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Chapter 1 focuses on the use of C–H activation in total synthesis and the strategies that 

these methods enable. Following a review of recent total syntheses using C–H activation to form 

a variety of rings, we discuss our efforts towards two total syntheses using C–H activation 

methodology. In this instance, desymmetrizing olefin hydroacylation offers a method to generate 

quaternary stereocenters on cyclic ketones in a rapid manner with high atom economy. The 

resulting cyclic scaffolds were used to develop a formal synthesis of the natural product (+)-

tanikolide, a cyanotoxin from lyngbya majuscula, and in efforts towards the total synthesis of (–

)-adalinine, an alkaloid natural product isolated from adalia bipunctata and adalia 

decempunctata. 

Chapter 2 describes recent efforts to use aldehyde C–H activation in a tandem oxidation-

dehydroformylation reaction that we have worked to develop. This new methodology offers the 

ability to directly transform primary alcohols directly to olefins while cleaving a carbon-carbon 

bond, a previously undocumented transformation. 



 1 

Chapter 1: Total Synthesis via C–H Activation-Desymmetrizing 

Hydroacylation 

1.1 Introduction 
 

Review of Total Synthesis via Ring Forming C–H Functionalization 

 The activation of C–H bonds has been a major focus of research in transition metal-

catalysis and in synthetic methodology. While C–H bonds are typically viewed as relatively 

inert, the ability to activate these bonds chemoselectively offers the opportunity to rapidly 

increase functionality from simple C–H bonds without the need for other complex functionalities 

to be present in the molecule. Thus, C–H activation strategies in synthesis offer the possibility to 

improve efficiency by decreasing the number of steps, improving atom economy, and avoiding 

many of the unnecessary functional group interconversions that are necessary in traditional 

synthetic strategies.1 

 C–H activation has been a topic of study in total synthesis since 1909 with the Löffler 

synthesis of nicotine, which used radical decomposition of N-haloamines to activate aliphatic C–

H bonds for subsequent halogenation.2 However, C–H activation only began to be used 

frequently in total syntheses beginning in the 1970’s and 1980’s with the advent of 

organometallic reagents for C–H activation; Trost and others developed a number of transition 

metal catalysts to activate aryl C–H bonds for intramolecular cyclizations during this period.3 

Subsequent expansion of C–H activation methodology has led to an explosion in the number of 

syntheses featuring these methods in recent years. These syntheses use C–H activation for rapid 
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increases in the complexity in early stages of their synthetic routes, and also to generate 

functionalities that would otherwise be difficult to establish in the late stages of the syntheses.1 

 Carbocycles and heterocycles are key structures in many natural products and drug 

candidates, and, as such, are of great interest as targets in C–H activation.4 The ability to form 

these rings via C–H activation is of great interest in synthesis and has been a major focus of 

recent methodological development. In addition, many of these new methods have been applied 

in the total synthesis of natural products to generate the cyclic cores of these structures. These 

syntheses feature a number of strategies to form the desired rings, including oxidative 

cyclizations of diazo compounds, aryl-aryl linkages, annulations, alkenylations, lactonizations, 

and aminations. A variety of inter- and intramolecular strategies can be used to generate these 

rings. Over the past five years, these C–H activation methods have been implemented in a large 

number of syntheses, demonstrating the development of a large number of new synthetic 

strategies that have only become possible in the last few years with the development of these 

methods.  

 Oxidative cyclization via C–H activation provides rapid access to rings in previously 

unactivated systems, making the generation of carbon-carbon bonds to close carbo- and 

heterocycles. Unlike many other C–H activation methods, this method does not require 

heteroatoms in the ring and can activate sp3-hybidized carbons without the need for a directing 

group. This type of method was recently highlighted in the Srikrishna synthesis of the cores of 

angular Triquinanes (Scheme 1).5 The key to the core of this class of natural products, diazo-

ketoester (2), was generated from limonene (1) in 11 steps. Diazo-ketoester 2 was used in the key 

sp3-hybridized C–H activation oxidative cyclization reaction to generate cyclopentanone 3 and 

complete the core of the desired natural products. Deprotection and Wittig olefination of 3 
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afforded diene 4, which is both norsilphiperfolane and norcameroonane, and could be used to 

generate a number of sesquiterpene natural products and derivatives via methylations.  

 

Scheme 1: Srikrishna Synthesis of Angular Triquinanes 

This synthesis of sesquiterpene cores demonstrates the value of oxidative cyclization methods to 

establish carbocycles in total synthesis strategies with relatively high atom economy and high 

selectivity for a difficult C–H activation. 

 Lactones are commonly featured structures in a wide variety of natural products. 

However, these rings are frequently unstable, and require late-stage installation in traditional 

synthetic methods, often through inefficient routes. However, C–H activation-lactonization 

methods from carboxylic acids have recently been developed and applied in a number of total 

syntheses, including the Brown synthesis of gracilioether F and the Wang synthesis of 

cannabinol (Scheme 2).6 This methodology only requires generation of a carboxylic acid in the 

desired location for the lactone ring, requiring no additional functional group interconversions 

and maintaining a high degree of atom economy compared to traditional lactonization methods.  

O
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Scheme 2: Wang Synthesis of Cannabinol 

In the Wang synthesis, cannabinol, 11, was synthesized via a Suzuki-cross coupling of 5 and 6, 

followed by a palladium-catalyzed lactonization of 7 via C–H activation of an aryl ring to 

generate 8. One-pot ring opening, methylation, and hydrolysis afforded acid 9, which could then 

undergo lactonization again via C–H activation, generating 10. Subsequent dimethylation, 

dehydration, and deprotection afforded 11 in a longest linear sequence of 7 steps and an overall 

yield of 18%.6b  

Similarly, Brown established a route to gracilioether F (14) via an iron-catalyzed C–H 

activation-lactonization from carboxylic acid 13 at an sp3-hybridized carbon center without loss 

of stereochemistry to generate gracilioether F (14), as shown in Scheme 3.6a 
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Scheme 3: Brown Synthesis of Gracilioether F 

Although the yield for the reaction was generally quite low, this was mainly due to steric 

limitations from the substrate preventing high conversion. The reaction generally maintained 

high yields based on recovered starting material, as well as high selectivity, preferring the 

desired C–H selectivity based on its greater electron density and tertiary position. This method 

provided a concise route to gracilioether F in a longest linear sequence of 8 steps and an overall 

yield of 9.3%. 

The ability to activate C–H bonds to form amines is of significant interest for synthetic 

chemists, as amines and other nitrogen-containing heterocycles are featured prominently in many 

natural products and drug candidates.4 While oxidative cyclizations between aryl rings are 

commonly used to generate nitrogen-containing heteroaromatics, C–H activation-amination 

methods such as the Buchwald-Hartwig amination are also frequently used to generate 

heterocycles in total syntheses.7 The Cheng synthesis of arborinine also uses a ring-closing C–H 

activation-amination methodology.8 This route to arborinine begins with the synthesis of bis-aryl 

ketone 16 from aromatic amine 15. Ketone 16 can then be used in a copper-catalyzed 

intermolecular amination to rapidly generate 2-aminobenzophenone 17. Finally, selective 

deprotection of the ortho methyl ether of 17 to reveal the alcohol afforded arborinine (18) in a 

longest linear sequence of 6 steps with an overall yield of 43% (Scheme 4). 
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Scheme 4: Cheng Synthesis of Arborinine 

 Another significant recent total synthesis prominently featuring C–H activation-

amination is the Gaunt synthesis of dictyodendrin b (19) (Scheme 5).9 The Gaunt synthetic route 

relies heavily on a variety of different C–H activations, including C–H arylation, borylation, and 

amination, demonstrating the versatility of these methods in synthesis. By using these C–H 

activations, Gaunt quickly built complexity while avoiding the need for protecting groups or 

functional group interconversions in the manner that would be necessary in traditional synthetic 

routes. 
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Scheme 5: Dictyodendrin B 

The dense aryl core of 19 would be difficult to generate via traditional coupling reactions with 

any control. However, this C–H activation strategy allowed Gaunt to generate dictyodendrin b in 

a total of 13 steps longest linear sequence and an overall yield of 0.7%. 

 The most commonly used C–H activation-cyclization strategy used in total synthesis in 

the past five years is aryl-aryl linkage to generate extended aromatic systems. This strategy 

offers far greater atom economy than traditional cross-couplings can offer, since it does not 

require stoichiometric organometallics. One of the most commonly employed strategies using 

these methods in recent total syntheses is the generation of dibenzopyrrole and dibenzofuran 

rings via C–H activation-dehydrogenation. This strategy is a particularly useful route to 

heterocycles since it allows for a high degree of convergency in the synthesis of natural product 

cores. Over the past five years, the Knölker group has been particularly prolific using this 

strategy, performing the total synthesis of fifteen different heterocyclic natural products with 

their methodology (Scheme 6).10 The Knölker strategy to access the core of these natural 

products is based on a cross-coupling Buchwald-Hartwig amination of 20 with 21 followed by a 

N
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HO

HO
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dehydrogenative ring-closing aryl linkage between the two benzene rings in 22 using air as the 

terminal oxidant, producing carbazole 23. 

 

Scheme 6: Knölker Strategy for the Synthesis of Carbazole Cores 

This strategy is particularly robust, allowing the Knölker group to generate products with a 

variety of substitution patterns rapidly before installing other functionality. Included in these 

latest fifteen natural products are murrayaline C (24), murrafoline A (25), and clauszoline-H 

(26), shown in Scheme 7. 

 

Scheme 7: Structure of Murrayaline C, Murrafoline A, and Clauszoline-H 

These natural products demonstrate the versatility of this synthetic strategy to generate carbazole 

cores of natural products with a variety of different substitution patterns. In the case of the 

murrafoline family of natural products, the Knölker group was able to use this strategy twice for 

each natural product to generate both carbazole rings, making these synthetic routes highly 

economical in terms of both steps and atoms. The Knölker synthetic strategy is an excellent 

example of C–H activation for aryl-aryl bond formation in the total synthesis of natural products. 
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The Koert synthesis of fulicineroside (32) used a similar strategy to generate the core of 

the natural product.11 Ullman-type coupling of alcohol 28 with bromide 27 and subsequent 

carbamate protection of the free phenol produced bisaryl ether 29, which was then closed via a 

dehydrogenative double C–H activation using silver acetate as the terminal oxidant to generate a 

mixture of the desired product, 30 and the undesired regioisomer 31 (Scheme 8). Although this 

reaction only demonstrates moderate regioselectivity, the ability to link the two halves of the 

core allows for rapid increases in complexity while maintaining atom economy to a far greater 

extent than traditional synthetic strategies would allow. 

 

Scheme 8: Koert Synthesis of Fulicineroside 
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 Following the synthesis of 30, which completed the core of fulicineroside, the Koert group used 

a variety of transformations to complete the synthesis in fourteen more steps via a highly 

convergent strategy, generating separate polyketide and glycosidic chains for attachment to the 

central aromatic core. This synthetic strategy generated the desired natural product, 

fulicineroside (32), in a longest linear sequence of 21 steps with an overall yield of 3.0%. 

Another class of aryl-aryl linkage via C–H activation is the generation of lactone rings 

from bis-aryl esters. This synthetic strategy was recently used in the Fröhlich syntheses of 

alternariol and alternariol-methyl ether, two natural products featuring six-membered, bis-aryl 

lactone rings.12 Linkage of alcohol 34 and acid 33 via esterification provided a simple way to 

link the two aryl systems, forming ester 35 (Scheme 9). 

 

Scheme 9: Fröhlich Synthesis of Alterniariol and Alternariol-Methyl Ether 
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Use of ester 35 in the key C–H activation ring-closing transformation afforded lactone 36, which 

formed the core of the two natural products. Deprotection afforded the desired natural product, 

alternariol (37), demonstrating the value of this strategy to generate lactone cores containing two 

aryl rings rapidly, with high atom and step economy. Alternariol-9-methyl ether (38) was also 

synthesized using this strategy, with the only difference being the use of a different protecting 

group strategy to allow for the selective generation of the methyl ether in the natural product.  

 Over the past five year, alkene and alkyne annulation has become a common C–H 

activation strategy to form a variety of rings, offering a route to build hetero- and carbocycles 

with high atom efficiency and step economy. This strategy has been featured prominently in a 

number of total syntheses in the past five years. Of particular note, these annulation reactions 

develop nitrogen-containing heterocycles such as indoles, indolizines, and isoquinoline rings, 

which have been used extensively in total syntheses over the past several years. Alkyne 

annulation to form indoles offers a route to generate valuable heterocycle cores with 

convergency and the ability to prefunctionalize these aryl rings with a high degree of control 

over site selectivity. The synthetic strategy enabled by these types of C–H activation-annulation 

methods can be seen clearly in the Li synthesis of (±)-goniomitine, which used an intramolecular 

C–H activation to generate indoles from alkynes in a highly efficient manner (Scheme 10).13 In 

the Li synthesis, diazoamide 39 was converted to indole 40 via their annulation methodology, 

simultaneously generating two of the rings in the core. 
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Scheme 10: Li Synthesis of (±)-Goniomitine 

Functional group conversions and two enolate additions generated the quaternary center of (±)-

goniomitine and allowed for the formation of azide 41. Reductive ring closing of 41 via lithium 

aluminum hydride and deprotection of the alcohol afforded (±)-goniomitine, 42. In total, the Li 

synthesis of 42 had a longest linear sequence of seven steps with an overall yield of 9%.  

 Isoquinoline rings can be easily generated via C–H activation-annulation strategies to 

introduce convergency and build complexity rapidly. Annulations to generate isoquinolines have 

been used in a number of recent total syntheses, including the J. Cheng synthesis of papaverine 

and the C.-H. Cheng synthesis of oxychelerithrine (Scheme 11).14 The J. Cheng synthesis of 

papaverine began with the generation of aryl ketone 44 from acid 43 via Friedel-Krafts acylation. 
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Scheme 11: Cheng Synthesis of Papaverine 

The key annulation step of the synthesis was then performed using vinyl acetate and oxime 

acetate 45 to generate the isoquinoline 46, completing the synthesis of papaverine in a longest 

linear sequence of 5 steps and an overall yield 32.5%. 

 Unlike the synthesis of papaverine, the C.-H. Cheng synthesis of oxychelerithrine used an 

early stage isoquinolinium-forming C–H annulation to rapidly generate the core of their 

compound rapidly (Scheme 12).14b One-pot condensation of methylamine into aldehyde 47 and 

rhodium-catalyzed alkyne annulation with alkyne 48 formed isoquinolinium salt 49. 
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Scheme 12: Cheng Synthesis of Oxychelerithrine 

Functional group interconversion and acid-catalyzed dehydration-aromatization generated 

oxychelerithrine, 50, in a longest linear sequence of four steps and an overall yield of 38.2%. 

This synthesis demonstrates the value of C–H activation-annulation strategies to rapidly build the 

core of a target compound early in a synthesis. 
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Scheme 13: Baudoin Syntheses of Aeruginosins 98A-C and 298A 
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without the need for a directing group while tolerating protected amines and alcohols. The 

Badouin syntheses of aeruginosins were able to generate the desired core for the natural products 

rapidly.  

 Recent developments in C–H activation-cyclization methodologies have allowed for 

significant advances in the ability of synthetic chemists to perform highly economical synthesis, 

particularly in the formation of rings. Many of the examples above were the shortest syntheses of 

these natural products to date, usually due to the significant increases in complexity that are 

possible with C–H activation methodologies. Although some of these C–H activations have low 

yields or only moderate selectivity for the desired product, the increases in complexity and the 

atom economy of these strategies still make many of them valuable tools to plan and accomplish 

a synthetic route. 

 

Desymmetrization of α-Quaternary Stereocenters by Intramolecular Olefin 

Hydroacylation 

Recently, our group has developed an olefin hydroacylation method that activates 

aldehydic C–H bonds and hydroacylates olefins to form chiral cyclopentanones via 

desymmetrization.16 α-Bis-allyl aldehydes are activated by a rhodium (I) catalyst with a chiral 

bisphosphine ligand to generate an acyl-rhodium (III)-hydride. This rhodium hydride then 

isomerizes one of the olefins preferentially via an insertion and a rare endocyclic β-hydride 

elimination to desymmetrize the stereocenter and generate an internal olefin. This olefin acts as a 

directing group, binding to the regenerated rhodium hydride and promoting insertion of the 

rhodium into the other olefin. Subsequent reductive elimination regenerates the rhodium (I) 

catalyst and forms the cyclopentanone product. 
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Figure 1: Mechanistic Cycle for Desymmetrizing Olefin Isomerization-Hydroacylation 

Interestingly, the mechanism seems to vary slightly depending on the identity of the non-

allyl substituent at the α-position. In the case of aromatic substituents, the olefin isomerization 

always occurs early in the mechanism, as outlined in the mechanism in figure 1. However, 

aliphatic substituents show a mixture of isomerized and non-isomerized olefin products, 

indicating that the transformation can take place through an alternative mechanistic cycle that 

does not require initial isomerization to generate the internal olefin, shown below in figure 2. 
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Figure 2: Proposed Alternative Desymmetrizing Hydroacylation 

 

In this instance, it is possible that the mixture of products may occur solely via the mechanism 

shown in figure 2, followed by isomerization of the olefin. Alternatively, the catalyst may be 

able to undergo both the mechanistic cycles shown in figures 1 and 2, producing a mixture of the 

two products. 

 During the development of this method of C–H activation, we realized that the possibility 

of using this reaction to form chiral cyclopentanones could be used to rapidly generate the cores 

of chiral natural products with high enantioselectivity. 

 

Total Synthesis of (+)-Tanikolide 
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Lyngbya majuscula (Scheme 14).17 Tanikolide was first identified as a target of interest 

R H

O

RhI

R RhIII

O
H

RhIIIR
O

O
R



 19 

following brine shrimp bioassays showing strong toxicity of 100% death at a concentration at 10 

ppm and an LD50 of 3.6 µg/mL, while showing no toxicity towards goldfish. Further assays 

demonstrated that tanikolide is also a potent antifungal agent when tested against Candida 

albicans, inhibiting fungal growth in a 13 mm diameter zone when treated with 100 µg per disk. 

 

Scheme 14: Structure of Tanikolide 

The naturally occurring tanikolide dimer 59 also shows potentially useful bioactivity, 

demonstrating significant SIRT2 inhibition (Scheme 15).18 

 

Scheme 15: Tanikolide Dimer 
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the mediation of apoptotic responses in human cells, the ability of SIRT2 to silence these 

responses is a potential method to treat human cancers: lymphoma in particular. As such, SIRT2 

inhibitors are of significant interest as potential anticancer drugs.19  
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via these methods, the Gerwick group determined the absolute configuration of the C1 

stereocenter by synthesizing (R)- and (S)- PGME derivatives of tanikolide.17 These PGME 

derivatives were then studied using a variety of NMR experiments in order to determine the 

relationship between the two stereocenters of the derivatives and thus to find the absolute 

stereochemistry. 

The biosynthetic origins of tanikolide have not been examined in previous studies. 

However, based on the structure of the natural product, it is likely formed via fatty-acid 

synthases in a polyketide-type synthesis followed by a final lactonization to close the ring and 

generate the natural product. 

 Tanikolide has been previously synthesized via a number of different routes over the past 

sixteen years since its discovery. The first total synthesis of tanikolide was achieved in 2000 by 

the Ogasawara group.20 The Ogasawara group achieved the synthesis of tanikolide with high 

stereoselectivity using a norbornadiene derivative-based strategy with an enol-silane ring 

expansion and a catalytic asymmetric hydrogen transfer reaction resolution as the key step in 

their synthetic strategy. Overall, the Ogasawara synthesis of (+)-tanikolide was successful in a 

longest linear sequence of 12 steps from commercially available starting material (Scheme 16). 

However, in their manuscript and supporting information, the Ogasawara group only provided 

yields for three of their steps, preventing general knowledge of the overall yield. 
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Scheme 16: Ogasawara Synthesis of Tanikolide 

 Among the previous syntheses of tanikolide, the shortest synthesis to date is the racemic 

synthesis of tanikolide by the Zhai group, which they achieved in four steps via two different 

routes.21 The first of these routes begins with the commercially available ethyl 2-

oxocyclopentanecarboxylate 67, which is used to add to undecylbromide via an enolate reaction 

to afford 68 (Scheme 17). The ethyl ester 68 is then hydrolyzed and decarboxylated to form 

ketone 69. Subsequent enolate attack on formaldehyde formed alcohol 70. Baeyer-Villiger 

oxidation of ketone 70 produced tanikolide (58) in four steps and 85% overall yield. 
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Scheme 17: Zhai Synthesis of Tanikolide 

In addition, Zhai executed a different four-step route to tanikolide based around a similar enolate 

strategy (Scheme 18). Following the generation of 68, Baeyer-Villiger oxidation of the ring and 

hydrolysis of the lactone results in carboxylic acid 72. One-pot sodium borohydride reduction of 

the ester to the corresponding alcohol and dehydration-lactonization produced tanikolide (58) in 

four steps with an overall yield of 76%. 

 

Scheme 18: Alternative Zhai Synthesis of Tanikolide 
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ester into acrolein to generate the quaternary center of tanikolide and produce aldehyde 74 >99% 

ee. Enantiopure aldehyde 74 was then olefinated to form undecene 75. Reduction of the ester, 

hydrogenation of the olefin, and chemoselective Stevens oxidation of the secondary alcohol 

produced ketone 76. Finally, the Deng group performed an acid-catalyzed Baeyer-Villiger 

oxidation to afford tanikolide (58) in a total of seven steps, longest linear sequence, and an 

overall yield of 40% (Scheme 19). 

 

Scheme 19: Deng Synthesis of Tanikolide 
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Scheme 20: Restrosynthetic Analysis of Tanikolide 

 

Total Synthesis of (-)-Adalinine 

(-)-Adalinine is a piperidine alkaloid natural product isolated from the ladybird beetles 

adalia bipunctata and adalia decempunctata (Scheme 21). The Lognay group, which discovered 

the compound in 1995, detected adalinine at all stages of life in these insects, from the eggs 

through larval growth and into adulthood.23 Adalinine is thought to be one of a number of 

compounds produced by the ladybird beetle as a deterrent against avian predation. When 

threatened, ladybird beetles secrete a potent mix of alkaloids, including adalinine, to ward off 

predators. Adalinine has not been tested further for biological activity, although similar 

piperidine alkaloids from ladybird beetles have been shown to be highly toxic to birds when 

ingested.24  

 

Scheme 21: Structure of (–)-Adalinine 
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NMR, 13C-NMR, 1H-1H COSY, and HMBC experiments.23 However, the Lognay group did not 

determine the absolute configuration of the stereocenter in adalinine, choosing to focus instead 

on the biosynthesis of adalinine, which they hypothesized might come from adaline, a related 

natural product previously discovered in a. bipunctata and a. decempunctata. 

The absolute configuration of (–)-adalinine was only determined after the racemic total 

synthesis of adalinine had been achieved. The Kibayashi synthesis, the first of two racemic 

syntheses of adalinine, allowed the Kibayashi group to determine the absolute configuration of 

adalinine.25 In order to determine the stereochemistry of the C1 position, the Kibayashi group 

generated adalinine derivatives for crystallization. These crystalline derivatives were tested via 

X-ray crystallography to find the absolute configuration of adalinine. Based on the X-ray crystal 

structure, the Kibayashi group determined that the stereogenic center in the natural product (–)-

adalinine has an R configuration. 

(–)-Adalinine is hypothesized to be biosynthetically derived from the related natural 

product (–)-adaline 83.23 Ultimately, adaline is sourced initially from the linear combination of 

seven acetate units via fatty synthases to afford a fourteen-carbon chain product 81. Subsequent 

decarboxylation, amination, cyclization, and reduction of 81 produces 82, which rapidly 

undergoes a Mannich reaction to produce the natural product (–)-adaline (83) (Scheme 22).26 
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Scheme 22: Biosynthesis of (–)-Adaline 

The Daloze group tested this biosynthetic route by feeding a. bipunctata 14C-labeled 

acetate sources and testing the resulting adaline.26 The acetate experiment confirmed that (–)-

adaline is generated biosynthetically from seven repeating acetate units. 

In the biosynthesis of (–)-adalinine, (–)-adaline initially undergoes a retromannich 

reaction to afford imine 84, which then undergoes a [3,3]-sigmatropic rearrangement to afford 

the rearranged imine 85. Imine 85 is then hydrated and oxidized to form the lactam ring and 

afford (–)-adalinine, 80 (Scheme 23).26 

 

Scheme 23: Biosynthesis of (–)-Adalinine 
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The Daloze group also tested this proposed biosynthetic route using deuterated synthetic adaline. 

Feeding this deuterated adaline to a. bipunctata and subsequent extraction of organic compounds 

from the subjected adalia adults produced deuterated (–)-adalinine in significant quantities, 

indicating that adalinine is indeed biosynthetically derived from adaline.14 

In 1998, the Kibayashi group succeeded in the first total synthesis of racemic adalinine.27 

The Kibayashi synthesis relied on two key steps to generate adalinine rapidly in good yield. The 

first of these is a ring-closing condensation-amidation of 86 with 87 to generate the lactam ring 

88, followed by a Lewis-Acid-mediated ring-opening allylation, generating 89. These two key 

steps generate the lactam ring and the quaternary center of adalinine, allowing for rapid increases 

in complexity during these steps in the synthesis. Subsequent Wacker oxidation of 89 to form 

ketone 87 followed by methylation to form 88 and hydrogenolysis afforded 89. Alcohol 89 was 

then oxidized to generate the ketone, affording racemic adalinine. Overall, the Kibayashi 

synthesis produced racemic adalinine in six steps, longest linear sequence, from commercially 

available starting material, with 25% yield (Scheme 24). 
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Scheme 24: Kibayashi Synthesis of Adalinine 
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Scheme 25: Honda Synthesis of Adalinine 
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oxidation from olefin 100. Either a Schmidt reaction or a Beckmann rearrangement of 

cyclopentanone 101 could be used to generate the lactam ring of (–)-adalinine. Our 

desymmetrizing hydroacylation reaction could be used to generate the cyclopentanone from 

aldehyde 102 (Scheme 26). 

 

Scheme 26: Retrosynthesis of Adalinine 
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1.2: Results and Discussion 
 

Efforts Towards the Total Synthesis of (+)-Tanikolide 

 Dr. Jung-Woo Park and I successfully generated the desired aldehyde, 79, in 3 steps from 

the commercially available methyl ester 103. Allylation of the methyl ester afforded 104. I tested 

the DIBAl-H reduction of 104, which would have shortened the synthetic route by one step. 

However, my attempts to achieve this reduction gave a 2:3 mixture of the aldehyde and over-

reduced alcohol, with significant quantities of unreacted starting material also being present, 

leading us to use the longer but more reliable route of over-reduction via LiAlH4 to form alcohol 

105. Swern oxidation of alcohol 105 gave the desired bis-allyl aldehyde 79 (Scheme 27). 

 

Scheme 27: Synthesis of Aldehyde 79 
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our hydroacylation work (see section on hydroacylation) (Scheme 28). 
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Scheme 28: Hydroacylation of 79 

However, heating the reaction mixture following completion of the initial hydroacylation 

allowed for the rhodium-catalyzed isomerization of primary olefins to secondary olefins, 

affording only the fully isomerized 78 in 64% yield with 99% ee. 

 The simultaneous Baeyer-Villiger oxidation and olefin epoxidation of 78 gave the desired 

lactone 77. However, Dr. Park’s efforts towards the hydrolysis of the epoxide were unsuccessful, 

preventing the generation of diol 107 (Scheme 29). 

 

Scheme 29: Initial Synthetic Approach to Tanikolide 
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Scheme 30: Revised Synthetic Strategy towards Tanikolide 
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Scheme 31: Baeyer-Villiger Oxidation of Pinacolone Model System 

The conversions of 81% and 90% and selectivity (no methyl ester was observed under either set 

of conditions) of the Baeyer-Villiger reaction of pinacolone under both acidic and basic 

conditions led me to believe that both sets of conditions could afford the desired lactone ring. 

Thus, I decided to try both sets of conditions in our Baeyer-Villiger oxidation.  

Testing the Baeyer-Villiger reaction with ketone 76 with basic conditions gave 

conversions of 12%, while acidic conditions gave conversions of up to 32% (Scheme 32). 
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However, due to a combination of low conversion and difficulty isolating the natural product 

from the starting material, these conditions were not found to be suitable to complete the total 

synthesis. The Baeyer-Villiger oxidation conditions do need further optimization. However, I 

believe that this transformation can be further optimized to afford (+)-tanikolide from 105. 

 

Efforts Towards the Total Synthesis of (–)-Adalinine 

Following our previous procedure, Dr. Park generated aldehyde 102 in three steps from 

commercially available methyl heptanoate. Desymmetrizing hydroacylation followed by heating 

to promote full isomerization of the olefin gave cyclopentanone 101 in 63% yield and 99% ee 

(Scheme 33). 

 

Scheme 33: Hydroacylation of Aldehyde 102 

Before proceeding with the total synthesis, we decided to use a model system to evaluate 

possible methods for generating the lactam ring from the ketone, either via a Schmidt reaction or 

by a Beckmann rearrangement. Initial testing of the Schmidt reaction by Dr. Park only resulted 

in the recovery of starting material. Before attempting the Beckmann rearrangement using our 

actual system, we used pinacolone as a model system to test the reactivity and selectivity of a 

variety of methods for achieving the desired transformation. Initially, we decided to use a two-

step procedure for the Beckmann rearrangement, beginning with condensation of hydroxylamine 
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into the pinacolone (110), followed by installation of a sulfonyl leaving group and treatment with 

acid to generate the desired transformation (Scheme 34).28 

 

Scheme 34: Attempted Beckmann Rearrangement of Pinacolone Model System 

The initial condensation occurred afforded both the desired oxime 113 and the undesired oxime 

114 in 87% yield and only a moderate cis/trans selectivity of 2:1. Despite this, I proceeded with 

113 to test the viability of these conditions for the Beckmann rearrangement. However, upon 

sequential treatment of the two oximes with the p-nosyl chloride and aqueous hydrochloric acid, 

the only result was oxime hydrolysis to regenerate 110, rather than the desired t-butyl acetamide. 

Based on the combination of the cis/trans selectivity issues and the hydrolysis of the 

oxime, I decided to attempt the rearrangement via a one-pot condensation-Beckmann 

rearrangement using MSH and borontrifluoride etherate.29 Given the increase in steric bulk of the 

MSH compared to a free hydroxyl, I envisioned high cis/trans selectivity for this transformation. 

Further, since the leaving group was pre-installed in the reagent, this method would reduce the 

number of steps required in our synthetic plan (Scheme 35). 

 

Scheme 35: Beckmann Rearrangement of Pinacolone Model System 
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Following the generation of MSH according to literature precedent, I treated 110 with the MSH 

to afford a 1:3 mixture of the desired amide 115 and the unreacted 110, with no methyl amide 

observed in the crude reaction mixture. This set of conditions is promising, given the high 

selectivity for the quaternary carbon over the primary carbon. While the conversion was not as 

high as could be desired, treatment with a larger excess of MSH and allowing a longer time for 

the condensation before addition of the acid should allow us to overcome the low conversion for 

this substrate. As such, I believe that this set of conditions will allow us to achieve the Beckmann 

rearrangement of ketone 101 to generate lactam 100. 

 Following the use of the pinacolone model system to develop a reliable method for the 

Beckmann rearrangement, I decided to find a suitable method for the Wacker oxidation of olefin 

100 to generate the methyl ketone with high selectivity over the undesired ethyl ketone. The 

Sigman group has published a modification of Wacker oxidation conditions that oxidize olefins 

to afford ketones with high regioselectivity and functional group tolerance.30 This method 

provides a relatively mild set of conditions to preferentially oxidize secondary positions that are 

electronically rich and lack steric hindrance. Based on the structure of olefin 100, I believed that 

this methodology should favor the formation of the desired methyl ketone both sterically and 

electronically, since this position is both less sterically hindered and has greater electron density 

than the internal position of the olefin. In order to test the viability of this strategy, I decided to 

test the steric factors using an internal olefin model system. Although 2-octene is not sterically 

similar to our olefin system, changing the α-position from a secondary carbon to a quaternary 

center should only magnify any steric factors on the oxidation that we observe, making it a valid 

comparison (Scheme 36). 
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Scheme 36: Wacker Oxidation of 2-Octene Model System 

Since I saw a 4:1 selectivity between methyl ketone 116 and ethyl ketone 117, based on simple 

steric influences, I should expect the selectivity to increase in the case of our substrate. Based on 

this selectivity, I believe that this set of conditions will afford methyl ketone 99 via the Wacker 

oxidation (Scheme 37).  

 

Scheme 37: Projected Synthesis of Adalinine 
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Sigman modification of the Wacker oxidation to oxidize olefin 101 to generate the natural 

product (–)-adalinine (80). 
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1.3: Conclusions: 
 

We have faced some difficulties in the completion of the total synthesis of tanikolide: 

particularly Baeyer-Villiger oxidation. However, given our progress towards the total synthesis 

of (+)-tanikolide, in addition to developing a formal synthesis, we believe that we will be able to 

complete the total synthesis of tanikolide in the future. Efforts towards the completion of this 

total synthesis are of ongoing study in our lab. 

Based on our successful model studies, our current synthetic route to (–)-adalinine is 

promising. The success of the Wacker oxidation using our model system and the high selectivity 

of the Beckmann rearrangement via MSH both are promising results that indicate the likely 

viability of these two reactions in the synthesis. Using this synthetic strategy, we believe that we 

will be able to complete the shortest total synthesis of (–)-adalinine yet. Efforts towards the 

completion of this natural product are being continued in our group. 
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1.4 Supporting Information 

 

General Experimental Information 

Commercial reagents were purchased from Sigma Aldrich, Alfa Aesar, Strem, or Combi 

Blocks and used without further purification. Reactions were monitored using thin-layer 

chromatography (TLC) on EMD Silica Gel 60 F254 plates. Visualization of the developed plates 

was performed under UV light (254 nm) or KMnO4 stain. Organic solutions were concentrated 

under reduced pressure on a Büchi rotary evaporator. 1H and 13C NMR were taken using 1H and 

13C NMR spectra were recorded on any of six instruments: Bruker AV600, Bruker GN500, 

Bruker CRYO500, or Bruker DRX400 NMR. 1H NMR spectra were internally referenced to the 

residual solvent signal or TMS, while 13C NMR spectra were internally referenced to the residual 

solvent signal. Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s 

= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad), coupling constant (Hz), 

integration. Data for 13C NMR are reported in terms of chemical shift (δ ppm). Column 

chromatography was performed with Silicycle Silica-P Flash Silica Gel, using either glass 

columns or a Biotage SP-1 system. Preparative thin-layer chromatography was performed using 

EMD Silica Gel 60 F254 plates. Solvents used in hydroacylations and dehydroformylations were 

degassed by three freeze-pump-thaw cycles. Chiral ligands were purchased from Strem. All 

reactions were carried out in flame-dried glassware under nitrogen atmosphere unless otherwise 

noted. Please note that number of different spectra are missing or impure due to being unable to 

return to the lab to analyze purified samples or take new spectra of saved samples. These spectra 

will be acquired by Dr. Jung-Woo Park as he continues the project. 
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General Procedures 

General Procedure for the Desymmetrizing Hydroacylation of bis-allyl aldehydes 

 Chlorobis(cyclooctene) rhodium(I) dimer (6 mol %) was combined with (R)-DTBM-

MeOBIPHEP (12 mol %) and dissolved in DCE (0.1 M), then stirred for 40 minutes. AgBF4 (12 

mol %) was added to the reaction mixture and stirred for 15 minutes longer. Aldehyde substrate 

(1.00 equiv.) was then added to the mixture, and was allowed to stir at room temperature for 2 h. 

Following completion of the hydroacylation, as judged by 1H NMR analysis, the reaction was 

heated to 70 ºC and stirred for 18 h. Upon completion of the olefin isomerization, as judged by 

NMR analysis, the reaction was cooled to room temperature and opened to atmosphere to halt 

reaction progress. Purification via preparative TLC (5% EtOAc/ 95% hexanes) afforded the 

cyclopentanone product. 
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Synthesis of Tanikolide Substrates 

 
Aldehyde 79 was obtained from Dr. Jung-Woo Park for use in hydroacylation 

 

Synthesis of Cyclopentanone 78 

 

 The general procedure for desymmetrizing hydroacylation was followed as written for 

aldehyde 79 (27.8 mg, 0.1 mmol). The product, olefin 78, was afforded as a colorless oil (17.7 

mg, 0.064 mmol, 64% yield). 1H NMR (400 MHz, CDCl3) δ 5.50 (dq, J = 15.7, 6.3 Hz, 1H), 

5.36–5.32 (m, 1H), 2.36–2.29 (m, 1H), 2.24–2.19 (m, 1H), 2.18-2.12 (m, 1H), 1.9–1.83 (m, 3H), 

1.71 (dd, J = 6.3, 1.5 Hz, 3H), 1.31–1.28 (m, 18H), 0.92 (t, J = 6.9 Hz, 3H). For information 

regarding enantioselectivity, see literature precedent.16 

 

Synthesis of Aldehyde 108 

 

Olefin 108 (37.1 mg, 0.13 mmol) was dissolved in dioxane (975 µL) and water (325 µL). 

Osmium tetroxide (4% in H2O) (42.4 mg, 0.007 mmol, 5 mol %) was added to the reaction 

mixture, followed by the addition of NMO (31.2 mg, 0.27 mmol, 2.00 equiv.), NaIO4 (57.0 mg, 
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0.27 mmol, 2.00 equiv.), and 2,6-lutidine (30 µL, 0.27 mmol, 2.00 equiv.). The reaction was 

allowed to stir for 12 h at room temperature. Upon completion of the reaction, as judged by TLC 

analysis, the reaction was extracted with DCM (3 x 3 mL). The organic layers were combined, 

dried over MgSO4, filtered, and evaporated under reduced pressure. Purification via preparative 

TLC (10% EtOAc/ 90% hexanes) afforded aldehyde 108 (29.7 mg, 0.28 mmol, 85% yield) as a 

colorless oil. 1H NMR (400 MHz, CDCl3) δ 9.34 (s, 1H), 2.51–2.46 (m, 1H), 2.23–2.17 (m, 1H), 

1.92–1.84 (m, 1H), 1.76–1.75 (m, 1H), 1.74–1.68 (m, 1H), 1.18 (br, 20H), 0.81 (t, J = 7.2 Hz); 

13C NMR (100 MHz, CDCl3) δ 215.4, 199.1, 67.7, 49.2, 38.7, 33.1, 31.9, 29.8, 29.6, 29.6, 29.5, 

29.4, 29.3, 27.8, 24.6, 22.7, 19.4. 

 

Synthesis of ketone 76 

 

 Aldehyde 108 (7.6 mg, 0.03 mmol) was dissolved in THF (30 µL) and cooled to 0 ºC in 

an ice bath. NaBH4 (38.6 mg, 0.06 mmol, 2.00 equiv.) was then added to the reaction mixture 

and the reaction was allowed to warm to room temperature over the course of 12 h. Following 

completion of the reaction, as judged by TLC, the reaction was quenched via addition of HCl (1 

M, 2 mL) and extracted with DCM (3 x 5 mL). The organic layers were combined, dried over 

MgSO4, filtered, and concentrated under reduced pressure. The resulting diol was carried on 

without further purification. 
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The diol was dissolved in acetic acid (350 µL) and cooled to 0 ºC. Aqueous sodium 

hypochlorite (13% in H2O, 38.6 mg, 0.06 mmol (2.00 equiv.) was then added to the reaction 

mixture. The reaction was allowed to react for 2 h until it was judged to be complete based on 

TLC analysis. The reaction mixture was then diluted with 2 mL H2O extracted with DCM (3X5 

mL). The organic layers were combined, dried over MgSO4, filtered, and dried under reduced 

pressure. The resulting oil was purified via preparative TLC (5% EtOAc/Hex) to afford the 

desired ketone 76 as a colorless oil (3.7 mg, 0.014 mmol, 48% over two steps). 1H NMR (400 

MHz, CDCl3) δ 3.67 (d, J = 10.8 Hz, 1H), 3.54 (d, J = 10.8 Hz, 1H), 2.36–2.31 (m, 2H), 1.98–

1.94 (m, 3H), 1.54–1.46 (m, 3H), 1.30 (br, 20H), 0.931 (t, J = 6.8 Hz, 3H). 

 

Acid-catalyzed Baeyer-Villiger oxidation of pinacolone 

 

 Pinacolone (110) (51.7 mg, 0.52 mmol) was dissolved in DCM (5 mL) and cooled to 0 

ºC. m-Chloroperoxybenzoic acid (492 mg, 2.0 mmol, 3.80 equiv.) was added to the reaction 

mixture, followed by triflic acid (0.1 mL, 0.05 mmol, 10 mol %), which was added dropwise. 

The reaction was allowed to warm to room temperature and stirred for 8 h. Upon completion of 

the reaction, as judged by TLC, the reaction was quenched via addition of H2O (2 mL). The 

reaction was then extracted with DCM (3 x 4 mL). The organic layers were combined, dried over 

MgSO4, filtered, passed through a layer of silica, and concentrated under reduced pressure. The 

resulting oil was left crude and tested by NMR spectroscopy to determine the conversion to 111 

(81% yield). The NMR spectrum matched previously reported values. For 111 1H NMR (400 
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MHz, CDCl3) δ 2.04 (s, 3H), 1.52 (s, 9H); for 110 1H NMR (400 MHz, CDCl3) δ 2.33 (s, 3H), 

1.00 (s, 1H). 

 

Base-catalyzed Baeyer-Villiger oxidation of pinacolone 

 

 Pinacolone (110) (54.1 mg, 0.54 mmol) was dissolved in DCM (5 mL) and cooled to 0 

ºC. m-Chloroperoxybenzoic acid (502 mg, 2.0 mmol, 3.70 equiv.) was added, followed by 

sodium bicarbonate (168 mg, 2.0 mmol, 3.70 equiv.). The reaction was allowed to warm to room 

temperature and stirred for 14 h. Upon completion of the reaction, as judged by TLC, the 

reaction was quenched via addition of H2O (2 mL). The reaction was then extracted with DCM 

(3 x 5 mL). The organic layers were combined, dried over MgSO4, filtered, passed through a 

layer of silica, and concentrated under reduced pressure. The resulting oil was left crude and 

tested by NMR spectroscopy to determine the conversion to 111 (90% conversion from 

pinacolone). The NMR spectrum matched previously reported values. For 111 1H NMR (400 

MHz, CDCl3) δ 2.01 (s, 3H), 1.50 (s, 9H); for 110 1H NMR (400 MHz, CDCl3) δ 2.33 (s, 3H), 

1.00 (s, 1H). 
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Acid-catalyzed Baeyer-Villiger oxidation of ketone 76 

 

 Ketone 76 (2.6 mg, 0.0096 mmol) was dissolved in DCM (0.50 mL) and cooled to 0 ºC. 

m-Chloroperoxybenzoic acid (9.6 mg, 0.39 mmol, 4.0 equiv.) was added to the reaction mixture, 

followed by triflic acid (0.08 mL, 0.00096 mmol, 10 mol %), which was added dropwise. The 

reaction was allowed to warm to room temperature and stirred for 14 h. Upon completion of the 

reaction, as judged by TLC, the reaction was quenched via addition of H2O (2 mL). The reaction 

was then extracted with DCM (3 x 4 mL). The organic layers were combined, dried over MgSO4, 

filtered, passed through a layer of silica, and concentrated under reduced pressure. The resulting 

oil was left crude and tested by NMR spectroscopy to determine the conversion to 58 (32% 

yield). The NMR spectrum matched previously reported values. For 58 1H NMR (400 MHz, 

CDCl3) δ 3.67 (d, J = 1.0 Hz, 2H), 2.52–2.48 (m, 2H), 2.26–2.21 (m, 2H), 1.56–1.50 (m, 2H),  

1.20–1.17 (m, 19H) 0.931 (t, J = 6.8 Hz, 3H). 

 

 

 

 

 

 

 

O
H23C11  

OH

76

mCPBA, TfOH
DCM, 0 ºC       rt

O

O

H23C11  

OH

58
32% conversion, inseparable

from starting material



 48 

 

Base-catalyzed Baeyer-Villiger oxidation of 76 

 

 Ketone 76 (1.6 mg, 0.0060 mmol) was dissolved in DCM (5 mL) and cooled to 0 ºC. m-

Chloroperoxybenzoic acid (6.0 mg, 0.024 mmol, 4.0 equiv.) was added, followed by sodium 

bicarbonate (3.0 mg, 0.036 mmol, 6.0 equiv.). The reaction was allowed to warm to room 

temperature and stirred for 14 h. Upon completion of the reaction, as judged by TLC, the 

reaction was quenched via addition of H2O (2 mL). The reaction was then extracted with DCM 

(3 x 5 mL). The organic layers were combined, dried over MgSO4, filtered, passed through a 

layer of silica, and concentrated under reduced pressure. The resulting oil was left crude and 

tested by NMR spectroscopy to determine the conversion to 58 (12% conversion to 58). The 

NMR spectrum matched previously reported values. For 58 1H NMR (400 MHz, CDCl3) δ 3.42 

(s, 2H), 2.44–2.41 (m, 2H), 2.10–1.98 (m, 2H), 1.84–1.80 (m, 1H), 1.56–1.50 (m, 1H),  1.20–

1.17 (m, 19H) 0.931 (t, J = 6.8 Hz, 3H). 
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Synthesis of Adalinine Substrates 

 
Aldehyde 102 was obtained from Dr. Jung-Woo Park for use in hydroacylation. 

 

Cyclopentanone 101 

 

 Aldehyde 102 (19.4 mg, 0.1 mmol) was subjected to the standard desymmetrizing 

hydroacylation conditions with the only modification being the catalyst loading being doubled to 

12 mol %, as noted in the scheme above. The product, olefin 101, was afforded as a colorless oil 

(12.2 mg, 0.063 mmol, 63% yield, 99 % ee). 1H NMR (400 MHz, CDCl3) δ 5.53–5.46 (m, 1H), 

5.36–5.32 (m, 1H), 2.37–2.30 (m, 1H), 2.23–2.13 (m, 1H), 2.08–2.05 (m, 1H), 1.94–1.84 (m, 

3H), 1.71 (dd, J = 6, 2.4 Hz, 3H), 1.32–1.28 (br, 8H), 0.91 (t, J = 6.8 Hz, 3H). For information 

regarding enantioselectivity, see literature precedent.16 

 

2-octanone 117 and 3-octanone 118 

 

 Palladium dichloride (0.9 mg, 0.005 mmol, 5 mol %) was combined with Quinox (1.0 

mg, 0.005 mmol, 5 mol %) and stirred in DCE (0.3 mL) for 2 h. Silver hexafluoroantimonate 

(4.5 mg, 0.012 mmol, 12 mol %) was then added to the reaction mixture and allowed to stir for 
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another 1 h. TBHP (0.2 mL, 1.2 mmol, 10.0 equiv.) was added and stirred for a further 10 

minutes before an additional portion of DCE (0.58 mL). 116 (11.2 mg, 0.1 mmol) was added to 

the reaction mixture immediately following the dilution with DCE. The reaction was set to stir 

for 24 h. Upon completion of the reaction, as judged by NMR analysis, the reaction was flushed 

through a silica plug in DCM, evaporated under reduced pressure, and tested by NMR 

spectroscopy to assess the mixture of the two ketone products. The NMR spectrum matched 

previously reported values. 1H NMR (400 MHz, CDCl3) for 117 1H NMR (400 MHz, CDCl3) δ 

2.36 (t, J = 7.2 Hz, 2H), 2.07 (s, 3H), 1.21–1.15 (m, 8H), 0.87–0.80 (m, 3H); 1H NMR (400 

MHz, CDCl3) for 117 δ 2.35 (t, J = 7.6 Hz, 4H), 1.21–1.15 (m, 9H), 0.87–0.80 (m, 3H). 

  

tert-Butyl acetamide 115 

 

 Pinacolone (110) (49.7 mg, 0.50 mmol) was dissolved in DCM (1.0 mL). MSH (139.9 

mg, 0.65 mmol, 1.25 equiv.) was dissolved in DCM (0.65 mL) and added to the reaction mixture 

and set to stir for 2 h. The reaction was then cooled to 0 ºC for the addition of BF3•OEt2 (0.18 

mL, 1.5 mmol, 3.00 equiv.), after which it was warmed back to room temperature for 3 h. Upon 

completion of the reaction, as judged by TLC, the reaction mixture was quenched via addition of 

H2O (2 mL). The layers were separated, and the aqueous layer was extracted with DCM (3 x 5 

ml). The organic layers were combined, dried over MgSO4, filtered, and concentrated under 

reduced pressure. The crude reaction mixture was tested via NMR analysis without further 

purification. The NMR values reported match those previously reported for t-butyl acetamide. 
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For 115 1H NMR (400 MHz, CDCl3) δ 1.91 (s, 3H), 1.00 (s, 9H); for 110 1H NMR (400 MHz, 

CDCl3) δ 2.33 (s, 3H), 1.00 (s, 1H). 

 

 



 52 

 

1.5 References 
 
1. Gutekunst, W. R.; Baran, P. S., C–H functionalization logic in total synthesis. Chemical 
Society Reviews 2011, 40 (4), 1976-1991. 
2. (a) Hofmann, A. W., Ueber die Einwirkung des Broms in alkalischer Lösung auf die 
Amine. Berichte der deutschen chemischen Gesellschaft 1883, 16 (1), 558-560; (b) Löffler, K.; 
Kober, S., Über die Bildung des i-Nicotins aus N-Methyl-p-pyridyl-butylamin 
(Dihydrometanicotin). Berichte der deutschen chemischen Gesellschaft 1909, 42 (3), 3431-3438. 
3. (a) Trost, B. M.; Godleski, S. A.; Genet, J. P., A total synthesis of racemic and optically 
active ibogamine. Utilization and mechanism of a new silver ion assisted palladium catalyzed 
cyclization. Journal of the American Chemical Society 1978, 100 (12), 3930-3931; (b) Taber, D. 
F.; Schuchardt, J. L., Intramolecular carbon-hydrogen insertion: synthesis of (.+-.)-
pentalenolactone E methyl ester. Journal of the American Chemical Society 1985, 107 (18), 
5289-5290; (c) Taber, D. F.; Petty, E. H.; Raman, K., Enantioselective ring construction: 
synthesis of (+)-.alpha.-cuparenone. Journal of the American Chemical Society 1985, 107 (1), 
196-199. 
4. Schultz, D. M.; Wolfe, J. P., Recent Developments in Palladium-Catalyzed Alkene 
Aminoarylation Reactions for the Synthesis of Nitrogen Heterocycles. Synthesis 2012, 44 (03), 
351-361. 
5. Srikrishna, A.; Sheth, V. M.; Nagaraju, G., Rhodium Carbenoid Mediated C–H 
Activation of a Tertiary Methyl Group: An Enantiospecific Approach to the Angular Triquinanes 
Norsilphiperfolane and Norcameroonanes. Synlett 2011, 2011 (16), 2343-2346. 
6. (a) Rasik, C. M.; Brown, M. K., Total Synthesis of Gracilioether F: Development and 
Application of Lewis Acid Promoted Ketene–Alkene [2+2] Cycloadditions and Late-Stage C–H 
Oxidation. Angewandte Chemie International Edition 2014, 53 (52), 14522-14526; (b) Li, Y.; 
Ding, Y.-J.; Wang, J.-Y.; Su, Y.-M.; Wang, X.-S., Pd-Catalyzed C–H Lactonization for 
Expedient Synthesis of Biaryl Lactones and Total Synthesis of Cannabinol. Organic Letters 
2013, 15 (11), 2574-2577. 
7. Dhara, S.; Singha, R.; Ahmed, A.; Mandal, H.; Ghosh, M.; Nuree, Y.; Ray, J. K., 
Synthesis of α, β and γ-carbolines via Pd-mediated Csp2-H/N-H activation. RSC Advances 2014, 
4 (85), 45163-45167. 
8. Huang, P.-C.; Parthasarathy, K.; Cheng, C.-H., Copper-Catalyzed Intramolecular 
Oxidative C–H Functionalization and C–N Formation of 2-Aminobenzophenones: Unusual 
Pseudo-1,2-Shift of the Substituent on the Aryl Ring. Chemistry – A European Journal 2013, 19 
(2), 460-464. 
9. Pitts, A. K.; O'Hara, F.; Snell, R. H.; Gaunt, M. J., A Concise and Scalable Strategy for 
the Total Synthesis of Dictyodendrin B Based on Sequential C–H Functionalization. Angewandte 
Chemie International Edition 2015, 54 (18), 5451-5455. 
10. (a) Julich-Gruner, K. K.; Kataeva, O.; Schmidt, A. W.; Knölker, H.-J., Total Synthesis of 
7- and 8-Oxygenated Pyrano[3,2-a]carbazole and Pyrano[2,3-a]carbazole Alkaloids via Boronic 
Acid-Catalyzed Annulation of the Pyran Ring. Chemistry – A European Journal 2014, 20 (28), 
8536-8540; (b) Kumar, V. P.; Gruner, K. K.; Kataeva, O.; Knölker, H.-J., Total Synthesis of the 
Biscarbazole Alkaloids Murrafoline A–D by a Domino Sonogashira Coupling/Claisen 
Rearrangement/Electrocyclization Reaction. Angewandte Chemie International Edition 2013, 52 



 53 

(42), 11073-11077; (c) Hesse, R.; Kataeva, O.; Schmidt, A. W.; Knölker, H.-J., Synthesis of 
Prenyl- and Geranyl-Substituted Carbazole Alkaloids by DIBAL-H Promoted Reductive Pyran 
Ring Opening of Dialkylpyrano[3,2-a]carbazoles. Chemistry – A European Journal 2014, 20 
(31), 9504-9509; (d) Hesse, R.; Krahl, M. P.; Jäger, A.; Kataeva, O.; Schmidt, A. W.; Knölker, 
H.-J., Palladium(II)-Catalyzed Synthesis of the Formylcarbazole Alkaloids Murrayaline A–C, 7-
Methoxymukonal, and 7-Methoxy-O-methylmukonal. European Journal of Organic Chemistry 
2014, 2014 (19), 4014-4028. 
11. Bartholomäus, R.; Dommershausen, F.; Thiele, M.; Karanjule, N. S.; Harms, K.; Koert, 
U., Total Synthesis of the Postulated Structure of Fulicineroside. Chemistry – A European 
Journal 2013, 19 (23), 7423-7436. 
12. Mikula, H.; Skrinjar, P.; Sohr, B.; Ellmer, D.; Hametner, C.; Fröhlich, J., Total synthesis 
of masked Alternaria mycotoxins—sulfates and glucosides of alternariol (AOH) and alternariol-
9-methyl ether (AME). Tetrahedron 2013, 69 (48), 10322-10330. 
13. Zhou, B.; Du, J.; Yang, Y.; Li, Y., Rhodium(III)-Catalyzed Intramolecular Redox-
Neutral Annulation of Tethered Alkynes: Formal Total Synthesis of (±)-Goniomitine. Chemistry 
– A European Journal 2014, 20 (40), 12768-12772. 
14. (a) Chu, H.; Sun, S.; Yu, J.-T.; Cheng, J., Rh-catalyzed sequential oxidative C–H 
activation/annulation with geminal-substituted vinyl acetates to access isoquinolines. Chemical 
Communications 2015, 51 (68), 13327-13329; (b) Jayakumar, J.; Parthasarathy, K.; Cheng, C.-
H., One-Pot Synthesis of Isoquinolinium Salts by Rhodium-Catalyzed C–H Bond Activation: 
Application to the Total Synthesis of Oxychelerythrine. Angewandte Chemie International 
Edition 2012, 51 (1), 197-200. 
15. Dailler, D.; Danoun, G.; Ourri, B.; Baudoin, O., Divergent Synthesis of Aeruginosins 
Based on a C(sp3)-H Activation Strategy. Chemistry – A European Journal 2015, 21 (26), 9370-
9379. 
16. Park, J.-W.; Kou, K. G. M.; Kim, D. K.; Dong, V. M., Rh-catalyzed desymmetrization of 
α-quaternary centers by isomerization-hydroacylation. Chemical Science 2015, 6 (8), 4479-4483. 
17. Singh, I. P.; Milligan, K. E.; Gerwick, W. H., Tanikolide, a Toxic and Antifungal 
Lactone from the Marine Cyanobacterium Lyngbya majuscula. Journal of Natural Products 
1999, 62 (9), 1333-1335. 
18. Gutiérrez, M.; Andrianasolo, E. H.; Shin, W. K.; Goeger, D. E.; Yokochi, A.; Schemies, 
J.; Jung, M.; France, D.; Cornell-Kennon, S.; Lee, E.; Gerwick, W. H., Structural and Synthetic 
Investigations of Tanikolide Dimer, a SIRT2 Selective Inhibitor, and Tanikolide seco-Acid from 
the Madagascar Marine Cyanobacterium Lyngbya majuscula. The Journal of Organic Chemistry 
2009, 74 (15), 5267-5275. 
19. (a) Mahajan, S. S.; Scian, M.; Sripathy, S.; Posakony, J.; Lao, U.; Loe, T. K.; Leko, V.; 
Thalhofer, A.; Schuler, A. D.; Bedalov, A.; Simon, J. A., Development of Pyrazolone and 
Isoxazol-5-one Cambinol Analogues as Sirtuin Inhibitors. Journal of Medicinal Chemistry 2014, 
57 (8), 3283-3294; (b) Heltweg, B.; Gatbonton, T.; Schuler, A. D.; Posakony, J.; Li, H.; Goehle, 
S.; Kollipara, R.; DePinho, R. A.; Gu, Y.; Simon, J. A.; Bedalov, A., Antitumor Activity of a 
Small-Molecule Inhibitor of Human Silent Information Regulator 2 Enzymes. Cancer Research 
2006, 66 (8), 4368-4377. 
20. Kanada, R. M. T., T.; Ogasawara, K., The First Synthesis of (+)-Tanikolide, a Toxic and 
Antifungal Lactone from the Marine Cyanobactetrium Lyngbya Majuscula. Synlett 2000, 7, 
1019-1021. 



 54 

21. Chen, Q. D., Haibing; Zhao, Jingrui; Lu, Yong; He, Mingyuan; Zhai, Hongbin, Two 
Efficient Four-Step Routes to Marine Toxin Tanikolide. Tetrahedron 2005, 61, 8390-8393. 
22. Wu, F.; Hong, R.; Khan, J.; Liu, X.; Deng, L., Asymmetric Synthesis of Chiral 
Aldehydes by Conjugate Additions with Bifunctional Organocatalysis by Cinchona Alkaloids. 
Angewandte Chemie International Edition 2006, 45 (26), 4301-4305. 
23. Lognay, G.; Hemptinne, J. L.; Chan, F. Y.; Gaspar, C. H.; Marlier, M.; Braekman, J. C.; 
Daloze, D.; Pasteels, J. M., Adalinine, a New Piperidine Alkaloid from the Ladybird Beetles 
Adalia bipunctata and Adalia decempunctata. Journal of Natural Products 1996, 59 (5), 510-
511. 
24. Marples, N. M. B., P. M.; Cowie, R. J., Differences Between the 7-Spot and 2-Spot 
Ladybird Beetles (Coccinellidae) in Their Toxic Effects on a Bird Predator. Ecological 
Entomology 1989, 14, 79-84. 
25. Yamazaki, N.; Ito, T.; Kibayashi, C., Total synthesis of the coccinellid alkaloid (−)-
adalinine and the assignment of its absolute configuration. Tetrahedron Letters 1999, 40 (4), 
739-742. 
26. Laurent, P.; Lebrun, B.; Braekman, J.-C.; Daloze, D.; Pasteels, J. M., Biosynthetic studies 
on adaline and adalinine, two alkaloids from ladybird beetles (Coleoptera: Coccinellidae). 
Tetrahedron 2001, 57 (16), 3403-3412. 
27. Naoki Yamazaki, T. I., Chihiro Kibayashi, Facile Total Synthesis of (±)-Adalinine. 
Synlett 1998, 1, 37-40. 
28. Shi, J.; Qiu, D.; Wang, J.; Xu, H.; Li, Y., Domino Aryne Precursor: Efficient 
Construction of 2,4-Disubstituted Benzothiazoles. Journal of the American Chemical Society 
2015, 137 (17), 5670-5673. 
29. Elliott, C. E.; Miller, D. O.; Burnell, D. J., Synthesis of 6-alkyl analogues of the 1-
azabicyclo[4.3.0]nonan-2-one system by a strategy of geminal acylation and Beckmann 
rearrangement. Journal of the Chemical Society, Perkin Transactions 1 2002, (2), 217-226. 
30. Michel, B. W.; Camelio, A. M.; Cornell, C. N.; Sigman, M. S., A General and Efficient 
Catalyst System for a Wacker-Type Oxidation Using TBHP as the Terminal Oxidant: 
Application to Classically Challenging Substrates. Journal of the American Chemical Society 
2009, 131 (17), 6076-6077. 



 55 

Chapter 2: Tandem Oxidation-Dehydroformylation of Alcohols 

 

2.1 Introduction 
 
 Historically, C–H activation of aldehydes via rhodium has been of significant interest to 

the scientific community. However, these acyl-rhodium-hydrides have generally been used for 

hydroacylation and decarbonylation.31 A far less common transformation is the 

dehydroformylation of the aldehyde to produce an olefin. A synthetic dehydroformylation can be 

used to mimic lanosterol demethylase, a cytochrome P450 enzyme that produces sterols in a 

wide variety of organisms.32 In addition, dehydroformylation allows for the modification of 

natural products and drugs for derivatization. The Dong group recently developed the first 

catalytic synthetic dehydroformylation of aldehydes to produce olefins using a rhodium catalyst 

(Scheme 38).33 This reaction relies on the use of a carboxylate additive to prevent 

decarbonylation by acting as a proton shuttle to remove the hydride ligand from the acyl-

rhodium (III)-hydride species and reduce the rhodium, forming an acyl-rhodium(I) species. As 

such, this methodology is able to transfer the aldehyde to a strained olefin acceptor at low 

catalyst loadings and under mild conditions. 

 

Scheme 38: Rh-Catalyzed dehydroformylation of aliphatic aldehydes 

 Although the new dehydroformylation protocol developed by our group is broadly 

applicable, aldehyde substrates are limited in their versatility. Thermal and photolytic 
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decomposition of aldehydes has been documented extensively.34 These types of decomposition 

make them difficult substrates to generate and work with on a large scale. In addition, aldehydes 

are frequently incompatible with other common functional groups and generally require 

additional steps to generate them from other functional groups before dehydroformylation. In 

light of the disadvantages of aldehyde substrates, we decided to examine the possibility of using 

other starting materials for our dehydroformylation procedure. Since rhodium-catalyzed 

Oppenauer-type oxidations are precedented, we decided to investigate whether we could use 

primary alcohol substrates, which we could first oxidize, then dehydroformylate to afford the 

olefin in one reaction mixture.35 Given the possibility of both performing the oxidation and the 

dehydroformylation with rhodium (I) catalysts, we decided to examine the possibility of a 

tandem oxidation-dehydroformylation (Scheme 39). 

 

Scheme 39: Oxidation-Dehydroformylation of Alcohols 

 In addition to providing a useful method to avoid the need for aldehydes in 

dehydroformylation, a tandem oxidation-dehydroformylation reaction would provide a rapid, 

catalytic reaction to access odd-numbered olefins from the corresponding even numbered 

alcohols. Naturally abundant, affordable even-numbered fatty acids and esters can be reduced to 

the corresponding alcohols at low cost, making these alcohols an inexpensive feedstock. Odd-

numbered olefins, however, are quite expensive, usually costing between 2 and 3 orders of 

magnitude more than the even-numbered alcohols and acids (Scheme 40).36 
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Scheme 40: Generation of Odd-Numbered Olefins from Even-Numbered Acids 

Dehydrogenation of alcohols has been known since the development of the original 

Oppenauer oxidation, discovered in the 1930’s.35b However, over the past several decades, the 

transition-metal catalyzed dehydrogenation of alcohols has gained significant interest. This 

transformation offers a catalytic method to activate sp3-hybridized carbons and generate olefins 

through the cleavage of a carbon-carbon bond. 

We saw several potential difficulties in the development of this methodology. Metal-

catalyzed oxidation of alcohols via dehydrogenation is widely precedented.35b However, 

rhodium-catalyzed oxidation of primary alcohols usually requires harsh conditions, such as 

elevated temperature, to afford aldehydes in significant yield.37 In addition, the basic conditions 

required for these oxidations led us to believe that we would likely need to adjust the buffer 

system for our reaction from the original dehydroformylation conditions in order to effect the 

tandem oxidation-dehydroformylation. In order to develop the tandem oxidation-

dehydroformylation, we decided to screen a wide variety of conditions in order to find trends that 

might help in the optimization of both catalytic cycles simultaneously. 

OH

O

n
OH

n n

125 126 127



 58 

2.2 Results and Discussion: 
 

 Initially, Faben Cruz attempted to use our conditions from the group’s previous transfer 

dehydroformylation for the tandem process.33 However, Faben soon found that our original 

olefin acceptors and conditions resulted in low conversion, even when heated to improve 

conversion. 

Both Faben and I screened a wide variety of olefin acceptors in our initial attempts to 

develop this reaction. The only acceptor that showed conversions over 50% was N, N-dimethyl 

acrylamide (initial conditions shown in Scheme 41). Even when combined as part of a mixed 

acceptor system, I saw no effect on the yield of the reaction compared to the same equivalents of 

acrylamide acceptor. In order to optimize our reaction conditions, I tested a number of 

parameters, including the solvent, ligand, and acid additive. Selected results of these screens are 

shown below in table 1. 
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Scheme 41: Standard Conditions in Initial Screening 

Table 1: Initial Parameter Screening for Reaction Optimization 

Solvent Ligand Acid Yield 
THF Xantphos 3(OMe)BzOH 85% 
Dioxane Xantphos 3(OMe)BzOH 59% 
Toluene Xantphos 3(OMe)BzOH 66% 
DCE Xantphos 3(OMe)BzOH 35% 
MeCN Xantphos 3(OMe)BzOH 15% 
Acetone Xantphos 3(OMe)BzOH 17% 
EtOAc Xantphos 3(OMe)BzOH 23% 
2MeTHF Xantphos 3(OMe)BzOH 66% 
THF DPEPhos 3(OMe)BzOH 27% 
THF BINAP 3(OMe)BzOH 0% 
THF PPh3 3(OMe)BzOH 7% 
THF Nixantphos 3(OMe)BzOH 42% 
THF dppp 3(OMe)BzOH 5% 
THF tBu-Xantphos 3(OMe)BzOH 0% 
THF Walphos 3(OMe)BzOH 13% 
THF MeOBIPHEP 3(OMe)BzOH 0% 
THF Xantphos 4(OMe)BzOH 84% 
THF Xantphos 2(OMe)BzOH 80% 
THF Xantphos BzOH 33% 
THF Xantphos TFA 3% 
THF Xantphos Tartaric Acid 6% 
THF Xantphos Cinnamic Acid 72% 
THF Xantphos 4-F-BzOH 74% 
THF Xantphos PivOH 76% 
 
The results of this screening revealed that using N,N-dimethyl acrylamide as an acceptor resulted 

in higher conversion than any other strained olefin acceptor we tested. In addition, I found that 

THF was the best solvent for the reaction and that Xantphos outperformed the other ligands 

screened for this transformation, which is consistent with the group’s previous 

dehydroformylation protocol.33 3-Methoxybenzoic acid and 4-methoxybenzoic acid were 
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comparable in their yields. As such, we decided to continue using 3-methoxybenzoic acid as our 

carboxylate additive (Scheme 42). 

 

Scheme 42: Conditions for Tandem Oxidation-Dehydroformylation Following Initial Screening 

However, since conversions remained at 85% even when heated to 100 ºC for 24 h, I continued 

optimizing conditions for the reaction. 

Interestingly, I only observed the hydrogenated olefin acceptors in all cases, seeing no 

evidence of the transfer of the carbonyl to any acceptor for our tandem oxidation-

dehydroformylation. The hydroformylated acceptor was not observed in any of our reactions, 

unlike the group’s previous dehydroformylation method.33 I do not believe that this lack of 

transfer-hydroformylation is due to a decarbonylation of the hydroformylated acceptor, since I 

have found no evidence of the decarbonylation product of 128 as long as the acid proton shuttle 

is present in the reaction. Instead, I assessed that the rhodium catalyst dissociates from the 

carbonyl ligand at some point before the transfer hydroformylation can occur, releasing carbon 

monoxide gas into the headspace of the vial.  

In order to assess which catalytic cycle was limiting the rate of the reaction, I monitored 

the reaction via NMR spectroscopy at a number of time points. This revealed that there was no 

observable buildup of aldehyde during the course of the reaction. As such, I believe that the 

dehydroformylation catalytic cycle takes place much faster than the transfer dehydrogenation. 

Based on these results and the previous dehydroformylation project, our proposed 

catalytic cycle relies on two tandem catalytic cycles. One is based on the classic metal-catalyzed, 
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Oppenauer-type transfer dehydrogenation mechanistic cycle, as shown in figure 3. The resulting 

aldehyde intermediate is rapidly consumed in the second catalytic cycle, undergoing C–H 

activation through oxidative addition and dehydroformylation via insertion and β-hydride 

elimination from the aldehyde donor to form the desired olefin product. 

 

Figure 3: Proposed Mechanism for the Tandem Oxidation-Dehydroformylation 

The removal of the hydride via reductive elimination with the carboxylate proton shuttle allows 

for the β-hydride elimination to take place without the competing decarbonylation.33 However, 

following the dehydroformylation, the carbonyl ligand dissociates from the rhodium catalyst 

before binding to the olefin acceptor, generating another equivalent of the hydrogenated N,N-

propylamide acceptor and carbon monoxide. 

In order to enhance the rate of the alcohol oxidation cycle, I examined previous metal-

catalyzed Oppenauer-type oxidations. Since most of these reactions require catalytic quantities of 

base, we realized that the acid required for the dehydroformylation might be inhibiting the 

oxidation cycle. As such, I worked to find a buffer system that would enhance the rate of the 

oxidation while allowing the dehydroformylation to take place. Since the majority of rhodium-

catalyzed Oppenauer oxidations take place at high temperatures, I also investigated the optimal 
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temperature for the reaction.35b The results of the temperature and base buffer screens are shown 

below in table 2. 

Table 2: Base and Temperature Screening 

Additional Base Temperature Yield  
None 25 ºC 0% 
None 40 ºC 0% 
None 50 ºC 2% 
None 70 ºC 5% 
None 80 ºC 32% 
None 90 ºC 45% 
None 100 ºC 83% 
None 110 ºC 95% 
None 120 ºC  52% 
None 130 ºC 41% 
K2CO3 (5 mol%) 100 ºC 25% 
NaHCO3 (5 mol%) 100 ºC 72% 
KOtBu (5 mol%) 100 ºC 30% 
DBU (5 mol%) 100 ºC 67% 
Et3N (5 mol%) 100 ºC 71% 
iPrNEt2 (2 mol%) 100 ºC 80% 
iPrNEt2 (5 mol%) 100 ºC 93% 
iPrNEt2 (8 mol%) 100 ºC 56% 
 
Interestingly, I observed an increase in conversion with heating until a temperature of 110 ºC. 

Although an increase in temperature should result in the acceleration of the reaction, the reaction 

did not progress beyond 24 h, indicating that this increase in conversion was likely due to 

degradation of the catalyst since starting material was still observed in the reaction. Since our 

reaction results in the buildup of carbon monoxide, I believe that this is the result of carbon 

monoxide binding to the rhodium and poisoning the catalyst. The observed temperature effect is 

due to the shift in equilibrium for carbon monoxide binding to rhodium, which favors the free 

catalyst and release of the carbonyl as a gas at high temperatures. When reactions over 110 ºC 

were observed, very little solvent remained in the liquid phase in the vial, effectively increasing 

the concentration of the reaction, which is the likely cause for the decrease in yield at 
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temperatures above 110 ºC. In addition to the observed temperature effect, the addition of 

Hünig’s base appeared to generate a buffer system in the reaction that was more favorable for the 

oxidation of the alcohol substrate to the aldehyde than just the carboxylate formed from 

deprotonation of the benzoic acid additive. Following the screening of these conditions, I 

decided to use the combination of these conditions as our newly improved set of conditions for 

our reaction system, which resulted in yields of 95%. 

Examining this theory of carbon monoxide poisoning the catalyst, I decided to attempt to 

use additives to remove the carbonyl ligand and re-activate the catalyst and increase the rate of 

the reaction. Based on earlier methods to remove carbonyls from metal centers, we decided to 

test amine-oxides to remove the carbonyl ligand from the metal.38 However, the addition of 

trimethylamine N-oxide to the reaction, even in a quantity as low as 10 mol %, lowered the yield 

of the reaction to 10%. This may be due to binding of the amine-oxide to the metal center as 

another ligand, or due to oxidation of phosphine ligands by the amine-oxide at high 

temperatures. 

I also attempted to use trifuryl phosphine as a ligand in order to force the dissociation of 

the carbonyl from the catalyst via steric crowding of the rhodium catalyst.39 Based on previous 

methods using this additional ligand to remove carbonyls from metal centers, we believed that 

these conditions might increase the rate of the reaction. However, upon addition of the trifuryl 

phosphine under the standard reaction conditions, the reaction yield decreased from 83% to 73%. 

As such, we believe that the trifuryl phosphine slows the reaction by binding to the rhodium 

catalyst in a reversible fashion, making the catalyst less accessible to the alcohol substrate. Based 

on these results, we decided to abandon attempts to use additives or additional ligands to prevent 
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carbonyl binding to the rhodium catalyst and to use the increased temperature conditions to favor 

the free catalyst. 

Based on the success of our newly optimized standard conditions, and the failure of the 

efforts to remove the carbonyl ligand from the rhodium catalyst at lower temperatures, I decided 

to proceed with the current conditions for the oxidation-dehydroformylation reaction at the 

elevated temperature but without the Hünig’s base. We decided that the use of Hünig’s base was 

unnecessary, since the conversion was relatively high with just elevated temperature, and the 

base did not appear to significantly shorten the time of the reaction or lower catalyst loadings. 

 In order to test the functional group tolerance of the tandem oxidation-

dehydroformylation, I synthesized a number of different substrates containing primary alcohols 

and subjected them to our original conditions while optimizing the reaction. The results of this 

preliminary substrate scope testing are shown below in table 3. Substrates were tested for 

conversion, but were not isolated and fully characterized since we were still optimizing the 

conditions at the time of the initial substrate scope. 
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Table 3: Preliminary Substrate Scope (only crude conversions and crude NMR spectra were taken as the project was 
put on hold before a formal substrate scope could be performed) 

Substrate Product Yield  

  

 
27%  

  

 
58%  

 
62 : 38 

133 : 134 

  

 
7%  

 

 

 

 
 

6%  

 

 

 

 

 
66%  

 
Based on the results of the initial substrate scope, we observed that our tandem oxidation-

dehydroformylation favors the formation of disubstituted olefins over monosubstituted olefins in 

a ratio of 62:38, despite the additional hydrogen atom present on the terminal position compared 

to the internal position. In addition, our tandem oxidation-dehydroformylation is able to generate 

trisubstituted olefins in addition to mono- and di-substituted olefins. In addition, I demonstrated 

that our methodology could be used to generate odd-numbered olefins from even-numbered 

alcohols, which are accessible via reduction of fatty acids. However, I found that our method 

does not provide high conversions for tosyl-protected indoles or methyl esters, resulting in a 
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large amount of starting material, possibly due to rhodium binding to these groups rather than 

performing the desired reaction.  
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2.3 Conclusions: 
 

Our efforts to generate a tandem oxidation-dehydroformylation reaction have been 

successful. In order to increase the rate and conversion of the reaction, we increased the 

temperature of the reaction and used Hünig’s base as an extra additive. Initial substrate scope 

was then performed, showing that the reaction favors the formation of internal olefins over 

external olefins and is able to form mono-, di-, and trisubstituted olefins via the 

dehydroformylation reaction. In addition, we found that this method could be used in a two-step 

process to generate odd-numbered olefins from naturally abundant even-numbered carboxylic 

acids. This tandem oxidation-dehydroformylation is a subject of ongoing study in our lab.
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2.4 Supporting Information 
 

General Procedures 

General Procedure for the tandem oxidation-dehydroformylation of primary alcohols 

 

Methoxybis(cyclooctene) rhodium(I) dimer (2.5 mol %) was combined with Xantphos (5.5 mol 

%) and 3-(methoxy)benzoic acid (8 mol %), followed by THF (1.0 M). Alcohol substrate (1.00 

equiv.) was then added to the reaction mixture, followed by N,N-dimethyl acrylamide (4.00 

equiv.). The reaction mixture was then heated to 110 ºC for 24 h, at which time it was cooled 

back to room temperature and opened to atmosphere to halt reaction progress. 
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Synthesis of Substrates: 

Synthesis of alcohol 130 

 

α-Phenyl cyclopentyl acetic acid (2.04 g, 10.0 mmol, 1.00 equiv.) was dissolved in THF (20 mL) 

and cooled to 0 ºC. LiAlH4 (0.950 g, 25.0 mmol, 2.50 equiv.) was added in portions and the 

reaction was stirred for 3 h. Upon completion of the reaction, as judged by TLC analysis, the 

reaction was quenched using the Fieser method and filtered through a pad of celite. Purification 

via a silica plug (25% EtOAc/75% Hex) afforded alcohol 130 (1.37 g, 7.20 mmol, 72% yield). 

1H NMR (400 MHz, CDCl3) δ 7.40–7.36 (m, 2H), 7.31–7.27 (m, 3H), 3.95 (dd, J = 10.8, 4.4 Hz, 

1H), 3.82 (dd, J = 10.8, 5.2 Hz, 1H), 3.97–3.80 (m, 1H), 2.64–2.58 (m, 1H), 2.12–2.08 (m, 1H), 

1.98–1.95 (m, 1H), 1.74–1.70 (m, 1H), 1.62–1.56 (m, 2H), 1.49–1.46 (m, 2H), 1.34–1.29 (m, 

1H), 1.09–1.04 (m, 1H). 

  

 

 

 

 

 

 

 

 

Ph OH

130

LiAlH4

THF

Ph OH

O



 70 

Synthesis of alcohol 132 

 

 Sodium hydride (70% suspension in mineral oil, 600 mg, 17.5 mmol, 1.75 equiv.) was 

combined with DMF (20 mL) and cooled to 0 ºC. Methyl diethyl malonate (1.74 mL, 10.0 

mmol) was added to the reaction mixture dropwise. The reaction was allowed to stir for 10 

minutes. Phenethyl bromide (1.64 mL, 12.0 mmol, 1.20 equiv.) was added to the reaction 

mixture dropwise, and the reaction was allowed to warm to room temperature while stirring for 4 

h. Following completion of the reaction, as judged by TLC analysis, the reaction was quenched 

via dropwise addition of saturated NH4Cl solution (10 mL) at 0 ºC and diluted with ethyl acetate 

(30 mL). The organic and aqueous layers were separated, and the organic layer was washed with 

H2O (3 x 10 mL). The organic layer was dried over MgSO4, filtered, and concentrated under 

reduced pressure. Purification via column chromatography afforded the malonate as a colorless 

oil (1.73 g, 6.22 mmol, 62% yield). 1H NMR: (400 MHz, CDCl3): δ 7.38–7.28 (m, 2H), 7.26–

7.23 (m, 3H), 4.24 (q, J = 7.2 Hz, 4H), 2.65–2.61 (m, 2H), 2.24–2.20 (m, 2H), 1.55 (s, 3H), 1.31 

(t, J = 7.2 Hz, 6H). 

 

 Malonate (1.73 g, 6.22 mmol) was dissolved in EtOH (15 mL). 2M KOH (3.50 g, 62.3 

mmol, 10.0 equiv.) in H2O was added to the reaction mixture and heated to 80 ºC for 14 h. Upon 
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completion of the reaction, as judged by TLC analysis, the reaction was cooled to room 

temperature and quenched with addition of excess 2 M HCl. Extraction with ethyl acetate (3 x 40 

mL) was then performed. The organic layers were combined, dried over MgSO4, filtered, and 

concentrated under reduced pressure. The crude malonic acid was then heated to 155 ºC for 3 h. 

The resulting brown oil was purified via column chromatography to obtain the desired acid as a 

yellow oil (0.164 g, 0.921 mmol, 15% yield). 1H NMR (400 MHz, CDCl3): δ 7.35–7.31 (m, 2H), 

7.25–7.24 (m, 3H), 2.74–2.70 (m, 2H), 2.57 (sextet, J = 7.2 Hz, 1H), 2.13–2.05 (m, 1H), 1.85–

1.76 (m, 2H), 1.28 (d, J = 7.0 Hz, 6H). 

 

 The carboxylic acid (0.164 g, 0.921 mmol) was dissolved in THF (5 mL) and cooled to 0 

ºC. LiAlH4 (87.0 mg, 2.30 mmol, 2.50 equiv.) was added in portions, and the reaction was 

allowed to warm to room temperature for 2 h. Upon completion of the reaction, as judged by 

TLC analysis, the reaction was quenched using the Fieser method and filtered through a celite 

plug in DCM. Purification via a silica plug (20% EtOAc/80% Hex) afforded alcohol 132 as a 

colorless oil (106 mg, 0.64 mmol, 70% yield). 1H NMR (400 MHz, CDCl3): δ 7.35–7.33 (m, 

2H), 7.25–7.23 (m, 3H), 3.60 (dd, J = 10.4, 5.6 Hz, 1H), 3.53 (dd, J = 10.4, 6.4 Hz, 1H), 2.80–

2.73 (m, 1H), 2.69–2.62 (m, 1H), 1.86–1.78 (m, 1H), 1.76–1.70 (m, 1H), 1.56–1.49 (m, 1H), 

1.04 (d, J = 5.2 Hz, 3H). 

 

 

 

 



 72 

Synthesis of alcohol 137

 

Acrolein (5.0 mL, 75 mmol, 3.00 equiv.) was dissolved in THF (100 mL). 

Morpholine•TFA salt (1.26 g, 6.35 mmol, 25 mol %) was added, followed by indole (2.86 g, 

25.0 mmol, 1.00 equiv.). The reaction was warmed to 30 ºC and stirred for 3.5 h. Following 

completion of the reaction, as judged by TLC, the reaction was concentrated under reduced 

pressure. The crude mixture was then dissolved in MeOH (100 mL) and cooled to 0 ºC. NaBH4 

(1.89 g, 50.0 mmol, 2.00 equiv.) was added in portions, and the reaction mixture was warmed to 

ambient temperature, then stirred for 3 h. Upon completion of the reaction, as judged by TLC 

analysis, the reaction was quenched via addition of 1 M HCl (10 mL). The reaction mixture was 

diluted with 20 mL H2O and concentrated under reduced pressure to remove methanol. The 

reaction mixture was then diluted with EtOAc (100 mL) and washed with H2O (100 mL) and 

brine (100 mL). The organic layer was then dried over MgSO4, filtered, and concentrated under 

reduced pressure. Purification via column chromatography (40% EtOAc/60% Hex) afforded 3-

(3-hydroxypropyl)-1H-indole (3.0 g, 17 mmol, 68% yield). 1H NMR (400 MHz; CDCl3): δ 7.68 

(dd, J = 7.9, 0.7 Hz, 1H), 7.41 (dd, J = 8.1, 0.7 Hz, 1H), 7.25 (td, J = 7.6, 0.9 Hz, 1H), 7.19 (td, J 

= 7.4, 1.0 Hz, 1H), 7.06 (s, 1H), 3.79 (t, J = 6.4 Hz, 2H), 2.92 (t, J = 7.5 Hz, 2H), 2.09–2.02 (m, 

2H). 
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3-(3-Hydroxypropyl)-1H-indole (2.00 g, 11.4 mmol, 1.00 equiv.) was dissolved in DMF 

(57 mL) and cooled to 0 ºC. NaH (0.500 g, 12.6 mmol, 1.10 equiv.) was added to the mixture 

and was stirred for 1 h. DMAP (140 mg, 1.14 mmol, 10 mol %) and TsCl (2.39 g, 12.6 mmol, 

1.10 equiv.) were then added, ad the reaction was warmed to 60 ºC for 24 h. Upon completion of 

the reaction, as judged by TLC analysis, the reaction was quenched via addition of sat. aq. 

NH4Cl (20 mL). The reaction mixture was then extracted with EtOAc (3 x 125 mL). The organic 

layers were combined, dried over MgSO4, filtered, and concentrated under reduced pressure. 

Purification via column chromatography afforded alcohol 138 as a yellow oil (1.01 g, 28% 

yield). 1H NMR (400 MHz; CDCl3): δ 8.02 (m, 1H), 7.78 (m, 2H), 7.50–7.47 (m, 1H), 7.41 (m, 

2H), 7.27–7.06 (m, 3H), 3.81–3.74 (m, 2H), 2.942.90 (m, 1H), 2.84–2.79 (m, 1H), 2.38 (s, 3H), 

2.07–1.98 (m, 2H). 
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Tandem Oxidation-Dehydroformylation of Primary Alcohols 

Allyl Benzene 129 

 

 Alcohol 128 (13.6 mg, 0.100 mmol) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine conversion using 

1,3,5-trimethoxybenzene as an internal GC/MS standard (95% yield). An example NMR 

spectrum from a different run of the reaction is included. 1H NMR (400 MHz, CDCl3): δ 7.32–

7.29 (m, 3H), 7.23–7.19 (m, 3H), 6.02–5.95 (m, 1H), 5.12–5.06 (m, 2H), 3.40 (d, J = 6.8 Hz, 

2H). 

 

Olefin 131 

 

Alcohol 130 (19.0 mg, 0.100 mg) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine yield using 1,3,5-

trimethoxybenzene as an internal NMR standard (27% yield). 1H NMR (400 MHz, CDCl3): δ 

7.33–7.30 (m, 4H), 7.20–7.15 (m, 1H), 6.38 (quintet, J = 2.4 Hz, 1H), 2.58–2.54 (m, 2H), 2.52–

2.48 (m, 2H), 1.80 (quintet, J = 7.2 Hz, 2H), 1.68 (quintet, J = 6.4 Hz, 2H). 

Ph OH Ph
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Olefins 133 and 134 

 

Alcohol 132 (16.4 mg, 0.100 mmol) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine conversion using 

1,3,5-trimethoxybenzene as an internal NMR standard. Overall, 58% yield, 62:38 mixture of 133 

and 134, with 63% of the 133 being trans and 37% of 133 being cis. 1H NMR (400 MHz; 

CDCl3): for 133, δ 7.33–7.29 (m, 2H), 7.23–7.15 (m, 3H), 5.63–5.49 (m, 2H), 3.43 (d, J = 5.2 

Hz, 2H, cis), 3.41 (d, J= 6.3 Hz, 2H, trans), 1.71–1.69(m, 3H, cis), 1.67–1.69 (m, 3H, trans); for 

134, δ 7.33–7.29 (m, 2H), 7.23–7.19 (m, 3H), 5.88–5.78 (m, 1H), 5.04-4.93 (m, 2H), 2.68 (t, J = 

7.8 Hz, 2H) 2.37–2.35 (m, 2H).  

 

Methyl 4-butenoate 136 

 

Alcohol 134 (13.2 mg, 0.100 mmol) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine conversion using 

Me

Ph

OH Me

Ph
132 133

[Rh(cod)OMe]2
Xantphos

3(OMe)-BzOH
N,N-dimethylacrylamide

THF, 110 ºC
+

Ph
134

MeO

O

OH MeO

O

135 136

[Rh(cod)OMe]2
Xantphos

3(OMe)-BzOH
N,N-dimethylacrylamide

THF, 110 ºC



 76 

1,3,5-trimethoxybenzene as an internal NMR standard. 1H NMR (400 MHz, CDCl3): δ 6.99–6.90 

(m, 2H), 5.84–5.79 (m, 1 H), 3.06 (s, 3H), 2.30 (d, J = 3.6 Hz, 2H). 

 

3-vinyl-1-tosylindole 138 

 

Alcohol 138 (32.9 mg, 0.100 mmol) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine conversion using 

1,3,5-trimethoxybenzene as an internal NMR standard. 1H NMR (400 MHz; CDCl3): δ 8.01 (d, J 

= 8.2 Hz, 1H), 7.79–7.73 (m, 3H), 7.62 (s, 1H), 7.34 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 7.26 (s, 1H), 

7.22–7.19 (m, 2H), 6.78 (ddd, J = 17.8, 11.3, 0.7 Hz, 1H), 5.80 (dt, J = 17.8, 0.6 Hz, 1H), 5.35 

(dd, J = 11.3, 1.1 Hz, 1H), 2.32 (s, 3H). 

 

1-undecene 140 

 

 Alcohol 140 (17.2 mg, 0.100 mmol) was subjected to the standard oxidation-

dehydroformylation conditions for 24 h. Upon completion of the reaction, the reaction mixture 

was quenched using standard conditions and was analyzed crude to determine conversion using 

1,3,5-trimethoxybenzene as an internal NMR standard. 1H NMR (400 MHz; CDCl3): δ 5.76–5.71 
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(m, 1H), 4.93 (dt, J = 17.3, 0.8 Hz, 1H), 4.86 (dt, J = 8, 0.8 Hz, 1H), 1.99–1.96 (m, 2H), 1.81–

1.78 (m, 14H), 0.82 (t, J = 6.8 Hz, 3H).  
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Appendix A: Spectral Information 
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