simple molecular scaffolds has prompted us to 

investigate new chemistry and develop innovative tools and solutions.  In this Account, 

we describe three approaches to constructing quaternary stereocenters: nucleophilic 

substitution of 3-haloindoles, conjugate addition of boronic acids to cyclic enones, and 

allylic alkylation of enolates.  In the first approach, malonic ester nucleophiles attack 

electrophilic 3-halooxindoles, mediated by a copper(II)-bisoxazoline catalyst.  A variety 

of oxindoles containing a benzylic quaternary stereocenter can be accessed through this 

method.  However, it is only applicable to the specialized 3,3-disubstituted oxindole 

system.  To access benzylic quaternary stereocenters in a more general context, we turned 

our attention to the enantioselective conjugate addition of carbon nucleophiles to α,β-

unsaturated carbonyl acceptors.  We discovered that in the presence of catalytic 

palladium-pyridinooxazoline complex, arylboronic acids add smoothly to  β-substituted 

cyclic enones to furnish ketones with a  β-benzylic quaternary stereocenter in high yields 

and enantioselectivities.  The reaction is compatible with a wide range of arylboronic 

acids,  β-substituents, and ring sizes.  Aside from benzylic quaternary stereocenters, a 

more challenging motif is a quaternary stereocenter not adjacent to an aromatic group.  

Such centers represent more general structures in chemical space, but are more difficult 

to form by asymmetric catalysis.  To address this greater challenge, and motivated by the 

greater reward, we entered the field of palladium-catalyzed asymmetric allylic alkylation 
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of prochiral enolate nucleophiles about a decade ago.  On the basis of Tsuji’s work, 

which solved the issue of positional selectivity for unsymmetrical ketones, we discovered 

that the phosphinooxazoline ligand effectively rendered this reaction enantioselective.  

Extensive investigations since then have revealed that the reaction exhibits broad scope 

and accepts a range of substrate classes, each with its unique advantage in synthetic 

applications.  A diverse array of carbonyl compounds bearing α-quaternary stereocenters 

are obtained in excellent yields and enantioselectivities, and more possibilities have yet to 

be explored.  As an alternative to palladium catalysis, we also studied iridium-catalyzed 

asymmetric allylic alkylations that generate vicinal quaternary and tertiary stereocenters 

in a single transformation.  Overall, these methods provide access to small molecule 

building blocks with a single quaternary stereocenter, can be applied to various molecular 

scaffolds, and tolerate a wide range of functional groups.  We envision that the chemistry 

reported in this Account will be increasingly useful in drug discovery and design. 

A4.1 Introduction 

 As humanity settles into the second decade of the 21st Century, science continues 

to press forward with new advances that alter our experiences on a daily basis.  The fields 

of medicinal and pharmaceutical chemistry are no different, with new medicines 

becoming available to treat the most threatening and problematic maladies of the day.  

Although the landscape of drug discovery and the pharmaceutical industry continue to 

change, particularly with the vibrant increase in new types of large molecule medicinal 

agents, small molecule chemistry is likely to continue to play a critical role in the 

discovery of new active pharmaceutical ingredients (API) well into the future.  Therefore, 
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it is critical that academic chemists continue to develop thoughtful strategies, implement 

sound tactical maneuvers, and invent robust new technologies for the synthesis of 

biologically rich, complex small molecules that will allow medicinal chemists to explore 

new molecular space with functional compounds having better properties. 

 For many years, medicinal chemists have focused attention on achiral aromatic 

and heteroaromatic molecules as potential drug candidates.1  This is in part due to the 

relative ease of their preparation, especially since the emergence of cross-coupling 

chemistries and parallel synthesis, and their biased population in screening suites at most 

companies.  While many of such compounds have been developed into successful drugs, 

their lack of stereochemistry presents a number of drawbacks at a fundamental level.  

First, achiral or “flat” molecules occupy only a small fraction of chemical space.  From a 

structural diversity perspective, a vast number of possibilities have not been explored.  

Second, the two-dimensional nature of aromatic molecules implies that their interaction 

with target proteins, which have a three-dimensional structure, will be limited.  

Therefore, high selectivity for binding to the desired protein (for instance) over undesired 

ones is difficult to achieve, and side effects such as cytotoxicity often pose a challenge.  

Finally, polyaromatic molecules tend to interact strongly with one another due to π-

stacking, thereby resulting in low solubility and poor bioavailability. 

 A promising solution to the issues raised above is to incorporate sp3-hybridized 

carbon stereocenters into the molecule.  This topic has been the subject of recent review 

articles and essays.2  In particular, quaternary stereocenters, which bear four different 

carbon substituents at the four vertices of a tetrahedron, add greatly to the three-

dimensionality of a molecule.  However, construction of quaternary stereocenters via 
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chemical synthesis is extremely challenging.3  While 21 compounds out of the top 200 

drugs by US retail sales in 20124 have quaternary stereocenters (>10%, examples shown 

in Figure A4.1), all of those structures are derived from natural products.  These include 

terpenoid (90–94 and 98) and morphine (95–97) derivatives, where the quaternary 

stereocenters are made by nature and the API is typically produced by peripheral 

derivatization.  Within those 200 top pharmaceuticals, none have a quaternary 

stereocenter built by chemical synthesis.  This dichotomy reflects the paucity of synthetic 

methods available for the construction of quaternary stereocenters and consequently the 

lack of their applications in drug discovery. 

 

Figure A4.1 Drug molecules containing quaternary stereocenters 
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 Traditional chemical approaches to quaternary stereocenters include the Claisen 

rearrangement5 and the Diels–Alder reaction.6  While these reactions are well established, 

the formation of the quaternary stereocenter is often accompanied by formation of other 

stereocenters nearby.  From a drug discovery perspective, this potentially introduces 

unnecessary complexity, collaterally obscuring structure-activity relationship (SAR) 

studies.  Construction of a single quaternary stereocenter in a simple molecular scaffold is 

much more desirable.  Most critical would be to develop robust methods that allow one to 

perform rigorous SAR studies while maintaining the quaternary center as a constant. 

 During the past decade, our research group has strategically tackled this problem 

by implementing an array of orthogonal approaches.  The most well studied tactics that 

have emerged from our laboratories involve the alkylation of 3-halooxindole 

electrophiles, the conjugate addition of boronic acids to cyclic enones, and the allylic 

alkylation of enolates.  In all three approaches, we have achieved catalytic asymmetric 

construction of quaternary stereocenters in high yield and enantioselectivity with broad 

substrate scope.  We believe that these methods will greatly expand the medicinal 

chemist’s synthetic toolbox and facilitate access to potential drug candidates containing 

quaternary stereocenters. 

 

A4.2 Enantioselective Syntheses of C(3) All-Carbon Quaternary Centers on 

oxindoles by Alkylation of 3-Bromooxindoles 

 3,3-Disubstituted oxindoles and their derivatives are widely encountered in 

numerous biologically active natural products7  and pharmaceutical compounds.8   A 

considerable amount of effort has thus been devoted toward the construction of 3,3-
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disubstituted oxindoles over the past decade.9,10  However, a non-traditional use of the 

oxindole core as an electrophile rather than as a nucleophile toward the catalytic 

enantioselective generation of C(3) quaternary substituted oxindoles was unprecedented 

and discovered by our laboratory.   

 In 2007, we reported a method for the construction of 3,3-disubstituted oxindoles 

in good yields by alkylation of malonate nucleophiles with 3-halooxindoles as 

electrophiles, presumably via indolones 100 (Scheme A4.1A). 11   Additionally, by 

employing these mild conditions, we could access the core structures of the complex 

polycyclic alkaloid natural products communesin F (108) and perophoramidine (109, 

Scheme A4.1B).12  In view of these promising results, we turned our attention to the 

asymmetric synthesis of C(3) all-carbon quaternary substituted oxindoles. 13   We 

envisioned that employing a chiral Lewis acid catalyst would facilitate an asymmetric 

variant of our alkylation reactions under mild basic conditions.  Gratifyingly, we found 

that smooth enantioselective alkylation of 3-bromooxindole by malonates was achieved 

in good yields and high enantioselectivities by implementing a chiral Cu-BOX catalyst 

with a weakly coordinating counter ion such as SbF6 (Table A4.1).  A variety of 

substituted alkyl chain lengths were tolerated in the chemistry, as were numerous 

functional groups.  Additionally, 3-aryl-3-chlorooxindoles were also alkylated to produce 

the corresponding 3,3-disubstituted oxindoles in good yields and high 

enantioselectivities.  Our method stands as one of the only that allows the preparation of 

both C3-alkyl and C3-aryl quaternary oxindoles with a single catalyst system. 
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Scheme A4.2 Alkylations of 3-halooxindoles via reactive prochiral indolone 100 
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nucleophiles requires strictly anhydrous reaction conditions.  On the other hand, air-

stable organoboron reagents have been used in rhodium-catalyzed conjugate additions,18 

although there are relatively few examples of quaternary stereocenter formation.19  In one 

report, it was shown that sodium tetraarylborates and arylboroxines could add to β,β-

disubstituted enones to deliver β-quaternary ketones.20  From a practical standpoint, using 

commercially available arylboronic acids as nucleophiles will make conjugate addition a 

much more valuable method for quaternary stereocenter generation.  Additionally, the 

ultra-high cost of rhodium can often be prohibitive.  As a remedy for these substantial 

hurdles, we embarked on a program to develop Pd catalysts that could be employed with 

aryl boronic acids for this purpose.   

 Palladium-catalyzed conjugate addition of arylboronic acids to enones has been 

widely studied and has led to development of addition reactions that form 

enantioenriched tertiary stereocenters. 21   More recently, Lu reported a bipyridine-

palladium complex-catalyzed conjugate addition to form quaternary stereocenters in 

racemic form.22  We envisioned that by using chiral ligands, enantioselective formation of 

quaternary stereocenters might be achieved. 23   With 3-methyl-2-cyclohexenone and 

phenylboronic acid as model reactants, we examined a range of reaction parameters, and 

discovered that a combination of easily accessible chiral pyridinooxazoline (PyOx) 

ligand, a commercial palladium(II) trifluoroacetate precatalyst, and 1,2-dichloroethane as 

solvent provided the desired β-quaternary ketone in high yield and excellent ee.  Notably, 

the reaction was not sensitive to oxygen or moisture, and thus could be performed under 

ambient atmosphere without the need for anhydrous solvents. 
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 With the optimal conditions in hand, we explored the substrate scope of 

palladium-catalyzed conjugate addition of arylboronic acids to cyclic enones (Table 

A4.2).  In addition to a variety of substituents on the aromatic ring of the boronic acid, 5-, 

6-, and 7-membered cyclic enones are all competent substrates for the reaction.  Enones 

bearing more complex substituents at the β-position also undergo conjugate addition 

smoothly to afford the corresponding β-quaternary ketones in good yields and good to 

high ee. 

 

Table A4.2 Asymmetric addition of arylboronic acids to 3-substituted cyclic enones 
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ammonium hexafluorophosphate had a synergistic effect in increasing reaction rate.  

Thus, more challenging substrates such as ortho-substituted arylboronic acid could also 

be employed in conjugate addition to give the desired products in much better yields 

compared with the previous conditions (Table A4.3).24 

 

Scheme A4.3 Large scale conjugate additions 

 

 

Table A4.3  Increased yields under new reaction conditions 
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between the t-Bu group of the chiral ligand and the α-methylene hydrogens of the 

cyclohexenone substrate. 

 

Scheme A4.4 Mechanistic rationale for the asymmetric conjugate addition 
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construction of quaternary centers, the case is no different.  It was precisely this 

limitation, and our concomitant efforts in the context of a multi-step synthesis, that 

guided our entry into this entire field, more than a decade ago.25   

 Palladium-catalyzed asymmetric allylic alkylation is a powerful C–C bond 

forming process that allows for the construction of stereogenic centers.26  A typical 

catalytic cycle involves the oxidative generation of a  π-allylpalladium intermediate from 

an allyl electrophile, followed by nucleophilic attack on the allyl terminus, resulting in 

reduction of the metal center (Scheme A4.5).  The pioneering earlier works of Trost,27 

Helmchen,28 and others focused mainly on prochiral allyl electrophiles.  Although this 

reaction mode enjoys success with a broad range of substrates and has found numerous 

applications in natural products synthesis, it typically produces only tertiary 

stereocenters.  Formation of quaternary stereocenters by C-nucleophilic addition to 

prochiral allyl electrophiles has been carried out with other metals, such as copper.29  

 

Scheme A4.5 General mechanism of Pd-catalyzed Asymmetric Allylic Alkylation 

 

 

 Another mode of reactivity makes use of a prochiral nucleophile.  A quaternary 
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deprotonation of a carbonyl compound.  However, position-selective enolate generation 

can be particularly challenging if the carbonyl compound bears multiple, similarly acidic 

 α-protons.  For example, deprotonation and alkylation of nonsymmetrical ketones 

generally lead to an intractable mixture of positional isomers (Scheme A4.6A).  To 

address this selectivity issue, two strategies have been classically pursued.  One of them 

installs a blocking group at the undesired α-position (Scheme A4.6B).30  The other 

strategy introduces an electron-withdrawing group at one of the α-positions to 

dramatically lower its pKa and stabilize the enolate thus formed (Scheme A4.6C).31  

Although these tactics circumvent the positional selectivity problem, they require 

additional functional groups that potentially need removal or manipulation, thus reducing 

overall efficiency and synthetic utility. 

 

Scheme A4.6 Challenges in alkylation of nonsymmetrical ketones 
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 We were drawn to the pioneering work of Tsuji to provide an alternative solution 

to this position selectivity problem in the context of enantioselective catalysis.  In the 

early 1980s, the Tsuji group reported the non-enantioselective allylic alkylation of silyl 

enol ethers, enol carbonates, and β-ketoesters derived from nonsymmetrical, 

nonstabilized ketones, in the presence of catalytic palladium and phosphine ligand 

(Scheme A4.7). 32   The first substrate class involves separate nucleophiles and 

electrophiles (Scheme A4.7A), while the other two classes build the latent enolate 

nucleophile and the allyl electrophile into one molecule (Scheme A4.7B and C).  The 

Tsuji allylic alkylation furnishes simple α-quaternary ketones with high positional 

fidelity, and the reaction proceeds under mild and nearly neutral conditions, with no 

exogenous base required.  Despite these important advantages, the Tsuji allylic alkylation 

saw little application in organic synthesis for two decades and no asymmetric version was 

known until our first report in 2004.33 

 

Scheme A4.7 The Tsuji allylic alkylation 
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 We became interested in developing an enantioselective variant of the Tsuji 

allylic alkylation because of its regiochemical fidelity and the synthetic utility of its 

products.  We envisioned that a chiral phosphine ligand might impart asymmetric 

induction in the reaction, leading to preferential formation of one of the enantiomers.  

With allyl enol carbonate 31 as substrate, we examined a number of chiral bidentate 

phosphine ligands of various scaffolds and different chelating atoms and were pleased to 

discover that the phosphinooxazoline ligand (S)-t-Bu-PHOX (L1) provided excellent 

reactivity and high enantioselectivity (96% yield, 88% ee; see Scheme A4.8). 

 

Scheme A4.8 Discovery of an enantioselective catalyst system for the asymmetric Tsuji allylic 

alkylation 
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carbonates, acetates, sulphonates, and in some instances even halides as the leaving 

group.  The great flexibility in substrate choice allows for strategic implementation in the 

context of multi-step synthesis, with each substrate class engendering different and 

unique tactical advantages. 

 

Figure A4.2 Substrate possibilities for the enantioselective alkylation reaction 
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Table A4.4 Enantioselective allylic alkylation of cyclic ketone enolates 

 

 

 During our investigations, we became aware of the ligand electronic effects on 

reaction rate and selectivity.  In many cases, the electron-deficient phosphinooxazoline 

ligand (S)-(CF3)3-t-Bu-PHOX (L2, Table A4.5) lead to faster reaction rates and higher 
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modification of ligand electronics allowed us to improve the reaction’s performance with 
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substituted tertiary carbonyl compounds, such as morpholinones,37 α-fluorolactams,37 and 

piperazines38 can all be obtained through this chemistry. 
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Table A4.5 Enantioselective allylic alkylation of cyclobutanone and lactam enolates 

 

 

 A mechanistic rationale has been proposed for the catalytic cycle (Scheme A4.9).  

Oxidative addition of Pd(0) to the allyl–O bond of 34 generates complex 121, which 
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A4.5 Iridium-Catalyzed Allylic Alkylation for the Construction of Vicinal 

Quaternary and Tertiary Stereocenters 

 Based on the intriguing diastereochemical issues encountered in the Pd-enolate 

trapping chemistry, we became interested in other methods for direct generation of 

vicinal quaternary-tertiary relationships.  Recently, by employing prochiral α-substituted 

cyclic β-ketoester enolates as nucleophiles, we developed an Ir-catalyzed direct 

enantioselective allylic alkylation reaction for the construction of vicinal quaternary-

tertiary arrays.45,46  We explored the reaction with commonly used iridium catalyst 

systems, derived from [Ir(cod)Cl]2 and phosphoramidite ligands.  The catalyst derived 

from Feringa ligand (L3)47 affords the desired branched product in an equal amount of 

two diastereoisomers (1:1 dr), although the ee of the isomers are nearly perfect (96% and 

99% ee, respectively; see Scheme A4.12). 48   In contrast, the [Ir(cod)Cl]2•N-

arylphosphoramidite (L5) complex49 was found to furnish the desired product in 98% ee, 

>20:1 dr and excellent branched to linear ratio.   
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Scheme A4.12 Ir-catalyzed allylic alkylation of cyclic α-substituted β-ketoesters 
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Table A4.6 Selected substrates of Ir-catalyzed allylic alkylation of cyclic α-substituted β-ketoesters 

 

 

Table A4.7 Selected examples of Ir-catalyzed allylic alkylation of acyclic α-substituted β-ketoesters 
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 Combining our fluoride-triggered decarboxylative allylic alkylation 51 and the 

iridium chemistry together, we have developed a sequential double allylic alkylation 

procedure to selectively program the diastereomer that is furnished within the 

stereochemical dyad.  We found that 2-(trimethylsilyl)ethyl β-ketoester substrates 

successfully engage in iridium-catalyzed allylic alkylation to generate the desired product 

with excellent regio- and enantioselectivity.  Subsequently, treatment of the product (126) 

with allyl methyl carbonate and catalyst derived from Pd2(dba)3 and PHOX ligand (L6), 

in the presence of tetrabutylammonium difluorotriphenylsilicate (TBAT), generated the 

desired dialkylated α-quaternary ketone 127B in good yield and diastereoselectivity 

(Table A4.8, entry 1).  Through choice of ligand, we can alter the selectivity to favor the 

ketone 127A in high dr (12:1–18:1) and yield (80–87%) with several 2-substituted allyl 

carbonates (entries 2–4). 

 

Table A4.8 Sequential allylic alkylation catalyzed by iridium and palladium complexes 
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A4.6 Conclusions 

 The development of a suite of catalytic asymmetric transformations by our group 

for the preparation of quaternary stereocenters provides access to a broad range of 

enantioenriched, high-value, small molecule building blocks (Figure A4.3). We have 

developed methods that readily produce 3,3-disubstituted oxindoles, β-quaternary 

ketones, α-quaternary ketones, and α-quaternary lactams.  These building blocks can be 

further derivatized to a much larger collection of compounds bearing quaternary 

stereogenicity.  We anticipate that the synthetic methods developed by our group and the 

advancements that synthetic chemists are making as a whole toward the synthesis of 

challenging stereochemically rich molecules will find increasing future application in 

drug discovery and design.  These methods move us into previously unexplored chemical 

space that may be brought to bear on problems of a medicinal nature, with potential 

enhancements in biochemical, pharmacological, and physiological properties. 

 

Figure A4.3 Enantioenriched building blocks accessible by our synthetic methods 
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CHAPTER 4 

 

 

 

Palladium-Catalyzed Decarbonylative Dehydration of Fatty Acids for 

the Synthesis of Linear Alpha Olefins÷ 

 

4.1 Introduction 

 Linear alpha olefins represent an important class of industrial chemicals with a 

wide range of applications.  They are used as co-monomers for ethylene polymerization1 

as well as precursors to plasticizers, lubricants, and surfactants.2  Currently, these olefins 

are mainly produced by oligomerization of ethylene,3 which, in turn, is derived from 

petroleum.  As the world’s oil reserves continue to diminish, development of renewable 

feedstocks for the production of alpha olefins becomes increasingly important.  One 

obvious choice is ethylene from biomass-derived ethanol.4  A potentially more direct 
                                                
÷ This work was performed in collaboration with Kelly E. Kim, Dr. Myles B. Herbert, 
and Dr. Alexey Fedorov, and was partially adapted from the publication: Liu, Y.; Kim, K. 
E.; Herbert, M. B.; Fedorov, A.; Grubbs, R. H.; Stoltz, B. M. Adv. Synth. Catal. 2014, 
356, 130–136. Copyright 2014 John Wiley & Sons, Inc.  
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method is the decarbonylative dehydration of long chain fatty acids.  The latter route is 

particularly attractive because fatty acids are inexpensive and readily available starting 

materials derived from many natural sources.  Since natural fatty acids contain an even 

number of carbon atoms, their corresponding alpha olefins will be odd-numbered after 

decarbonylative dehydration.  Moreover, conventional ethylene oligomerization 

processes deliver only even-numbered alpha olefins,3 and odd-numbered olefins are 

largely inaccessible and prohibitively expensive.5  These odd-numbered olefins are 

valuable building blocks in the synthesis of various fine chemicals such as lepidopteran 

insect pheromones, but are currently far too costly to be practical.6  Therefore, the 

development of an efficient and economic process for fatty acid decarbonylative 

dehydration is highly desirable. 

 Many strategies to convert fatty acids to alpha olefins have been pursued.  Lead 

tetraacetate-mediated oxidative decarboxylation is a classical method. 7   Alternative 

protocols that avoid stoichiometric toxic reagents have also been developed, such as 

Kolbe electrolysis8 and silver-catalyzed oxidative decarboxylation.9  However, these 

reactions proceed through highly reactive radical intermediates, and thus suffer from low 

yields due to many side reactions.  A more recent approach entails the transition metal-

catalyzed decarbonylative dehydration of fatty acids.  A variety of transition metals 

including rhodium,10  iridium,11  palladium,12  and iron13 have been shown to catalyze 

decarbonylative dehydration reactions.  To date, palladium has demonstrated the highest 

activity, and catalyst loadings as low as 0.01 mol% have been reported independently by 

Miller12a and Kraus12b (Scheme 4.1A).  Unfortunately, their methods require very high 

temperatures (230–250 °C).  In addition, it is necessary to distill the olefin product from 
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the reaction mixture as soon as it is formed in order to prevent double bond 

isomerization, and therefore only volatile olefins can be produced this way.  

Decarbonylation processes under milder conditions have been developed independently 

by Gooßen12c and Scott12d (Scheme 4.1B).  Although their reactions proceed at 110 °C, 

much higher palladium catalyst loading (3 mol%) and an expensive, high-boiling-point 

solvent (DMPU) are required.  We envisioned that by judicious choice of ligand set for 

palladium and other parameters, the most advantageous aspects of these two systems 

could be combined.  Herein we report a palladium-catalyzed decarbonylative dehydration 

using low catalyst loading under relatively mild and solvent-free conditions to produce 

alpha olefins in good yield and high selectivity (Scheme 4.1C). 

 

Scheme 4.1 Palladium-catalyzed decarbonylative dehydration. (A) High temperature processes 

(Miller, Kraus). (B) Low temperature processes (Gooßen, Scott). (C) This research. 

 

 

B

C9H19 OH

O
+ Ac2O

PdCl2 (0.01 mol%)
PPh3 (0.5 mol%)

neat, 230−250 °C, 1 h
in situ distillation of olefin

− CO, − AcOH

C9H19 internal olefins
(1−2 equiv)

OH

O
+ Piv2O or 

Ac2O

PdCl2 (3 mol%)
DPEphos (9 mol%)
Et3N (0 or 9 mol%)

DMPU, 110 °C, 16−18 h
− CO, − PivOH or AcOH(2 equiv)

60−75% yield
>97% alpha

66−100% yield
>97% alpha

Ph Ph

PdCl2(PPh3)2 (0.05 mol%)
Xantphos (0.06 mol%)

(t-Bu)4biphenol (0.5 mol%)

neat, 132 °C, 3 h
1−5 mmHg distillation

− CO, − AcOH

RR OH

O
+ Ac2O

(1.53 equiv,
6 portions)

+

internal olefins+

internal olefins+

41−80% yield
80−99% alpha

A

C



Chapter 4 303 

4.2 Optimization of Reaction Conditions 

 At the outset of our study, we examined the palladium-catalyzed decarbonylative 

dehydration of stearic acid (128a) in neat acetic anhydride as the dehydrating agent 

(Table 4.1). A preliminary survey of phosphine ligands revealed Xantphos to be an 

optimal and unique ligand for the transformation (entries 1–4).  It is believed that acetic 

anhydride converts the stearic acid into stearic anhydride in situ, which then undergoes 

oxidative addition by Pd(0) to initiate the catalytic cycle.12  Considering that acetic 

anhydride itself could compete with stearic anhydride for oxidative addition at the metal 

center, we sought to simplify the system by using pre-formed stearic anhydride (128a’) 

alone.  To our surprise, the decarbonylation of neat stearic anhydride with the same 

catalyst was exceedingly slow (only 12% yield, 120 TON, in 2 h; entry 5).  Comparing 

the two systems, we found that the former had one equivalent of acid in it, while the latter 

was acid-free.  Thus, we posited that acid might play a role in promoting reactivity.  

Consequently we added 1 mol% isophthalic acid to the system, and the yield rose to 22% 

(entry 6).  When the ligand-to-metal ratio was reduced from 4:1 to 1.2:1, the yield 

dramatically increased to 92%, but the selectivity dropped to 31% (entry 7).  Since it has 

been shown previously that triphenylphosphine can inhibit olefin isomerization,12a we 

used PdCl2(PPh3)2 instead of PdCl2(nbd) (nbd = norbornadiene), and we were delighted to 

observe an increase in selectivity to 54% with negligible erosion in yield (90%; entry 8).  

Finally, we examined a number of protic additives (entries 9–12), and found that (t-

Bu)4biphenol gave the optimal overall performance to furnish the highest yield of alpha 

olefin (entry 12). 
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Table 4.1 Effects of catalyst, ligand, and additive a 

 
a Conditions: A) 1 equiv 128a (5 mmol), 2 equiv Ac2O; B) 1 equiv 128a' (5 mmol).  b Determined by 1H 
NMR with methyl benzoate as internal standard.  Alpha = 129a/(129a+130a).  c Y x A = Yield x Alpha. 
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stearic acid, so the maximum theoretical yield based on the acid is 50%.  Control 
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and increasing the yield and selectivity (Table 4.2).  When two portions of acetic 

anhydride were added to the reaction mixture with immediate distillation of acetic acid, 

once every 1.5 hours, the olefin product was obtained in 69% yield based on stearic acid 

and 62% selectivity (entry 1).  Furthermore, when three portions of acetic anhydride were 

added, once every hour, the olefin product was obtained in 67% yield and 86% alpha 

selectivity (entry 2).  Finally, when six portions of acetic anhydride were added, once 

every half hour, the olefin product was obtained in 67% isolated yield and 89% alpha 

selectivity (entry 3).  The selectivity trend clearly shows that the more frequently acetic 

anhydride is added to dehydrate stearic acid, the higher the alpha selectivity.  This is a 

remarkable result in that it is possible to maintain high selectivity without having to distill 

the olefin product out of the reaction mixture as it forms. 

 

Table 4.2 Portionwise addition of acetic anhydride a 

 
a 20 mmol 128a.  b Determined by 1H NMR (isolated yield in 
parentheses). 

 

4.3 Study of Reaction Scope 
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saturated fatty acids with carbon numbers from 12 to 18 all provided the corresponding 

olefin in good yield and high alpha selectivity (entries 1–4).  In particular, volatile olefins 

were formed with exceptionally high selectivities (entries 3 and 4).  Terminally 

functionalized fatty acids were also competent substrates, and functional groups such as 

esters, chlorides, imides, silyl ethers, ketones, terminal olefins, and substituted aromatics 

were all well tolerated (entries 5–13).  Notably, allylbenzene derivative 129k was formed 

with 91% alpha selectivity (entry 11), which is impressive considering the significant 

thermodynamic driving force for isomerization into conjugation with the aromatic ring.  

Carboxylic acids with α- or β-substituents were considerably less reactive (entries 14–

16).  Nevertheless, catalyst turnovers up to 400 could be achieved for these challenging 

substrates.  Compared to previous reports by Miller12a and Kraus,12b our reaction exhibits 

a much broader scope, does not require distillation of the olefin products to maintain high 

selectivity, and is compatible with various heteroatom-containing functional groups. 
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Table 4.3 Substrate scope study a 

 
a Conditions: 20 mmol 1, 6 portions of Ac2O, 1+0.14+0.12+0.10+0.09+0.08 equiv, added every 30 min.  b 
Isolated yield (column chromatography).  c Determined by 1H NMR.  d Purified by distillation.  e 18.5 
mmol 128e.  f PdCl2(nbd) (0.05 mol%), PPh3 (0.05 mol%), Xantphos (0.06 mol%), 1.5 h, 3 portions of 
Ac2O (1+0.15+0.10 equiv).  g Single isomer observed.  h PdCl2(PPh3)2 (0.25 mol%), Xantphos (0.30 
mol%), (t-Bu)4biphenol (1 mol%), 129n:130n = 49:51.  i 2-methyldecanoic anhydride (10 mmol), no 
Ac2O, PdCl2(nbd) (1 mol%), Xantphos (1.1 mol%), salicylamide (2 mol%), 160 °C, 10 mmHg distillation, 
10 h, 130p:129p = 73:27. 
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4.4 Large Scale Reactions 

 Since this process requires no solvent and low catalyst loading, it can be readily 

scaled up (Scheme 4.2).  In a laboratory setting, a 100 mmol scale (28.4 g stearic acid or 

23.0 g 10-acetoxydecanoic acid) decarbonylative dehydration was easily carried out in a 

100 mL round-bottom flask.  Compared with small-scale reactions, the large-scale ones 

afforded products in similar yields and slightly higher alpha selectivity.  When the olefin 

is sufficiently volatile, it is distilled out together with the acetic acid (Table 4.3, entries 3–

6, 11, and 13).  Although distillation of olefin is not necessary in order to maintain high 

selectivity (e.g. Scheme 4.2A), it is convenient to do so for volatile olefins (Scheme 

4.2B). 

 

Scheme 4.2 Large-scale decarbonylative dehydration of stearic acid and 10-acetoxydecanoic acid 

 

 

4.5 Synthetic Utility of Alpha Olefin Products 

 The olefin products thus obtained are important building blocks in chemical 

synthesis.  For example, 8-nonenyl acetate (129f) is a precursor to insect pheromones 

131a (Oriental fruit moth pheromone) 14 and 131b (Figure-of-Eight moth pheromone).15  
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Aided by Z-selective cross metathesis catalyst 132, olefin 129f reacts with 1-pentene or 

1-hexene to afford pheromones 131a or 131b in 58% and 48% yield, respectively, and 

>98% Z-selectivity (Table 4.4).6b 

 

Table 4.4 Synthesis of pheromones 131a and 131b from olefin 129f 

 
a 4.8 mmol 129f.  b Determined by 1H NMR. 

 

4.6 Concluding Remarks 

 In summary, we have developed a highly efficient palladium-catalyzed 

decarbonylative dehydration process that converts carboxylic acids (e.g. fatty acids) to 

linear alpha olefins in good yield and with high selectivity.  The reaction requires low 

palladium catalyst loading and proceeds under solvent-free and relatively mild 

conditions.  In situ distillation of the olefin product is not necessary, and a wide range of 

functionalized and unfunctionalized carboxylic acids can be transformed into their 

corresponding olefins.  Process development for large-scale production is underway and 

will be reported in due course.  A small-scale application in natural product synthesis is 

presented in Chapter 5. 

 

129f

OAc
( )7

132  (0.5 mol%)

THF, 35 °C, 2 h
R OAc( )

7
+

N N DIPP

Ru

O
iPr

O
N OO

R

Product R

131a
131b

C3H7

C4H9

58

48

>98

>98

Yield
(%)a

Z
(%)b

131

132
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4.7 Experimental Section 

4.7.1 Materials and Methods 

 Unless otherwise stated, reactions were performed in flame-dried glassware under 

a nitrogen atmosphere or under vacuum without the use of solvents.  Reaction progress 

was monitored by 1H NMR analysis of the crude reaction mixture.  Silicycle SiliaFlash® 

P60 Academic Silica gel (particle size 40−63 nm) was used for flash chromatography.  1H 

NMR spectra were recorded on a Varian Inova 500 MHz spectrometer and are reported 

relative to residual CHCl3 (δ 7.26 ppm) or DMSO (δ 2.50 ppm).  13C NMR spectra were 

recorded on a Varian Inova 500 MHz spectrometer (125 MHz) and are reported relative 

to CHCl3 (δ 77.16 ppm) or DMSO (δ 39.52 ppm).  Data for 1H NMR are reported as 

follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration).  

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad doublet, app = 

apparent.  Data for 13C NMR are reported in terms of chemical shifts (δ ppm).  IR spectra 

were obtained by use of a Perkin Elmer Spectrum BXII spectrometer using thin films 

deposited on NaCl plates and reported in frequency of absorption (cm-1).  High-resolution 

mass spectra (HRMS) were provided by the California Institute of Technology Mass 

Spectrometry Facility using a JEOL JMS-600H High Resolution Mass Spectrometer by 

positive-ion FAB, or obtained with an Agilent 6200 Series TOF using Agilent G1978A 

Multimode source in negative electrospray ionization (ESI–), negative atmospheric 

pressure chemical ionization (APCI–), or negative mixed ionization mode (NMM: ESI-

APCI–).  Reagents were purchased from Sigma-Aldrich, Acros Organics, Strem, or Alfa 

Aesar and used as received unless otherwise stated. 
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4.7.2 General Procedure for Optimization Reactions (Route A) 

 

 To a 20 x 150 mm Kimble glass tube equipped with a magnetic stir bar was added 

PdCl2(nbd) (0.005 mmol, 0.1 mol%), ligand (monophosphine: 0.04 mmol, 0.8 mol%; 

diphosphine: 0.02 mmol, 0.4 mol%), and stearic acid 128a (5 mmol, 1 equiv).  The tube 

was sealed with a rubber septum, evacuated and refilled with N2 (x 3), and acetic 

anhydride (10 mmol, 2 equiv) was added via syringe.  The reaction tube placed in a 

preheated 132 °C oil bath (glass thermometer reading = 132 °C, IKA reading = 140 °C) 

and stirred for 2 h.  The oil bath was removed, and methyl benzoate (internal standard, 5 

mmol, 1 equiv) was added and the resulting mixture stirred for 1 min.  An aliquot of the 

crude mixture was taken by pipette and analyzed by 1H NMR.  The results of additional 

ligand screen are shown in Table 4.5. 

 

PdCl2(nbd) (0.1 mol%)
ligand

neat, 132 °C, 2 h
1 atm N2

− CO, − AcOH

C15H31 internal olefinsC15H31 OH

O

128a

+    Ac2O +

129a 130a
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Table 4.5  Additional ligand screen a 

 
a 128a (5 mmol, 1 equiv), Ac2O (2 equiv). b Determined by 1H 
NMR with methyl benzoate as internal standard.  c Y x A = 
Yield x Alpha. 

 

4.7.3 General Procedure for Optimization Reactions (Route B) 

 

 The procedure for the representative reaction (Table 4.1, entry 12) is shown as 

follows.  To a 20 x 150 mm Kimble glass tube equipped with a magnetic stir bar was 

added PdCl2(PPh3)2 (0.005 mmol, 0.1 mol%), Xantphos (0.006 mmol, 0.12 mol%), (t-

PdCl2(nbd) (0.1 mol%)
ligand

neat, 132 °C, 2 h
1 atm N2

− CO, − AcOH

C15H31 internal olefinsC15H31 OH

O

128a

+    Ac2O +

129a 130a

Entry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

PPh3 (0.8)

P(4-MeOC6H4)3 (0.8)

P(4-CF3C6H4)3 (0.8)

P(2-furyl)3 (0.8)

P(o-tolyl)3 (0.8)

PCy3 (0.8)

RuPhos (0.8)

dppe (0.4)

dppp (0.4)

dppb (0.4)

dppf (0.4)

rac-BINAP (0.4)

DPEphos (0.4)

Xantphos (0.4)

0

0

0

0

0

0

0

0

0

0

0

0

43

60

59

55

25

33

0

0

0

0

0

0

0

0

0

0

0

0

--

--

--

--

--

--

--

--

--

--

--

--

Ligand (mol%) Yield
(%)b

Alpha
(%)b

Y x A
(%)c

PdCl2(PPh3)2 (0.1 mol%)
Xantphos (0.12 mol%)

(t-Bu)4biphenol (1 mol%)

neat, 132 °C, 2 h
1 atm N2
− CO

C15H31 O

O O

C15H31 C15H31 internal olefins

128a'
+

129a 130a

OH
OH

t-But-Bu

t-Bu t-Bu
(t-Bu)4biphenol
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Bu)4biphenol (0.05 mmol, 1 mol%), and stearic anhydride 128a’ (5 mmol, 1 equiv).  The 

tube was sealed with a rubber septum, evacuated and refilled with N2 (x 3), and placed in 

a preheated 132 °C oil bath and stirred for 2 h.  The oil bath was removed, and methyl 

benzoate (internal standard, 5 mmol, 1 equiv) was added and the resulting mixture stirred 

for 1 min.  An aliquot of the crude mixture was taken by pipette and analyzed by 1H 

NMR. 

 

4.7.4 General Procedure for Preparative Pd-Catalyzed Decarbonylative 

Dehydration 

 

 A 15 mL round-bottom flask was charged with PdCl2(PPh3)2 (0.01 mmol, 0.05 

mol%), Xantphos (0.012 mmol, 0.06 mol%), (t-Bu)4biphenol (0.1 mmol, 0.5 mol%), and 

fatty acid substrate (20 mmol, 1 equiv).  The flask was equipped with a distillation head 

and a 25 mL round-bottom receiving flask.  The closed system was connected to a 

vacuum manifold, equipped with a needle valve and a digital vacuum gauge.  The system 

was evacuated and refilled with N2 (x 3), and the first portion of acetic anhydride (20 

mmol, 1 equiv) was added via syringe through the septum that seals the top of the 

distillation head.  The flask was lowered into a 20 °C oil bath and gradually heated to 132 

°C in 23 min.† When oil bath temperature rose to 122 °C, the needle valve was closed, 

switched to vacuum, and the needle valve carefully and slowly opened to allow 

                                                
† When the reaction was performed at 100 mmol scale with high-melting substrates such as stearic acid, the 
reaction flask was first heated to 85 °C until all solid melted, and then to 132 °C.  Overall heating time 
from 20 to 132 °C was approximately 40 min. 

R OH

O
+      Ac2O

PdCl2(PPh3)2 (0.05 mol%)
Xantphos (0.06 mol%)

(t-Bu)4biphenol (0.5 mol%)

neat, 132 °C, 3 h
1−5 mmHg distillation

− CO, − AcOH

R internal olefins+

128
129 130(6 portions)
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distillation of acetic acid into a receiving flask, which was cooled to –78 °C.  When the 

oil bath temperature reached 130 °C, time was recorded as t = 0.  After distillation ceased 

(about t = 3 min), the needle valve was opened fully and a vacuum of 1–5 mmHg was 

drawn.  At t = 30 min, the system was refilled with N2, and the second portion of acetic 

anhydride (2.8 mmol, 0.14 equiv) was added via syringe.  The system was then gradually 

(t = 35 min) resubjected to a vacuum of 1–5 mmHg.  Acetic anhydride was added as 

follows (0.12, 0.10, 0.09. 0.08 equiv) in the same manner every 30 min.  The reaction 

was stopped at t = 3 h and allowed to cool to ambient temperature.  The residual reaction 

mixture was purified by flash chromatography.  If it contained solids, it was suction-

filtered first and the solids washed with hexanes, and the filtrate was concentrated and 

purified by chromatography.  In cases where the product was distilled together with 

acetic acid, the distillate was added dropwise to a saturated NaHCO3 solution, stirred for 

30 min, and the resulting mixture was extracted with dichloromethane (30 mL x 3).  The 

combined extracts were dried over Na2SO4, filtered and concentrated.  The crude product 

was then subjected to flash chromatography or distillation to afford the olefin in pure 

form. 

 

4.7.5 Spectroscopic Data for Acid Substrates 

Saturated fatty acids 128a–128d and 128m are commercially available.  Carboxylic acids 

128e,16 128f,17 128g,18 128i,19 128j,20 128k,21 128l,22 and 128n23 are known compounds 

and prepared according to literature methods. 
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15-Chloropentadecanoic acid (128h).  1H NMR (500 MHz, CDCl3) δ 3.52 (t, J = 6.8 

Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.79–1.73 (m, 2H), 1.62 (p, J = 7.5 Hz, 2H), 1.46–1.20 

(m, 20H); 13C NMR (126 MHz, CDCl3) δ 180.6, 45.3, 34.2, 32.8, 29.7, 29.7, 29.7, 29.7, 

29.6, 29.6, 29.4, 29.2, 29.0, 27.0, 24.8; IR (Neat Film) 2916, 2848, 1701, 1462, 1410, 

1302, 943, 721 cm-1; HRMS (NMM: ESI-APCI–) m/z calc’d for C15H28O2Cl [M–H]–: 

275.1783, found 275.1794. 

 

 

3-Methylpentadecanoic acid (128o).  1H NMR (500 MHz, CDCl3) δ 2.35 (dd, J = 15.0, 

5.9 Hz, 1H), 2.14 (dd, J = 15.0, 8.2 Hz, 1H), 2.01–1.90 (m, 1H), 1.38–1.15 (m, 22H), 

0.96 (d, J = 6.7 Hz, 3H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 180.1, 

41.8, 36.8, 32.1, 30.3, 29.9, 29.8, 29.8, 29.8, 29.8, 29.8, 29.5, 27.0, 22.9, 19.8, 14.3; IR 

(Neat Film) 2914, 2852, 1701, 1473, 1410, 1300, 1151, 1123, 954, 715; HRMS (NMM: 

ESI-APCI–) m/z calc’d for C16H31O2 [M–H]–: 255.2330, found 255.2328. 

 

4.7.6 Spectroscopic Data for Olefin Products 

 

1-Heptadecene (129a).24  1H NMR (500 MHz, CDCl3) δ 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 

1H), 5.07–4.86 (m, 2H), 2.11–1.98 (m, 2H), 1.49–1.08 (m, 26H), 0.88 (t, J = 6.9 Hz, 3H). 

 

Cl
128h

OH

O

128o
OH

O

129a
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1-Pentadecene (129b).25  1H NMR (500 MHz, CDCl3) δ 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 

1H), 5.07–4.85 (m, 2H), 2.11–1.97 (m, 2H), 1.46–1.08 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H). 

 

 

1-Tridecene (129c).26  1H NMR (500 MHz, CDCl3) δ 5.82 (ddt, J = 17.0, 10.1, 6.7 Hz, 

1H), 5.09–4.83 (m, 2H), 2.11–1.97 (m, 2H), 1.48–1.11 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H). 

 

 

1-Undecene (129d).27  1H NMR (500 MHz, CDCl3) δ 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 

1H), 5.08–4.84 (m, 2H), 2.11–1.98 (m, 2H), 1.47–1.09 (m, 14H), 0.88 (t, J = 6.9 Hz, 3H). 

 

 

Ethyl non-8-enoate (129e).28  1H NMR (500 MHz, CDCl3) δ 5.80 (ddt, J = 16.6, 9.9, 6.8 

Hz, 1H), 5.07–4.87 (m, 2H), 4.12 (q, J = 7.2 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 2.10–1.98 

(m, 2H), 1.69–1.54 (m, 2H), 1.46–1.28 (m, 6H), 1.25 (t, J = 7.1 Hz, 3H). 

 

 

129b

129c

129d

EtO
129e

O

AcO

129f
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Non-8-en-1-yl acetate (129f).29  1H NMR (500 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.2, 

6.7 Hz, 1H), 5.07–4.87 (m, 2H), 4.05 (t, J = 6.8 Hz, 2H), 2.14–1.94 (m, 5H), 1.70–1.52 

(m, 2H), 1.47–1.18 (m, 8H). 

 

 

Tetradec-13-en-1-yl acetate (129g).30  1H NMR (500 MHz, CDCl3) δ 5.81 (ddt, J = 16.8, 

10.1, 6.8 Hz, 1H), 5.08–4.86 (m, 2H), 4.05 (t, J = 6.8 Hz, 2H), 2.11–1.98 (m, 5H), 1.69–

1.53 (m, 2H), 1.45–1.09 (m, 18H). 

 

 

14-Chlorotetradec-1-ene (129h).  1H NMR (500 MHz, CDCl3) δ 5.81 (ddt, J = 17.0, 

10.2, 6.7 Hz, 1H), 5.07–4.86 (m, 2H), 3.53 (t, J = 6.8 Hz, 2H), 2.11–1.98 (m, 2H), 1.77 

(dt, J = 14.5, 6.9 Hz, 2H), 1.50–1.10 (m, 18H); 13C NMR (126 MHz, CDCl3) δ 139.4, 

114.2, 45.3, 34.0, 32.8, 29.8, 29.7, 29.7, 29.6, 29.6, 29.3, 29.1, 29.0, 27.0; IR (Neat Film, 

NaCl) 3076, 2925, 2854, 1641, 1465, 1309, 993, 966, 909, 723 cm-1; HRMS (FAB+) m/z 

calc’d for C14H27
35Cl [M]+: 230.1801, found 230.1808. 

 

 

2-(Pent-4-en-1-yl)isoindoline-1,3-dione (129i).31  1H NMR (500 MHz, CDCl3) δ 7.89–

7.73 (m, 2H), 7.73–7.58 (m, 2H), 5.77 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.10–4.87 (m, 

2H), 3.74–3.57 (m, 2H), 2.17–2.00 (m, 2H), 1.74 (p, J = 7.5 Hz, 2H). 

AcO
129g

Cl
129h

N

O

O 129i
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tert-Butyl(pent-4-en-1-yloxy)diphenylsilane (129j).32  1H NMR (500 MHz, CDCl3) δ 

7.67 (dt, J = 6.5, 1.5 Hz, 4H), 7.39 (dddd, J = 14.4, 8.3, 6.0, 2.1 Hz, 6H), 5.80 (ddt, J = 

16.9, 10.2, 6.6 Hz, 1H), 5.09–4.87 (m, 2H), 3.68 (t, J = 6.5 Hz, 2H), 2.15 (tdd, J = 8.1, 

6.8, 1.4 Hz, 2H), 1.73–1.60 (m, 2H), 1.05 (s, 9H). 

 

 

1-Allyl-4-methoxybenzene (129k).33  1H NMR (500 MHz, CDCl3) δ 7.17–7.06 (m, 2H), 

6.91–6.78 (m, 2H), 5.96 (ddt, J = 16.8, 10.1, 6.7 Hz, 1H), 5.13–4.99 (m, 2H), 3.79 (s, 

3H), 3.34 (d, J = 6.7 Hz, 2H). 

 

 

Tridec-12-en-2-one (129l).34  1H NMR (500 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.1, 6.7 

Hz, 1H), 5.06–4.87 (m, 2H), 2.41 (t, J = 7.5 Hz, 2H), 2.13 (s, 3H), 2.09–1.97 (m, 2H), 

1.62–1.49 (m, 2H), 1.46–1.11 (m, 12H). 

 

 

Deca-1,9-diene (129m).35  1H NMR (500 MHz, CDCl3) δ 5.81 (ddt, J = 17.0, 10.2, 6.7 

Hz, 2H), 5.08–4.86 (m, 4H), 2.11–1.98 (m, 4H), 1.48–1.21 (m, 8H). 

 

TBDPSO

129j

129k

MeO

129l

O

129m
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(3,6-Dihydropyridin-1(2H)-yl)(phenyl)methanone (129n). 36   1H NMR (500 MHz, 

DMSO-d6, 130 °C) δ 7.41 (ddd, J = 24.3, 6.8, 3.4 Hz, 5H), 5.90–5.82 (m, 1H), 5.78–5.64 

(m, 1H), 4.00 (p, J = 2.8 Hz, 2H), 3.56 (t, J = 5.8 Hz, 2H), 2.16 (dp, J = 8.7, 3.2 Hz, 2H). 

 

 

(3,4-Dihydropyridin-1(2H)-yl)(phenyl)methanone (129n). 37   1H NMR (500 MHz, 

DMSO-d6, 130 °C) δ 7.45 (tdd, J = 6.0, 3.9, 2.4 Hz, 5H), 6.78–6.61 (m, 1H), 4.97 (dt, J = 

8.2, 3.9 Hz, 1H), 3.72–3.60 (m, 2H), 2.09 (tdd, J = 6.2, 3.8, 2.0 Hz, 2H), 1.85 (p, J = 6.1 

Hz, 2H). 

 

 

2-Methyltetradec-1-ene (129o).38  1H NMR (500 MHz, CDCl3) δ 4.72–4.63 (m, 2H), 

2.00 (t, J = 7.7 Hz, 2H), 1.71 (s, 3H), 1.47–1.11 (m, 20H), 0.88 (t, J = 6.9 Hz, 3H). 

 

 

(E)- and (Z)-2-decene (129p).39  1H NMR (500 MHz, CDCl3) δ 5.48–5.35 (m, 2H), 2.07–

1.93 (m, 2H), 1.64 (d, J = 4.2 Hz, 3H, E-olefin), 1.60 (d, J = 6.1 Hz, 3H, Z-olefin), 1.43–

1.20 (m, 10H), 0.88 (t, J = 6.6 Hz, 3H). 

N

O

129n

O

N

130n

129o

129p
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4.7.7 General Procedure for Pheromone Synthesis by Ru-Catalyzed Cross 

Metathesis6b 

 

 In a glovebox, a 20 mL vial was charged with 8-nonenyl acetate (129f,†† 1.0 mL, 

4.8 mmol), 1-pentene or 1-hexene (48 mmol), and THF (2.6 mL).  Ruthenium metathesis 

catalyst 132 (16 mg, 0.024 mmol, 0.5 mol%) was added and the reaction was stirred at 35 

°C in an open vial for 2 hours.  The vial was removed from the glovebox, quenched with 

ethyl vinyl ether (2.5 mL) and stirred for 30 minutes.  The solvent was then removed in 

vacuo.  The crude mixture was passed through a SiO2 plug (hexane to 4% ethyl acetate in 

hexanes) to provide a mixture of unreacted 8-nonenyl acetate and pheromone 131.  

Pheromone 131 was isolated by distillation using a Kugelrohr apparatus. 

 

 

(Z)-dodec-8-en-1-yl acetate (131a).6a  1H NMR (500 MHz, CDCl3) δ 5.35 (2H, m), 4.04 

(2H, t, J = 6.8 Hz), 2.04 (3H, s), 2.01 (4H, m), 1.61 (2H, m), 1.27–1.39 (10H, m), 0.89 

(3H, t, J = 7.4 Hz). 

 

                                                
†† An inseparable mixture of olefin isomers 129f and 130f was used for this reaction.  For 131a, the mixture 
was 98% alpha (129f:130f = 98:2); for 131b, the mixture was 96% alpha (129f:130f = 96:4). 

N N DIPP

Ru

O
iPr

O
N OO

129f

OAc
( )7

132  (0.5 mol%)

THF, 35 °C, 2 h
R OAc( )

7

131a

+R

R = C3H7
131b R = C4H9

132

AcO

131a
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(Z)-tridec-8-en-1-yl acetate (131b).6b  1H NMR (500 MHz, CDCl3) δ 5.34 (m, 2H), 4.05 

(t, J = 6.8 Hz, 2H), 2.00–2.04 (m, 7H), 1.60–1.63 (m, 2H), 1.29–1.36 (m, 12H), 0.88–

0.91 (m, 3H). 
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CHAPTER 5 

 

 

 

Palladium-Catalyzed Decarbonylative Dehydration for the Synthesis of 

α-Vinyl Carbonyl Compounds and Total Synthesis of (–)-Aspewentin B ÷ 

 

5.1 Introduction 

 An all-carbon quaternary center bearing an ethylene substituent is a common 

structural motif in many natural products (Figure 5.1).1  An important approach to the 

construction of this unit is the α-vinylation of carbonyl compounds.  Two general 

methods have been developed.  One is the direct coupling of an enolate nucleophile with 

a vinyl electrophile such as an alkenyl ether,2 vinyl bromide,3 or acetylene itself.4,5  

Although this approach can be extended to alkenylations as well, and asymmetric 

versions are known,3a,3c,4c the scope of the enolate nucleophile is generally limited to 1,3-

dicarbonyl compounds4 or those with only one enolizable position.2,3,5b  A second tactic 
                                                
÷ This work was partially adapted from a manuscript in preparation for submission to 
Angew. Chem., Int. Ed.  
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Scheme 5.1 Decarboxylative approach to vinylation 

 

 

 Recently, we reported on the palladium-catalyzed decarbonylative dehydration of 

fatty acids to form terminal olefins of one less carbon.12  Due to the importance of α-

vinyl carbonyl compounds and the challenges in their preparation, we became interested 

in applying our decarbonylative dehydration chemistry as an alternative strategy to α-

vinylation.  Since the carboxylic acid, which bears a quaternary center two atoms away 

from the reactive carboxyl group, is more hindered than a simple fatty acid, we expected 

that the reaction conditions would need to be tuned for this particular class of substrates.  

Additionally, from a practical standpoint, our previous studies were typically conducted 

on ~5 g fatty acid substrate without solvent, under vacuum distillation conditions.  Thus, 

a smaller scale alternative for implementation on laboratory scale and in the context of 

multistep organic synthesis would need to be developed. 

 At the outset of our investigation, we prepared carboxylic acid 140a and subjected 

it to palladium-catalyzed decarbonylative dehydration condition, with slightly higher 

loading of catalyst, ligand, and additive (Scheme 5.2).  We were pleased to isolate vinyl 

cyclopentanone 141a in 67% yield, along with cyclic lactone 142 in 20% yield as a 

byproduct.  This result demonstrated that steric bulk at the quaternary center does not 
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significantly retard the reaction, but proximal functionality (e.g. the ketone) could alter 

the reaction pathway. 

 

Scheme 5.2 Decarbonylative dehydration of δ-oxocarboxylic acid 140a 

 

 

5.2 Study of Reaction Scope 

 With this exciting initial result in hand, we proceeded to investigate the scope of 

the reaction (Table 5.1).  First, we synthesized (R)-3-(1-methyl-2-

oxocyclohexyl)propanoic acid (140b) by enantioselective d’Angelo Michael addition,10 

and subjected it to decarbonylative dehydration (entry 2).  We were delighted to obtain 

the desired product, (R)-2-methyl-2-vinylcyclohexanone (ent-139), in 60% yield and 92% 

ee.  Likewise, 2-ethyl-2-vinylcyclohexanone (141c) was prepared in a similar fashion.  

Carboxylic acids bearing allyl or 2-methallyl substituents, which can be prepared via 

palladium-catalyzed allylic alkylation,11 also underwent decarbonylative dehydration 

smoothly to provide the corresponding 2-allyl-2-vinyl-substituted cyclohexanones 141d 

and 141e (entries 4 and 5), the latter in 91% ee from enantioenriched acid 140e.  It is 

worth noting that double bond isomerization in the allyl moiety is negligible for 141d and 

O O
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does not occur at all for 141e.  Aside from cyclic substrates, we examined acyclic ones 

(entries 6–9), and found that α-vinyl ketone 141f, ester 141g, and aldehyde 141h can all 

be prepared in good yields.  More complex scaffolds such as acid 140i, obtained by 

oxidative cleavage of testosterone,13 also undergo the reaction to provide tricyclic vinyl 

compound 141i (entry 10).  While the reaction can be carried out in the absence of a 

solvent at a fairly large scale (5 mmol, entries 1–7), we found that for smaller scale 

synthesis it is more convenient to use NMP as solvent along with slightly modified 

conditions (entries 8–10).14 
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Table 5.1 Decarbonylative dehydration of δ-oxocarboxylic acids 

 
a 5 mmol scale.  b Isolated as a 95:5 mixture of desired product and internal olefin isomer.  c 
Condition: 0.5 mmol substrate (1 equiv), benzoic anhydride (1.2 equiv), PdCl2(nbd) (1 mol%), 
Xantphos (1.2 mol%), NMP (0.25 mL), 1 atm N2, 132 °C, 3 h. 

PdCl2(PPh3)2 (0.2 mol%)
Xantphos (0.24 mol%)

(t-Bu)4biphenol (1 mol%)

Ac2O (1.2+0.5+0.3+0.2 equiv)
neat, 132 °C, 2 h

vacuum distillation
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5.3 Total Synthesis of (–)-Aspewentin B 

 To further demonstrate the utility of our decarbonylative dehydration approach to 

vinylation, we embarked on a total synthesis of aspewentin B (133, Figure 5.1), a 

norditerpene natural product isolated from Aspergillus wentii.15,16  This terpenoid contains 

an α-vinyl quaternary cyclohexanone scaffold, and is therefore ideally suited for our 

chemistry.  Retrosynthetically (Scheme 5.3), we envisioned that the vinyl group could be 

formed by decarbonylative dehydration of δ-oxocarboxylic acid 143, which might be 

obtained by elaboration of allyl ketone 144.17  The quaternary stereocenter would be set 

by palladium-catalyzed enantioselective allylic alkylation of tricyclic ketone 145, which 

could be built from known aryl bromide 146.18 

 

Scheme 5.3 Retrosynthetic analysis of (–)-aspewentin B 

 

 

 We commenced our total synthesis by copper-catalyzed coupling of a Grignard 

reagent derived from aryl bromide 146 with ethyl 4-iodobutyrate (Scheme 5.4).   α-

Methylation of the coupled product led to ester 147, which was hydrolyzed to the 

corresponding carboxylic acid and then cyclized under acidic conditions to form tricyclic 

OH
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ketone 145.  The ketone was converted to the corresponding allyl enol carbonate (148), 

and subjected to palladium-catalyzed enantioselective decarboxylative allylic alkylation 

to afford allyl ketone 144 in nearly quantitative yield and 94% ee.  Interestingly, the 

allylic alkylation reaction proceeds efficiently with low palladium catalyst loading.19  

Hydroboration of the terminal olefin of 144 with dicyclohexylborane and oxidation with 

sodium perborate, followed by further oxidation with sodium chlorite catalyzed by 

TEMPO and bleach, delivered carboxylic acid 143 in 73% yield.  Gratifyingly, 

palladium-catalyzed decarbonylative dehydration furnished α-vinyl ketone 149 in 93% 

yield.20  Removal of the O-methyl group provided (–)-aspewentin B (133) in 78% yield.21  

Reduction of the ketone moiety of 133 using sodium borohydride and trifluoroacetic acid 

furnishes (–)-aspewentin A (133A) in 85% yield.22 
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Scheme 5.4 Total synthesis of (–)-aspewentin B 

 

 

5.4 Concluding Remarks 

 In summary, we have developed a new approach to access α-vinyl quaternary 

carbonyl compounds via palladium-catalyzed decarbonylative dehydration of δ-

oxocarboxylic acids.  A variety of acids with different scaffolds and functional groups 

were transformed into the corresponding α-vinyl carbonyl compounds in moderate to 

good yields.  We have also applied the method to the first enantioselective total synthesis 
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of (–)-aspewentin B.  Further applications of this transformation in natural product 

synthesis are currently ongoing in our lab and will be reported in due course. 

 

5.5 Experimental Section 

5.5.1 Materials and Methods 

 Unless otherwise stated, reactions were performed in flame-dried glassware under 

a nitrogen atmosphere using dry, deoxygenated solvents, or under vacuum without the 

use of solvents.  Solvents were dried by passage through an activated alumina column 

under argon.23  Reaction progress was monitored by thin-layer chromatography (TLC) or 

1H NMR analysis of the crude reaction mixture.  TLC was performed using E. Merck 

silica gel 60 F254 pre-coated glass plates (0.25 mm) and visualized by UV fluorescence 

quenching, p-anisaldehyde, phosphomolybdic acid, or KMnO4 staining.  Silicycle 

SiliaFlash® P60 Academic Silica gel (particle size 40−63 nm) was used for flash 

chromatography.  1H NMR and 13C NMR spectra were recorded on a Varian Inova 500 

(500 MHz and 126 MHz, respectively) or a Bruker CryoProbe Prodigy 400 spectrometer 

(400 MHz and 101 MHz, respectively) and are reported relative to residual CHCl3 (δ 

7.26 ppm and δ 77.16 ppm, respectively).  Data for 1H NMR are reported as follows: 

chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration).  Multiplicities 

are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sept = 

septuplet, m = multiplet, br s = broad singlet, br d = broad doublet, app = apparent.  Data 

for 13C NMR are reported in terms of chemical shifts (δ ppm).  IR spectra were obtained 

by use of a Perkin Elmer Spectrum BXII spectrometer using thin films deposited on NaCl 

plates and reported in frequency of absorption (cm-1).  Optical rotations were measured 
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with a Jasco P-2000 polarimeter operating on the sodium D line (589 nm), using a 100 

mm path-length cell and are reported as: [α]D
T (concentration in g/100 mL, solvent).  

Analytical chiral GC was performed with an Agilent 6850 GC utilizing a G-TA (30 m x 

0.25 mm) column (1.0 mL/min carrier gas flow).  Analytical chiral HPLC was performed 

with an Agilent 1100 Series HPLC utilizing a Chiralpak (AD-H or AS) or Chiralcel (OD-

H, OJ-H, or OB-H) columns (4.6 mm x 25 cm) obtained from Daicel Chemical 

Industries, Ltd.  Analytical chiral SFC was performed with a Mettler SFC supercritical 

CO2 analytical chromatography system utilizing Chiralpak (AD-H, AS-H or IC) or 

Chiralcel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm) obtained from Daicel 

Chemical Industries, Ltd.  High-resolution mass spectra (HRMS) were provided by the 

California Institute of Technology Mass Spectrometry Facility using a JEOL JMS-600H 

High Resolution Mass Spectrometer (EI+ or FAB+), or obtained with an Agilent 6200 

Series TOF using Agilent G1978A Multimode source in electrospray ionization (ESI), 

atmospheric pressure chemical ionization (APCI), or mixed ionization mode (MM: ESI-

APCI). 

 Reagents were purchased from Sigma-Aldrich, Acros Organics, Strem, or Alfa 

Aesar and used as received unless otherwise stated.  i-Pr2NH was distilled from calcium 

hydride prior to use.  (S)-t-BuPHOX was prepared by a known method.24 

 

5.5.2 Preparation of Carboxylic Acid Substrates 

 

1. tert-butyl acrylate (1.02 equiv)
    DBU (5 mol%), MeCN, 23 °C

2.  TFA/CH2Cl2, 23 °C

     (92% yield over 2 steps)

O O

OEt

O
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140a

O O

OEt

150



Chapter 5 361 

3-(1-(Ethoxycarbonyl)-2-oxocyclopentyl)propanoic acid (140a).  A flame-dried 100 

mL round-bottom flask was charged with a magnetic stir bar, anhydrous MeCN (30 mL), 

β-keto ester 150 (2.9 mL, 20 mmol, 1 equiv), tert-butyl acrylate (3.0 mL, 20.6 mmol, 

1.02 equiv), and DBU (0.15 mL, 1 mmol, 0.05 equiv).  The light yellow reaction mixture 

was stirred at 23 °C.  After 12 h, TLC analysis indicated complete consumption of 

starting material.  Solvents were evaporated, and the crude residue was purified by flash 

column chromatography on silica gel (10→16→25% EtOAc in hexanes) to afford a 

colorless oil (5.22 g).  To a solution of this oil (1.42 g) in CH2Cl2 (4 mL) was added 

trifluoroacetic acid (4 mL).  The reaction mixture was stirred at 23 °C for 30 min and 

concentrated under reduced pressure.  Removal of remaining trifluoroacetic acid by 

azeotropic evaporation from toluene (5 mL x 5) afforded carboxylic acid 140a (1.14 g, 

92% yield over 2 steps) as a viscous colorless oil.  Rf = 0.1 (25% EtOAc in hexanes); 1H 

NMR (500 MHz, CDCl3)  δ 7.86 (br s, 1H), 4.17 (q, J = 7.1 Hz, 2H), 2.59 (ddd, J = 16.3, 

10.2, 5.7 Hz, 1H), 2.53–2.36 (m, 3H), 2.30 (dt, J = 19.0, 8.0 Hz, 1H), 2.19 (ddd, J = 14.2, 

10.2, 5.7 Hz, 1H), 2.09–1.92 (m, 3H), 1.89 (dt, J = 13.1, 7.4 Hz, 1H), 1.25 (t, J = 7.1 Hz, 

3H); 13C NMR (126 MHz, CDCl3) δ 214.7, 178.6, 171.1, 61.8, 59.2, 38.0, 34.0, 29.6, 

28.2, 19.7, 14.2; IR (Neat Film, NaCl) 2979, 1713, 1408, 1158, 1028 cm-1; HRMS (MM: 

ESI-APCI–) m/z calc’d for C11H15O5 [M–H]–: 227.0925, found 227.0925. 

 

 

O 1. (S)-phenylethylamine (1 equiv)
    p-TsOH•H2O (1 mol%)
    toluene, reflux

2. methyl acrylate (1.2 equiv)
    neat, 60 °C; then AcOH, THF

            (81% yield, 91% ee)

O

OMe

O

151 152
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Methyl (R)-3-(1-methyl-2-oxocyclohexyl)propanoate (152).  Synthesis of 152 was 

based on a literature procedure.10  A 100 mL round-bottom flask was charged with a 

magnetic stir bar, 2-methylcyclohexanone (151, 3.7 mL, 30.6 mmol, 1 equiv), (S)-

phenylethylamine (3.71 g, 30.6 mmol, 1 equiv), p-toluenesulfonic acid hydrate (58 mg, 

0.306 mmol, 0.01 equiv), and toluene (30 mL).  The flask was equipped with a Dean-

Stark trap filled with toluene and a reflux condenser.  The reaction mixture was heated at 

reflux for 3.5 h.  The Dean-Stark trap was replaced with a distillation head, and the 

toluene was distilled off under reduced pressure.  The residue was cooled to 60 °C under 

nitrogen and methyl acrylate (3.4 mL, 36.7 mmol, 1.2 equiv) was added.  The reaction 

mixture was stirred at 60 °C for 12 h.  After cooling to ambient temperature, the reaction 

mixture was quantitatively transferred to a 250 mL round-bottom flask by rinsing with 

THF (50 mL total).  Aqueous 20% acetic acid (30 mL) was added and the solution was 

stirred at 23 °C for 5 h.  THF was evaporated under reduced pressure and 1N HCl (11 

mL) was added.  The biphasic mixture was extracted with Et2O (25 mL x 3).  The 

combined organic layers were washed with H2O and brine, dried over Na2SO4, filtered, 

and concentrated under reduced pressure.  The residue was purified by flash column 

chromatography on silica gel (5→6→10→12% EtOAc in hexanes) to afford δ-keto ester 

152 (4.96 g, 81% yield over 2 steps) as a light brown oil.  Rf = 0.4 (16% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3)  δ 3.66 (s, 3H), 2.46–2.26 (m, 3H), 2.22–2.10 (m, 

1H), 2.11–1.98 (m, 1H), 1.93–1.67 (m, 6H), 1.67–1.54 (m, 1H), 1.07 (d, J = 2.7 Hz, 3H); 

13C NMR (126 MHz, CDCl3) δ 215.4, 174.2, 51.8, 48.0, 39.4, 38.8, 32.6, 29.1, 27.6, 22.5, 

21.1; IR (Neat Film, NaCl) 2936, 2865, 1740, 1705, 1437, 1378, 1304, 1197, 1172, 1123, 



Chapter 5 363 

988 cm-1; HRMS (ESI-APCI+) m/z calc’d for C11H19O3 [M+H]+: 199.1329, found 

199.1325; [α]D
25 +31.5 (c 3.00, EtOH, 91% ee). 

 

 

(R)-3-(1-Methyl-2-oxocyclohexyl)propanoic acid (140b).  To a solution of 152 (2.37 g, 

11.9 mmol, 1.0 equiv) in MeOH (11 mL) was added aqueous 2N NaOH (7.8 mL, 15.5 

mmol, 1.3 equiv).  The reaction mixture was stirred at 23 °C for 2 h, then MeOH was 

evaporated under reduced pressure.  The aqueous layer was washed with Et2O (10 mL x 

1), acidified with 1N HCl (25 mL), and extracted with Et2O (25 mL x 3).  The combined 

organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure 

to a wet residue.  The residue was redissolved in CH2Cl2, dried over Na2SO4, filtered, and 

concentrated under reduced pressure to afford carboxylic acid 140b (2.14 g, 95% yield) 

as a light yellow viscous oil.  Rf = 0.1 (25% EtOAc in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 2.43–2.31 (m, 3H), 2.22 (ddd, J = 16.8, 13.2, 5.2 Hz, 1H), 2.06–1.96 (m, 1H), 

1.89–1.68 (m, 6H), 1.66–1.56 (m, 1H), 1.08 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

215.5, 179.7, 48.0, 39.3, 38.8, 32.4, 29.1, 27.5, 22.6, 21.1; IR (Neat Film, NaCl) 2936, 

1706, 1455, 1312, 1224, 1124, 1097, 902, 856 cm-1; HRMS (ESI-APCI–) m/z calc’d for 

C10H15O3 [M–H]–: 183.1027, found 183.1034; [α]D
25 +36.0 (c 4.77, EtOH, 91% ee). 
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3-(1-Ethyl-2-oxocyclohexyl)propanoic acid (140c).  Using 2-ethylcyclohexanone (153) 

as staring material, the procedure for the synthesis of 140b was followed to provide 

carboxylic acid 140c (3.85 g, 85% yield over 3 steps) as a white solid.  Rf = 0.1 (25% 

EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 2.45–2.26 (m, 3H), 2.23–2.12 (m, 

1H), 1.93–1.58 (m, 9H), 1.54–1.43 (m, 1H), 0.77 (t, J = 7.8 Hz, 3H); 13C NMR (126 

MHz, CDCl3) δ 215.1, 179.9, 51.1, 39.2, 35.8, 28.9, 28.8, 27.3, 27.2, 20.8, 7.8; IR (Neat 

Film, NaCl) 2939, 2868, 1704, 1455, 1423, 1312, 1229, 1127, 1091 cm-1; HRMS (ESI-

APCI–) m/z calc’d for C11H17O3 [M–H]–: 197.1183, found 197.1187. 

 

 

3-(1-Allyl-2-oxocyclohexyl)propanoic acid (140d).  Basic hydrolysis of known δ-keto 

ester 15411 (2.24 g, 10.0 mmol, 1.0 equiv) afforded carboxylic acid 140d (2.04 g, 97% 

yield) as a viscous colorless oil.  Rf = 0.1 (25% EtOAc in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 10.52 (br s, 1H), 5.64 (dq, J = 17.0, 7.7 Hz, 1H), 5.11–5.02 (m, 2H), 2.44–2.28 

(m, 4H), 2.28–2.20 (m, 1H), 2.16 (ddd, J = 16.4, 11.2, 5.1 Hz, 1H), 1.96 (ddd, J = 15.8, 

11.2, 5.0 Hz, 1H), 1.88–1.65 (m, 7H); 13C NMR (126 MHz, CDCl3) δ 214.4, 179.7, 

133.1, 118.7, 50.9, 39.2, 39.1, 36.2, 29.5, 28.7, 27.1, 20.8; IR (Neat Film, NaCl) 2937, 

O

OH

O

140c

O
1. benzylamine (1 equiv)
    p-TsOH•H2O (1 mol%)
    toluene, reflux

2. methyl acrylate (1.2 equiv)
    neat, 60 °C; then AcOH, THF
3. 2N NaOH, MeOH

   (85% yield over 3 steps)
153

O

OH

O

140d

O

OMe

O

154

2N NaOH, MeOH

(97% yield)
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2866, 1704, 1419, 1312, 1221, 1126, 995, 917 cm-1; HRMS (ESI-APCI–) m/z calc’d for 

C12H17O3 [M–H]–: 209.1183, found 209.1190. 

 

 

2-Methylallyl 1-(3-methoxy-3-oxopropyl)-2-oxocyclohexane-1-carboxylate (156).  A 

flame-dried 100 mL round-bottom flask was charged with a magnetic stir bar, MeCN (30 

mL), β-keto ester 155 (3.32 g, 16.9 mmol, 1.0 equiv), methyl acrylate (1.6 mL, 17.3 

mmol, 1.02 equiv), and DBU (0.25 mL, 1.69 mmol, 0.1 equiv).  The light yellow reaction 

mixture was stirred at 23 °C.  After 14 h, TLC analysis indicated complete consumption 

of starting material.  Solvents were evaporated, and the crude residue was purified by 

flash column chromatography on silica gel (8→16% EtOAc in hexanes) to afford ester 

156 (4.69 g, 98% yield) as a colorless oil.  Rf = 0.4 (16% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 4.96 (d, J = 16.1 Hz, 2H), 4.54 (s, 2H), 3.65 (s, 3H), 2.54–2.34 (m, 

4H), 2.30–2.15 (m, 2H), 2.06–1.89 (m, 2H), 1.82–1.74 (m, 1H), 1.73 (s, 3H), 1.71–1.57 

(m, 2H), 1.54–1.43 (m, 1H); 13C NMR (126 MHz, CDCl3) δ 207.4, 173.6, 171.5, 139.2, 

114.2, 68.8, 60.2, 51.8, 41.1, 36.4, 29.8, 29.5, 27.6, 22.6, 19.7; IR (Neat Film, NaCl) 

2948, 2867, 1738, 1715, 1436, 1307, 1176, 1135, 990, 907 cm-1; HRMS (ESI-APCI+) 

m/z calc’d for C15H23O5 [M+H]+: 283.1540, found 283.1533. 

 

O O

O

155

methyl acrylate (1.02 equiv)
DBU (10 mol%)

MeCN, 23 °C

(98% yield)

O O

O

CO2Me
156
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Methyl (R)-3-(1-(2-methylallyl)-2-oxocyclohexyl)propanoate (157).  In a nitrogen-

filled glove box, a 250 mL Schlenk flask was charged with a magnetic stir bar, Pd2(dba)3 

(32 mg, 0.035 mmol, 0.005 equiv), (S)-t-BuPHOX (34 mg, 0.0875 mmol, 0.0125 equiv), 

and MTBE (40 mL).  The solution was stirred at ambient temperature for 30 min.  Then 

additional MTBE (21 mL) and 156 (1.98 g, 7.0 mmol, 1.0 equiv) were added via syringe.  

The syringe was rinsed with MTBE (3 mL x 3) to ensure complete transfer of 156.  The 

Schlenk flask was sealed and taken out of the glove box.  The reaction mixture was 

stirred at 40 °C for 28 h, then concentrated under reduced pressure.  The crude residue 

was purified by flash column chromatography on silica gel (6→10% EtOAc in hexanes) 

to afford δ-keto ester 157 (1.49 g, 89% yield) as a colorless oil.  Rf = 0.5 (16% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 4.83 (s, 1H), 4.65 (s, 1H), 3.64 (s, 3H), 2.47 (dt, 

J = 14.0, 6.5 Hz, 1H), 2.42–2.27 (m, 4H), 2.15–2.06 (m, 1H), 2.02–1.92 (m, 1H), 1.91–

1.65 (m, 7H), 1.64 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 214.4, 174.2, 141.9, 115.4, 

51.8, 51.0, 42.9, 39.4, 36.7, 30.5, 28.9, 27.2, 24.5, 20.9; IR (Neat Film, NaCl) 2943, 

2865, 1738, 1699, 1436, 1374, 1173, 1128, 1080, 895 cm-1; HRMS (ESI-APCI+) m/z 

calc’d for C14H23O3 [M+H]+: 239.1642, found 239.1633; [α]D
25 +9.0 (c 1.00, CHCl3, 91% 

ee). 

 

O O

O

CO2Me

O

OMe

O

156 157

[Pd2(dba)3] (0.5 mol%)
 (S)-t-BuPHOX (1.25 mol%)

 MTBE, 0.1 M, 40 °C

(89% yield, 91% ee)
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(R)-3-(1-(2-Methylallyl)-2-oxocyclohexyl)propanoic acid (140e).  Basic hydrolysis of 

δ-keto ester 157 (1.49 g, 6.25 mmol, 1 equiv) afforded carboxylic acid 140e (1.39 g, 99% 

yield) as a white solid.  Rf = 0.1 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 

4.82 (s, 1H), 4.64 (s, 1H), 2.54–2.43 (m, 1H), 2.43–2.27 (m, 4H), 2.15 (ddd, J = 16.4, 

10.8, 5.5 Hz, 1H), 1.96–1.69 (m, 7H), 1.69–1.63 (m, 1H), 1.62 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 214.7, 179.9, 141.7, 115.5, 51.0, 43.0, 39.3, 36.7, 30.1, 28.9, 27.1, 24.4, 

20.9; IR (Neat Film, NaCl) 3074, 2940, 2866, 1704, 1455, 1312, 1219, 1128, 896 cm-1; 

HRMS (ESI-APCI–) m/z calc’d for C13H19O3 [M–H]–: 223.1340, found 223.1345; [α]D
25 

+5.4 (c 1.00, CHCl3, 91% ee). 

 

 

4,4-Dimethyl-5-oxo-5-phenylpentanoic acid (140f).  A flame-dried 100 mL round-

bottom flask was charged with a magnetic stir bar, THF (26 mL), and cooled to 0 °C.  A 

solution of n-butyllithium in hexanes (2.5 M, 5.7 mL, 14.3 mmol, 1.1 equiv) was added, 

followed by dropwise addition of diisopropylamine (2.0 mL, 14.3 mmol, 1.1 equiv).  The 

light yellow solution was stirred at 0 °C for 10 min, then cooled to –78 °C in a dry ice-

acetone bath.  Isobutyrophenone (158, 2.0 mL, 13 mmol, 1.0 equiv) was added dropwise.  

The orange-red solution was stirred at the same temperature for 30 min, and methyl 3-

bromopropionate (1.7 mL, 15.6 mmol, 1.2 equiv) was added dropwise.  The dry ice-

O

OH

O

140e

O

OMe

O

157

2N NaOH, MeOH

(99% yield)

O

OH

O

140f

O 1. LDA (1.1 equiv), then
    methyl 3-bromopropionate (1.2 equiv)
    THF, −78 → 0 °C

2. 2N NaOH, MeOH

           (32% yield over 2 steps)158
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acetone bath was removed, and the yellow reaction mixture was warmed to 0 °C and 

stirred for an additional 2 h.  The reaction was quenched with half saturated aqueous 

NH4Cl solution (30 mL) and extracted with Et2O (30 mL x 2).  The combined organic 

layers were washed with H2O and brine, dried over Na2SO4, filtered, and concentrated 

under reduced pressure.  The crude residue was purified by flash column chromatography 

on silica gel (5% EtOAc in hexanes) to afford a colorless oil (1.20 g), which was 

subjected to basic hydrolysis to provide carboxylic acid 140f (0.93 g, 32% yield over 2 

steps) as a viscous colorless oil.  Rf = 0.1 (25% EtOAc in hexanes); 1H NMR (400 MHz, 

CDCl3) δ 7.69–7.65 (m, 2H), 7.50–7.45 (m, 1H), 7.43–7.37 (m, 2H), 2.36–2.29 (m, 2H), 

2.13–2.07 (m, 2H), 1.34 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 208.2, 179.7, 138.6, 

131.3, 128.4, 127.8, 47.2, 35.3, 29.9, 26.0; IR (Neat Film, NaCl) 2972, 1709, 1597, 1444, 

1303, 1200, 962, 719, 700 cm-1; HRMS (ESI-APCI–) m/z calc’d for C13H15O3 [M–H]–: 

219.1027, found 219.1035. 

 

 

4-(Butoxycarbonyl)-4-ethyloctanoic acid (140g).  A flame-dried 50 mL round-bottom 

flask was charged with a magnetic stir bar, THF (10 mL), and cooled to 0 °C.  A solution 

of n-butyllithium in hexanes (2.5 M, 2.4 mL, 6.09 mmol, 1.1 equiv) was added, followed 

by dropwise addition of diisopropylamine (0.93 mL, 6.65 mmol, 1.2 equiv).  The light 

yellow solution was stirred at 0 °C for 10 min, then cooled to –78 °C in a dry ice-acetone 

bath.  Butyl ester 159 (1.11 g, 5.54 mmol, 1.0 equiv) was added dropwise.  The solution 

On-Bu

O

CO2H

140g

On-Bu

O

159

1. LDA (1.1 equiv), allyl bromide (1.2 equiv)
    THF, −78 → 23 °C
2. 9-BBN (1.1 equiv), THF, 0 °C
    then H2O, NaBO3•H2O

3. NaClO2 (2 equiv), NaClO (2 mol%)
    TEMPO (7 mol%), pH 6.7, MeCN/H2O, 35 °C

                 (71% yield over 3 steps)
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was stirred at the same temperature for 40 min, and allyl bromide (0.58 mL, 6.65 mmol, 

1.2 equiv) was added dropwise.  After stirring at –78 °C for 1 h, the dry ice-acetone bath 

was removed, and the yellow reaction mixture was warmed to 23 °C and stirred for an 

additional 1 h.  The reaction was quenched with half saturated aqueous NH4Cl solution 

(10 mL) and extracted with hexanes (30 mL x 2).  The combined organic layers were 

washed with H2O, dried over Na2SO4, filtered, and concentrated under reduced pressure.  

The crude residue was purified by flash column chromatography on silica gel (3% Et2O 

in hexanes) to afford the allylated ester as a colorless oil (1.24 g, Rf = 0.8 (10% Et2O in 

hexanes)), which was used directly in the next reaction. 

 A solution of 9-BBN in THF (0.5 M, 10 mL, 5.0 mmol, 1.1 equiv) was added to a 

50 mL round-bottom flask containing the allylated ester (1.24 g, 4.5 mmol, 1.0 equiv) at 

0 °C.  After 10 min, the ice bath was removed, and the reaction mixture was stirred for 

another 3 h.  Water (10 mL) was added to the reaction mixture, followed by careful 

portionwise addition of sodium perborate hydrate (1.78 g, 17.8 mmol, 4.0 equiv) to 

oxidize the organoborane intermediate to the corresponding alcohol.  The biphasic 

mixture was stirred for 40 min, and extracted with EtOAc (25 mL x 3).  The combined 

organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure.  

The crude residue was purified by flash column chromatography on silica gel (16→25% 

EtOAc in hexanes) to afford the desired primary alcohol as a colorless oil (1.14 g, Rf = 

0.4 (25% EtOAc in hexanes)), which was used directly in the next reaction. 

 Oxidation of the primary alcohol to the corresponding carboxylic acid was carried 

out following a literature procedure.25  A 100 mL round-bottom flask was charged with a 

magnetic stir bar, the primary alcohol (517 mg, 2.0 mmol, 1.0 equiv), TEMPO (22 mg, 
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0.14 mmol, 0.07 equiv), MeCN (10 mL), H2O (2 mL), and aqueous phosphate buffer 

(0.33 M in NaH2PO4 and 0.33 M in Na2HPO4, 7.5 mL), and stirred at 20 °C for 5 min.  

Solid NaClO2 (452 mg, 4.0 mmol, 2.0 equiv) was added to the flask and the reaction 

mixture was stirred for 2 min when the solid dissolved.  A solution of NaClO (0.26 wt%, 

1.1 mL, 0.04 mmol, 0.02 equiv) was added, and the reaction mixture immediately turned 

dark red.  The flask was placed in a pre-heated 35 °C oil bath and stirred for 14 h.  TLC 

analysis showed complete consumption of the alcohol.  To the reaction mixture was 

added H2O (15 mL) and 2N NaOH (4 mL) to bring the solution’s pH to 10.  The biphasic 

mixture was poured into an ice-cold solution of Na2SO3 (610 mg) in H2O (10 mL), stirred 

for 30 min, and extracted with Et2O (30 mL x 1).  The ethereal layer was back-extracted 

with 0.7N NaOH (8 mL x 2).  The alkaline aqueous layers were combined and acidified 

with 6N HCl (12 mL), and extracted with EtOAc (25 mL x 3).  The combined EtOAc 

extracts were washed with H2O, dried over Na2SO4, filtered, and concentrated under 

reduced pressure to a liquid/solid mixture.  The mixture was dissolved in Et2O and solid 

impurities were filtered off.  The filtrate was concentrated and purified by flash column 

chromatography on silica gel (5% MeOH in CH2Cl2) to afford carboxylic acid 140g (485 

mg, 71% yield over 3 steps) as a viscous colorless oil.  Rf = 0.3 (25% EtOAc in hexanes); 

1H NMR (500 MHz, CDCl3) δ 10.27 (br s, 1H), 4.07 (t, J = 6.6 Hz, 2H), 2.29–2.19 (m, 

2H), 1.95–1.85 (m, 2H), 1.64–1.55 (m, 4H), 1.55–1.49 (m, 2H), 1.43–1.33 (m, 2H), 1.33–

1.23 (m, 2H), 1.20–1.05 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H), 0.79 

(t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 179.9, 176.7, 64.4, 48.8, 34.0, 30.8, 

29.3, 28.6, 27.2, 26.2, 23.3, 19.3, 14.1, 13.8, 8.4; IR (Neat Film, NaCl) 2961, 2875, 1716, 
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1458, 1207, 1133, 947 cm-1; HRMS (ESI-APCI–) m/z calc’d for C15H27O4 [M–H]–: 

271.1915, found 271.1923. 

 

 

4-Formyl-4-methyltridecanoic acid (140h).  Using 2-methylundecanal (160) as staring 

material, the procedure for the synthesis of 140b was followed (Note: the conjugate 

addition reaction was allowed to proceed for 20 h at 70 °C and then 28 h at 80 °C) to 

provide carboxylic acid 140h (481 mg, 32% yield over 3 steps) as a colorless oil.  Rf = 

0.2 (25% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 11.35 (br s, 1H), 9.41 (s, 

1H), 2.34–2.19 (m, 2H), 1.93–1.83 (m, 1H), 1.82–1.72 (m, 1H), 1.53–1.37 (m, 2H), 1.33–

1.09 (m, 14H), 1.02 (s, 3H), 0.86 (t, J = 6.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 

205.9, 179.7, 48.5, 35.6, 32.0, 30.3, 29.6, 29.5, 29.4, 29.4, 29.1, 23.9, 22.8, 18.2, 14.2; IR 

(Neat Film, NaCl) 2924, 2853, 1711, 1458, 1300, 1225, 913 cm-1; HRMS (ESI-APCI–) 

m/z calc’d for C15H27O3 [M–H]–: 255.1966, found 255.1976. 

 

 

3-((3S,3aS,5aS,6R,9aS,9bS)-3-Acetoxy-3a,6-dimethyl-7-oxododecahydro-1H-

cyclopenta[a]naphthalen-6-yl)propanoic acid (140i).  Carboxylic acid 140i was 

prepared based on a literature procedure.26  A 250 mL round-bottom flask was charged 

H

O

CO2H140h

H

O
1. benzylamine (1 equiv)
    p-TsOH•H2O (2 mol%)
    benzene, reflux

2. methyl acrylate (1 equiv)
    neat, 70→80 °C; then AcOH
3. 2N NaOH, MeOH

     (32% yield over 3 steps)
160

H

H H

OAc

HO

O

O

140i

H

H H

OAc

O

Na2CO3 (1.47 equiv)
NaIO4 (5.0 equiv)
KMnO4 (8 mol%)

t-BuOH/H2O, 70 °C

(88% yield)
161
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with a magnetic stir bar, testosterone acetate 161 (661 mg, 2.0 mmol, 1.0 equiv), Na2CO3 

(312 mg, 2.94 mmol, 1.47 equiv), t-BuOH (21 mL) and H2O (1 mL).  The flask was 

placed in a pre-heated 70 °C oil bath, and a hot solution of NaIO4 (2.14 g, 10.0 mmol, 5.0 

equiv) and KMnO4 (25 mg, 0.16 mmol, 0.08 equiv) in H2O (21 mL) was added.  The 

reaction mixture was stirred at 70 °C for 20 min when TLC analysis indicated complete 

consumption of starting material.  The flask was cooled to ambient temperature, and 1N 

HCl (100 mL) was added.  After stirring 2 min, the reaction mixture was extracted with 

EtOAc (30 mL x 3).  The combined organic layers were dried over Na2SO4, filtered, and 

concentrated under reduced pressure.  The residue was purified by flash column 

chromatography on silica gel (50% EtOAc in hexanes) to afford carboxylic acid 140i 

(664 mg, 88% yield) as a solid/liquid mixture, which was recrystallized from 

hexanes:EtOAc 2:1 to give a white solid.  Rf = 0.4 (50% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 4.58 (t, J = 8.5 Hz, 1H), 2.63–2.44 (m, 1H), 2.40–2.14 (m, 4H), 

2.14–2.06 (m, 1H), 2.04 (s, 3H), 1.99–1.89 (m, 1H), 1.85–1.30 (m, 8H), 1.29–1.14 (m, 

3H), 1.12 (s, 3H), 1.10–1.02 (m, 1H), 0.84 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 214.6, 

179.6, 171.3, 82.5, 50.5, 50.2, 48.0, 42.7, 38.0, 36.4, 34.8, 30.9, 29.3, 29.2, 27.5, 23.7, 

21.3, 21.1, 20.5, 12.2; IR (Neat Film, NaCl) 2941, 1732, 1705, 1448, 1375, 1248, 1043, 

952, 735 cm-1; HRMS (ESI-APCI–) m/z calc’d for C20H29O5 [M–H]–: 349.2020, found 

349.2037. 
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reaction was stopped at t = 2 h and allowed to cool under N2 to ambient temperature.  The 

distillate was added to a saturated aqueous solution of NaHCO3, stirred for 20 min, and 

the biphasic mixture was extracted with CH2Cl2 (20 mL x 3).  The combined extracts 

were dried over Na2SO4 and filtered into a 250 round-bottom flask.  To this filtrate were 

added the residual dark red reaction mixture and the washings of the distillation head’s 

inside (with ~5 mL CH2Cl2).  The solvents were evaporated and the residue was purified 

by flash column chromatography on silica gel (5→8% EtOAc in hexanes for 141a and 

then 16% EtOAc in hexanes for 142) to afford vinyl ketone 141a (613 mg, 67% yield) as 

a colorless, fragrant oil.  Rf = 0.5 (16% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) 

δ 6.04 (dd, J = 17.6, 10.7 Hz, 1H), 5.28 (d, J = 10.7 Hz, 1H), 5.19 (d, J = 17.6 Hz, 1H), 

4.18 (q, J = 7.2 Hz, 2H), 2.63–2.55 (m, 1H), 2.45–2.27 (m, 2H), 2.23–2.15 (m, 1H), 

2.07–1.87 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 212.5, 170.4, 

134.5, 117.0, 63.5, 61.9, 37.7, 32.9, 19.6, 14.2; IR (Neat Film, NaCl) 2980, 1753, 1729, 

1635, 1456, 1406, 1255, 1142, 1034, 927 cm-1; HRMS (EI+) m/z calc’d for C10H14O3 

[M]+: 182.0943, found 182.0939. 

 

Ethyl 2-oxo-3,4,5,6-tetrahydrocyclopenta[b]pyran-4a(2H)-carboxylate (142).  The 

above reaction also furnished enol lactone 142 (206 mg, 20% yield) as a colorless oil.  Rf 

= 0.2 (16% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 5.30 (app. s, 1H), 4.20 (q, 

J = 7.1 Hz, 2H), 2.76–2.62 (m, 2H), 2.55–2.42 (m, 3H), 2.35–2.26 (m, 1H), 1.96–1.84 

(m, 1H), 1.84–1.73 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 

173.3, 167.4, 151.6, 108.0, 61.8, 50.8, 35.9, 29.5, 28.1, 26.7, 14.2; IR (Neat Film, NaCl) 
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2940, 2862, 1768, 1726, 1668, 1456, 1248, 1159, 1124, 1020, 891, 805 cm-1; HRMS 

(EI+) m/z calc’d for C11H14O4 [M]+: 210.0892, found 210.0910. 

 

General Procedure B: Small Scale Nondistillation Process 

 

Butyl 2-ethyl-2-vinylhexanoate (141g).  A flame-dried 20 x 150 mm Kimax culture tube 

was charged with a magnetic stir bar, PdCl2(nbd) (1.3 mg, 0.005 mmol, 0.01 equiv), 

Xantphos (3.5 mg, 0.006 mmol, 0.012 equiv), carboxylic acid 140g (136 mg, 0.5 mmol, 

1.0 equiv), and benzoic anhydride (136 mg, 0.6 mmol, 1.2 equiv).  The tube was sealed 

with a rubber septum, and the system was evacuated and backfilled with N2 (x 3).  NMP 

(0.25 mL) was added via syringe.  The reaction mixture was stirred at 20 °C for 2 min, 

then placed in a pre-heated 132 °C oil bath and stirred for 3 h.  After cooling to ambient 

temperature, Et3N (0.3 mL) was added, and the mixture was purified by flash column 

chromatography on silica gel (2% Et2O in hexanes) to afford vinyl ester 141g (58 mg, 

51% yield) as a colorless oil.  Rf = 0.5 (10% Et2O in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 5.98 (dd, J = 17.8, 10.9 Hz, 1H), 5.17 (d, J = 11.0 Hz, 1H), 5.07 (d, J = 17.8 

Hz, 1H), 4.08 (t, J = 6.6 Hz, 2H), 1.77–1.69 (m, 2H), 1.69–1.63 (m, 2H), 1.63–1.55 (m, 

2H), 1.45–1.23 (m, 4H), 1.23–1.08 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H), 0.88 (t, J = 7.4 Hz, 

3H), 0.80 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 175.7, 140.3, 114.3, 64.5, 

52.9, 35.7, 30.9, 29.0, 26.7, 23.4, 19.4, 14.1, 13.8, 8.9; IR (Neat Film, NaCl) 2960, 2874, 

Bz2O (1.2 equiv)
PdCl2(nbd) (1 mol%)
Xantphos (1.2 mol%)

NMP, 132 °C, 3 h

(51% yield)

On-Bu

O

CO2H

140g

On-Bu

O

141g
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1731, 1459, 1380, 1240, 1206, 1136, 1001, 915 cm-1; HRMS (EI+) m/z calc’d for 

C14H26O2 [M]+: 226.1933, found 226.1933. 

 

5.5.4 Spectroscopic Data for Pd-Catalyzed Decarbonylative Dehydration Products 

 

(R)-2-Methyl-2-vinylcyclohexan-1-one (ent-139).  Ketone ent-139 was prepared 

according to General Procedure A and isolated by silica gel chromatography (3% Et2O in 

hexanes) as a colorless, fragrant oil.  60% yield.  Rf = 0.6 (20% Et2O in hexanes); 1H 

NMR (500 MHz, CDCl3) δ 5.97 (dd, J = 17.8, 10.8 Hz, 1H), 5.13 (d, J = 10.8 Hz, 1H), 

4.98 (d, J = 17.7 Hz, 1H), 2.56–2.45 (m, 1H), 2.37–2.28 (m, 1H), 2.01–1.90 (m, 2H), 

1.84–1.65 (m, 3H), 1.65–1.56 (m, 1H), 1.15 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

213.6, 142.7, 114.9, 52.2, 39.9, 39.3, 27.8, 24.0, 21.8; IR (Neat Film, NaCl) 2932, 2864, 

1709, 1635, 1450, 1371, 1313, 1123, 1093, 986, 918 cm-1; HRMS (EI+) m/z calc’d for 

C9H14O [M]+: 138.1045, found 138.1026; [α]D
25 +113.2 (c 1.03, CHCl3, 92% ee). 

 

 

2-Ethyl-2-vinylcyclohexan-1-one (141c).  Ketone 141c was prepared according to 

General Procedure A and isolated by silica gel chromatography (2% Et2O in hexanes) as 

a colorless, fragrant oil.  66% yield.  Rf = 0.4 (10% Et2O in hexanes); 1H NMR (500 

MHz, CDCl3) δ 5.90 (dd, J = 17.8, 10.9 Hz, 1H), 5.19 (d, J = 10.9 Hz, 1H), 4.96 (d, J = 

O

ent-139

O

141c
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17.7 Hz, 1H), 2.52–2.41 (m, 1H), 2.36–2.27 (m, 1H), 1.98–1.83 (m, 2H), 1.80–1.53 (m, 

6H), 0.79 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 213.3, 141.5, 115.5, 55.5, 

39.6, 35.6, 29.8, 27.4, 21.6, 8.2; IR (Neat Film, NaCl) 2938, 2863, 1707, 1448, 1313, 

1230, 1124, 993, 918 cm-1; HRMS (EI+) m/z calc’d for C10H16O [M]+: 152.1201, found 

152.1176. 

 

 

2-Allyl-2-vinylcyclohexan-1-one (141d).  Ketone 141d was prepared according to 

General Procedure A and isolated by silica gel chromatography (3% Et2O in hexanes) as 

a colorless, fragrant oil.  54% yield.  Rf = 0.4 (10% Et2O in hexanes); 1H NMR (500 

MHz, CDCl3) δ 5.86 (dd, J = 17.7, 10.8 Hz, 1H), 5.68 (ddt, J = 18.0, 11.1, 7.3 Hz, 1H), 

5.22 (d, J = 10.8 Hz, 1H), 5.05–4.95 (m, 3H), 2.54–2.45 (m, 1H), 2.42–2.27 (m, 3H), 

1.99–1.88 (m, 2H), 1.81–1.60 (m, 4H); 13C NMR (126 MHz, CDCl3) δ 212.7, 141.4, 

134.3, 117.9, 116.2, 54.9, 42.0, 39.6, 36.0, 27.3, 21.6; IR (Neat Film, NaCl) 3077, 2936, 

2864, 1708, 1636, 1448, 1314, 1222, 1124, 998, 916 cm-1; HRMS (EI+) m/z calc’d for 

C11H16O [M]+: 164.1201, found 164.1173. 

 

 

(S)-2-(2-Methylallyl)-2-vinylcyclohexan-1-one (141e).  Ketone 141e was prepared 

according to General Procedure A and isolated by silica gel chromatography (2→3% 

O

141d

O

141e
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Et2O in hexanes) as a colorless, fragrant oil.  69% yield.  Rf = 0.4 (10% Et2O in hexanes); 

1H NMR (500 MHz, CDCl3) δ 5.94 (dd, J = 18.1, 11.1 Hz, 1H), 5.19 (d, J = 10.8 Hz, 

1H), 4.98 (d, J = 17.8 Hz, 1H), 4.80 (s, 1H), 4.65 (s, 1H), 2.55–2.43 (m, 2H), 2.43–2.32 

(m, 2H), 2.01–1.87 (m, 2H), 1.79–1.66 (m, 4H), 1.65 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 212.3, 142.5, 142.4, 115.8, 115.0, 54.8, 45.5, 39.5, 36.0, 27.1, 25.0, 21.7; IR 

(Neat Film, NaCl) 3075, 2938, 2863, 1707, 1641, 1448, 1125, 919, 892 cm-1; HRMS 

(EI+) m/z calc’d for C12H18O [M]+: 178.1358, found 178.1350; [α]D
25 +129.5 (c 1.00, 

CHCl3, 92% ee). 

 

 

2,2-Dimethyl-1-phenylbut-3-en-1-one (141f).  Ketone 141f was prepared according to 

General Procedure A and isolated by silica gel chromatography (2.5% Et2O in hexanes) 

as a colorless oil.  75% yield.  Rf = 0.4 (10% Et2O in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 7.89–7.85 (m, 2H), 7.49–7.43 (m, 1H), 7.40–7.35 (m, 2H), 6.19 (dd, J = 17.6, 

10.6 Hz, 1H), 5.26–5.18 (m, 2H), 1.40 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 204.8, 

144.0, 137.2, 131.8, 129.4, 128.1, 114.2, 50.3, 26.2; IR (Neat Film, NaCl) 3084, 2975, 

2933, 1679, 1634, 1446, 1258, 971, 918, 719, 694 cm-1; HRMS (EI+) m/z calc’d for 

C12H14O [M]+: 174.1045, found 174.1069. 

 

 

O

141f

H

O

141h
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2-Methyl-2-vinylundecanal (141h).  Aldehyde 141h was prepared according to General 

Procedure B and isolated by silica gel chromatography (2% Et2O in hexanes) as a 

colorless, fragrant oil.  77% yield.  Rf = 0.5 (10% Et2O in hexanes); 1H NMR (500 MHz, 

CDCl3) δ 9.38 (s, 1H), 5.79 (dd, J = 17.6, 10.8 Hz, 1H), 5.25 (d, J = 10.8 Hz, 1H), 5.11 

(d, J = 17.5 Hz, 1H), 1.57 (td, J = 9.6, 5.9 Hz, 2H), 1.25 (br s, 14H), 1.15 (s, 3H), 0.87 (t, 

J = 6.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 203.2, 139.1, 116.6, 52.9, 35.7, 32.0, 

30.3, 29.7, 29.6, 29.4, 24.0, 22.8, 17.8, 14.3; IR (Neat Film, NaCl) 2927, 2854, 1732, 

1463, 998, 920 cm-1; HRMS (EI+) m/z calc’d for C14H26O [M]+: 210.1984, found 

210.2009. 

 

 

(3S,3aS,5aS,6R,9aS,9bS)-3a,6-dimethyl-7-oxo-6-vinyldodecahydro-1H-

cyclopenta[a]naphthalen-3-yl acetate (141i).  Ketone 141i was prepared according to 

General Procedure B and isolated by silica gel chromatography (10→14% EtOAc in 

hexanes) as a white solid.  41% yield.  Rf = 0.3 (16% EtOAc in hexanes); 1H NMR (500 

MHz, CDCl3) δ 5.78 (dd, J = 17.6, 10.9 Hz, 1H), 5.24 (d, J = 10.9 Hz, 1H), 5.02 (d, J = 

17.6 Hz, 1H), 4.59 (t, J = 8.5 Hz, 1H), 2.61 (td, J = 14.3, 6.3 Hz, 1H), 2.37–2.30 (m, 1H), 

2.24–2.14 (m, 1H), 2.03 (s, 3H), 2.02–1.95 (m, 1H), 1.83–1.62 (m, 3H), 1.58–1.47 (m, 

1H), 1.45–1.33 (m, 3H), 1.32–1.25 (m, 2H), 1.24 (s, 3H), 1.18–1.05 (m, 2H), 0.85 (s, 

3H); 13C NMR (126 MHz, CDCl3) δ 214.3, 171.2, 141.7, 114.7, 82.4, 54.6, 51.0, 50.4, 

43.0, 38.0, 36.4, 34.8, 31.2, 27.6, 23.6, 21.9, 21.3, 15.2, 12.3; IR (Neat Film, NaCl) 2946, 

H

H H

OAc

O
141i
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2845, 1735, 1696, 1373, 1250, 1041, 922 cm-1; HRMS (EI+) m/z calc’d for C19H28O3 

[M]+: 304.2039, found 304.2044. 

 

5.5.5 Total Synthesis of (–)-Aspewentin B and Related Compounds 

 

Ester 162.  A 100 mL 2-necked round-bottom flask was charged with a magnetic stir bar 

and magnesium turnings (560 mg, 23.0 mmol, 1.1 equiv).  The flask was equipped with a 

reflux condenser, flame-dried under vacuum, and allowed to cool to ambient temperature 

under N2.  THF (3 mL) was added, followed by a small portion (2 mL) of a solution of 

bromoarene 14618 (5.63 g, 20.9 mmol, 1.0 equiv) in THF (8.5 mL).  DIBAL-H (0.4 mL, 

1.0 M in hexanes, 0.4 mmol, 0.02 equiv) was added, and the reaction mixture was gently 

heated to reflux using a heat gun.  Grignard reagent formation initiated as the reaction 

mixture turned dark with a strong exotherm.  The remainder of the bromoarene solution 

in THF (ca. 6.5 mL) was added dropwise to maintain a gentle reflux.  After addition was 

finished, the reaction mixture was further refluxed for 1 h, and allowed to cool to ambient 

temperature under N2.  The dark gray solution of Grignard reagent was taken up in a 

syringe and added dropwise to a separate 100 mL round-bottom flask containing a stirred 

suspension of CuI (400 mg, 2.09 mmol, 0.1 equiv) and ethyl 4-iodobutyrate (5.06 g, 20.9 

mmol, 1.0 equiv) in THF (20 mL) at 0 °C.  After 15 min, the reaction mixture was 

warmed to 20 °C and quenched with aqueous NH4Cl and NaHSO4 solution.  The layers 

were separated, and the aqueous layer was extracted with EtOAc (30 mL x 3).  The 

Br

OMe

146

1. Mg (1.1 equiv)
    THF, 20 °C → reflux

2. CuI (10 mol%), THF, 0 °C
I CO2Et OMe

162

CO2Et

(65% yield)

(1 equiv)
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combined organic layers were dried over Na2SO4, filtered, and concentrated under 

reduced pressure.  Flash column chromatography on silica gel (3→4→10% EtOAc in 

hexanes) furnished ester 162 (4.16 g, 65% yield) as a colorless oil.  Rf = 0.5 (10% EtOAc 

in hexanes); 1H NMR (500 MHz, CDCl3) δ 6.78 (s, 1H), 6.56 (s, 1H), 4.15 (q, J = 7.2 Hz, 

2H), 3.79 (s, 3H), 2.62 (t, J = 6.4 Hz, 2H), 2.60–2.55 (m, 2H), 2.39 (t, J = 7.4 Hz, 2H), 

1.95–1.85 (m, 2H), 1.84–1.76 (m, 2H), 1.66–1.60 (m, 2H), 1.30–1.25 (m, 9H); 13C NMR 

(126 MHz, CDCl3) δ 173.7, 157.3, 147.6, 140.7, 126.6, 112.1, 110.2, 60.4, 55.3, 39.0, 

34.5, 34.3, 32.9, 32.2, 26.6, 25.3, 19.8, 14.4; IR (Neat Film, NaCl) 2930, 1734, 1603, 

1465, 1304, 1254, 1188, 1116, 1065, 847 cm-1; HRMS (MM: ESI-APCI+) m/z calc’d for 

C19H29O3 [M+H]+: 305.2111, found 305.2105. 

 

 

Ester 147.  To a stirred solution of n-BuLi (3.2 mL, 2.5 M in hexanes, 8.10 mmol, 1.1 

equiv) in THF (12 mL) was added i-Pr2NH (1.2 mL, 8.83 mmol, 1.2 equiv) dropwise at 0 

°C.  The light yellow solution was stirred for 5 min, then cooled to –78 °C in a dry ice-

acetone bath.  A solution of ester 162 (2.24 g, 7.36 mmol, 1.0 equiv) in THF (6 mL) was 

added dropwise, followed by washings of the syringe (THF, 1 mL x 2).  The reaction 

mixture was stirred at –78 °C for 15 min, and iodomethane (0.60 mL, 9.57 mmol, 1.3 

equiv) was added dropwise.  After stirring at –78 °C for another 45 min, the reaction 

mixture was allowed to warm to 20 °C, and quenched with aqueous 1N HCl (ca. 30 mL).  

The layers were separated, and the aqueous layer was extracted with EtOAc (30 mL x 3).  

OMe

162

CO2Et LDA (1.1 equiv)
THF, −78 °C

then MeI (1.3 equiv)
−78 → 20 °C

 (85% yield)

OMe

147

CO2Et
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The combined organic layers were dried over Na2SO4, filtered, and concentrated under 

reduced pressure.  Flash column chromatography on silica gel (2.5→3% EtOAc in 

hexanes) furnished ester 147 (1.99 g, 85% yield) as a colorless oil.  Rf = 0.6 (10% EtOAc 

in hexanes); 1H NMR (500 MHz, CDCl3) δ 6.77 (s, 1H), 6.56 (s, 1H), 4.16 (q, J = 7.1 Hz, 

2H), 3.79 (s, 3H), 2.61 (t, J = 6.5 Hz, 2H), 2.58–2.48 (m, 3H), 1.98–1.88 (m, 1H), 1.84–

1.75 (m, 2H), 1.71–1.58 (m, 3H), 1.30–1.26 (m, 9H), 1.22 (d, J = 7.0 Hz, 3H); 13C NMR 

(126 MHz, CDCl3) δ 176.7, 157.4, 147.6, 141.0, 126.5, 112.0, 110.2, 60.4, 55.3, 39.8, 

39.0, 34.6, 34.3, 32.2, 32.2, 31.3, 26.6, 19.8, 17.4, 14.5; IR (Neat Film, NaCl) 2935, 

1732, 1605, 1467, 1304, 1255, 1156, 1126, 1053, 864 cm-1; HRMS (FAB+) m/z calc’d for 

C20H30O3 [M]+: 318.2195, found 318.2202. 

 

 

Ketone 145.  To a 50 mL round-bottom flask containing ester 147 (1.96 g, 6.16 mmol, 

1.0 equiv) was added a magnetic stir bar, MeOH (9 mL), and aqueous 2N NaOH (4.6 

mL, 9.24 mmol, 1.5 equiv).  The reaction mixture was stirred at 60 °C for 4 h and cooled 

to ambient temperature.  Most of the MeOH was evaporated under reduced pressure, and 

the alkaline solution was acidified with 1N NCl (15 mL) and extracted with CH2Cl2 (20 

mL x 3).  The combined organic layers were dried over Na2SO4, filtered, and 

concentrated under reduced pressure to the crude carboxylic acid as a colorless oil, which 

was used immediately for the next reaction. 

OMe

147

CO2Et
1. 2N NaOH
    MeOH, 60 °C

2. H2SO4/H2O (3:1)
    0 → 80 °C

(97% yield, 2 steps)

OMe

145

O
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 The crude carboxylic acid was added dropwise to a mixture of conc. H2SO4 and 

H2O (28 mL total, 3:1 v/v) at 0 °C via pipette.  Washings of the pipette (Et2O, 2 mL x 3) 

were also added.  The cooling bath was removed, and the reaction mixture was stirred for 

15 min, and then placed in a pre-heated 80 °C oil bath.  After 20 min, the reaction 

mixture was allowed to cool to ambient temperature, diluted with ice water (ca. 90 mL), 

and extracted with EtOAc (30 mL x 3).  The combined organic layers were dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Flash column chromatography 

on silica gel (2.5→3% Et2O in CH2Cl2) furnished ketone 145 (1.64 g, 97% yield over 2 

steps) as a white solid.  Rf = 0.7 (10% Et2O in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ 

6.83 (s, 1H), 3.87 (s, 3H), 2.85 (dt, J = 17.6, 4.0 Hz, 1H), 2.72 (ddd, J = 17.0, 11.0, 5.2 

Hz, 1H), 2.60–2.47 (m, 3H), 2.20–2.10 (m, 1H), 1.91–1.71 (m, 3H), 1.69–1.57 (m, 2H), 

1.30 (s, 6H), 1.19 (d, J = 6.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 200.7, 158.0, 152.2, 

144.3, 126.3, 120.9, 108.4, 56.1, 56.1, 43.1, 38.4, 31.7, 31.7, 30.7, 27.1, 26.8, 19.4, 15.5; 

IR (Neat Film, NaCl) 2928, 1685, 1591, 1559, 1457, 1317, 1246, 1102, 1012 cm-1; 

HRMS (MM: ESI-APCI+) m/z calc’d for C18H25O2 [M+H]+: 273.1849, found 273.1855. 

 

 

Allyl enol carbonate 148.  To a stirred solution of LiHMDS (1.11 g, 6.61 mmol, 1.1 

equiv) in THF (10 mL) at 0 °C was added a solution of ketone 145 (1.64 g, 6.01 mmol, 

1.0 equiv) in THF (5 mL) via syringe.  Washings of the syringe (THF, 1.5 mL x 2) were 

also added.  The deep red solution was stirred at 0 °C for 1 h.  In a separate, flame-dried 

OMe

145

O
 LiHMDS (1.1 equiv)

 THF, 0 °C, then

allyl chloroformate (1.2 equiv)
THF, −78 → 20 °C

(89% yield)

OMe

148

O O

O
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200 mL round-bottom flask, THF (34 mL) and allyl chloroformate (0.77 mL, 7.21 mmol, 

1.2 equiv) were added, and the solution was cooled to –78 °C in a dry ice-acetone bath.  

To this cooled solution was added the deep red enolate solution dropwise via cannula (ca. 

15 min addition time).  The reaction mixture was stirred at –78 °C for another 15 min, 

and the cold bath was removed.  After warming to room temperature, the reaction was 

quenched with half saturated NH4Cl solution (ca. 50 mL).  The layers were separated, and 

the aqueous layer was extracted with EtOAc (30 mL x 3).  The combined organic layers 

were dried over Na2SO4, filtered, and concentrated under reduced pressure. Flash column 

chromatography on silica gel (3→5% EtOAc in hexanes) furnished allyl enol carbonate 

148 (1.91 g, 89% yield) as a white solid.  Rf = 0.6 (16% EtOAc in hexanes); 1H NMR 

(500 MHz, CDCl3) δ 6.74 (s, 1H), 6.06–5.96 (m, 1H), 5.41 (d, J = 17.1 Hz, 1H), 5.29 (d, 

J = 10.4 Hz, 1H), 4.70 (d, J = 5.8 Hz, 2H), 3.75 (s, 3H), 2.67 (t, J = 8.0 Hz, 2H), 2.56 (t, J 

= 6.5 Hz, 2H), 2.27 (t, J = 8.0 Hz, 2H), 1.85 (s, 3H), 1.83–1.76 (m, 2H), 1.64–1.58 (m, 

2H), 1.27 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 153.4, 152.8, 146.3, 140.3, 136.1, 

132.0, 126.0, 123.5, 118.8, 117.2, 109.1, 68.7, 56.4, 38.7, 34.4, 31.9, 28.7, 27.5, 24.2, 

19.7, 16.4; IR (Neat Film, NaCl) 2929, 1762, 1670, 1592, 1465, 1363, 1247, 1107, 1046 

cm-1; HRMS (FAB+) m/z calc’d for C22H28O4 [M]+: 356.1988, found 356.1979. 

 

 

α-Allyl ketone 144.  In a nitrogen-filled glove box, a 100 mL Schlenk flask was charged 

with Pd(OAc)2 (2.7 mg, 0.012 mmol, 0.003 equiv), (S)-t-BuPHOX (15.5 mg, 0.0399 

OMe

148

O O

O Pd(OAc)2 (0.3 mol%)
(S)-t-BuPHOX (1 mol%)

MTBE (0.1 M), 40 °C

(>99% yield)
OMe

O

144
(94% ee)
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mmol, 0.01 equiv), and MTBE (15 mL).  The solution was stirred at ambient temperature 

for 30 min.  Another portion of MTBE (15 mL) was added, and then allyl enol carbonate 

148 (1.42 g, 3.99 mmol, 1.0 equiv) was added as a solid to the reaction mixture.  

Washings of the vial containing 148 (MTBE, 2.5 mL x 4) were also added.  The Schlenk 

flask was sealed with a Kontes valve, brought out of the glove box, and placed in a pre-

heated 40 °C oil bath.  The reaction mixture was stirred at this temperature for 17 h, at 

which time TLC analysis indicated complete conversion of starting material.  

Evaporation of solvent and flash column chromatography on silica gel (10% EtOAc in 

hexanes) afforded α-allyl ketone 144 (1.24 g, >99% yield) as a viscous colorless oil.  Rf = 

0.4 (16% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 6.83 (s, 1H), 5.86–5.75 (m, 

1H), 5.08–5.00 (m, 2H), 3.87 (s, 3H), 2.80–2.66 (m, 2H), 2.52 (t, J = 6.5 Hz, 2H), 2.37 

(dd, J = 13.8, 7.5 Hz, 1H), 2.28 (dd, J = 13.9, 7.3 Hz, 1H), 1.98 (dt, J = 13.2, 6.4 Hz, 1H), 

1.88–1.78 (m, 3H), 1.69–1.60 (m, 2H), 1.30 (s, 3H), 1.29 (s, 3H), 1.14 (s, 3H); 13C NMR 

(126 MHz, CDCl3) δ 202.1, 158.7, 152.2, 143.7, 134.7, 126.1, 119.8, 117.9, 108.6, 56.1, 

45.1, 41.4, 38.4, 34.9, 32.9, 31.7, 31.7, 27.0, 23.6, 21.9, 19.5; IR (Neat Film, NaCl) 2928, 

1684, 1591, 1559, 1457, 1318, 1245, 1104, 1016, 913 cm-1; HRMS (MM: ESI-APCI+) 

m/z calc’d for C21H29O2 [M+H]+: 313.2162, found 313.2158; [α]D
25 –13.1 (c 1.00, CHCl3, 

94% ee). 

 

 

OMe

O

Cy2BH (1.2 equiv), THF, 0 → 20 °C
then H2O, NaBO3•H2O; extractive workup

then NaClO2 (5.5 equiv)
NaOCl (4 mol%), TEMPO (14 mol%)

pH 6.5 buffer, MeCN, 35 °C

(73% yield)

OMe

143

O

OH

O

144
(94% ee)
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Carboxylic acid 143.  A flame-dried 25 mL round-bottom flask was charged with a 

magnetic stir bar, BH3⋅SMe2 (0.6 mL, 2.0 M in THF, 1.2 mmol, 1.2 equiv), and THF (0.5 

mL).  The solution was cooled to 0 °C in an ice bath, and cyclohexene (0.23 mL, 2.3 

mmol, 2.3 equiv) was added.  After stirring at 0 °C for 1 h, a solution of α-allyl ketone 

144 (312 mg, 1.0 mmol, 1.0 equiv) in THF (0.6 mL) was added.  The vial containing 144 

was washed with THF (0.6 mL x 2) and the washings were also added.  The white slurry 

soon turned into a light yellow and clear solution (ca. 5 min).  The ice bath was removed, 

and the solution was stirred at 20 °C for 12 h.  TLC analysis then indicated almost 

complete consumption of starting material.  To the solution was added H2O (1 mL) and 

NaBO3⋅H2O (350 mg).  Additional H2O (10 mL) was added to break up the white solid 

formed in the mixture.  The aqueous phase was extracted with EtOAc (15 mL x 3).  The 

combined organic layers were dried over Na2SO4, filtered, concentrated under reduced 

pressure, and quantitatively transferred to a 50 mL round-bottom flask.  To this flask was 

added a magnetic stir bar, TEMPO (22 mg, 0.14 mmol, 0.14 equiv), MeCN (5 mL), H2O 

(2.6 mL), and aqueous phosphate buffer (0.33 M in NaH2PO4 and 0.33 M in Na2HPO4, 4 

mL), and stirred at 20 °C for 5 min.  Solid NaClO2 (622 mg, 5.5 equiv) was added to the 

flask and the reaction mixture was stirred for 2 min when the solid dissolved.  A solution 

of NaClO (0.26 wt%, 1.2 mL, 0.04 mmol, 0.04 equiv) was added, and the reaction 

mixture immediately turned dark red.  The flask was placed in a pre-heated 35 °C oil bath 

and stirred for 53 h.  TLC analysis showed complete consumption of the alcohol.  After 

cooling to 23 °C, 2N NaOH (5 mL) was added, followed by a solution of Na2SO3 (0.88 g) 

in H2O (6 mL).  The mixture was stirred vigorously for 30 min, and extracted with Et2O 

(30 mL x 1).  The ethereal layer was discarded.  The alkaline aqueous layer was acidified 
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with 8N HCl (ca. 3 mL), and extracted with EtOAc (30 mL x 1).  The EtOAc layer was 

washed with 1N HCl (10 mL) and H2O (10 mL), dried over Na2SO4, filtered, and 

concentrated under reduced pressure to afford carboxylic acid 143 (252 mg, 73% yield) 

as a viscous light brown oil.  Recrystallization from hexanes/EtOAc gave pure 143 as 

white crystals.  Rf = 0.4 (67% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 6.82 (s, 

1H), 3.85 (s, 3H), 2.82–2.68 (m, 2H), 2.51 (t, J = 6.5 Hz, 2H), 2.44 (dt, J = 16.5, 8.1 Hz, 

1H), 2.34 (dt, J = 16.5, 8.2 Hz, 1H), 1.98 (dt, J = 13.1, 6.3 Hz, 1H), 1.94–1.79 (m, 5H), 

1.66–1.60 (m, 2H), 1.30 (s, 3H), 1.29 (s, 3H), 1.15 (s, 3H); 13C NMR (126 MHz, CDCl3) 

δ 201.8, 179.5, 158.6, 152.5, 143.4, 126.2, 119.5, 108.6, 56.0, 44.5, 38.4, 34.9, 33.5, 31.7, 

31.7, 31.6, 29.4, 27.0, 23.6, 21.9, 19.4; IR (Neat Film, NaCl) 2931, 1708, 1674, 1591, 

1558, 1460, 1318, 1245, 1227, 1103, 913, 731 cm-1; HRMS (MM: ESI-APCI+) m/z 

calc’d for C21H29O4 [M+H]+: 345.2060, found 345.2047; [α]D
25 –1.5 (c 1.00, CHCl3). 

 

 

α-Vinyl ketone 149.  Following General Procedure B, palladium-catalyzed 

decarbonylative dehydration of carboxylic acid 143 (172 mg, 0.5 mmol, 1.0 equiv) and 

flash column chromatography on silica gel (7→10% EtOAc in hexanes) furnished α-

vinyl ketone 149 (140 mg, 93% yield) as a colorless oil.  Rf = 0.3 (16% EtOAc in 

hexanes); 1H NMR (500 MHz, CDCl3) δ 6.82 (s, 1H), 6.01 (dd, J = 17.7, 10.9 Hz, 1H), 

5.08–4.98 (m, 2H), 3.86 (s, 3H), 2.81–2.68 (m, 2H), 2.58–2.43 (m, 2H), 2.08 (dt, J = 

OMe

143

O

OH

O
Bz2O (1.2 equiv)

PdCl2(nbd) (1 mol%)
Xantphos (1.2 mol%)

NMP, 132 °C

(93% yield) OMe

149

O
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13.8, 5.1 Hz, 1H), 2.00–1.90 (m, 1H), 1.89–1.73 (m, 2H), 1.68–1.55 (m, 2H), 1.28 (s, 

6H), 1.27 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 199.9, 158.5, 152.3, 143.7, 141.1, 

126.0, 120.2, 114.4, 108.5, 56.1, 49.0, 38.4, 34.9, 34.5, 31.7, 31.6, 27.0, 24.0, 23.4, 19.4; 

IR (Neat Film, NaCl) 2928, 1684, 1591, 1559, 1458, 1318, 1245, 1105, 1020, 915 cm-1; 

HRMS (MM: ESI-APCI+) m/z calc’d for C20H27O2 [M+H]+: 299.2006, found 299.1992; 

[α]D
25 –43.2 (c 1.00, CHCl3). 

 

 

(–)-Aspewentin B (133).  A 50 mL round-bottom flask was charged with a magnetic stir 

bar, NaI (329 mg, 2.20 mmol, 6.0 equiv), AlCl3 (146 mg, 1.10 mmol, 3.0 equiv), and 

MeCN (4 mL) in air.  To this slurry was added a solution of α-vinyl ketone 149 (109 mg, 

0.37 mmol, 1.0 equiv) in MeCN (6 mL).  The reaction mixture immediately turned 

yellow-orange.  After stirring for 5 min, the reaction was quenched with 1N HCl (30 mL) 

and extracted with CH2Cl2 (10 mL x 4). The combined organic layers were dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Flash column chromatography 

on silica gel (2.5% Et2O in hexanes) furnished (–)-aspewentin B (133, 82 mg, 78% yield) 

as a light yellow oil.  Rf = 0.7 (16% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 

12.40 (s, 1H), 6.84 (s, 1H), 5.98 (dd, J = 17.7, 10.8 Hz, 1H), 5.13 (d, J = 10.7 Hz, 1H), 

5.03 (d, J = 17.6 Hz, 1H), 2.81–2.69 (m, 2H), 2.59–2.44 (m, 2H), 2.14–2.06 (m, 1H), 

2.04–1.94 (m, 1H), 1.88–1.73 (m, 2H), 1.68–1.55 (m, 2H), 1.33 (s, 3H), 1.27 (s, 6H); 13C 

NMR (126 MHz, CDCl3) δ 207.2, 160.9, 156.1, 142.3, 140.5, 124.7, 115.1, 114.6, 113.3, 

OMe

149

O

AlCl3 (3 equiv)
NaI (6 equiv)

MeCN, 20 °C

(78% yield)
OH

O

(–)-Aspewentin B (133)
(98% ee)
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47.9, 38.3, 35.0, 34.4, 31.7, 31.6, 26.9, 23.4, 23.3, 19.4; IR (Neat Film, NaCl) 2929, 

1635, 1464, 1358, 1222, 1083, 920, 809 cm-1; HRMS (FAB+) m/z calc’d for C19H25O2 

[M+H]+: 285.1855, found 285.1842; [α]D
25 –90.5 (c 0.20, MeOH, 98% ee). 

 

 

(–)-Aspewentin A (133A).  A 20 mL scintillation vial was charged with a magnetic stir 

bar and NaBH4 (38 mg, 1.0 mmol, 10 equiv).  Trifluoroacetic acid (1 mL) was added 

carefully with stirring.  Solids soon dissolved, with a slight exotherm.  A solution of (–)-

aspewentin B (1, 29 mg, 0.10 mmol, 1.0 equiv) in CH2Cl2 (2 mL) was added, and the 

reaction mixture immediately turned yellow.  After stirring 1 h, additional NaBH4 (7.5 

mg, 0.20 mmol, 2.0 equiv) was added.  After 45 min, a third portion of NaBH4 (11 mg, 

0.30 mmol, 3.0 equiv, 15 equiv total) was added.  After stirring another 2 h, the reaction 

was quenched with saturated aq. NaHCO3 solution (ca. 15 mL).  Care should be taken 

during addition of NaHCO3 due to rapid gas evolution.  The biphasic mixture was 

extracted with EtOAc (15 mL x 2).  The combined organic layers were dried over 

Na2SO4, filtered, and concentrated under reduced pressure.  Flash column 

chromatography on silica gel (9% Et2O in hexanes) furnished (–)-aspewentin A (133A, 

23 mg, 85% yield) as a light orange oil.  Rf = 0.4 (20% Et2O in hexanes); 1H NMR (500 

MHz, CDCl3) δ 6.67 (s, 1H), 5.90 (dd, J = 17.5, 10.7 Hz, 1H), 5.08–4.88 (m, 2H), 4.69 

(br s, 1H), 2.66 (d, J = 16.3 Hz, 1H), 2.57 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 6.5 Hz, 2H), 

2.46 (d, J = 16.3 Hz, 1H), 1.86–1.79 (m, 2H), 1.76–1.70 (m, 1H), 1.69–1.60 (m, 3H), 

OH

O

(–)-Aspewentin B (133)
(98% ee)

NaBH4 (15 equiv)

TFA/CH2Cl2 (1:2), 20 °C

(85% yield)
OH

(–)-Aspewentin A (133A)
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1.27 (d, J = 1.6 Hz, 6H), 1.11 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 151.3, 147.2, 143.9, 

135.2, 126.5, 119.7, 111.2, 110.0, 38.8, 34.5, 34.5, 34.1, 33.9, 32.1, 32.0, 26.8, 26.0, 24.4, 

19.7; IR (Neat Film, NaCl) 3307, 2923, 1606, 1456, 1418, 1324, 1252, 1019, 910, 858 

cm-1; HRMS (FAB+) m/z calc’d for C19H26O [M]+: 270.1984, found 270.1972; [α]D
25 –

38.6 (c 0.20, MeOH). 

 

 

Ketone 163.  Using α-allyl ketone 144 as starting material (20 mg, 0.064 mmol, 1.0 

equiv), and following the same procedure as that for (–)-aspewentin B (1), ketone 163 

was obtained (17 mg, 89% yield) as a colorless oil.  Rf = 0.7 (16% EtOAc in hexanes); 1H 

NMR (500 MHz, CDCl3) δ 12.47 (s, 1H), 6.84 (s, 1H), 5.83–5.72 (m, 1H), 5.13–5.05 (m, 

2H), 2.82–2.66 (m, 2H), 2.52 (t, J = 6.5 Hz, 2H), 2.46 (dd, J = 13.9, 7.3 Hz, 1H), 2.26 

(dd, J = 13.8, 7.5 Hz, 1H), 2.08–1.98 (m, 1H), 1.90–1.77 (m, 3H), 1.65–1.59 (m, 2H), 

1.28 (s, 6H), 1.19 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 209.1, 161.0, 156.0, 142.2, 

133.8, 124.7, 118.6, 114.2, 113.4, 44.1, 41.2, 38.3, 35.0, 32.6, 31.6, 31.6, 26.9, 23.0, 22.2, 

19.4; IR (Neat Film, NaCl) 2930, 1634, 1464, 1360, 1220, 1190, 919, 811 cm-1; HRMS 

(MM: ESI-APCI+) m/z calc’d for C20H27O2 [M+H]+: 299.2006, found 299.1999; [α]D
25 –

23.5 (c 0.20, MeOH). 

 

OMe

144

O

AlCl3 (3 equiv)
NaI (6 equiv)

MeCN, 20 °C

(89% yield)
OH

O

163
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Ketone 164.  To a solution of α-allyl ketone 144 (109 mg, 0.349 mmol, 1.0 equiv) and 

vinyloxytrimethylsilane (0.52 mL, 3.49 mmol, 10.0 equiv) in toluene (19 mL) was added 

Grubbs 2nd generation catalyst (14.8 mg, 0.01745 mmol, 0.05 equiv) at 20 °C.  The purple 

reaction mixture was immersed in a pre-heated 128°C oil bath (color changed to yellow) 

and refluxed for 16 h.  The reaction mixture was concentrated under reduced pressure.  

The residue was purified by flash column chromatography on silica gel (10% EtOAc in 

hexanes) to afford ketone 164 (103 mg, 92% conv., 94% yield) as a colorless oil.  Rf = 

0.4 (16% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3) δ 6.82 (s, 1H), 5.60 (d, J = 

15.9 Hz, 1H), 5.48–5.38 (m, 1H), 3.86 (s, 3H), 2.79–2.66 (m, 2H), 2.58–2.45 (m, 2H), 

2.08–1.99 (m, 1H), 1.96–1.88 (m, 1H), 1.87–1.74 (m, 2H), 1.68–1.56 (m, 5H), 1.30 (s, 

3H), 1.28 (s, 3H), 1.24 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 200.4, 158.6, 152.1, 

143.9, 133.6, 126.0, 125.0, 120.2, 108.5, 56.1, 48.2, 38.4, 35.1, 34.9, 31.8, 31.6, 27.0, 

24.1, 24.0, 19.5, 18.5; IR (Neat Film, NaCl) 2928, 1683, 1591, 1558, 1456, 1318, 1245, 

1106, 1020, 966 cm-1; HRMS (MM: ESI-APCI+) m/z calc’d for C21H29O2 [M+H]+: 

313.2162, found 313.2154; [α]D
25 –49.0 (c 1.00, CHCl3). 

 

  

OMe

144

O

Grubbs 2nd (5 mol%)
(10 equiv)OTMS

toluene, reflux

(92% conv., 94% yield)
OMe

164

O
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dip-tube was adapted on the bottle.  The system was sealed and taken out of the glove 

box and connected to the ethylene line.  The vessel was then purged with ethylene 

(polymer purity 99.9% from Matheson Tri Gas) for 5 min, pressurized to 150 psi, and 

placed in an oil bath at 40 °C.  After stirring for 1.5 h, the solvent was evaporated, and 

the residue was diluted in EtOAc and passed through a short plug of silica gel to remove 

the ruthenium catalyst.  The filtrate was concentrated under reduced pressure, and 1H 

NMR analysis of the residue showed starting material 164 remaining, and no peaks 

corresponding to the desired product 149. 
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Table 5.2 Comparison of Synthetic and Natural Aspewentin B 

Synthetic (–)-Aspewentin B Natural (+)-Aspewentin B15 
1H NMR (500 MHz, CDCl3) 1H NMR (500 MHz, CDCl3) 

12.40 (s, 1H) 12.40 (s, 1H) 
6.84 (s, 1H) 6.84 (s, 1H) 

5.98 (dd, J = 17.7, 10.8 Hz, 1H) 5.98 (dd, J = 17.6, 10.8 Hz, 1H) 
5.13 (d, J = 10.7 Hz, 1H) 5.14 (d, J = 10.8 Hz, 1H) 
5.03 (d, J = 17.6 Hz, 1H) 5.03 (d, J = 17.6 Hz, 1H) 

2.81–2.69 (m, 2H) 2.75 (m, 2H) 
2.59–2.44 (m, 2H) 2.51 (m, 2H) 
2.14–2.06 (m, 1H) 2.10 (m, 1H) 
2.04–1.94 (m, 1H) 2.00 (m, 1H) 
1.88–1.73 (m, 2H) 1.81 (m, 2H) 
1.68–1.55 (m, 2H) 1.61 (m, 2H) 

1.33 (s, 3H) 1.33 (s, 3H) 
1.27 (s, 6H) 1.28 (s, 3H), 1.27 (s, 3H) 

13C NMR (126 MHz, CDCl3) 13C NMR (125 MHz, CDCl3) 
207.2 207.1 
160.9 160.8 
156.1 156.2 
142.3 142.2 
140.5 140.4 
124.7 124.6 
115.1 115.0 
114.6 114.4 
113.3 113.3 
47.9 47.8 
38.3 38.2 
35.0 34.9 
34.4 34.3 
31.7 31.6 
31.6 31.5 
26.9 26.8 
23.4 23.3 
23.3 23.2 
19.4 19.3 

Optical Rotation Optical Rotation 
[α]D

25 –90.5 (c 0.20, MeOH, 98% ee) [α]D
20 +23.3 (c 0.20, MeOH) 
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5.5.6 Methods for the Determination of Enantiomeric Excess 

Table 5.3 Analytical HPLC and SFC assays and retention times 

 

 

entry compound assay
conditions

retention time
of major 

isomer (min)

retention time
of minor 

isomer (min)
% ee

O

OMe

O

152

O

OMe

O

157

O

ent-139

O

141e

OMe

144

O

1

2

3

4

5

HPLC
Chiralcel OD-H
10% IPA in hexanes
isocratic, 1.0 mL/min
220 nm

HPLC
Chiralcel OD-H
5% IPA in hexanes
isocratic, 1.0 mL/min
210 nm

6.43 5.93 91

GC
G-TA
60 °C isotherm 5 min
then ramp 2 °C/min

24.20 23.92

91

92

92

94

8.08 9.99

HPLC
Chiralpak AS
0.2% IPA in hexanes
isocratic, 1.0 mL/min
210 nm

9.50 7.89

SFC
Chiralcel OB-H
3% MeOH in CO2
isocratic, 3.0 mL/min
254 nm

8.82 6.41

OH

O6 98

HPLC
Chiralpak AD
0.5% IPA in hexanes
isocratic, 1.0 mL/min
210 nm

7.22 6.56

(–)-Aspewentin B (133)
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APPENDIX 7 

 

 

 

Copper-Catalyzed Insertion of Carbenoids into Unactivated C(sp3)–H 

Bonds 

 

A7.1 Introduction 

 Direct functionalization of C–H bonds is a much desired goal in chemistry due to 

the ubiquity of C–H bonds and the potential to streamline the synthetic sequence.1  

However, C–H bonds are unreactive and often require transition metal complexes for 

activation and subsequent transformations.2  Metal carbenoid insertion into C–H bonds, 

which forms a new C–C bond, is a viable approach and has witnessed rapid growth in the 

past few decades.3  The vast majority of examples rely on rhodium, a rare and expensive 

metal, as catalyst.4  From an economic perspective, it is more desirable to use earth-

abundant first row transition metal catalysts.  This area is much less developed.  So far, 

the only successful system is based on copper-tris(pyrazolyl)borate complexes that 

catalyze the dediazotization of ethyl diazoacetate and insertion of the resulting copper 





Appendix 7 471 

see Scheme A7.1).  The desired product (ethyl cyclohexyl-acetate) and olefin side 

products (diethyl maleate/diethyl fumarate, resulting from carbenoid dimerization) are all 

commercially available.  Thus, a simple GC assay enables quantitative measurement of 

yield and selectivity.  Selectivity is defined as the ratio of desired product peak area to the 

total peak areas of both the desired product and olefin side products. 

 First, we surveyed a combination of first-row transition metal triflates and ligands 

for their ability to catalyze the carbenoid insertion reaction (Table A7.1).  Manganese(II), 

iron(II), and nickel(II) triflates were all ineffective at dediazotization since neither the 

desired insertion product nor olefin byproducts were observed.  Copper(II) triflate, on the 

other hand, catalyzed dediazotization efficiently.  Unfortunately, the desired insertion 

product was formed in only trace amounts, while the vast majority of the diazo reagent 

went into the olefin side products. 

 

Table A7.1 Screen of metal salts and ligands a 

 
a Yield of desired insertion product determined by GC using tridecane as internal standard.  
b Selectivity = A(pdt)/[A(pdt)+A(olefin)]. 

 

O

OEt
N2

(1 equiv, 0.05 mmol)

metal salt (5 mol%)
ligand (6 mol%)

CH2Cl2 (0.2 mL)
cyclohexane (0.5 mL)

20 °C, 12 h
OEt

O

pdt

CO2Et

EtO2C

olefin

2,2'-bipy

1,10-phen

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0.9

2.2

1.2

1.4

1.9

% selectivityb
[for CuII(OTf)2]

4

9

4

7

7

n(alkane):n(diazo) = 92:1

PPh3

NiII(OTf)2FeII(OTf)2 CuII(OTf)2

PCy3

(S)-t-BuPHOX

MnII(OTf)2
ligand

metal
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 Having identified Cu(OTf)2 as a uniquely effective metal catalyst, we proceeded 

to investigate the effect of ligands (Table A7.2).  Phosphine ligands (except 

bis(dicyclohexylphosphino)butane, entry 5) did not improve product yield but increased 

selectivity (entries 1–4, 6–8).  In the absence of ligand, the reaction proceeded with 

slightly higher yield (entry 9). 

 

Table A7.2 Screen of ligands with Cu(OTf)2 
a 

 
a Yield of desired insertion product determined by GC using tridecane as internal 
standard.  b Selectivity = A(pdt)/[A(pdt)+A(olefin)]. 

 

 Next, we investigated other metal salts (copper and non-copper) with or without 

ligand (Table A7.3).  We found that (MeCN)4CuIPF6 was a more effective catalyst in both 

yield and selectivity than any salt/ligand combination previously screened (entry 3).  

Lewis acidic main group metal salts, which are expected to be able to dediazotize ethyl 

diazoacetate, proved to be ineffective (entries 5 and 6). 

 

ligand % pdt yield % selectivitybentry

1
2
3
4
5
6
7

dppe
dppp
dppb
dcypb
dppf

(2-biph)P(t-Bu)2

Xantphos

2.7
1.9
2.3
0
2.2
2.0
2.2

16
8

13

13
17
12

O

OEt
N2

(1 equiv, 0.05 mmol)

CuII(OTf)2 (5 mol%)
ligand (6 mol%)

CH2Cl2 (0.2 mL)
cyclohexane (0.5 mL)

20 °C, 12 h

OEt

O

pdt

CO2Et

EtO2C

olefinn(alkane):n(diazo) = 92:1

9

dppm

3.9

2.3

15

12

8
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Table A7.3 Screen of other metal salts a 

 
a Yield of desired insertion product determined by GC using tridecane as internal 
standard.  b Selectivity = A(pdt)/[A(pdt)+A(olefin)]. 

 

 Since CuI was found to be more effective than CuII salts, we next performed a 

screen of additives/ligands with (MeCN)4CuIPF6 (Figure A7.1) as well as with 

CuI(OTf)•toluene (Figure A7.2).  The best results are summarized in Table A7.4.  

Generally, we found that additives bearing acidic protons promote the desired C–H 

insertion.  In particular, carbanilide (entry 1) gave the highest selectivity for the desired 

insertion product (51%).  However, the highest yield is only 11.6%, not much higher than 

that of the ligand-free conditions (8.7%, entry 6; see also Table A7.3, entry 3).  These 

results demonstrate that the acidic additives could inhibit carbenoid dimerization, which 

forms the olefin side products, but could not significantly promote C–H insertion. 
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9
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1,10-phen

0

0

0

0
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CoIIBr2

CoIICl2

CuII(Oi-Bu)2

CuIICl2

metal salt ligand % pdt yield % selectivitybentry

2

3

4

5

6

(R,R)-CoII(t-Bu4Salen)

MgIIBr2•OEt2

7.8

0

0

0

37(MeCN)4CuIPF6

CaII(Oi-Pr)2

O

OEt
N2

(1 equiv, 0.05 mmol)

metal salt (5 mol%)
ligand (6 mol%)

CH2Cl2 (0.2 mL)
cyclohexane (0.5 mL)

20 °C, 12 h
OEt

O

pdt

CO2Et

EtO2C

olefinn(alkane):n(diazo) = 92:1

1
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Figure A7.1 Additives/ligands with (MeCN)4CuIPF6 

 

 

Figure A7.2 Additives/ligands with CuI(OTf)•toluene 
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Table A7.4 Top results from the additive/ligand screen with CuI sources 

 
a Yield of desired insertion product determined by GC using tridecane as internal standard.  b Selectivity = 
A(pdt)/[A(pdt)+A(olefin)]. 

 

 In all the screening reactions described above, the diazo reagent was added to the 

reaction mixture in one shot.  Previous literature has suggested that slow addition of 

diazo reagent could minimize carbenoid dimerization.  To test that hypothesis in our 

system, we performed slow-addition experiments using the optimal conditions identified 

so far (Scheme A7.2).  We were delighted to observe that the yield indeed increased to 

~20%, and selectivity rose to ~80%.  Addition of carbanilide improved selectivity but 

decreased yield slightly. 

 

entry CuI salt ligand/additive % pdt yielda % selectivityb

1

2

N
H

Ph
O

N
H

Ph

Tf2NH

NH

O

O

3

4
N
H

Ph
O

N
H

PhCuI(OTf)•toluene

11.6 51

11.6 47

10.5 50

10.0 41

5

MeO2C

OH
OH

OH

9.8 38

6 none 8.7 39

(MeCN)4CuIPF6

(MeCN)4CuIPF6

(MeCN)4CuIPF6

(MeCN)4CuIPF6

(MeCN)4CuIPF6

O

OEt
N2

(1 equiv, 0.1 mmol)

CuI salt (5 mol%)
ligand/additive (6 mol%)

CH2Cl2 (0.4 mL)
cyclohexane (1 mL)

20 °C, 12 hn(alkane):n(diazo) = 92:1

OEt

O

pdt

CO2Et

EtO2C

olefin
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to the identification of (MeCN)4CuIPF6 as a uniquely effective catalyst.  Additives such as 

carbanilide are capable of suppressing carbenoid dimerization but not improving product 

yield.  While reactions using simple alkane substrates certainly need further 

improvement, we believe that future studies should focus on selective C–H 

functionalization of more complex substrates such as terpenes and steroids. 

 

A7.4 Experimental Section 

A7.4.1 Materials and Methods 

 All reactions were performed in flame-dried glassware under a nitrogen 

atmosphere using dry, deoxygenated solvents.  Cyclohexane was distilled over CaH2 

under N2 and transferred into the glove box.  Ethyl diazoacetate was purchased from 

Sigma-Aldrich and used as received.  Yield was determined using an Agilent 6850 GC 

(HP-1 column) with tridecane as internal standard. 

 

A7.4.2 Procedure for Screening Reactions 

 In a nitrogen-filled glovebox, a 1-dram vial equipped with a magnetic stir bar was 

charged with ligand (0.003 mmol, 0.06 equiv) and metal salt (0.0025 mmol, 0.05 equiv).  

CH2Cl2 (0.2 mL) was added, and the mixture was stirred for 10 min.  A stock solution of 

ethyl diazoacetate in cyclohexane (13.4 mg/mL, 0.5 mL, 0.05 mmol, 1.0 equiv) was 

added in one shot to the vial, which was then sealed with a PTFE screw cap.  The 

reaction mixture was stirred at 20 °C for 10 h, and tridecane (12  µL, 0.05 mmol, 1.0 

equiv) was added.  The mixture was filtered through a small plug of silica (eluting with 

CH2Cl2), and the eluent was analyzed by GC. 
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A7.4.3 Procedure for Preparative Scale Reactions 

 In a nitrogen-filled glove box, a 25 mL round-bottom flask equipped with a 

magnetic stir bar was charged with (MeCN)4CuIPF6 (9.3 mg, 0.025 mmol, 0.05 equiv), 

CH2Cl2 (2 mL), and cyclohexane (4 mL).  The flask was sealed with a rubber septum, 

brought out of the glove box, and connected to a N2 manifold.  A solution of ethyl 

diazoacetate (67 mg, 0.5 mmol, 1.0 equiv) in cyclohexane (1 mL) was added slowly over 

5 h using a syringe pump.  After addition was complete, the reaction mixture was either 

analyzed by GC or concentrated and subjected to silica gel flash column chromatography 

(2% Et2O in hexanes) to isolate the insertion product. 

 

A7.5 Notes and References 

                                                
(1) Godula, K.; Sames, D. Science 2006, 312, 67–72. 

(2) (a) Bergman, R. G. Nature 2007, 446, 391–393.  (b) Labinger, J. A.; Bercaw, J. E. 

Nature 2002, 417, 507–514. 

(3) Davies, H. M. L.; Beckwith, R. E. J. Chem. Rev. 2003, 103, 2861–2903. 

(4) Davies, H. M. L.; Manning, J. R. Nature 2008, 451, 417–424. 

(5) (a) Diaz-Requejo, M. M.; Belderrain, T. R.; Nicasio, M. C.; Trofimenko, S.; Perez, 

P. J. J. Am. Chem. Soc. 2002, 124, 896–897.  (b) Caballero, A.; Diaz-Requejo, M. 

M.; Belderrain, T. R.; Nicasio, M. C.; Trofimenko, S.; Perez, P. J. J. Am. Chem. 

Soc. 2003, 125, 1446–1447. 
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Table A8.1 Compounds from Chapter 2 

 

 

N

O

O

O
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Compound Structure Notebook
reference NMR and IR data files
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O
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N

O

O

O

1f

O

MeO

N

O

O

O

1g

O

F

N

O

O

O
Bz

1h

YL-II-087 YL-II-87

YL-II-073 YL-II-73

TY-CbzTY-I-117

YL-II-049 YL-II-49

YL-II-045 YL-II-45

YL-I-137 YL-I-137

YL-I-143 YL-I-143

YL-I-133
YL-I-211 YL-I-211

N

O
Bz

O

O

24 DCB-II-143 DCBII_143_char
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Compound Structure Notebook
reference NMR and IR data files

N

O
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N

O
Boc2b

N

O
Cbz2c

N

O
Fmoc

2d

N

O
Ac

2e

N

O

2f

O

MeO

N

O

2g

O

F

N

O
Bz2h

YL-III-089 YLIII_89
YLIII_89_C

YL-II-077 YL-II-77

YL-II-079 YL-II-79

YL-II-065 YL-II-65

YL-II-053 YL-II-53

YL-I-263 YL-I-263

YL-I-265 YL-I-265

YL-I-205 YL-I-205-2
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Compound Structure Notebook
reference NMR and IR data files

N

O
Bz3

N

O
Bz
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O
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5
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DCBII_291
DCBII_287
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YL-I-247 YL-I-247

YL-II-029 YL-II-29
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reference NMR and IR data files
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DCB-II-293 DCBII_293_H
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JK-IV-033 JK-IV-33

DCB-III-039
DCB-III-047

DCBIII_47

DCB-III-035 DCBIII_35

DCB-III-031
DCB-III-053 DCBIII_53-31
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Compound Structure Notebook
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DCB-II-271
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DCBII_277_H
DCBII_277_C
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DCB-III-019
DCB-III-033 DCBIII_33

DCB-III-081 DCBIII_81

DCB-III-073 DCBIII_73

DCB-III-147
DCBIII_147_2
DCBIII_147_2C
DCBIII_147

YL-I-075 YL-I-75H
YL-I-75

YL-I-079 YL-I-79-All
YL-I-79-conc

YL-I-085 YL-I-85
YL-I-85C
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Table A8.2 Compounds from Chapter 3 

 

Compound Structure Notebook
reference NMR and IR data files

44
O

O

O

45
O

46A, 46B OH

47

OTBS
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O

OH

O O

O
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O O

OSiEt3

53

O O

O
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O O

O

55

HO
O

OH
50

YL-X-187

YL-X-195

YL-X-199

YL-X-245

YL-X-247

1-jm-062007-112H
1-jm-062007-112C13C
jm-1-061907-111NaCD

18RMM1-0820221H
18RMM1-0820221C13C
18RMM1-0820221NaCD

18RMM1-0822229H
18RMM1-822229C13C
1jm-072707157NaCD

13RMM3-0321215H
11RMM1-1003179CC13C
11RMM1-1003179CIRNaCD

17RMM1-0617255CH1H
17RMM1-0617255C13C
11RMM1-1006193CIRNaCD

JLR-XV-203
JLR-XV-203a2
JLR-XV-203a3
MS-III-55a

JLR-XV-205
JLR-XV-205a4
JLR-XV-205a3
MS-III-79a

MS-III-101 MS-III-101a

MS-III-113 MS-III-113a

MS-III-143
JLR-XV-213

MS-III-143
JLR-XV-213b
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Compound Structure Notebook
reference NMR and IR data files
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O

O
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O
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N
OH

80 Ph

N
Boc OH
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O

87
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O

O88
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O

OH84

17RMM1-0211109H
17RMM1-0211109C13C
17RMM1-0211109NaCD

17RMMc-0212115H
17RMMc-0212115C13C
17RMMc-0212115NaCD

17RMM1-0219139H
17RMM1-0219137C13C
17RMM1-0218137NaCD

17RMM2-0228151H
17RMM2-0228151C13C
17RMM2-0228151NaCD

18RMM1-0726157H
17RMM1-0312169C13C
17RMM1-0312169NaCD

18RMM1-0729161H
18RMM1-0729161C13C
18RMM1-0729161NaCD

DCB-III-131 DCBIII_131

DCB-III-137 DCBIII_137

ML-5-14 ML-5-14

ML-23-2 ML-23-2

ML-25-1 ML-25-1_2D
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Table A8.3 Compounds from Chapter 4 
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OH

O

Compound Structure Notebook
reference NMR and IR data files
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OH

O

129a

129b
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129d

EtO
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O

AcO129f

AcO129g

Cl129h

N

O

O

129i

TBDPSO129j

YL-VIII-163

YL-VIII-151

YL-VII-029
YL-VII-245
YL-VIII-223

YL-VIII-223

YL-VII-073
YL-VII-213

YL-VII-293

YL-VII-273

YL-VII-249

YL-VIII-301

YL-VIII-159

YL-VIII-205

YL-VIII-207

YL-IX-019
YL-IX-039 YL-IX-039

YL-VIII-163

YL-VIII-151

YL-VII-213

YL-VII-249

YL-VIII-205

YL-VIII-207

YL-VII-293

YL-VII-273

YL-VIII-301

YL-VIII-159
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Compound Structure Notebook
reference NMR and IR data files

129k
MeO
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O

129m

N

O

129n

O

N130n

129o

130p

YL-VII-247
YL-IX-015

YL-VIII-251

YL-VIII-247

YL-VIII-191
YL-VIII-197 YL-VIII-197

YL-VIII-169

YL-IX-015p2

YL-IX-015 YL-IX-015p1

YL-VIII-251

YL-VIII-247

YL-VIII-169

KK-2-303 KK-2-303-45-redo
olefin indy no spin
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Table A8.4 Compounds from Chapter 5 
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reference NMR and IR data files
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OH

O
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OH
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O O

O
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O

OMe

O
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O

OH

O

140e

O

OH

O

140f

H

O

CO2H

140h

YL-IX-143
YL-IX-183

YL-X-041
YL-XI-223B

YL-X-043

YL-X-215

YL-IX-167
YL-XI-149

YL-XI-169

YL-XI-177
YL-XI-219

YL-X-209
YL-XI-227

YL-X-019
YL-XI-285

YL-XI-145

YL-XI-285

YL-XI-219

YL-X-209

YL-XI-149

YL-XI-169

YL-X-215

YL-X-043

YL-XI-223B

YL-IX-143
YL-IX-183

YL-XI-145
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Compound Structure Notebook
reference NMR and IR data files
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H H

OAc

HO

O

O

140i

O O

OEt141a

O

O

OEt

O

142

O

139

O

141c

O

141d

O

141e

O

141f

H

O
141h

On-Bu

O

141g

YL-XI-121

YL-IX-145

YL-IX-145

YL-X-045

YL-X-217

YL-IX-169

YL-X-211
YL-XI-229

YL-X-027

YL-X-147
YL-XI-173

YLXI-147

YL-IX-145f1

YL-IX-145f2

YL-XI-121

YL-X-045

YL-X-217

YL-IX-169

YL-XI-229
YL-X-211

YL-X-027

YL-XI-173

YLXI-147
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Compound Structure Notebook
reference NMR and IR data files
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H H

OAc

O
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OMe
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CO2Et

OMe

147
CO2Et

OMe

145 O

OMe

148 O O

O

OMe
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YL-XI-129 YL-XI-129

YL-XI-017

YL-XI-023

YL-XI-031

YL-XI-039

YL-XI-017
YL-XI-049
YL-XI-065

YL-XI-053
YL-XI-019
YL-XI-053
YL-XI-199

YL-XI-023
YL-XI-057
YL-XI-203

YL-XI-031
YL-XI-059
YL-XI-211

YL-XI-039
YL-XI-069
YL-XI-217
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Compound Structure Notebook
reference NMR and IR data files

OMe
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O

OH

O

OMe

149 O

OH

O133

OH

O163

OMe

164 O

OH

O165

YL-XI-073

YL-XI-097

YL-XI-109

YL-XI-119

YL-XI-123-2

YL-XI-127

YL-XI-073
YL-XI-085
YL-XI-255

YL-XI-097
YL-XI-107

YL-XI-109
YL-XI-111

YL-XI-119

YL-XI-123

YL-XI-127

OH

133A YL-XII-127YL-XII-127
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Synthetic Route for (–)-Aspewentin B 
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1. Mg (1.1 equiv), THF, reflux, then
    CuI (10 mol%), THF, 0 °C

2. LDA (1.1 equiv), THF, −78 °C, then
    MeI (1.3 equiv), −78 → 20 °C

   (55% yield over 2 steps)

I CO2Et

OMe

147

CO2Et

1. 2N NaOH (1.5 equiv)
    MeOH, 60 °C

2. H2SO4/H2O (3:1)
    0 → 80 °C

(97% yield, 2 steps)

 LiHMDS (1.1 equiv), THF, 0 °C, then

allyl chloroformate (1.2 equiv)
THF, −78 → 20 °C

(89% yield)

OMe

148

O

Pd(OAc)2 (0.3 mol%)
(S)-t-BuPHOX (1 mol%)

MTBE (0.1 M)
40 °C

(>99% yield)

OMe

O

Cy2BH (1.2 equiv), THF, 0 → 20 °C
then H2O, NaBO3•H2O (3.7 equiv)

extractive workup

then NaClO2 (2.0 equiv)
NaOCl (2 mol%), TEMPO (7 mol%)

pH 6.5 buffer, H2O/MeCN, 35 °C

(73% yield)

OMe

143

O

Bz2O (1.2 equiv)
PdCl2(nbd) (1 mol%)
Xantphos (1.2 mol%)

NMP, 132 °C

(93% yield)

CO2H

OMe

149

O
AlCl3 (3 equiv), NaI (6 equiv)

MeCN, 20 °C

(78% yield)
OH

O

OMe

145

O

144
(94% ee)

Br

OMe

OH

O

(–)-Aspewentin B (133)

1. Succinic anhydride (1.5 equiv)
    AlCl3 (2.1 equiv)
    CH2Cl2, 20 °C

2. EtOH, H2SO4 (cat.), reflux

      (42% yield over 2 steps)

Br

OMe

O

EtO2C

(+ positional isomer)

Et3SiH (3.5 equiv)

TFA, 0 → 20 °C

(94% yield)

Br

OMeEtO2C

1. MeMgBr (2.7 equiv)
    THF, 0 → 20 °C

2. 85% H2SO4

(87% yield over 2 steps)

Br

OMe

146

O

O

(1.0 equiv)

(–)-Aspewentin B (133)
(98% ee)
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