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ABSTRACT OF THE DISSERTATION 

 

An Interrupted Fischer 

Indolization Approach Toward the Akuammiline Alkaloids 

 

by 

 

Ben Weston Boal 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2012 

Professor Neil K. Garg, Chair 

 

 

Chapter one provides an overview of the history of the akuammiline alkaloids, including 

their isolation, structural features, biological activity, and biosynthesis. This chapter provides a 

discussion of synthetic efforts toward these intriguing alkaloids, in addition to detailed 

descriptions of several recently completed total syntheses. Chapter two discusses an efficient 

method to access the fused indoline ring system present in a multitude of bioactive molecules. 

The strategy involves the condensation of hydrazines with latent aldehydes to ultimately deliver 

indoline-containing products by way of an interrupted Fischer indolization sequence. The 

method is convergent, mild, operationally simple, broad in scope, and can be used to access 

enantioenriched products. In addition, the synthesis of furoindoline and pyrrolidinoindoline 

natural products is demonstrated by the concise formal total syntheses of physovenine and 



 iii 

debromoflustramine B. Chapter three explores the mechanisms of the Fischer indole synthesis 

and competing cleavage pathways with SCS-MP2/6-31G(d) and aqueous solvation calculations. 

Electron-donating substituents divert the reaction pathway to heterolytic N–N bond cleavage and 

preclude the acid-promoted [3,3]-sigmatropic rearrangement. Chapters four reports the total 

synthesis of (±)-aspidophylline A, one of many complex furoindoline-containing alkaloids that 

has not been synthesized previously. Our route features a number of key transformations, 

including a Heck cyclization to assemble the [3.3.1]-bicyclic scaffold, as well as a late-stage 

interrupted Fischer indolization to install the furoindoline and construct the natural product’s 

pentacyclic framework.  
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CHAPTER ONE 

Synthetic Studies of the Akuammiline Alkaloids 

 

1.1 Abstract 

 The akuammiline alkaloids are a family of intricate natural products that have received 

considerable attention from chemists worldwide. This chapter provides an overview of the 

history of the akuammiline alkaloids, including their isolation, structural features, biological 

activity, and biosynthesis. In addition, this chapter provides a discussion of synthetic efforts 

toward these intriguing alkaloids, in addition to detailed descriptions of several recently 

completed total syntheses. 

 

1.2 Introduction 

1.2.1 Indoline Natural Products 

The search for novel natural products has led to the isolation of a large number of 

structurally related indoline containing natural products. Such compounds are known for their 

intricate structures and interesting range of biological activity; as such, these natural products 

have captured the attention of synthetic chemists worldwide. A small sample of indoline-

containing natural products is shown in Figure 1.1. Perophoramidine (1.1) was isolated in 2002,1 

and has been synthesized by Funk and Qin.2,3 Psychotrimine (1.2) has been another popular 

target for synthesis since it’s isolation in 2004.4 It has succumbed to two total syntheses through 

elegant routes put forth by the Takayama and Baran laboratories, respectively.5,6 Communesin B 

(1.3) is a member of the communesin family of natural products, which were isolated in 1993.7 

Since their isolation, the communesins have been intensely studied by synthetic chemists,8,9 with 
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efforts culminating in several recent total synthesis.10,11,12 Diazonamide A (1.4) is a secondary 

metabolite, which was isolated in 1991 from colonial marine ascidian Diazona angulata.13 

Diazonamide A shows promising bioactivity as a potent antimitotic agent in several human 

cancer cell lines.14 Harran and coworkers have reported diazonamide A interacts with a form of 

ornithine !-amino transferase (OAT) involved in controlling mitosis in cancer cells.15 Further 

this inhibition of mitosis in cells using OAT does not induce the progressive retinal degeneration 

associated with loss of OAT enzymatic activity in rodents and humans.16 Highlights in the 

synthetic literature18 for this compound includes work by the Harran,19 Macmillan,20 and 

Nicolaou21 laboratories. Lastly, bipleiophylline (1.5) is a recently isolated indoline-containing 

natural product that has yet to be synthesized.22  Whereas these examples showcase the variety 

and complexity that is common amongst indoline natural products, this chapter focuses on a 

subset of natural products called the akuammiline alkaloids. 
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Figure 1.1. Representative structures of indoline alkaloids 

 

1.2.2 Akuammiline Family of Natural Products 

 The akuammaline alkaloids are a particularly interesting family of natural products that 

have been isolated from plants predominantly found in Southeast Asia and Africa. In Figure 1.2, 

several akuammiline alkaloids are shown. Akuammiline23 (1.6) and echitamine chloride24,25,26 

(1.12) were some of the earliest members isolated from this family. Later in the 1960’s, the 

structures of strictamine27 (1.7), picrinine28 (1.9), and vincorine29 (1.11) were elucidated.  Very 

recently, new family members such as aspidophylline A30 (1.8) and scholarisine A31 (1.13) have 

been discovered.  The akuammiline alkaloids are generally characterized by rigid polycyclic ring 

systems that contain: caged structures, a quaternary center, the indol(en)ine motif, and numerous 
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stereocenters. Seven-membered rings, which are typically difficult to synthesize, are seen in both 

vincorine  (1.11) and echitamine chloride (1.12). Whereas structural complexity renders these 

molecules intriguing synthetic targets, the use of these molecules’ parent plant species in 

traditional medicine also demonstrates their medical relevance. 
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Figure 1.2. Representative akuammiline alkaloids 

 

1.2.3 Biological Activity 

The use of the akuammiline alkaloids in traditional medicine has prompted investigations 

of their bioactivities.32 Aspidophylline A (1.8) was found to reverse drug resistance in resistant 

KB cells.30 Another akuammiline natural product with interesting biological activity is picriline 

(1.10).  Picriline has been shown to selectively inhibit SGLT2,33 a renal cortex membrane protein 

that regulates glucose reabsorption. SGLT2 was recently validated as a target for type-II diabetes 

intervention.34 Perhaps the most biologically fascinating akuammiline alkaloid is echitamine 

chloride (1.12), as it has shown to be cytotoxic toward cancer cells with an unusually low overall 

toxicity.35  
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1.2.4 Biosynthesis 

Although the biosynthesis of the akuammiline alkaloids has not been studied in detail, a 

plausible hypothesis has been proposed that relies upon a unique oxidative cyclization of 

geissoschizine, a common intermediate in the biosynthesis of several other alkaloid families 

(Figure 1.3). Beginning with the biosynthesis of picrinine (1.9) and aspidophylline A (1.8), it is 

thought that the initial steps of this biosynthetic pathway closely follow that of the strychnos and 

iboga alkaloids.36  The biosynthesis starts with the coupling of tryptamine (1.14) and 

secologanine (1.15) to form 3" (S)-strictosidine (1.16). 3" (S)-strictosidine (1.16) then undergoes 

an intramolecular cyclization followed by an alkene isomerization to arrive at geissoschizine 

(1.17). Geissoschizine is a biogenetic precursor for a number of alkaloid families.37 In the case of 

the akuammiline alkaloids, geissoschizine (1.17) undergoes an oxidative cyclization forming a 

bond between C7 and C16;38 this is then followed by a deformylation arriving at strictamine 

(1.7).36 Further oxidation of strictamine at C5 (1.7) followed by a cyclization onto the 

indolenine moiety affords picrinine (1.9). Picrinine (1.9), in turn, undergoes a reduction at C5 

followed by N-formylation to arrive at aspidophylline A (1.8).  This reduction of C5 in picrinine 

(1.9) is interesting as it breaks the C–N bond that was present in the original tryptamine building 

block 1.14.  
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Figure 1.3. Proposed biosynthesis of picrinine (1.9) and aspidophylline A (1.8) 

 

Picrinine and strictamine play key roles in the biosyntheses of scholarisine A and vincorine, 

respectively.  The biosynthesis of scholarisine A (1.13) was hypothesized at the time of its 

isolation and begins with picrinine (1.9, Figure 1.4).31
 Picrinine (1.9) is expected to be in 

equilibrium with aldehyde 1.18. This intermediate is thought to undergo an alkene isomerization 

to afford enamine 1.19. This enamine would then attack the free aldehyde to form secondary 

alcohol 1.20. Subsequent cyclization of the alcohol onto the proximal methyl ester with loss of 

methanol would afford scholarisine A (1.13). Similarly, vincorine (1.11) is closely related to 

strictamine (1.7), as shown in Figure 1.5. Rearrangement of strictamine (1.7), with reduction, 

could furnish 1.21, which possesses a 7-membered ring.  Subsequent oxidation and methylation 

of 1.21 would then provide vincorine (1.11). 
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Figure 1.4. Proposed biosynthesis of scholarisine A (1.13) 
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Figure 1.5. Proposed biosynthesis of vincorine (1.11) 

 

1.3 Progress Toward the Total Synthesis of Strictamine  

1.3.1 Dolby’s Efforts Toward the Strictamine Polycyclic Framework  

 In the early 1970’s, the Dolby laboratory reported the first synthetic studies of the 

akuammiline natural products with their attempted synthesis of a strictamine model system 

(Scheme 1.1).39 Their approach toward strictamine hinged on forming a bond between C6 and 

C7 at a late stage. To arrive at a substrate for this bond construction Dolby and coworkers 

synthesized amine 1.24 starting from known alcohol 1.22.  Alcohol 1.22 was activated using p-

toluenesulfonyl chloride, and the resulting alkyl tosylate was then displaced with sodium cyanide 
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to afford nitrile 1.23. Using chemistry developed in the Dolby laboratory,40 nitrile 1.23 was 

selectively oxidized at C3. This step was followed by a double reduction using lithium aluminum 

hydride to deliver the desired amine 1.24 in 28% yield over the two steps.  Amine 1.24 was then 

further elaborated to two potential cyclization substrates: tosylate 1.25 and chloroacetamide 1.26.  

Tosylate 1.25 was submitted to several sets of cyclization conditions, but the desired product 

1.27 was not observed. Hypothesizing that substrate 1.25 could react unproductively to form an 

aziridinium ion if the electron rich nitrogen displaced the tosylate, the authors prepared the less 

electron-rich chloroacetamide substrate 1.26.  Unfortunately, efforts to employ acetamide 1.26 in 

the key C6–C7 bond forming event were also unsuccessful.  After these admirable attempts by 

the Dolby laboratory, synthetic studies on the akuammaline alkaloids remained dormant for 

roughly 20 years.  

 

Scheme 1.1 

N

N
Me

CO2Me

Strictamine (1.7)

N

N

HN

N
R

HN CN
HN OH

1. TsCl, pyridine

2. NaCN, EtOH
    reflux

1. H5IO6, MeOH
    10 ºC

2. LiAlH4, THF
    reflux

1 or 2 steps

1.25, R=CH2CH2OTs
1.26, R=COCH2Cl

1.27

1.22 1.23 1.24(79% yield, 2 steps) (28% yield, 2 steps)

(1.25, 74% yield, 2 steps)
(1.26, 97% yield, 1 steps)

7

6

HN

HN3
3

H

H

H

H

H

H

H

H

 

  

 

 



 9 

1.3.2 Bosch and Bennasar’s Progress Toward Strictamine 

 Likely influenced by the work of the Dolby group, the laboratories of Bosch and 

Bennasar took a similar approach in their synthetic efforts toward strictamine (1.7) where the 

C6–C7 bond would be fashioned at a late-stage (Scheme 1.2).41 The authors targeted compound 

1.31 for their desired cyclization and developed a rapid route to this key substrate. Using LDA to 

form the enolate of indole 1.28, the addition of pyridinium salt 1.29 triggered a tandem 

nucleophilic addition/cyclization to form the [3.3.1] bicycle 1.30.42 Next, over a 3 step / one pot 

sequence, bicycle 1.30 was transformed to alkene 1.31. Of note, 1.31 contains almost all of the 

strictamine functionality, except for the key C6–C7 bond.   

 

Scheme 1.2 
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 After initial attempts to forge the desired C6–C7 linkage by activating the alcohol of 

derivative 1.32 as the tosylate or mesylate were deemed unsuccessful, the authors attempted to 
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activate C6 through a Pummerer cyclization (Scheme 1.3).43 To effect this transformation, they 

first converted alcohol 1.32 into sulfoxide 1.33. Pummerer cyclization of sulfoxide 1.33 was 

conducted by treatment with trifluoroacetic anhydride (TFAA), followed by reaction with BF3-

•Et2O. Unfortunately, the only product observed was pentacycle 1.34, which likely arises from 

the indole nitrogen attacking the presumed thiocarbenium intermediate. Further cyclization 

efforts using protected indole derivatives of 1.33 gave only decomposition products.41 

 

Scheme 1.3 
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 Bosch and Bennasar also attempted photocyclizations of chloroacetamides, such as 1.35 

(Scheme 1.4).44 Again, rather than desired cyclization occurring, reaction at the indole nitrogen  

appeared favorable as 1.36 formed as the only significant product. They attempted to circumvent 

this problem by protecting the indole nitrogen of 1.35, but their efforts were met with similar 

decomposition pathways as seen in their earlier work.41 Attempts to rearrange side products 

similar to 1.36 using a photo-Fries rearrangement were also unsuccessful.45   
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Scheme 1.4 
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 The seminal studies of Dolby and Bosch and Bennasar provide useful insights into the 

reactivity of these types of caged ring systems. When the indole nitrogen is unprotected, it is the 

preferred site of cyclization.  However, even when the indole nitrogen is protected, cyclization to 

furnish the critical C6–C7 linkage is challenging. As suggested by Bosch and Bennasar,41a this 

difficulty is likely due to geometric factors, such as the distance between C6 and C7, the 

challenge in forming a congested quaternary center, and disfavorable transannular interactions 

encumbered in the desired cyclization transition states.  Nonetheless, these results have laid the 

foundation for many of the contemporary studies in akuammiline alkaloid synthesis and have 

resulted in several completed total syntheses. 

 

1.4 Total Synthesis of (±)-Aspidophylline A 

 In 2011, the Garg laboratory completed the first total synthesis of (±)-aspidophylline A 

(1.8).46 The route to the pentacyclic alkaloid 1.8 is summarized in Scheme 1.5 and features a 

number of key transformations, including: (a) a copper-mediated oxidative 

bis(decarboxylation)47 to furnish a [2.2.2]-bicyclic lactam, (b) a Heck cyclization48 to assemble 

the natural product’s [3.3.1]-bicyclic scaffold, and (c) a late-stage interrupted Fischer 

indolization reaction49 to install the fused furoindoline and construct the natural product’s full 
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pentacyclic framework (1.39!1.43). Full details of this total synthesis are discussed in Chapter 

4 of this dissertation. 
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1.5 Total Synthesis of (+)-Scholarisine A 

1.5.1 Retrosynthetic Analysis 

 In 2012, the Smith laboratory reported the first total synthesis of (+)-scholarisine A 

(1.13).50 The retrosynthesis of (+)-scholarisine A (1.13) devised by Smith and coworkers is 

shown in Scheme 1.6.  It was envisioned that (+)-scholarisine A (1.13) would be accessible from 

lactone 1.44, which in turn would come from an oxidative cyclization of diol 1.45.  Diol 1.45 
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was envisioned to arise from indole 1.46. Further disconnection revealed alcohol 1.47 as an 

appropriate synthetic precursor, which would be prepared from known lactone 1.48.51 
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7

6
67

NH

O O

1.47

HO
H

BnN

O O

H

H

1.45

1.481.46

Bn
N

H

H

HO

OH

OBn

O
O

NBzH

BnN

1.44

O

NBnH

HN

O OH

(+)-Scholarisine A (1.13)

N

N

O

O

H
H

H
H

H H

H

H

 

 

1.5.2 Forward Synthesis of (+)-Scholarisine A 

 The Smith laboratory’s synthesis of intermediate 1.53 is shown in Scheme 1.7. The 

synthesis began with lactone 1.48, which was synthesized in enantioenriched form from 

commercially available cis-4-cyclohexene-1,2-dicarboxylic anhydride in five steps, using a 

modification52 of the known procedure.51 Cyanation of lactone 1.48 with cyanobenzotriazole 

(BtCN) and lithium diisopropylamide (LDA), followed by a second alkylation using potassium 

carbonate and ethyl iodide, afforded alkene 1.49.  Epoxidation of alkene 1.49 led to a mixture of 

diastereomers, which upon recrystallization yielded nitrile 1.50 in a 58% yield.  Nitrile 1.50 then 

underwent a reductive cyclization53,54 with H2 and rhodium on alumina to afford amine 1.47, 

which possesses the desired [3.3.1]-bicycle of the natural product. Amine 1.47 was protected as 

the corresponding benzamide, and subsequent alcohol oxidation with Dess–Martin periodinane 

delivered ketone 1.51.  Treatment of ketone 1.51 with benzyl protected phenylhydrazine and HCl 
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in pyridine facilitated the Fischer indolization to provide indole 1.46.39,46 Of note, intermediate 

1.46 possesses most of the scholarisine framework. Reduction of 1.46 with lithium aluminum 

hydride (LiAlH4) simultaneously reduced the lactone and converted the benzamide into a benzyl 

protecting group, thus furnishing diol 1.52. The more sterically accessible primary alcohol of 

diol 1.52 was then selectively protected to give 1.53 in 70% yield over the three steps.  
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 The remaining steps of Smiths’ synthesis of (+)-scholarisine A are shown in Scheme 1.8. 

The remaining goals included installing the lactone ring and introducing the C6 carbon. To this 

end, alcohol 1.53 was oxidized using tetrapropylammonium perruthenate (TPAP) and N-methyl-

morpholine N-oxide (NMO) as a co-oxidant.55 Subsequent addition of in situ-generated 

benzyloxymethyllithium,56 followed by base-mediated desilylation afforded diol 1.54. Next, diol 
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1.54 was exposed to 2-iodoxybenzoic acid (IBX) to provide an aldehyde intermediate.57 The 

crude mixture of this reaction was then treated with TPAP and NMO to deliver 1.55, which 

possesses the required lactone moiety. Of note, this stepwise oxidation avoided side products that 

were observed in attempts to affect direct oxidation of 1.54 to 1.55. By forming the lactone, it 

was hypothesized that C7 and C6 would be in close enough proximity to eventually perform a 

crucial cyclization between these two sites. Following deprotection of the primary alcohol and 

indole nitrogen with aluminum trichloride, the key cyclization was attempted using intermediate 

1.44. However, activation of alcohol 1.44 was unsuccessful due to competitive cyclization of the 

benzyl amine onto C6.  To mitigate this competitive cyclization, the nitrogen protecting group of 

1.44 was exchanged to deliver trifluoroacetamide 1.56. In the key bond forming sequence, the 

alcohol of 1.56 was activated with methanesulfonyl chloride (MsCl). Subsequent treatment of the 

resulting mesylate with tert-butyliminotri(pyrrolidino)-phosphorane (BTPP)58 furnished 

indolenine 1.57 in a 40% yield (four steps from alcohol 1.44). Removal of the trifluoroacetamide 

protecting group with potassium carbonate, followed by oxidation of the secondary amine using 

iodosobenzene (PhIO) provided (+)-scholarisine A (1.13).59 Smith’s synthetic sample was in 

complete accord with the natural material, and therefore confirmed the absolute stereochemical 

configuration of the natural product. 
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Scheme 1.8 
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 Smith’s elegant synthesis of (+)-scholarisine A marks the first asymmetric synthesis of an 

akuammiline alkaloid. The longest linear reaction sequence to arrive at the intricate natural 

product structure is 20 steps from known lactone 1.48.  Highlights of the synthesis include a 

reductive cyclization of nitrile 1.50, a Fischer indolization of ketone 1.51, an oxidative 

lactonization of diol 1.54, and an impressive late-stage intramolecular cyclization of alcohol 1.56 

to forge the key C6–C7 bond.  
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1.6 Qin’s Total Synthesis of (±)-Vincorine 

1.6.1 Key Retrosynthetic Disconnections 

 Qin and coworkers reported the first total synthesis of  (±)-vincorine (1.11) in 2009.60 In 

Qin’s initial retrosynthesis of (±)-vincorine, shown in Scheme 1.10, the seven membered ring 

observed in the natural product would be assembled by an intramolecular reductive Heck 

cyclization48 of vinyl iodide 1.58. Similar cyclizations were reported to close six membered rings 

in the total syntheses of minfiensine, a natural product structurally related to vincorine (1.11).61 

Vinyl iodide 1.58 was envisioned to arise from sulfonamide 1.59, with sulfonamide 1.59 

stemming from "-diazoketone 1.60. In turn, "-diazoketone 1.60 would be obtained from known 

indole 1.61, which can be readily prepared from commercially available material in one step.62 
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1.6.2 Qin’s Initial Route Toward (±)-Vincorine 

 Qin’s initial efforts toward vincorine using the intramolecular Heck cyclization strategy 

are shown in Scheme 1.10.  The synthesis began with the conversion of readily available 

intermediate 1.6162 into ester 1.62 over two steps. Ester 1.62 was then converted to #-keto ester 

1.63, which, in turn, underwent diazo transfer with p-acetamidobenzenesulfonyl azide (p-ABSA) 

to give "-diazoester 1.60. Next, Qin installed the quaternary center at C7 via a 

cyclopropanation/fragmentation cascade sequence that they had successfully used in the 

synthesis of minfiensine.63 In this cascade sequence 5 mol% of copper(I) triflate was added to "-

diazoester 1.60, which furnished tetracyclic indoline 1.59 in 82% yield. The Qin laboratory 

forged ahead with tetracycle 1.59, reduction of the ketone with sodium borohydride, followed by 

removal of the sulfonamide protecting group, delivered secondary amine 1.64. Over three steps, 

amine 1.64 was transformed into reductive Heck cyclization precursor 1.58. In attempts to access 

vincorine via the intramolecular reductive Heck cyclization, tetracyclic vinyl iodide 1.58 was 

subjected to a number of conditions that had been used previously in related Pd-catalyzed 

cyclizations. Despite extensive screening of palladium precatalysts, ligands, and bases, the 

desired pentacyclic ester 1.11 was not observed.  Michael addition-type cyclizations and radical-

based cyclizations of 1.58 were also tested.60 Unfortunately, these attempts were also 

unsuccessful. 
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Scheme 1.10  
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1.6.3 Alternate Synthetic Route to (±)-Vincorine 

 The challenges encountered in the attempted late-stage introduction of the seven-

membered ring using reductive Heck cyclization conditions prompted Qin’s second generation 

approach to vincorine (Scheme 1.11).  Retrosynthetically, the natural product would arise from 

amide 1.65, which, in turn, would be derived from ester 1.66. Thus,  amide bond formation 

would be used to generate the challenging seven membered ring. Ester 1.66 was expected to 

come from a Claisen rearrangement of methyl ether 1.67. Finally, methyl ether 1.67 would be 

obtained from 1.59, which Qin’s laboratory had accessed in their first generation approach (see 

Scheme 1.10).  
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Scheme 1.11 

N
NMe Me

(±)-Vincorine (1.11)
MeO

1.65 1.66

1.591.67

N
NMe

MeO

O

N
NMe

MeO

N
NMe

CO2Me

MeO

O

CO2Me

N
NMe

MeO

O OMe

Ts

Ts Ts

CO2Me OTBS

H H

 

 

 Qin’s approach to install the seven-membered ring proved viable, as shown in Scheme 

1.12. Ester 1.59 was readily manipulated over four steps into allylic alcohol 1.68. Upon 

treatment with pivalic acid and trimethyl orthoacetate, alcohol 1.68 was converted into ester 

1.70, presumably via intermediate methyl ether 1.69 undergoing Johnson–Claisen 

rearrangement.64 Fortunately, the diastereomeric ratio of this process was 4.6:1 in favor of the 

desired diastereomer. The mixture of diastereomers was then separated via column 

chromatography, and the desired isomer 1.70 was taken forward. The synthesis continued with 

reduction of ester 1.70, followed by protection of the resulting alcohol as the triethylsilyl ether.  

Alkene 1.71 was then hydroborated in a two-step process to give alcohol 1.72.  After protection 

of the primary alcohol as the TBS ether, the TES-protected alcohol was converted to the 

corresponding aldehyde by the action of IBX to afford aldehyde 1.73. In the key three step 

sequence involving oxidation of the aldehyde, sulfonamide removal, and amide bond formation, 

1.74 was obtained in 65% yield.  With the critical seven membered ring in place, the exocyclic 
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olefin was installed to arrive at alkene 1.75.  The undesired isomeric alkene 1.76 was also 

observed; however, this byproduct could fortunately be removed by column chromatography. 
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 The final steps of Qin’s total synthesis of (±)-vincorine (1.11) are summarized in Scheme 

1.13. Initial attempts at selectively reducing the amide in 1.75 were met with undesired alkene 
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reduction.65 Therefore, Qin and coworkers resorted to opening the key seven-membered ring by 

methanolysis to furnish amino ester 1.77. Subsequent ester reduction provided allylic alcohol 

1.78.  To reconstruct the seven-membered ring, alcohol 1.78 was first transformed to the 

corresponding allylic chloride.  Treatment of this intermediate with potassium iodide and 

potassium carbonate gave 1.79, thus restoring the vincorine ring system, albeit now with more 

suitable oxidation states for further elaboration. A standard sequence was used to convert 

silylether 1.79 to aldehyde 1.80, and the ensuing oxidation and methylation provided methyl 

ester 1.81 without event. In the final steps, Boc cleavage followed by N-methylation generated 

(±)-vincorine (1.11) in 82% yield. 
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Scheme 1.13 

1.75

N
NBoc

MeO

O

Me

1.77

N
HNBoc

MeO

CO2Me
TBSO

Me

1.78

N
HNBoc

MeO
TBSO

Me

HO

1.79

N
NBoc

MeO

Me1. Cl3CCN
    PPh3, CH2Cl2

2. KI, K2CO3
    CH3CN, 60 ºC

1. 40% HF
    CH3CN, CH2Cl2

2. DMP, CH2Cl2

1.80

N
NBoc

MeO

Me
1. NaClO2, NaH2PO4
    t-BuOH, MeCN

2. CH2N2, Et2O

(82% yield, 2 steps)

1.81

N
NBoc

MeO

Me

TMSOTf

CH2Cl2, 0 ºC

1.82

HN
N

MeO

Me

(83% yield) (95% yield)

(93% yield, 2 steps) (89% yield, 2 steps)

HCHO, NaBH3CN

MeCN, AcOH

(82% yield, 2 steps)

N
NMe Me

(±)-Vincorine (1.11)
MeO

OTBS

NaOMe, MeOH

CH2Cl2, 0 ºC

(i-Bu)2AlH

CH2Cl2, – 78 ºC

CO2Me

CO2Me CO2Me

OTBS

O

H

H

H H

H H

 

 

 Qin’s approaches toward vincorine reveal the challenges associated with assembling the 

natural product’s core, while establishing one of few routes to akuammiline alkaloids. Both 

approaches relied on intermediate tetracycle 1.59, which was synthesized using complexity-

generating copper catalyzed cyclopropanation/fragmentation cascade.63 Subsequent elaboration 

of tetracycle 1.59 to vinyl iodide 1.58 set the stage for an intramolecular Heck or Michael 

cyclizations that were deemed unsuccessful.60 Greater success was seen in the second-generation 

approach to vincorine, where Qin and coworkers found two useful methods to construct the 
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challenging 7-membered ring of the natural product.  One of these methods, involving amine 

displacement of an alkyl iodide, ultimately enabled the total synthesis of (±)-vincorine (1.11).  

This seminal synthesis of (±)-vincorine (1.11) proceeded in 31 steps from indole 1.61 and was 

the first reported total synthesis of any akuammiline alkaloid. 

 

1.7 Ma’s Total Synthesis of (–)-Vincorine 

1.7.1 Key Retrosynthetic Disconnections 

 Most recently, Ma and coworkers reported a concise enantiospecific synthesis of  (–)-

vincorine (1.11).66 As shown in the retrosynthesis (Scheme 1.14), Ma and coworkers envisioned 

installing the seven membered ring of the natural product at a late stage, analogous to the 

approach of the Qin laoratory.60 As such, the natural product was thought to be accessible from 

pyrrolidinoindoline 1.83. The fused indoline motif of 1.83 would come from cyclization of 

indolenine 1.84, which in turn would be formed from an oxidative intramolecular coupling of 

diester 1.85. The Ma laboratory had previously utilized a similar oxidative coupling strategy in 

their synthesis of communesin F.67 Finally, it was envisioned that diester 1.85 could be derived 

from two simpler starting materials, malonate 1.86 and aldehyde 1.87.  
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Scheme 1.14 
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1.7.2 Ma’s Total Synthesis of (–)-Vincorine 

 Ma’s synthesis of the oxidative cyclization precursor 1.85 is summarized in Scheme 1.15. 

Boc-protection of 5-methoxytryptamine (1.88) followed by Pd-catalyzed coupling with acrylate  

afforded ",#-unsaturated ester 1.89.68 A two-step reduction sequence of ester 1.89 produced 

alcohol 1.90 in an 81% yield.  After oxidation of alcohol 1.90 to the corresponding aldehyde, 

proline-mediated Knoevenagel condensation with dimethyl malonate gave malonate 1.86.69 

Toward installing the ethylidine unit, the Ma laboratory elected to attempt an organocatalyzed 

enantioselective Michael addition of 1.87 using a proline derived catalyst on the basis of 

literature precedent.70 Although both aldehyde 1.87 and malonate 1.86 were both more complex 

than substrates reported in the literature, the desired coupling proceeded smoothly to deliver 

selenide 1.91 in 75% yield as a 5:1 diastereomeric mixture. Next, this mixture of diastereomers 

was oxidized and eliminated with m-CPBA and triethylamine in a two step one pot procedure,71 
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which provided an initial 1.7:1 mixture of E and Z isomers. However, this ratio was improved to 

30:1 by exposing the mixture to UV light (360 nm) for 16 hours. Unfortunately, Ma and 

coworkers report that the ee of the resulting aldehyde 1.92 was only 64%.  The resulting 

aldehyde 1.92 was then converted to diester 1.85 using a straightforward three-step sequence.  
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Scheme 1.15 
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 Ma’s completion of (–)-vincorine (1.11) is depicted in Scheme 1.16.  Having established 

an efficient synthesis of diester 1.85, the focus turned to forming the fused pyrrolidinoindoline of 

vincorine. To that end, diester 1.85 was oxidatively cyclized in the presence of lithium 

hexamethyldisilyazide (LiHMDS) and iodine.67 Initial attempts at –78 ºC gave minor amounts of 
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the desired indoline 1.94, but when the reaction was started at –40 ºC and allowed to warm to 

room temperature, the yield improved to 67%. Starting the reaction at a higher temperature did 

not improve the yield. It should also be noted that the use of other oxidants such as Fe(III) salts, 

Cu(II) salts, or N-iodosuccinimide in place of iodine,72 had detrimental effects on the reaction.  

Nonetheless, Krapcho decarboxylation73 of diester 1.94 gave a single diastereomer of 

intermediate 1.83, which was directly transformed to alkyl chloride 1.95 using 

triphenylphosphine dichloride.74 Removal of the Boc group followed by cyclization promoted by 

potassium carbonate and potassium iodide afforded amine 1.82, a known intermediate from 

Qin’s synthesis.60 Reductive amination of amine 1.82 with formaldehyde delivered (–)-vincorine 

(1.11).   
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Scheme 1.16 
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 Ma’s total synthesis of (–)-vincorine (1.11) is the first asymmetric route to this complex 

natural product. Key features of Ma’s synthesis include the palladium-catalyzed C–H 

functionalization of indole 1.88, the organocatalytic enantioselective Michael addition en route 

to intermediate 1.85, the oxidative cyclization to form a quaternary center and two of the rings 

seen in the natural product (1.11), and the efficient late-stage assembly of the seven-membered 

ring. The approach to (–)-vincorine (1.11) proceeds in 18 steps from commercially available 

starting materials, and in an impressive overall yield of 5%. 
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1.8 Conclusions 

 Considering the use of akuammiline-containing plants as traditional medicines, coupled 

to the many modern achievements in total synthesis, the akuammiline alkaloids are perhaps best 

described as compounds with tremendously rich histories. Initial synthetic studies by Dolby in 

the 1970’s and Bosch and Bennasar twenty years later helped lay the foundation for 

contemporary efforts. Several ambitious approaches toward akuammiline alkaloids have been 

examined, leading to four impressive total syntheses and several new synthetic innovations. It is 

certain that additional breakthroughs and total syntheses in the realm of akuammiline natural 

products will be forthcoming. 
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CHAPTER TWO 

 

Exploration of the Interrupted Fischer Indolization Reaction 

Alex W. Schammel, Ben W. Boal, Liansuo Zu,  

Tehetena Mesganaw, and Neil K. Garg. 

Tetrahedron 2010, 66, 4687–4695. 

  

2.1 Abstract 

A convergent method to access the fused indoline ring system present in a multitude of 

bioactive molecules has been developed. The strategy involves the condensation of hydrazines 

with latent aldehydes to ultimately deliver indoline-containing products by way of an interrupted 

Fischer indolization sequence. The method is convergent, mild, operationally simple, broad in 

scope, and can be used to access enantioenriched products. In addition, our approach is amenable 

to the synthesis of furoindoline and pyrrolidinoindoline natural products as demonstrated by the 

concise formal total syntheses of physovenine and debromoflustramine B. The strategy will 

likely enable the synthesis of more complex targets such as the communesin alkaloids. 

 

2.2 Introduction 

The discovery of efficient methods to synthesize complex bioactive molecules continues to 

be a vital area of research.1 A subset of compounds that have received substantial interest due to 

their medicinal properties and impressive structures are those that possess a fused indoline motif, 

of the type 2.1 (Figure 2.1 and Scheme 2.1). The simplest of these compounds are the 

acetylcholinesterase inhibitors physovenine (2.2) and physostigmine (2.3),2,3 which are 

composed of basic furo- and pyrrolidinoindoline motifs, respectively (Figure 2.1). Numerous 
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relatives of pyrrolidinoindoline 2.1 have been isolated, including bis(prenylated) derivatives,4 

dimeric structures,5 and compounds possessing a heteroatom substituent at C3 (e.g., 2.4–2.7, 

respectively).6,7 Beyond these compounds, a variety of more architecturally complex indoline 

containing natural products are known, such as the akuammiline alkaloids (e.g., 2.8–2.11),8,9 

perophoramidine (2.12),10 the communesins (e.g., 2.13),11 diazonamide A (2.14),12 and 

bipleiophylline (2.15).13 Many of these molecules possess interesting biological properties, 

which further enhance their appeal as targets for total synthesis. 

The importance of indoline-containing compounds has prompted the development of a 

number of methods to access such motifs, with numerous studies particularly in the area of 

pyrrolidinoindoline synthesis. In most cases, the fused indoline ring systems 2.1 are constructed 

by cyclization of precursors of the type 2.16, which in turn are derived from substituted indole14 

or oxindole15 intermediates (Scheme 2.1). Herein, we report the development of a powerful 

cascade reaction that allows direct access to 2.1 (via 2.16) from the coupling of two simple 

fragments.16 The transformation is convergent, broad in scope, proceeds under mild reaction 

conditions, and can be used to synthesize a variety of natural product scaffolds.  

Our approach to the indoline scaffold 2.1 of compounds 2.2–2.15 is inspired by the 

classic Fischer indole synthesis,17,18 and is presented in Scheme 2.2. We envisioned that an 

arylhydrazine 2.17 and an !-disubstituted aldehyde 2.18 would react in the presence of acid to 

afford enamine intermediate 2.19. Subsequent [3,3]-sigmatropic rearrangement and re-

aromatization would provide aniline 2.20, which in turn would cyclize with loss of NH3 to 

furnish transient indolenine 2.16. Intramolecular attack by a proximal heteroatom substituent 

(X=NR or O) would deliver the desired product 2.1. This interrupted Fischer indolization process 
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would allow for the formation of three new bonds, two heterocyclic rings and two stereogenic 

centers, one of which is quaternary (C3).  
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Figure 2.1. Parent indoline 2.1 and representative natural products 2.2–2.15. 
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A key feature of our approach to 2.1 is the ready availability of starting materials 2.17 

and 2.18. The arylhydrazine coupling partners 2.17 could be easily prepared or accessed from 
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commercial sources.19 Although the required !-branched aldehyde fragments 2.18 would not be 

obtainable commercially, isomeric lactols and hemiaminals 2.21 could likely serve as suitable 

aldehyde surrogates in the desired transformation (Scheme 2.3).20,21 In turn, lactols and 

hemiaminals 2.21 could be accessed by reduction of readily available lactones or lactams 2.22.22  
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Only scattered examples of the interrupted Fischer indolization process have been 

reported over the past fifty years.23,24,25 Most notable are the seminal studies by Grandberg 

summarized in Figure 2.2.23 In 1967, C2 substituted pyrrolidinoindoline 2.25 was prepared by 

reacting phenylhydrazine (2.23) and 5-chloro-3-methylpentan-2-one (2.24).23a However, this 

method is not applicable to the synthesis of furoindolines, or to the more complex ring systems 
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encountered in numerous natural products. It was later demonstrated that furoindolines could be 

accessed by the acid-promoted reaction of phenylhydrazines with !-disubstituted lactones.23b For 

example, reaction of hydrazine 2.26 and lactone 2.27 in HCl/iPrOH afforded furoindoline 2.28 in 

22% yield. This method bears limitations, such as the modest yields of products, the use of 

strongly acidic conditions, and the constraint to furoindoline ring systems. Despite these laudable 

efforts, and those of others,24,25 a general and mild method to access 2.1 using the interrupted 

Fischer indolization strategy outlined in Scheme 2.2 has remained elusive. Moreover, with the 

exception of our studies,16 the notion that such a method could be used to prepare the indoline 

scaffold present in a multitude of complex biologically important compounds has not been 

realized. 
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Figure 2.2. Grandberg’s syntheses of pyrrolidinoindole 2.25 and furoindoline 2.28. 
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2.3 Synthesis of Furoindolines 

 The feasibility of the proposed cascade reaction sequence of Scheme 2.2 was established 

in the context of furoindoline synthesis. Thus, the reaction between commercially available 

phenylhydrazine (2.23) and latent aldehyde 2.29 (1 equiv) was carried out under a variety of 

acidic conditions (Table 2.1). Lewis acids were examined and found to be ineffective (entries 1 

and 2). However, use of p-toluenesulfonic acid, trifluoroacetic acid, or HCl each afforded the 

desired product 2.30 in modest yield (entries 3–5). Sulfuric acid-mediated reaction conditions 

were also explored, and ultimately provided the desired product in 87% yield (entry 6). 

Recognizing that a milder acid source would be more generally useful, acetic acid was examined. 

Although the use of glacial acetic acid afforded modest product yields (entry 7), employment of 

a 1:1 mixture of acetic acid and water at 60 °C furnished indoline 2.30 in 89% isolated yield 

(entry 8).26  

 

Table 2.1. Survey of acids to promote furoindoline formation. 

conditionsentry acid source

1
2 < 5%

yielda

< 5%

3 51%
4 64%

N
H

+
O N

H

O

HO

Me

H

Me

2.23 2.29 2.30

5
6 87%

70%

7 52%
8 89%b

ZnCl2
TsOH
TFA

5% HCl

4% H2SO4

AcOH

AcOH

benzene, 60 °C

EtOH, 100 °C

EtOH, H2O, 60 °C

CH3CN, 60 °C

CH3CN, 60 °C

CH3CN, 60 °C

AcOH, 60 °C

1:1 AcOH/H2O, 60 °C

PCl3

NH2

 
a Unless otherwise noted, yields determined by 1H NMR analysis.  
b Isolated yield. 
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As shown in Table 2.2, a number of arylhydrazines bearing N-substitution were examined 

in the interrupted Fischer indolization reaction. In addition to parent arylhydrazine 2.23 (entry 1), 

N-methyl,27 N-benzyl, and N-allyl substituted hydrazines were deemed competent coupling 

partners (entries 2–4). Interestingly, the use of N-acetyl and N-Boc phenylhydrazines (entries 5 

and 6) led predominantly to the recovery of unreacted starting materials. 

 

Table 2.2. Variation of the hydrazine N-substituent. 
productentrya

2b

yieldc

70%
N
Me

O
H

Me

hydrazine

N
Me
NH2

3 59%
N
Bn

O

H

Me

N
Bn
NH2

1 89%
N
H

O
H

Me

N
H
NH2

4 60%
N

O
H

Me

N
NH2

5 <5%
N
Ac

O
H

Me

N
Ac

NH2

6 <5%
N
Boc

O

H

Me

N
Boc

NH2

productentrya yieldchydrazine

 
a Conditions unless otherwise noted: lactol 2.29 (1 equiv), 1:1 AcOH/H2O, 60 °C b AcOH as solvent. c 
Isolated yield. 

 
 
 

Substitution on the aryl ring of the hydrazine component was also investigated (Table 

2.3). It was found that para, meta, and ortho substituents were tolerated under the reaction 

conditions (entries 1–6). Importantly, use of chlorohydrazines furnished haloindolines (entries 4 

and 5), which could be further functionalized by transition metal-catalyzed cross-coupling 

chemistry. Finally, the transformation proceeded smoothly with p-methoxyphenylhydrazine as a 

substrate, thus affording C5-oxygenated products in good yields (entry 6).28 
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Table 2.3. Variation of the hydrazine aryl substituent. 

5

productentrya yieldbhydrazine

1 60%
N
H

O
H

Me

N
H

NH2

3 62%
N
H

O
H

Me

N
H

NH2

Me

Me

Me

Me

4 67%
N
H

O
H

Me

N
H

NH2

5 60%
N
H

O
H

Me

N
H

NH2

Cl

Cl

Cl

Cl

6 75%

N
H

O
H

Me

N
H

NH2

MeO
MeO

2 75%
(4 : 3)

N
H

O

H

Me

N
H

NH2Me

Me

N
H

O

H

MeMe
+

productentrya yieldbhydrazine

 
a Conditions unless otherwise noted: lactol 2.29 (1 equiv), 1:1 AcOH/H2O, 60 °C. b Isolated yield.  

 
 

The scope of the lactol component for furoindoline synthesis was examined in the 

interrupted Fischer indolization process (Table 2.4). Gratifyingly, allyl and phenyl substituents 

were tolerated, thus providing fused indolines with alternate C3 substitution (entries 1 and 2). 

Furthermore, the 6-membered homologue of the furoindoline framework was accessible using 

this methodology under our standard reaction conditions (entry 3). 
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Table 2.4. Variation of the lactol component. 
productentrya yieldblactol

OHO N
H

O

H

OHO N
H

O

H

HO

Me

N
H

HO
O

Me

1 89%

2 75%

3 65%

3

3

 
a Conditions: hydrazine 2.23 (1 equiv), 1:1 AcOH/H2O, 60 
°C. b Isolated yield.  

 

 

2.4 Synthesis of Pyrrolidinoindolines  

Having established the viability of the interrupted Fischer indolization approach for the 

synthesis of furoindolines, we sought to develop the corresponding transformation that would 

enable the synthesis of pyrrolidinoindolines and related derivatives. Thus, hemiaminal 2.31 was 

prepared from the corresponding lactam following a known procedure, and then subjected to 

phenylhydrazine (2.23) in the presence of 1:1 H2O/AcOH (Scheme 2.4). To our delight, the 

interrupted Fischer indolization reaction proceeded smoothly at 100 °C and delivered the desired 

indoline 2.32 in 88% yield.  
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Analogous to our studies in the area of furoindoline synthesis, the interrupted Fischer 

indolization reaction was found to be an effective means to access a range of 

pyrrolidinoindolines. As shown in Table 2.5, a variety of arylhydrazines were tolerated in the 

transformation. Reactions of N-substituted arylhydrazines furnished the desired indoline products 

in good yield (entries 1–3), whereas a range of arylhydrazines bearing benzenoid substitution 

were deemed competent coupling partners (entries 4–9). 

 

Table 2.5. Variation of the hydrazine component. 
productentrya

1b

yieldd

81%
N
Me

NTs

H

Me
hydrazine

N
Me

NH2

2 83%
N
Bn

NTs

H

Me

N
Bn

NH2

3 70%
N

NTs

H

Me

N
NH2

4 71%
N
H

NTs

H

Me

N
H

NH2

Me
Me

5 55%
(4 : 3)
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H
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N
H
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H
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6
73%
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H
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H

Me
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Me
Me

7 77%
N
H
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H

Me
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H

NH2

8 84%
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H

Me
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H

NH2

Cl

Cl

Cl

Cl

9c 70%

N
H
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H

Me

N
H

NH2

MeO
MeO

 
a Conditions unless otherwise noted: hemiaminal 2.31 (1 equiv), 1:1 AcOH/H2O, 100 °C. b 23 °C, AcOH as 
solvent. c 75 °C. d Isolated yield. 

 

The scope of the hemiaminal component was also investigated (Table 2.6). C3-allylated 

and -phenylated pyrrolidinoindolines could be accessed without difficulty (entries 1 and 2). Of 

note, these pyrrolidinoindoline motifs are present in an array of medicinally important 

compounds, such as debromoflustramine B (2.5, Figure 2.1)4a and the hodgkinsine alkaloids.29 



49 

Furthermore, a 6-membered homologue was prepared in 81% yield (entry 3) reminiscent of the 

communesin and perophoramidine core structures. Finally, it was determined that a 

carbamylated hemiaminal could be employed in place of a sulfonamide (entry 4). 

  

Table 2.6. Variation of the hemiaminal component. 
productentrya yieldbhemiaminal

N
TsHO N

H

NTs

H

N
TsHO N

H

NTs

H

HO

Me

N
H

HN
Ts

NTs

Me

1 68%

2 70%

3 81%

3

3

N
CO2MeHO

Me

N
H

NCO2Me

H

Me
4 88%

 
a Conditions: hydrazine 2.23 (1 equiv), 1:1 AcOH/H2O, 
100 °C. b Isolated yield. 

 

As shown in Figure 2.3, the N-substituents of our pyrrolidinoindoline products can easily 

be manipulated. The sulfonamide group of 2.33 was removed upon treatment with Mg and 

NH4Cl in MeOH30 to provide pyrrolidinoindoline 2.34 in 77% yield.31 Additionally, carbamate 

2.35 was converted to the corresponding N-methylated product 2.36 when reacted with Red-Al. 

The latter of these results is particularly notable given that many pyrrolidinoindoline natural 

products possess this N-methylated substitution pattern (e.g., Figure 2.1, 2.3–2.7). 
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Figure 2.3. Manipulation of the N-substituent. 

 

 

2.5. Formal Total Syntheses of Physovenine and Debromoflustramine B, and Assembly of 

the Communesin Indoline Scaffold 

 Having developed a powerful means to synthesize fused indoline ring systems, we 

examined the scope and limitations of our methodology in more complex settings. As shown in 

Scheme 2.5, the newly discovered transformation has been utilized to achieve a concise formal 

total synthesis of the furoindoline natural product physovenine (2.2).32 Reaction of hydrazine 

2.3733 with lactol 2.29 in AcOH furnished furoindoline 2.38 in 77% yield, which has previously 

been converted to physovenine (2.2) in two additional steps.15a Although asymmetric routes to 

intermediate 2.38 have previously been reported, our single step route to (±)-2.38 is substantially 

shorter (one step compared to 7,15a or 1832g steps). Furthermore physovenine (2.2) can be 

optically resolved, on preparative scale, using column chromatography with cellulose 

triacetate.32o 
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Scheme 2.5  
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The interrupted Fischer indolization reaction could also be used to complete a formal 

total synthesis of the pyrrolidinoindoline natural product debromoflustramine B (2.5) (Scheme 

2.6).34 Pyrrolidinone 2.3935 was elaborated to hemiaminal 2.40 using a standard two-step 

sequence. Treatment of 2.40 with 1-allyl-1-phenylhydrazine in H2O/AcOH at 100 °C facilitated 

the key condensation/sigmatropic rearrangement to deliver bis(allylated)pyrrolidinoindoline 

2.41. In turn, 2.41 was reacted with 2-methyl-2-butene in the presence of Grubbs’ second 

generation catalyst to afford bis(prenylated) derivative 2.42,36 which was converted to 2.5 by 

reduction with Red-Al.  
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Scheme 2.6 

N

NMe

H

debromo-
flustramine B 

(2.5)

N

NCO2Me

H

2.42

N

NCO2Me

H

2.41

N
NH2

N
CO2MeHON

HO

2.39 2.40

1. NaH, THF, 0 °C
    then ClCO2Me

2.      i-Bu2AlH
    CH2Cl2, –78 °C AcOH, H2O

100 °C

Grubbs II
CH2Cl2, 23 °C

Red-Al

toluene, 80 °C

(54% yield, 2 steps) (86% yield)

(83% yield)

(70% yield)

 

  

Finally, we explored the scope and limitations of our methodology in the context of the 

communesin natural products (Scheme 2.7).37 Known sulfonamide 2.4338 was reacted with 1-

ethoxypropene in the presence of Cs2CO3 to afford hetero-Diels–Alder product 2.44, following 

the general procedure described by Corey.38 Exposure of 2.44 to N-methyl phenylhydrazine 

(2.26) in 1:1 AcOH/H2O delivered indoline 2.45, which possesses the tetracyclic 6,5,6,6-ring 

system of the communesin alkaloids.39 As noted earlier, the previously described [3,3]-

sigmatropic rearrangement strategies for the synthesis of fused indoline ring systems are not 

amenable to this complex scaffold. 
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Scheme 2.7 
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2.6. Access to Enantioenriched Indoline Products 

Having demonstrated that the interrupted Fischer indolization reaction provides an 

effective means to access indoline scaffolds, we hoped to uncover a variant that would give 

access to enantioenriched indoline products. The most appealing scenario to achieve this goal 

would involve asymmetric catalysis. Thus, efforts were put forth to carry out the interrupted 

Fischer indolization reaction in the presence of chiral non-racemic phosphoric acids.40  

As shown in Scheme 2.8, this asymmetric transformation proved challenging. Despite an 

extensive survey of reaction conditions (e.g., variations in substrates, phosphoric acid promoter, 

stoichiometry, solvent, and temperature), only modest levels of enantioselectivity could be 

obtained. For example, reaction of hydrazine 2.23 and lactol 2.29 in the presence of 1.2 

equivalents of phosphoric acid 2.46 (prepared from (R)-BINOL)41 in benzene at 40 °C provided 

furoindoline 2.30 in 62% yield and 28% ee.42 Similar results were obtained when hemiaminal 

substrates were employed in place of lactols. 
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Scheme 2.8  
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 Given the difficulty in achieving a reagent or catalyst-controlled asymmetric interrupted 

Fischer indolization, we turned to the development of an auxiliary-based approach.43 Following 

precedent from Nishida and co-workers in the synthesis of a pyrrolidinoindoline derivative, 

enantioenriched arylhydrazine 2.50 was prepared (Scheme 2.9).25e Bromobenzene (2.47) was 

coupled with commercially available enantioenriched amine (–)-2.48 under Pd catalysis to 

provide aniline 2.49. Using a standard protocol, aniline 2.49 was converted to the targeted 

hydrazine 2.50 in 81% yield over two steps. 
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Scheme 2.9  
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 The utility of arylhydrazine 2.50 in our interrupted Fischer indolization process was 

evaluated in the context of furoindoline synthesis (Figure 2.4).44 Gratifyingly, the reaction of 

2.50 and lactol 2.29 proceeded smoothly under a variety of acidic conditions. When the reaction 

was carried out in the presence of 3 equivalents of chloroacetic acid in benzene at 40 °C, an 80% 

yield of diastereomeric indoline products 2.51 and 2.52 was obtained (d.r.=2.4:1).45 The isomers 

were easily separable using conventional flash column chromatography on silica gel. The major 

isomer 2.51 was treated with Pd(OH)2 and 1,4-cyclohexadiene in EtOH to remove the auxiliary 

and deliver optically enriched indoline 2.30.46 The ee of 2.30 was found to be 97%,22 thus 

demonstrating that our methodology can be utilized to access enantioenriched products. The 

absolute configuration of 2.30 was determined based on correlation to known data,32c and was 

found to be as depicted in Figure 2.4. 
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Figure 2.4. Synthesis of enantioenriched 2.30. 

 

 

2.7. Conclusions  

 In summary, we have developed an efficient method to access the fused indoline ring 

systems present in a variety of natural products. Our interrupted Fischer indolization strategy 

involves the condensation of readily available hydrazines with latent aldehydes to deliver 

indoline-containing products by way of a tandem [3,3]-sigmatropic rearrangement / cyclization 

cascade sequence. The method is convergent, mild, operationally simple, broad in scope, and can 

be used to access enantioenriched products. In addition, our approach is amenable to the 

synthesis of furoindoline and pyrrolidinoindoline natural products as demonstrated by the 

concise formal total syntheses of physovenine and debromoflustramine B. We expect that the 

interrupted Fischer indolization strategy will enable the synthesis of more complex targets such 

as the communesins and akuammiline alkaloids. Such studies in the realm of natural product 

synthesis are currently underway in our laboratory.  
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2.8 Experimental Section 

2.8.1 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). All commercially available reagents were used as received unless 

otherwise specified. !-Methyl-"-butyrolactone, "-butyrolactone, and !-methyl-"-valerolactone 

were obtained from VWR (manufactured by TCI). 2-Piperidinone, 2-pyrrolidinone, o-

tolylhydrazine hydrochloride, p-tolylhydrazine hydrochloride, and 4-chlorophenylhydrazine 

hydrochloride were obtained from VWR (manufactured by Alfa-Aesar). Sodium t-butoxide and 

m-tolylhydrazine hydrochloride were obtained from VWR (manufactured by Acros Organics). 

37% concentrated hydrochloric acid was obtained from VWR (manufactured by EMD). Acetic 

acid was also obtained from VWR. 2-Chlorophenylhydrazine was obtained from Oakwood. p-

Methoxyphenylhydrazine hydrochloride, ethyl 2-phenylacetate, 2-methyl-2-butene, 

diisobutylaluminium hydride, lithium aluminum hydride, Red-Al, sodium hydride, methyl iodide 

(MeI), n-butyllithium, LHMDS, NaHMDS, chloroacetic acid, 1,4-cyclohexadiene, palladium 

hydroxide (20% wt on carbon), and methyl chloroformate were obtained from Sigma-Aldrich. 

Palladium acetate and racemic BINAP were obtained from Strem Chemicals. Bromobenzene and 

sodium nitrite were obtained from Fisher. (S)-1-(Naphthyl)ethylamine and (R)-bi-2-naphthol 

were obtained from TCI America. Grubbs’ second generation catalyst was obtained from 

Materia. Methyl iodide and allyl bromide were passed over basic Brockman Grade I 58 Å 

activated alumina prior to use. Diisopropylamine was distilled over CaH2 prior to use. Chiral 

phosphoric acid 2.46 was prepared according to a known method.47 Reaction temperatures were 

controlled using an IKAmag temperature modulator, and unless stated otherwise, reactions were 



58 

performed at room temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) 

was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a 

combination of UV, anisaldehyde, iodine, and potassium permanganate staining. EMD silica gel 

60 (particle size 0.040–0.063 mm) was used for flash column chromatography. 1H NMR spectra 

were recorded on Bruker spectrometers (at 300 MHz, 400 MHz, or 500 MHz) and are reported 

relative to deuterated solvent signals. Data for 1H NMR spectra are reported as follows: chemical 

shift (# ppm), multiplicity, coupling constant (Hz) and integration. 13C NMR spectra are reported 

in terms of chemical shift. For mixtures of diastereomers, the major diastereomer is reported with 

the minor diastereomer in parentheses for both 1H NMR and 13C NMR spectra. IR spectra were 

recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of frequency absorption 

(cm-1). High resolution mass spectra were obtained from the UC Irvine Mass Spectrometry 

Facility. Determination of enantiopurity was carried out on a Mettler Toledo SFC (supercritical 

fluid chromatography) using a Chiral AS-H column. 
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2.8.2 Experimental Procedures 

A. Synthesis of Lactols 

2.29
OO

Me
i-Bu2AlH 

–78 ºC, CH2Cl2

(80% yield)
OHO

Me

2.52  

Lactol 2.29. Lactol 2.29 was prepared following a known procedure, with minor modifications.48 

Diisobutylaluminum hydride (1.0 M solution in hexanes, 33 mL, 33 mmol) was added dropwise 

over 30 min via syringe pump to a solution of !-methyl-"-butyrolactone 2.52 (2.83 mL, 29.97 

mmol, 1 equiv) in CH2Cl2 (36 mL) at –78 ºC. The resulting solution was stirred at –78 ºC for 0.5 

h, and then quenched at –78 ºC with EtOAc. The reaction was warmed to 23 ºC, and then poured 

into a solution of sat. aq. Na–K tartrate (150 mL). The resulting mixture was vigorously stirred 

until both the aqueous and organic layers were clear (2 h). The layers were separated, and the 

aqueous layer was extracted with CH2Cl2 (4 x 100 mL). The combined organic layers were dried 

over MgSO4 and concentrated under reduced pressure to afford the crude product. Purification 

by flash chromatography (2:1 Et2O:hexanes) produced lactol 2.29 (2.45 g, 80% yield, 67:33 

mixture of diastereomers) as a yellow oil. Rf 0.5 (2:1 Et2O:hexanes); 1H NMR (500 MHz, CDCl3-

): # 5.11 (5.27) (dd, J = 2.0, 1.0, 1H), 4.05 (4.10) (ddd, J = 8.5, 8.5, 2.5, 1H), 3.97 (3.82) (ddd, J 

= 8.0, 8.0, 2.5, 1H), 2.55 (2.37) (d, J = 3.5, 1H), 2.18–2.27 (1.98–2.03) (m, 2H), 1.51–1.56 

(1.72–1.77) (m, 1H), 1.04 (1.10) (d, J = 7.0, 3H). Spectral data match those previously 

reported.48  
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OO LDA, THF

(88% yield)
OO

2.53 2.54

Br

 

Lactone 2.54. Lactone 2.54 was prepared following a known procedure, with minor 

modifications.49 To a stirred solution of diisopropylamine (1.65 mL, 11.6 mmol) in THF (23 mL) 

at 0 ºC, n-BuLi was added dropwise over 5 min (2.43 M in hexanes, 4.80 mL, 11.6 mmol). The 

resulting solution was cooled to –78 ºC for 0.5 h. "-butyrolactone 2.53 (0.893 mL, 1 g, 11.6 

mmol) was added dropwise over 2 min at –78 ºC, and the resulting solution was stirred for 1 h. 

Allyl bromide (1.01 mL, 11.6 mmol) was added dropwise over 2 min, and the resulting mixture 

was stirred for 1 h at –78 ºC. The reaction was warmed to –15 ºC and quenched with a solution 

of sat. aq. NaHCO3 (10 mL). The reaction was then warmed to 23 ºC and diluted with Et2O (50 

mL). The layers were separated and the aqueous layer was extracted with Et2O (3 x 50 mL). The 

combined organic layers were dried over Na2SO4. Evaporation of the solvent under reduced 

pressure afforded the crude lactone 2.54 (1.29 g, 88% yield), which was used in the subsequent 

step without further purification. Rf 0.3 (1:1 EtOAc:hexanes); 1H NMR (400 MHz, CDCl3); 5.77 

(ddt, J = 16.8, 10.0, 6.8, 1H), 5.09–5.21 (m, 2H), 4.40 (ddd, J = 8.8, 8.8, 3.2, 1H), 4.20 (ddd, J = 

9.2, 9.2, 6.8, 1H), 2.58–2.69 (m, 2H), 2.30–2.40 (m, 1H), 2.26–2.31 (m, 1H), 1.97–2.03 (m, 1H). 

Spectral data match those previously reported.49  
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O

OEt

KHMDS, DMF
rt to 45 ºC

Br OEt

OEt O

OEt

OEt

OEt
CF3CO2H, CHCl3

H2O

(70% yield, 2 steps)

O

OEt

O

2.56

2.55 2.57 2.58  

Aldehyde 2.58. Aldehyde 2.58 was prepared following a known procedure, with minor 

modifications.50 To a solution of KHMDS (0.5 M in toluene, 33.0 mL, 16.5 mmol) in DMF (40 

mL) was added a solution of ethyl 2-phenylacetate 2.55 (2.4 mL, 15 mmol) in DMF (10 mL) at 

23 ºC. The resulting solution was stirred for 10 min, and then bromoacetaldehyde diethylacetal 

2.56 (2.53 mL, 16.5 mmol) was added dropwise over 3 min. After 10 min, the reaction was 

heated to 45 ºC for 3 h. The reaction was then cooled to 0 ºC and quenched with a solution of sat. 

aq. NH4Cl (5 mL). The reaction was diluted with water (45 mL), and extracted with hexanes (3 x 

50 mL). The combined organic layers were washed with water (3 x 25 mL) and dried over Na-

2SO4. Evaporation of the solvent under reduced pressure afforded crude ester 2.57, which was 

used in the subsequent step without further purification. 

Ester 2.57 was suspended in water (7.5 mL) and cooled to 0 ºC. A 1:1 mixture of 

trifluoroacetic acid and chloroform (90 mL) was added and the resulting solution was stirred for 

2 h. The reaction was then quenched with a solution of 1 M aqueous potassium carbonate (110 

mL). Solid potassium carbonate was added until the pH of the solution was 10. The solution was 

diluted with CH2Cl2 (200 mL) and the layers were separated. The aqueous layer was extracted 

with CH2Cl2 (3 x 50 mL) and dried over Na2SO4. Purification by flash chromatography (4:1 

Petroleum Ether:EtOAc) provided aldehyde 2.58 (2.16 g, 70% yield) as a yellow oil. Rf 0.05 (1:3 

EtOAc:hexanes); 1H NMR (400 MHz, CDCl3): # 9.78 (s, 1H), 7.25–7.35 (m, 5H), 4.07–4.20 (m, 
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3H), 3.39 (dd, J = 18.4, 10.8, 1H), 2.80 (dd, J = 18.4, 4.7, 1H), 1.20 (t, J = 7.2, 3H). Spectral data 

match those previously reported.50  

 

2.58

O

OEt

O

   i-Bu2AlH 

CH2Cl2, –78 ºC

  (73% yield)

OHO

2.59  

Lactol 2.59. Lactol 2.59 was prepared using the general procedure described by Schmitt et al.48 

Diisobutylaluminum hydride (1.0 M in hexanes, 3.64 mL, 3.64 mmol) was added dropwise over 

10 min to a solution of ester 2.58 (300 mg, 1.45 mmol) in CH2Cl2 (30 mL) at –78 ºC. The 

resulting solution was stirred at –78 ºC for 30 min, and then quenched at  –78 ºC with EtOAc (3 

mL). The reaction was warmed to 23 ºC, and then poured into a solution of sat. aq. Na–K tartrate 

salt (50 mL). The resulting mixture was vigorously stirred until both the aqueous and organic 

layers were clear (2 h). The layers were separated, and the aqueous layer was extracted with CH-

2Cl2 (3 x 100 mL). The combined organic layers were dried over Na2SO4. Evaporation of the 

solvent under reduced pressure afforded the crude product. Purification by flash chromatography 

(1:1 hexanes:EtOAc) provided lactol 2.59 (174 mg, 73% yield, 80:20 mixture of diastereomers) 

as a faint yellow oil. Rf 0.5 (1:1 EtOAc:hexanes); 1H NMR (400 MHz, CDCl3): # 7.22–7.36 

(7.22–7.36) (m, 5H), 5.45 (5.51) (t, J = 2.8, 1H), 4.19 (4.01) (ddd, J = 8.4, 7.2, 1.2, 1H), 4.13 

(4.29) (ddd, J = 12.8, 8.4, 4.8, 1H), 3.34 (3.34) (ddd, J = 8.0, 6.4, 2.0, 1H), 2.97 (2.97) (d, J = 

3.2, 1H), 2.45–2.59 (2.45–2.59) (m, 1H), 1.99–2.01 (2.02–2.04) (m, 1H). Spectral data match 

those previously reported.51 
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MeI, HMPA

LDA, THF

(46% yield)
2.60 2.61

OO OO

Me

 

Lactone 2.61. Lactone 2.61 was prepared following a known procedure, with minor 

modifications.52 To a stirred solution of diisopropylamine (1.72 mL, 12.2 mmol) in THF (23 mL) 

at 0 ºC, a solution of n-BuLi in hexanes (2.74 M, 7 mL, 12.2 mmol) was added dropwise over 5 

min. The resulting solution was cooled to –78 ºC for 1.5 h. A solution of #-valerolactone 2.60 

(1.0 g, 10 mmol), HMPA (2.18 g, 12.2 mmol), and THF (11 mL) was added dropwise over 3 min 

at –78 ºC, and the resulting solution was stirred for 1 h. Methyl iodide (1.48 g, 10.5 mmol) was 

added dropwise over 2 min, and the resulting mixture was stirred for 2 h at –78 ºC. The reaction 

was quenched with solution of sat. aq. NH4Cl solution (5 mL). The reaction was diluted with 

Et2O (50 mL), and the layers were separated. The aqueous layer was extracted with Et2O (4 x 50 

mL). The combined organic layers were dried over Na2SO4. Evaporation of the solvent under 

reduced pressure afforded the crude product. Purification by flash chromatography (1:1 Et-

OAc:hexanes) produced lactone 2.61 (528 mg, 46% yield). Rf 0.5 (1:1 EtOAc:hexanes); 1H NMR 

(400 MHz, CDCl3): # 4.32 (m, 2H), 2.53–2.62 (m, 1H), 2.11 (ddd, J = 11.2, 6.8, 4.4, 1H), 1.83–

1.96 (m, 2H), 1.41–1.57 (m, 1H), 1.26 (d, J = 7.2, 3H). Spectral data match those previously 

reported.52  
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2.61 2.62
OO OHO

Me
i-Bu2AlH 

–78 ºC, CH2Cl2

(95% yield)

Me

 

Lactol 2.62. Lactol 2.62 was prepared following the general procedure described by Schmitt et 

al.48 A solution of diisobutylaluminum hydride (1.0 M in hexanes, 5.1 mL, 5.1 mmol) was added 

dropwise over 7 min to a solution of !-methyl-#-valerolactone 2.61 (528 mg, 4.59 mmol) in 

CH2Cl2 (15 mL) at –78 ºC. The resulting solution was stirred at –78 ºC for 30 min, and then 

quenched with EtOAc (2 mL). The reaction was warmed to 23 ºC, and then poured into a 

solution of sat. aq. Na–K tartrate (125 mL). The resulting mixture was vigorously stirred until 

both the aqueous and organic layers were clear (2 h). The layers were separated, and the aqueous 

layer was extracted with CH2Cl2 (4 x 100 mL). The combined organic layers were dried over 

Na2SO4. Evaporation of the solvent under reduced pressure afforded the crude product. 

Purification by flash chromatography (2:1 Et2O:hexanes) afforded lactol 2.62 (510 mg, 95% 

yield, 67:33 mixture of diasteromers). Rf 0.3 (2:1 Et2O:hexanes); 1H NMR (300 MHz, CDCl3): # 

4.33 (4.99) (d, J = 7.5, 1H), 3.90–4.04 (3.89–3.95) (m, 1H), 3.51 (3.58) (ddd, J = 12.0, 10.2, 3.1, 

1H), 2.72 (2.37) (d, J = 3.3, 1H), 1.79–1.87 (1.79–1.87) (m, 1H) 1.42–1.63 (1.42–1.63) (m, 2H), 

1.18–1.28 (1.18–1.28) (m, 2H), 0.98 (0.92) (d, J = 6.6, 3H). Spectral data match those previously 

reported.53 
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B. Synthesis of Hemiminals 

 

N
HO N

TsO

n-BuLi

2.63 2.64(70% yield)

TsCl, THF
–78 °C

 

Ts-Lactam 2.64. Ts-lactam 2.64 was prepared following the general procedure described by 

Dake et al.54 To a solution of 2-pyrrolidinone 2.63 (3.0 mL, 38.9 mmol) in THF (50 mL) at –78 

°C, n-BuLi (2.55 M in hexanes, 16.0 mL, 41.0 mmol) was added dropwise over 6 min. The 

reaction was stirred at –78 °C for 1.5 h, then a solution of TsCl (7.95 g, 40.88 mmol) in THF (25 

mL), was added dropwise over 20 min. The bath was removed after 20 min, and warmed to 23 

°C over 1 h, and then quenched with sat. aq. NH4Cl (30 mL). The layers were separated and the 

aqueous portion was extracted with EtOAc (3 x 30 mL). The combined organic layers were 

washed with brine (30 mL), dried over MgSO4, and evaporated under reduced pressure. The 

resulting yellow solid was recrystallized from hexanes (50 mL) to afford Ts-Lactam 2.64 (6.55 g, 

70% yield) as a white amorphous solid. Rf 0.2 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3-

): # 7.92 (d, J = 8.5, 2H), 7.33 (d, J = 8.0, 2H), 3.89 (t, J = 7.0, 2H), 2.43 (s, 3H) 2.42 (t, J = 8.0, 

2H), 2.07 (p, J = 7.0, 2H). Data match those previously reported.55 

 

N
TsO N

TsO

Me
NaHMDS

2.64 2.65(64% yield)

MeI, THF
–78 °C

 

Methylated Lactam 2.65. Methylated lactam 2.65 was prepared following a known procedure 

with slight modifications.56 To a solution of Ts-lactam 2.64 (6.57 g, 27.4 mmol) in THF (135 

mL) at –78 °C, NaHMDS (1.0 M in hexanes, 29 mL, 29 mmol) was added dropwise over 10 

min. Following addition, the reaction mixture was stirred for 1 h, then methyl iodide (2.56 mL, 
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41.1 mmol) was added dropwise over 2 min. After 1.5 h, the reaction was quenched with a 

solution of sat. aq. NH4Cl (100 mL) at –78 °C, and warmed to 23 °C. The layers were separated 

and the resulting aqueous layer was extracted with EtOAc (4 x 100 mL). The combined organic 

layers were washed with brine (100 mL), dried over MgSO4, and evaporated under reduced 

pressure. The resulting residue was purified by flash chromatography (4:1 $ 2:1 

hexanes:EtOAc) affording methylated lactam 2.65 as a white amorphous powder (4.44 g, 64% 

yield). Rf 0.5 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 7.92 (d, J = 8.0, 2H), 7.33 (d, 

J = 8.0, 2H), 3.95 (ddd, J = 9.5, 8.5, 2.5, 1H), 3.68 (ddd, J = 10.0, 9.5, 7.0, 1H), 2.26–2.50 (m, 

1H), 2.43 (s, 3H), 2.22–2.28 (m, 1H), 1.66–1.74 (m, 1H), 1.14 (d, J = 7.0, 3H). Spectral data 

match those previously reported.56  

 

N
TsHO

Me
i-Bu2AlH

2.65 2.31
(96% yield)

CH2Cl2, –78 °C
N
TsO

Me

 

Hemiaminal 2.31. Hemiaminal 2.31 was prepared following the general procedure by Schmitt et 

al.48 To a solution of methylated lactam 2.65 (1.28 g, 5.06 mmol) in CH2Cl2 (17 mL) at –78 °C, i-

Bu2AlH (1.0 M in hexanes, 15.2 mL, 15.2 mmol) was added dropwise over 5 min. After stirring 

for 1 h, the reaction mixture was quenched with a solution of sat. aq. NH4Cl (50 mL) at –78 °C. 

The mixture was warmed to 23 °C and transferred to a 500 mL Erlenmeyer flask, with sat. aq. 

Na–K tartrate (100 mL) and EtOAc (50 mL). The reaction mixture was then stirred for 1 h at 23 

°C. The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL). 

The combined organic layers were washed with brine (50 mL), dried over MgSO4, and 

evaporated under reduced pressure. The resulting residue was purified by flash chromatography 

(2:1:1 hexanes:CH2Cl2:Et2O) to provide hemiaminal 2.31 (1.23 g, 96% yield, 65:35 mixture of 
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diastereomers) as a clear viscous oil. Rf 0.2 (8:1:1 hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, 

CDCl3): # 7.74 (7.74) (d, J = 8.0, 2H), 7.32 (7.31) (d, J = 8.0, 2H), 4.97 (5.22) (t, J = 2.5, 1H), 

3.49–3.56 (3.49–3.56) (m, 1H), 3.22 (3.03) (ddd, J = 9.5, 9.5, 7.0, 1H), 3.11 (2.83) (d, J = 2.5, 

1H), 2.43 (2.42) (s, 3H), 2.14–2.21 (2.14–2.21) (m, 1H), 1.80–1.87 (1.80–1.87) (m, 1H), 1.36–

1.42 (1.36–1.42) (m, 1H), 0.71 (1.04) (d, J = 7.0, 3H); 13C NMR (125 MHz, CDCl3): # 143.7 

(143.5), 135.5 (135.8), 129.7 (129.7), 127.2, (127.1), 84.8 (90.0), 46.7 (46.0), 40.6 (39.2), 30.3 

(30.0), 21.5 (21.5), 15.8 (12.8); IR (film): 3491, 2970, 2879, 1598, 1335, 1161 cm-1; HRMS-ESI 

(m/z) [M + Na]+ calcd for C12H17NO3SNa, 278.0827; found, 278.0818.  

 

N
TsON

TsO

2.64

Br

LHMDS
THF, –78 °C

2.66
(45% yield)

 

Allylated pyrrolidinone 2.66. To a solution of hexamethyldisilazane (2.58 mL, 12.4 mmol) in 

THF (12 mL) at 0 °C, n-BuLi (2.38 M in hexanes, 5.2 mL, 12.4 mmol) was added dropwise over 

5 min and stirred for 40 min. The resulting mixture was then added dropwise over 10 min to a 

solution of 2.64 (2.83 g, 11.8 mmol) in anhydrous THF (40 mL) at –78 °C. The reaction stirred 

for 1 h 10 min, then allyl bromide (1.03 mL, 11.8 mmol) was added dropwise over 2 min. The 

reaction was warmed to 23 °C over 1 h, and quenched with sat. aq. NH4Cl (50 mL). The layers 

were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined 

organic layers were washed with brine (50 mL), dried over MgSO4, and concentrated in vacuo. 

The crude residue was purified by flash chromatography (5:1 $ 2:1 hexanes:EtOAc) to afford 

allylated pyrrolidinone 2.66 (1.49 g, 45% yield) as a white amorphous solid. Rf 0.4 (3:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 7.91 (d, J = 8.5, 2H), 7.32 (d, J = 8.5, 2H), 5.62 

(ddt, J = 16.0, 10.0, 7.0, 1H), 5.03 (dd, J = 16.0, 1.0, 1H), 5.00 (dd, J = 7.0, 2.0, 1H), 3.92 (ddd, J 
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= 10.0, 9.0, 3.0 1H), 3.69 (ddd, J = 10.0, 9.0, 7.5, 1H), 2.44–2.50 (m, 2H), 2.43 (s, 3H), 2.16–

2.22 (m, 1H), 2.09–2.14 (m, 1H), 1.77 (ddd, J = 13.0, 9.0, 9.0, 1H); 13C NMR (125 MHz, 

CDCl3): # 174.8, 145.4, 135.3, 134.3, 129.8, 128.2, 117.9, 45.6, 42.9, 34.5, 24.3, 21.9; IR (neat): 

3084, 2890, 1726, 1596, 1354, 1114 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C14H17NO3SNa, 

302.0827; found, 302.0832.  

 

N
TsO

2.66

i-Bu2AlH
CH2Cl2, –78 °C N

TsHO

2.67
(92% yield)

 

Hemiaminal 2.67. To a solution of lactam 2.66 (1.38 g, 4.93 mmol) in CH2Cl2 (16 mL) at –78 

°C, i-Bu2AlH (1.0 M in hexanes, 14.8 mL, 14.8 mmol) was added dropwise over 8 min. After 

stirring for 1 h, the reaction was quenched with a solution of sat. aq. NH4Cl (50 mL) at –78 °C. 

The mixture was warmed to 23 °C and transferred to a 500 mL Erlenmeyer flask with sat. aq. 

Na–K tartrate (100 mL) and EtOAc (50 mL). The reaction mixture was then stirred for 1 h at 23 

°C. The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL). 

The combined organic layers were washed with brine (50 mL), dried over MgSO4, and 

evaporated under reduced pressure. The resulting residue was purified by flash chromatography 

(2:1:1 hexanes:CH2Cl2:Et2O) to provide hemiaminal 2.67 (1.28 g, 92% yield, 65:35 mixture of 

diastereomers) as a clear viscous oil. Rf 0.1 (4:1:1 hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, 

CDCl3); # 7.71–7.75 (7.71–7.75) (m, 2H), 7.28–7.33 (7.28–7.33) (m, 2H), 5.59 (5.74) (ddt, J = 

17.0, 10.0, 7.0, 1H), 5.07 (5.30) (t, J = 2.0, 1H), 4.96 (4.96) (t, J = 9.5, 1H), 4.81 (5.02) (dd, J = 

17.0, 1.5, 1H), 3.48–3.53 (3.48–3.53) (m, 1H), 3.41 (3.23) (s, 1H), 3.28 (3.07) (d, J = 2.5, 1H) 

3.18 (3.02) (td, J = 9.5, 7.0, 1H), 2.42 (2.41) (s, 3H), 2.13–2.18 (2.13–2.18) (m, 1H) 2.08–2.30 

(2.08–2.30) (m, 1H) 1.62–1.68 (1.73–1.81) (m, 1H), 1.44–1.50 (1.44–1.50) (m, 1H); 13C NMR 
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(125 MHz, CDCl3): # 143.9 (143.7), 136.5 (136.0), 135.9 (135.5), 130.0 (130.0), 127.3 (127.3), 

117.1 (116.4), 88.2 (83.9), 46.7 (46.3), 45.8 (44.7), 34.9 (32.8), 28.6 (28.05), 21.7 (21.7); IR 

(film): 3488, 2950, 1598, 1331, 1158 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C14H19NO3SNa, 

304.0983; found, 304.0984. 

 

N
HO

2.68

n-BuLi
TsCl, THF, –78 °C

N
TsO

(67% yield)

2.69  

Ts-Lactam 2.69. Ts-pyrrolidinone 2.69 was prepared using the general procedure described by 

Dake et al.54 To a solution of pyrrolidinone 2.68 (385 mg, 2.39 mmol) in THF (12 mL) at –78 °C, 

n-BuLi was added dropwise over 2 min. The reaction was stirred at –78 °C for 50 min, then a 

solution of TsCl (478 mg, 2.507 mmol) in THF (2 mL) was added dropwise over 2 min. The 

reaction mixture was stirred for 1 h 15 min, then quenched with sat. aq. NH4Cl (20 mL) at –78 

°C and warmed to 23 °C. The layers were separated and the resulting aqueous layer was 

extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (20 

mL), dried over MgSO4, and then concentrated in vacuo. The resulting crude product was 

purified by flash chromatography (6:1 $ 5:1 hexanes:EtOAc) affording Ts-lactam 2.69 (506 mg, 

67% yield) as a white amorphous powder. Rf 0.5 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): # 7.95 (d, J = 7.0, 2H), 7.35 (d, J = 6.5, 2H), 7.23–7.30 (m, 3H), 7.09–7.11 (m, 2H), 

4.07 (ddd, J = 8.0, 3.5, 3.5, 1H), 3.84 (ddd, J = 7.5, 7.0, 1.5 1H), 3.67 (t, J = 9.5, 1H), 2.49–2.52 

(m, 1H), 2.44 (s, 3H), 2.19–2.27 (m, 1H); 13C NMR (125 MHz, CDCl3): # 173.5, 145.5, 137.0, 

135.2, 129.9, 129.0, 128.4, 128.0, 127.8, 49.3, 45.5, 27.8, 21.9; IR (neat): 3707, 3681, 2973, 
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2923, 2865, 2826, 1734, 1346, 1032 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C17H17NO3SNa, 

338.0827; found, 338.0821. 

 

N
TsO

2.69

i-Bu2AlH

CH2Cl2, –78 °C

N
TsHO

(89% yield)

2.70  

Hemiaminal 2.70. Hemiaminal 2.70 was prepared following the general procedure described by 

Schmitt et al.48 To a solution of Ts-lactam 2.69 (428 mg, 1.36 mmol) in anhydrous CH2Cl2 (12 

mL) at –78 °C, i-Bu2AlH (1.0 M in hexanes, 4 mL, 4.07 mmol) was added dropwise over 2 min. 

After stirring for 1 h 20 min, the reaction mixture was quenched with sat. aq. NH4Cl (25 mL) at –

78 °C. The mixture was warmed to 23 °C and transferred to a 250 mL Erlenmeyer flask, with 

EtOAc (30 mL), and sat. aq. Na–K tartrate (50 mL). The resulting mixture was stirred vigorously 

for 20 min. The layers were separated and the aqueous layer was extracted with EtOAc (2 x 20 

mL). The combined organic layers were washed with water (20 mL), brine (20 mL), dried over 

MgSO4, and concentrated in vacuo. The resulting crude product was purified by flash 

chromatography (2:1:1 hexanes:Et2O:CH2Cl2) affording hemiaminal 2.70 (382 mg, 89% yield, 

67:33 mixture of diastereomers) as a clear viscous oil. Rf 0.2 (6:1:1 hexanes:Et2O:CH2Cl2); 1H 

NMR (500 MHz, CDCl3): # 7.73 (7.85) (d, J = 8.5, 2H), 7.30–7.45 (7.30–7.45) (m, 4H), 7.16–

7.25 (7.16–7.25) (m, 2H), 7.00–7.19 (m, 1H), 5.44 (5.58) (t, J = 2.5, 1H), 3.68 (3.68) (td, J = 

10.0, 7.0, 1H), 3.47–3.55 (3.30–3.35) (m, 1H), 3.43 (2.71) (d, J = 2.0, 1H), 3.34 (3.11) (ddd, J = 

7.0, 7.0, 4.0, 1H), 2.45 (2.44) (s, 3H), 2.37 (2.52) (ddd, J = 7.0, 6.5, 5.0, 1H), 1.89 (2.21) (td, J = 

7.5, 7.5, 1H); 13C NMR (125 MHz, CDCl3): # 144.0 (143.9), 139.9 (136.7), 136.2 (136.0), 130.0 

(130.0), 128.9 (128.8), 128.6 (127.6), 127.5 (127.3), 127.3 (127.2), 90.0 (84.4), 51.8 (50.2), 46.9 
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(46.5), 30.5 (27.6), 21.8 (21.8); IR (film): 3482, 2889, 2254, 1598, 1333, 1155 cm-1; HRMS-ESI 

(m/z) [M + Na]+ calcd for C17H19NO3SNa, 340.0983; found, 340.0984.  

 

N
H

O

n-BuLi
TsCl, THF, –78 °C

2.71

N
Ts

O

2.72
(64% yield)

 

Ts-lactam 2.72. Ts-lactam 2.72 was prepared using a known procedure with minor 

modifications.54 To a solution of piperidinone 2.71 (2.73 g, 27.5 mmol) in anhydrous THF (35 

mL) at –78 °C, n-BuLi (2.59 M in hexanes, 11.2 mL, 28.9 mmol) was added dropwise over 4 

min. The reaction was stirred at –78 °C for 1 h, then a solution of TsCl (5.51 g, 28.9 mmol) in 

THF (30 mL) was added dropwise over 18 min. The bath was then removed and the reaction was 

warmed to 23 °C. After 1 h 30 min, the reaction was quenched with sat. aq. NH4Cl (50 mL). The 

layers were separated and the aqueous layer was extracted with EtOAc (3 x 30 mL). The 

combined organic layers were washed with brine (30 mL), dried over MgSO4, and concentrated 

in vacuo. The resulting crude product was purified by recrystallization (75:10 hexanes:EtOAc) to 

afford Ts-lactam 2.72 (4.46 g, 64% yield) as a white crystalline solid. Rf 0.4 (2:1 hexanes: 

EtOAc); 1H NMR (500 MHz, CDCl3): # 7.91 (d, J = 8.5, 2H), 7.31 (d, J = 8.0, 2H), 3.91 (t, J = 

6.0, 2H), 2.42 (s, 3H), 2.41 (t, J = 7.0, 2H), 1.88–1.93 (m, 2H), 1.75–1.80 (m, 2H). Spectral data 

match those previously reported.57 
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N
Ts

O N
Ts

O

MeLHMDS
MeI, THF, –78 °C

2.72 2.73

(60% yield)

 

Methylated Lactam 2.73. Methylated lactam 2.73 was prepared following the general procedure 

described by Padwa et al.56 To a solution of lactam 2.72 (2.01 g, 7.93 mmol) in THF (40 mL) at –

78 °C, LHMDS (1.0 M in hexanes, 8.33 mL, 8.33 mmol) was added dropwise over 5 min and 

was stirred for 55 min. Methyl iodide (0.47 mL, 7.53 mmol) was added dropwise over 1 min, and 

the reaction was allowed to warm to 23 °C. After 1 h the reaction was quenched with sat. aq. 

NH4Cl (30 mL). The layers were separated, and the resulting aqueous layer extracted with 

EtOAc (3 x 30 mL). The combined organic layers were then washed with brine (20 mL), dried 

over MgSO4, and concentrated in vacuo. The resulting crude product was purified by flash 

chromatography (6:1:1 $ 3:1:1 hexanes:Et2O:CH2Cl2) to afford methylated lactam 2.73 (1.27 g, 

60% yield) as a white amorphous solid. Rf 0.4 (3:1 hexanes:EtOAc); 1H NMR (300 MHz, CDCl3) 

# 7.90 (d, J = 8.4, 2H), 7.30 (d, J = 8.4, 2H), 3.85–4.02 (m, 2H), 2.42 (s, 3H), 2.36–2.49 (m, 1H), 

1.80–2.03 (m, 3H), 1.40–1.57 (m, 1H), 1.14 (d, J = 6.9, 3H); 13C NMR (125 MHz, CDCl3): # 

173.7, 144.4, 136.2, 129.2, 128.4, 46.7, 38.5, 28.4, 22.4, 21.6, 16.3; IR (neat): 2873, 1688, 1597, 

1349, 1164 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C13H17NO3SNa, 290.0827; found, 

290.0823. 

 

N
Ts

O

Me

2.73

N
Ts

HO

Me

2.74

i-Bu2AlH

CH2Cl2, –78 °C

(84% yield)

 

Hemiaminal 2.74. To a solution of methylated lactam 2.73 (1.22 g, 4.56 mmol) in anhydrous 

CH2Cl2 (15 mL) at –78 °C, i-Bu2AlH (1.0 M in hexanes, 13.7 mL, 13.7 mmol) was added 
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dropwise over 5 min. After stirring for 40 min, the reaction mixture was quenched with sat. aq. 

NH4Cl (50 mL) at –78 °C. The mixture was warmed to 23 °C, and transferred to a 250 mL 

Erlenmeyer flask with EtOAc (50 mL) and sat. aq. Na–K tartrate (50 mL). The reaction mixture 

was stirred vigorously for 1 h. The layers were separated and the aqueous layer was extracted 

with EtOAc (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried 

over MgSO4, and concentrated in vacuo. The resulting crude product was purified by flash 

chromatography (2:1:1 hexanes:Et2O:CH2Cl2) affording hemiaminal 2.74 (1.03 g, 84% yield, 

82:18 mixture of diastereomers). Rf 0.1 (4:1:1 hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, 

CDCl3): # 7.73 (7.73) (d, J = 8.0, 2H), 7.17 (7.17) (d, J = 8.0, 2H), 5.32 (5.15) (t, J = 3.0, 1H), 

3.50–3.57 (3.50–3.57) (m, 1H), 2.99 (3.11) (ddd, J = 12.5, 12.5, 3.0, 1H), 2.42 (2.42) (s, 3H), 

2.11 (2.16) (dd, J = 4.0, 1.0, 1H), 1.69–1.75 (1.69–1.75) (m, 2H), 1.55–1.63 (1.55–1.63) (m, 1H), 

1.39–1.47 (1.39–1.47) (m, 2H), 0.94 (0.94) (d, J = 7.0, 3H); 13C NMR (125 MHz, CDCl3): # 

143.4 (143.2), 136.9 (135.1), 129.7 (129.7), 129.6 (129.5), 127.2 (127.1), 81.1 (79.8), 39.4 

(43.2), 26.3 (25.2), 21.4 (23.2) 20.8 (20.8), 17.7 (17.7); IR (film): 3519, 3352, 1596, 1449, 1324, 

1146 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C13H19NO3SNa, 292.0983; found, 292.0975. 

 

N
CO2MeHO

Me

N
HO

Me 1. NaH, ClCO2Me
    THF, 0 °C

2. i-Bu2AlH
    CH2Cl2, –78 °C

2.75 2.76(40% yield, 2 steps)  

Hemiaminal 2.76. To a suspension of NaH (73 mg, 3.03 mmol) in THF (5 mL) at 0 °C was 

added a solution of known pyrrolidinone 2.7558 (100 mg, 1.01 mmol) in THF (5 mL). Following 

the addition, the reaction mixture was stirred for 30 min, then methyl chloroformate (156 µL, 

2.02 mmol) was added over 30 sec and the reaction was warmed to 23 °C. After 10 min, the 

reaction mixture was quenched with a solution of sat. aq. NH4Cl (5 mL) and the layers were 
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separated. The aqueous layer was extracted with Et2O (3 x 25 mL). The combined organic layers 

were washed with brine (25 mL) and dried over Na2SO4. The solvent was removed under 

reduced pressure to afford the crude product, which was used in the subsequent step without 

further purification.  

To a solution of the crude product in CH2Cl2 (5 mL) at –78 °C was added i-Bu2AlH (1.0 

M in hexanes, 1.1 mL) and the resulting mixture was stirred for 0.5 h. The reaction mixture was 

quenched with EtOAc (0.1 mL) at – 78 °C, warmed to 23 °C, then transferred to a mixture of 

Na–K tartrate (50 mL) and Et2O (25 mL). After stirring vigorously for 2.5 h, the reaction mixture 

was extracted with Et2O (3 x 30 mL). The combined organic layers were washed with brine (2 x 

50 mL), dried over Na2SO4, and evaporated to dryness. Purification by flash chromatography 

(1:1:1 $ 0:1:1  hexanes:CH2Cl2:Et2O) furnished hemiaminal 2.76 as a yellow oil (64 mg, 40% 

yield, 2 steps, 59:41 mixture of diastereomers). Rf 0.2 (1:1 hexanes: Et2O); 1H NMR (500 MHz, 

CDCl3 @ 345K) # 5.25 (5.25) (m, 1H), 5.01 (5.01) (s, 1H), 3.70 (3.70) (s, 3H), 3.52 (3.23) (t, J = 

9.5, 1H), 3.34–3.45 (3.34–3.35) (m, 1H), 2.04–2.15 (1.71–1.79) (m, 1H), 2.04–2.15 (2.04–2.15) 

(m, 1H), 1.84–1.89 (1.43–1.48) (m, 1H), 1.07 (1.04) (d, J = 6.0, 3H); 13C NMR (125 MHz, 

CD3CN @ 345K) # 129.6 (129.6), 117.5 (117.5), 83.8 (88.9), 52.8 (52.9), 45.6 (46.4), 39.8 

(41.9), 13.6 (17.1); IR (film): 3421, 2961, 2885, 1683, 1450, 1379, 1121 cm-1; HRMS-ESI (m/z) 

[M+Na]+ calcd for C7H13NO3Na, 182.0793; found, 182.0789.  
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C. Synthesis of Furoindolines 

 

N
H

NH2
OHO

Me
+

N
H

O

Me

H

2.23 2.29 2.30

AcOH

60 °C, 4.5 h

(89% yield)
 

Representative Procedure (Reacting phenylhydrazine (2.23) with lactol 2.29 is used as an 

example, Table 2.2, entry 1). Lactol 2.29 (126 mg, 1.22 mmol) was dissolved in a 1:1 mixture 

of acetic acid and water (6 mL). Phenylhydrazine (2.23) (0.121 mL, 1.23 mmol) was added to 

the resulting mixture. The reaction was heated to 60 ºC for 4.5 h, then cooled to 23 ºC, and 

quenched with a solution of sat. aq. NaHCO3 (15 mL). The resulting mixture was extracted with 

EtOAc (3 x 15 mL). The combined organic layers were dried over MgSO4. Evaporation of the 

solvent under reduced pressure afforded the crude product. Purification by flash chromatography 

(7:1 hexanes:EtOAc) afforded indoline 2.30 (196 mg, 89% yield). Rf 0.7 (1:1 EtOAc:hexanes); 

1H NMR (300 MHz, CDCl3): # 7.08 (d, J = 7.2, 1H), 7.05 (t, J = 7.5, 1H), 6.76 (t, J = 7.5, 1H), 

6.59 (d, J = 7.8, 1H), 5.28 (s, 1H), 3.96 (ddd, J = 8.4, 7.2, 1.8, 1H), 3.56 (ddd, J = 10.8, 8.4, 5.1, 

1H), 2.13 (ddd, J = 11.7, 5.4, 1.5, 1H), 2.07 (ddd, J = 11.7, 7.2, 4.2, 1H), 1.47 (s, 3H). 13C NMR 

(125 MHz, CDCl3): # 148.8, 133.9, 127.9, 122.9, 118.8, 108.8, 99.5, 67.3, 53.8, 41.4, 24.7; IR 

(film): 2967, 2845, 1611, 1486, 1265, 1055 cm-1; HRMS-ESI (m/z) [M + H]+ calcd for 

C11H14NO, 176.1075; found 176.1078. 

Any modifications of the conditions shown in this representative procedure are specified in the 

following schemes, which depict all of the condensation reactions  

in Tables 2.2–2.4. 
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N
Me

NH2
OHO

Me
+

N
Me

O

Me

H

2.26 2.29 2.28

AcOH

60 °C, 2.5 h

(70% yield)
 

Indoline 2.28 (Table 2.2, entry 2). Purification by flash chromatography (4:1 hexanes:EtOAc) 

afforded indoline 2.28 as a orange oil (70% yield). Rf 0.5 (3:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): # 7.10 (t, J = 8.0, 1H), 7.06 (d, J = 7.5, 1H), 6.69 (t, J = 7.5, 1H), 6.38 (d, J = 8.0, 

1H), 5.09 (s, 1H), 3.95 (ddd, J = 7.5, 7.5, 1.5, 1H), 3.45 (ddd, J = 8.5, 6.0, 2.5, 1H), 2.94 (s, 3H), 

2.13–2.16 (m, 1H), 2.06 (ddd, J = 11.8, 7.5, 2.5, 1H), 1.48 (s, 3H). Spectral data match those 

previously reported.59 

 

N
Bn

NH2
OHO

Me AcOH:H2O (1:1)

   60 °C, 4.5 h
+

N
Bn

O

Me

H

2.77 2.29 2.78(59% yield)  

Indoline 2.78 (Table 2.2, entry 3). Purification by flash chromatography (6:1 $ 4:1 

hexanes:EtOAc) afforded indoline 2.78 as a yellow oil (59% yield). Rf 0.6 (6:1 hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): # 7.45–7.52 (m, 4H), 7.39 (t, J = 7.0, 1H), 7.23 (d, J = 6.5, 1H), 

7.19 (t, J = 7.5, 1H), 6.86 (t, J = 7.5, 1H), 6.49 (d, J = 8.0, 1H), 5.35 (s, 1H), 4.71 (d, J = 16.0, 

1H), 4.66 (d, J = 16.0, 1H), 4.13 (t, J = 7.5, 1H), 3.72 (ddd, J = 11.5, 8.5, 5.0, 1H), 2.33 (dd, J = 

5.0, 2.0, 1H), 2.22 (ddd, J = 11.5, 7.5, 7.0, 1H), 1.64 (s, 3H). Spectral data match those 

previously reported.60 
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N
NH2

OHO

Me AcOH:H2O (1:1)

   60 °C, 5.5 h
+

N

O

Me

H

2.79 2.29 2.80
(60% yield)

 

Indoline 2.80 (Table 2.2, entry 4). Purification by flash chromatography (10:1 hexanes:EtOAc) 

furnished indoline 2.80 as a yellow oil (60% yield). Rf 0.4 (4:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3) # 7.07 (t, J = 5.0, 2H), 6.70 (t, J = 7.0, 1H), 6.39 (d, J = 8.0, 1H), 5.86–5.90 (m, 

1H), 5.27 (dd, J = 17.5, 1.5, 1H), 5.17–5.18 (m, 2H), 3.94–3.98 (m, 3H), 3.51 (ddd, J = 14.0, 9.0, 

5.5, 1H), 2.15–2.18 (m, 1H), 2.04–2.09 (m, 1H), 1.48 (s, 3H); 13C NMR (125 MHz, CDCl3) # 

149.5, 134.3, 134.1, 127.8, 122.5, 117.3, 116.3, 105.2, 103.6, 67.0, 52.2, 47.2, 41.8, 25.0; IR 

(film): 3054, 2960, 2866, 1606, 1490, 1030, 1007 cm-1; HRMS-ESI (m/z) [M+H]+ calcd for 

C14H18NO, 216.1388; found, 216.1391.  

 

2.82

N
H

NH2•HCl
OHO

Me AcOH:H2O (1:1)

    60 °C, 2 h
+

N
H

O

Me

H

2.81 2.29

Me Me

(60% yield)  

Indoline 2.82 (Table 2.3, entry 1). Purification by flash chromatography (3:1 hexanes:EtOAc) 

afforded indoline 2.82 as a brown oil (60% yield). Rf 0.3 (3:1 hexanes:EtOAc); 1H NMR (400 

MHz, CDCl3): # 6.90 (s, 1H), 6.86 (d, J = 8.0, 1H), 6.50 (d, J = 8.0, 1H), 5.26 (s, 1H), 4.50 (bs, 

1H), 3.94 (ddd, J = 8.5, 8.4, 1.2, 1H), 3.56 (ddd, J = 5.6, 5.2, 1.2, 1H), 2.27 (s, 3H), 2.16 (dd, J = 

7.0, 4.0, 1H), 2.07 (ddd, J = 11.6, 11.2, 7.2, 1H), 1.46 (s, 3H); 13C NMR (125 MHz, CDCl3): # 

146.7, 134.3, 128.4, 128.3, 123.7, 108.3, 100.0, 67.4, 53.9, 41.5, 24.8, 20.8; IR (film): 3357, 

2961, 2868, 1617, 1494, 1265 cm-1; HRMS-ESI (m/z) [M + H]+ calcd for C12H16NO, 190.1232; 

found, 190.1226.  
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2.84

N
H

NH2•HCl
OHO

Me AcOH:H2O (1:1)

    60 °C, 3 h
+

N
H

O

Me

H

2.83 2.29
(75% yield, 4:3)

Me Me

2.85

N
H

O

Me

H

Me

+

 

Indolines 2.84 and 2.85 (Table 2.3, entry 2). Purification by flash chromatography (10:1 $ 5:1 

hexanes:EtOAc) furnished indolines 2.84 and 2.85 as an orange oil (75% yield, 4:3). Rf 0.3 (4:1 

hexanes:EtOAc); 2.84 1H NMR (500 MHz, CDCl3) # 6.98 (m, 1H), 6.60 (d, J = 7.5, 1H), 6.44 (s, 

1H), 5.29 (s, 1H), 4.57 (s, 1H), 3.96 (m, 1H), 3.62 (m, 1H), 2.36 (s, 3H), 2.17 (dd, J = 12.0, 5.0, 

1H), 2.07 (m, 1H), 1.55 (s, 3H); 2.85 1H NMR (500 MHz, CDCl3) # 6.98 (m, 1H), 6.55 (d, J = 

7.5, 1H), 6.45 (d, J = 8.0, 1H), 5.24 (s, 1H), 4.57 (s, 1H), 3.96 (m, 1H), 3.62 (m, 1H), 2.29 (s, 

3H), 2.07 (m, 2H), 1.48 (s, 3H); 13C NMR (125 MHz, CDCl3) # 148.5, 148.4, 143.5, 143.4, 

138.3, 136.1, 135.4, 133.5, 130.1, 129.7, 129.5, 128.3, 127.2, 127.0, 121.9, 121.6, 120.0, 110.3, 

107.3, 85.2, 84.9, 54.5, 53.8, 47.5, 47.3, 37.9, 36.4, 24.5, 23.1, 21.4, 18.0; IR (film): 3392, 2960, 

2867, 1618, 1596, 1450, 1334, 1156 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for C12H15NONa, 

212.1051; found, 212.1049.  

 

Me Me

N
H

NH2•HCl
OHO

Me
AcOH:H2O (1:1)

    60 °C, 2 h
+

N
H

O

Me

H

2.86 2.29 2.87
(62% yield)

 

Indoline 2.87 (Table 2.3, entry 3) Purification by flash chromatography (3:1 hexanes:EtOAc) 

afforded indoline 2.87 as a brown oil (62% yield). Rf 0.4 (3:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): # 6.94 (d, J = 7.6, 1H), 6.90 (d, J = 7.6, 1H), 6.72 (t, J = 7.6, 1H), 5.31 (s, 1H), 

4.41 (bs, 1H), 3.95 (ddd, J = 7.2, 6.8, 2.0, 1H), 3.57 (ddd, J = 5.2, 5.2, 3.6, 1H), 2.18 (ddd, J = 

6.4, 5.6, 1.6, 1H), 2.15 (s, 3H), 2.08 (ddd, J = 11.6, 11.2, 7.2, 1H), 1.47 (s, 3H); 13C NMR (125 
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MHz, CDCl3): # 147.5, 133.5, 128.9, 120.4, 119.2, 117.8, 99.6, 67.4, 54.2, 41.6, 24.9, 16.7; IR 

(film): 3707, 3681, 3352, 2981, 2923, 1602, 1467 cm-1; HRMS-ESI (m/z) [M + H]+ calcd for 

C12H16NO, 190.1232; found, 190.1228. 

 

N
H

NH2•HCl
OHO

Me AcOH:H2O (1:1)

     60 °C, 3 h
+

N
H

O

Me

H

2.88 2.29 2.89

Cl Cl

(67% yield)
 

Indoline 2.89 (Table 2.3, entry 4) Purification by flash chromatography (5:95 MeOH:CH2Cl2) 

afforded indoline 2.89 as a red oil (67% yield). Rf 0.2 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): # 7.02 (s, 1H), 7.00 (d, J = 8.0, 1H), 6.49 (d, J = 8.4, 1H), 5.27 (s, 1H), 4.56 (bs, 1H), 

3.96 (ddd, J = 7.2, 3.2, 2.0, 1H), 3.55 (ddd, J = 8.8, 5.2, 5.2, 1H), 2.15 (ddd, J = 6.8, 5.2, 1.6, 

1H), 2.07 (ddd, J = 11.2, 7.2, 0.6, 1H), 1.46 (s, 3H). 13C NMR (125 MHz, CDCl3): # 147.6, 

136.0, 127.8, 123.4, 123.3, 109.0, 99.9, 67.4, 54.0, 41.4, 24.7; IR (film): 3697, 3681, 2967, 1607, 

1479, 1264, 1033 cm-1; HRMS-ESI (m/z) [M + H]+ calcd for C11H13NOCl, 210.0686; found, 

210.0680. 

 

N
H

NH2•HCl
OHO

Me AcOH:H2O (1:1)

     60 °C, 5 h
+

N
H

O

Me

H

2.90 2.29 2.91

Cl Cl(60% yield)
 

Indoline 2.91 (Table 2.3, entry 5). Purification by flash chromatography (3:1 hexanes:EtOAc) 

afforded indoline 2.91 as a red oil (60% yield). Rf 0.4 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): # 7.10 (d, J = 8.0, 1H), 7.01 (d, J = 7.5, 1H), 6.73 (t, J = 7.5, 1H), 5.33 (s, 1H), 4.8 (s, 

1H), 3.97 (ddd, J = 7.5, 6.0 1.0, 1H), 3.62 (ddd, J = 7.5, 5.5 2.0, 1H), 2.21 (ddd, J = 8.0, 5.5, 

1.0, 1H), 2.13 (ddd, J = 8.0, 6.0, 2.0, 1H), 1.53 (s, 3H). 13C NMR (125 MHz, CDCl3): # 145.9, 
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135.5, 127.6, 121.2, 119.6, 113.4, 99.1, 67.5, 55.0, 41.5, 24.6; IR (neat): 3681, 3431, 2967, 2844, 

1609, 1473, 1265, 1034 cm-1; HRMS-ESI (m/z) [M + H]+ calcd for C11H13NOCl, 210.0686; 

found, 210.0686. 

 

N
H

NH2•HCl OHO

Me AcOH:H2O (1:1)

   60 °C, 4.5 h
+

N
H

O

Me

H

2.92 2.29 2.93

MeO MeO

(75% yield)
 

Indoline 2.93 (Table 2.3, entry 6). Purification by flash chromatography (3:1 hexanes:EtOAc) 

afforded indoline 2.93 as a orange oil (75% yield). Rf 0.5 (2:98 MeOH:CH2Cl2); 1H NMR (300 

MHz, CDCl3): # 6.70 (d, J = 2.4, 1H), 6.63 (dd, J = 8.4, 2.4, 1H), 6.53 (d, J = 8.4, 1H), 5.27 (s, 

1H), 3.95 (ddd, J = 7.2, 2.1, 1.5, 1H), 3.76 (s, 3H), 3.56 (ddd, J = 8.4, 5.4, 5.1), 2.05–2.20 (m, 

2H), 1.47 (s, 3H); 13C NMR (125 MHz, CDCl3): # 153.8, 142.9, 135.8, 112.7, 110.0, 109.1, 

100.4, 67.4, 55.9, 54.3, 41.4, 24.7; IR (neat): 3342, 2961, 1735, 1664, 1486, 1235, 1038 cm-1; 

HRMS-ESI (m/z) [M + Na]+ calcd for C12H15NO2Na, 228.1001; found, 228.1002. 

 

N
H

NH2 OHO

AcOH:H2O (1:1)

   60 °C, 4.5 h
+

N
H

O

H

2.23 2.54 2.94
(89% yield)

 

Indoline 2.94 (Table 2.4, entry 1). Purification by flash chromatography (4:1 hexanes:EtOAc) 

afforded indoline 2.94 as a brown oil (89% yield). Rf 0.4 (6:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): # 7.07 (t, J = 7.5, 1H), 7.05 (d, J = 7.5, 1H), 6.75 (t, J = 7.5, 1H), 6.58 (d, J = 7.5, 

1H), 5.70 (m, 1H), 5.64 (s, 1H), 5.08 (dd, J = 17.0, 1.0, 1H), 5.05 (dd, J = 10.0, 1.0, 1H), 3.95 

(ddd, J = 8.5, 6.5, 1.5, 1H)), 3.56 (ddd, J = 10.5, 8.5, 5.5, 1H), 2.62 (dd, J = 13.0, 6.0, 1H), 2.49 

(dd, J = 14.0, 8.0, 1H), 2.11–2.49 (m, 2H). Spectral data match those previously reported.61 
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N
H

NH2
OHO

AcOH:H2O (1:1)

   60 °C, 4.5 h
+

N
H

O
H

2.23 2.59 2.95
(75% yield)

 

Indoline 2.95 (Table 2.4, entry 2). Purification by flash chromatography (9:1 hexanes:EtOAc) 

afforded indoline 2.95 as an off white solid (75% yield). Rf 0.5 (3:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): # 7.39–7.33 (m, 5H), 7.14 (t, J =8.0, 1H), 7.07 (d, J = 7.0, 1H), 6.80 (t, J = 

7.0, 1H), 6.71 (d, J = 7.5, 1H), 5.65 (s, 1H), 4.68 (bs, 1H), 4.18–4.22 (m, 1H), 3.72 (ddd, J = 

11.5, 8.5, 4.5, 1H), 2.80 (ddd, J = 11.5, 7.5, 7.5, 1H), 2.57 (dd, J = 12.0, 4.5, 1H); 13C NMR (125 

MHz, CDCl3): # 149.4, 144.0, 132.6, 128.6, 128.4, 126.7, 126.1, 124.6, 119.3, 108.7, 100.5, 

68.3, 62.3, 40.5; IR (film): 3708, 3681, 3351, 2973, 2923, 2844, 1606, 1484, 1033 cm-1; HRMS-

ESI (m/z) [M + H]+ calcd for C16H16NO, 238.1232; found, 238.1230.  

 

N
H

NH2

AcOH:H2O (1:1)
 
     60 °C, 2 h

+
N
H

H

2.23 2.62 2.96

OHO

Me
O

Me

(65% yield)

 

Indoline 2.96 (Table 2.4, entry 3). Purification by flash chromatography (6:1 hexanes:EtOAc) 

afforded indoline 2.96 as a orange solid (65% yield). Rf 0.6 (3:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): 7.07 (t, J = 7.5, 1H), 7.05 (d, J = 7.5, 1H), 6.80 (t, J = 7.5, 1H), 6.70 (d, J = 7.5, 

1H), 4.73 (s, 1H), 4.31 (bs, 1H), 3.75 (ddd, J = 11.0, 4.0, 1.5, 1H), 3.45 (ddd, J = 11.0, 9.0, 3.5, 

1H), 2.19 (td, J = 14.0, 4.0, 1H), 1.77 (ddd, J =14.0, 11.5 5.0, 1H), 1.41–1.54 (m, 2H), 1.18 (s, 

3H); 13C NMR (125 MHz, CDCl3): # 148.4, 134.8, 127.5, 121.8, 119.3, 109.9, 95.2, 62.5, 43.5, 

30.7, 26.6, 21.8; IR (neat) 3310, 2909, 1609, 1466, 1211, 1065, 1021 cm-1; HRMS-ESI (m/z) [M 

+ H]+ calcd for C12H16NO, 190.1232; found, 190.1228. 
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D. Synthesis of Pyrrolidinoindolines 

 

N
H

NH2 N
TsHO N

H

NTs

H

2.672.23
(68% yield)

AcOH:H2O (1:1)

100 °C, 1.5 h

2.97  
Representative Procedure (Reacting phenylhydrazine (2.23) with hemiaminal 2.67 is used 

as an example). Indoline 2.97 (Table 2.6, entry 1). Hemiaminal 2.67 (105 mg, 0.37 mmol) was 

dissolved in a 1:1 mixture of acetic acid and water (1.8 mL). Phenylhydrazine (2.23) (0.036 mL, 

0.36 mmol) was added to the resulting mixture. The reaction was heated to 100 °C for 1 h 40 

min, cooled to 23 °C, and then diluted with Et2O (20 mL). The reaction mixture was quenched 

with sat. aq. NaHCO3 (20 mL), and the layers were separated. The aqueous layer was extracted 

with Et2O (3 x 20 mL). The combined organic layers were washed with brine (20 mL), dried 

over MgSO4, and concentrated in vacuo to afford crude indoline 2.97. Purification by flash 

chromatography (18:1:1 benzene:Et2O:CH2Cl2) afforded indoline 2.97 as a yellow oil (68% 

yield). Rf 0.6 (8:1:1 benzene:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.75 (d, J = 8.0, 2H), 

7.32 (d, J = 8.0, 2H), 7.08 (t, J = 7.5, 1H), 7.00 (d, J = 7.0, 1H), 6.75 (t, J = 7.5, 1H), 6.62 (d, J = 

7.5, 1H), 5.55 (ddt, J = 16.8, 10.0, 7.5, 1H), 5.13 (s, 1H), 4.96–5.00 (m, 2H), 4.84 (s, 1H), 3.43 

(ddd, J = 10.0, 8.0, 2.0, 1H), 3.13 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.44 (s, 3H), 2.31 (m, 2H), 2.07 

(ddd, J = 6.5, 6.0, 2.0, 1H), 1.84 (ddd, J = 10.5, 8.0, 6.5, 1H); 13C NMR (125 MHz, CDCl3): # 

149.1, 143.7, 136.4, 133.5, 131.4, 130.0, 128.8, 127.3, 123.2, 119.3, 118.8, 109.7, 82.7, 58.0, 

47.6, 42.3, 36.2, 21.7; IR (neat): 3391, 3076, 1611, 1485, 1337, 1160 cm-1; HRMS-ESI (m/z) 

[M+Na]+ calcd for C20H22N2O2SNa, 377.1300; found, 377.1298. 

Any modifications of the conditions shown in this representative procedure are specified in the 

following schemes, which depict all Table 2.5 and Table 2.6 condensation reactions. 
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N
H

NH2 N
TsHO

Me

N
H

NTs

Me

H

2.312.23
(88% yield)

AcOH:H2O (1:1)

100 °C, 1 h

2.32  

Indoline 2.32 (Scheme 2.4). Purification by filtration afforded indoline 2.32 as a yellow solid 

(88% yield). Rf 0.4 (1:1 hexanes:Et2O); 1H NMR (500 MHz, CDCl3): # 7.74 (d, J = 8.5, 2H), 7.31 

(d, J = 8.0, 2H), 7.08 (t, J = 6.5, 1H), 7.00 (d, J = 7.0, 1H), 6.75 (t, J = 7.0, 1H), 6.62 (d, J = 8.0, 

1H), 5.02 (s, 1H), 4.86 (bs, 1H), 3.40 (ddd, J =10.5, 7.5, 2.0, 1H), 3.13 (ddd J = 10.5, 10.0, 6.0, 

1H), 2.42 (s, 3H), 2.15 (ddd, J = 6.5, 6.0, 2.5, 1H), 1.77 (ddd J = 10.5, 8.0 2.5, 1H), 1.27 (s, 3H); 

13C NMR (125 MHz, CDCl3): # 148.5, 143.7, 136.4, 133.2, 130.0, 128.6, 127.3, 122.5, 119.5, 

109.8, 84.9, 54.4, 47.8, 38.2, 24.7, 21.7; IR (neat): 3387, 2965, 1610, 1329, 1156; HRMS-ESI 

(m/z) [M+Na]+ calcd for C18H20N2O2SNa, 351.1143; found, 351.1142. 

 

N
Me

NH2 N
TsHO

Me

N
Me

NTs

Me

H

2.312.26
(81% yield)

AcOH

23 °C, 33 h

2.33  

Indoline 2.33 (Table 2.5, entry 1). Purification by flash chromatography (6:1 $ 4:1 

hexanes:Et2O) affording indoline 2.33 (81% yield) as a yellow foam. Rf 0.5 (2:1 hexanes:Et2O); 

1H NMR (500 MHz, CDCl3): # 7.79 (d, J = 8.0, 2H), 7.34 (d, J = 8.0, 2H), 7.10 (t, J = 7.5, 1H), 

6.92 (d, J = 7.0, 1H), 6.66 (t, J = 7.0, 1H), 6.40 (d, J = 8.0, 1H), 5.13 (s, 1H), 3.55 (ddd, J = 7.0, 

5.5, 2.5, 1H), 3.07 (ddd, J = 12.0, 11.0, 5.5, 1H), 3.01 (s, 3H), 2.45 (s, 3H), 1.93 (ddd, J = 6.5, 

5.5, 2.0, 1H), 1.39 (ddd, J = 12.0, 11.0, 7.5, 1H), 1.14 (s, 3H); 13C NMR (125 MHz, CDCl3): # 

150.2, 143.8, 136.8, 133.2, 129.9, 128.6, 127.4, 122.0, 117.7, 106.0, 91.2, 53.2, 48.6, 39.6, 31.5, 

24.5, 21.7; IR (neat): 2936, 2868, 1609, 1492, 1341, 1153 cm-1; HRMS-ESI (m/z) [M + Na]+ 

calcd for C19H22N2O2SNa, 365.1300; found, 365.1291. 
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N
Bn

NH2 N
TsHO

Me

N
Bn

NTs

Me

H

(83% yield)

AcOH:H2O (1:1)

100 °C, 1 h

2.77 2.31 2.98  

Indoline 2.98 (Table 2.5, entry 2). Purification by flash chromatography (10:1:1 $ 8:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.98 as a white solid (83% yield). Rf 0.8 (2:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.71 (d, J = 8.5, 2H), 7.29–7.35 (m, 4H), 

7.21–7.26 (m, 3H), 7.02 (t, J = 8.0, 1H), 6.94 (d, J = 7.0, 1H), 6.65 (t, 7.5, 1H), 6.32 (d, J = 8.0, 

1H), 5.27 (s, 1H), 4.75 (d, J = 16.5 1H), 4.61 (d, J = 16.5, 1H), 3.62 (ddd, J = 7.0, 5.0, 1.5, 1H), 

3.14 (ddd, J =12.0, 11.5, 5.5, 1H), 2.44 (s, 3H), 1.97 (ddd, J = 12.5, 5.5, 2.0, 1H), 1.41 (ddd, J = 

12.0, 11.5, 7.0, 1H), 1.14 (s, 3H); 13C NMR (125 MHz, CDCl3); # 149.3 149.2, 143.5, 143.4 

138.6, 136.7, 132.8, 129.7, 128.3, 127.1, 127.1, 126.7, 122.1, 106.0, 89.5, 53.3, 48.2, 48.0, 39.8, 

25.1, 21.4; IR (neat): 3062, 2924, 1605, 1489, 1343, 1155 cm-1; HRMS-ESI (m/z) [M + Na]+ 

calcd for C25H26N2O2SNa, 441.1613; found, 441.1623. 

 

N
NH2

N
TsHO

Me AcOH:H2O (1:1)

   100 °C, 1 h
+

N

NTs

Me

H

2.79 2.31 2.99
(70% yield)

 

Indoline 2.99 (Table 2.5, entry 3). Purification by flash chromatography (10:1 hexanes:EtOAc) 

afforded indoline 2.99 (70% yield) as a yellow oil. Rf 0.5 (4:1 hexanes:EtOAc 1H NMR (500 

MHz, CDCl3) # 7.79 (d, J = 8.0, 2H), 7.35 (d, J = 8.0, 2H), 7.08 (t, J = 7.5, 1H), 6.93 (d, J = 7.5, 

1H), 6.65 (t, J = 7.5, 1H), 6.42 (d, J = 8.0, 1H), 5.86–5.91 (m, 1H), 5.29 (dd, J = 17.0, 1.5, 1H), 

5.23 (s, 1H), 5.19 (dd, J = 10.5, 1.5, 1H), 4.18 (dd, J = 17.0, 6.0, 1H), 4.03 (dd, J = 16.5, 4.5, 

1H), 3.58 (ddd, J = 12.0, 7.5, 2.5, 1H), 3.13 (ddd, J = 16.5, 11.0, 6.0, 1H), 2.46 (s, 3H), 1.95 

(ddd, J = 12.5, 6.0, 2.5, 1H), 1.41 (ddd, J = 16.0, 10.5, 7.0, 1H), 1.13 (s, 3H); 13C NMR (125 
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MHz, CDCl3) # 148.9, 143.6, 136.7, 133.6, 133.0, 129.7, 128.3, 127.2, 122.0, 117.3, 116.4, 

106.2, 89.3, 53.1, 48.1, 46.6, 39.7, 24.8, 21.5; IR (film): 3682, 2966, 2845, 1607, 1490, 1346, 

1158, 1054 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for C21H24N2O2SNa, 391.1456; found, 

391.1442.  

 

N
H

NH2•HCl N
TsHO

Me

N
H

NTs

Me

H

(71% yield)

AcOH:H2O (1:1)

100 °C, 1.5 h

Me
Me

2.81 2.1002.31  

Indoline 2.100 (Table 2.5, entry 4). Purification by flash chromatography (6:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.100 as a yellow foam (71% yield). Rf 0.4 (4:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.73 (d, J = 8.0, 2H), 7.31 (d, J = 8.0, 

2H), 6.88 (d, J = 7.5, 1H), 6.81 (s, 1H), 6.53 (d, J = 7.5, 1H), 5.00 (s, 1H), 4.70 (bs, 1H), 3.40 

(ddd, J = 10.5, 8.0, 2.5, 1H), 3.13 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.43 (s, 3H), 2.16 (s, 3H), 2.14 

(ddd, J = 12.5, 6.0, 2.5, 1H), 1.77 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.26 (s, 3H); 13C NMR (125 

MHz, CDCl3): # 146.1, 143.6, 136.4, 133.4, 129.9, 128.9, 128.8, 127.3, 123.1, 109.7, 85.2, 54.4, 

47.8, 38.1, 24.7, 21.7, 21.0; IR (film): 3395, 2962, 2924, 1617, 1598, 1494, 1334, 1156 cm-1; 

HRMS-ESI (m/z) [M+Na]+ calcd for C19H22N2O2SNa, 365.1300; found, 365.1305. 

 

2.101

N
H

NH2•HCl
N
TsHO

Me AcOH:H2O (1:1)

100 °C, 1.5 h
+

N
H

NTs

Me

H

2.83 2.31
(55% yield, 4:3)

Me Me

2.102

N
H

NTs

Me

H

Me

+

 

Indolines 2.101 and 2.102 (Table 2.5, entry 5). Purification by flash chromatography (5:1 

hexanes:EtOAc) furnished indolines 2.101 and 2.102 as a dark red oil (55% yield, 4:3). Rf 0.3 

(4:1 hexanes:EtOAc); 2.101 1H NMR (500 MHz, CDCl3) # 7.34 (d, J = 6.0, 2H), 7.33 (d, J = 7.5, 
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2H), 6.89 (d, J = 5.0, 1H), 6.58 (d, J = 7.0, 1H), 6.46 (s, 1H), 5.01 (s, 1H), 3.41 (ddd, J = 14.0, 

4.0, 2.0, 1H), 3.15 (ddd, J = 10.5, 10.0, 6.5, 1H), 2.45 (s, 6H), 2.39 (ddd, J = 12.0, 6.0, 4.0, 1H), 

2.13 (ddd, J = 11.0, 5.0, 1.0, 1H), 1.27 (s, 3H); 2.102 1H NMR (500 MHz, CDCl3) # 7.76 (d, J = 

5.0, 2H), 7.75 (d, J = 5.0, 2H), 6.98 (t, J = 8.0, 1H), 6.53 (d, J = 7.5, 1H), 6.47 (d, J = 7.0, 1H), 

4.90 (s, 1H), 3.33 (ddd, J = 11.0, 6.0, 4.0, 1H), 3.21 (ddd, J = 10.0, 9.5, 6.0, 1H), 2.28 (s, 6H), 

1.75–1.80 (m, 2H), 1.34 (s, 3H); 13C NMR (125 MHz, CDCl3) # 148.7, 148.6, 143.7, 143.6, 

138.5, 136.3, 135.7, 133.7, 130.1, 129.7, 128.5, 127.4, 127.2, 122.1, 121.8, 120.2, 110.5, 107.5, 

85.5, 85.1, 54.5, 53.8, 47.7, 47.5, 38.1, 36.6, 24.8, 23.3, 21.7, 21.6, 18.3; IR (film): 3392, 2960, 

2867, 1618, 1596, 1450, 1334, 1156 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for C19H22N2O2SNa, 

365.1300; found, 365.1294. 

 

N
H

NH2•HCl N
TsHO

Me

N
H

NTs

Me

H

(73% yield)

AcOH:H2O (1:1)

100 °C, 1.5 h
Me

Me
2.86 2.31 2.103  

Indoline 2.103 (Table 2.5, entry 6). Purification by flash chromatography (6:1:1 $ 4:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.103 as a yellow foam (73% yield). Rf 0.4 (2:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.74 (d, J = 8.5, 2H), 7.32 (d, J = 8.5, 

2H), 6.91 (d, J = 7.5, 1H), 6.86 (d, J = 7.5, 1H), 6.70 (t, J = 7.5, 1H), 5.07 (s, 1H), 4.62 (bs, 1H), 

3.40 (ddd, J = 10.5, 8.0, 2.5, 1H), 3.13 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.44 (s, 3H), 2.12–2.17 (m, 

4H), 1.79 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.27 (s, 3H); 13C NMR (500 MHz, CDCl3): # 146.6, 

143.3, 136.2, 132.2, 129.5, 129.1, 127.0, 119.5, 119.3, 118.8, 84.4, 54.3, 47.9, 37.9, 24.4, 21.3, 

16.4; IR (film): 3383, 2957, 1598, 1464, 1339, 1156 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for 

C19H22N2O2SNa, 365.1300; found, 365.1303. 
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N
H

NH2•HCl N
TsHO

Me

N
H

NTs

Me

H

(77% yield)

AcOH:H2O (1:1)

100 °C, 1 h

Cl
Cl

2.88 2.31 2.104  

Indoline 2.104 (Table 2.5, entry 7). Purification by flash chromatography (6:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.104 as yellow solid (77% yield). Rf 0.2 (4:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.73 (d, J = 8.0, 2H), 7.32 (d, J = 8.0, 

2H), 7.02 (d, J = 8.5, 1H), 6.95 (s, 1H), 6.53 (d, J = 8.5, 1H), 5.01 (s, 1H), 4.90 (s, 1H), 3.40 

(ddd, J = 10.5, 8.5, 2.5, 1H), 3.14 (ddd, J = 10.5, 10.0, 6.0, 1H), 2.42 (s, 3H), 2.12 (ddd, J = 12.5, 

6.0, 2.5, 1H), 1.77 (ddd, J = 12.5, 10.0, 8.0, 1H), 1.25 (s, 3H); 13C NMR (125 MHz, CDCl3): # 

147.1, 143.9, 136.2, 135.1, 130.0, 128.4, 127.3, 123.9, 122.9, 110.5, 85.2, 54.5, 47.7, 38.0, 24.5, 

21.7; IR (film): 3394, 2964, 1607, 1482, 1432, 1334, 1157, 1093 cm-1; HRMS-ESI (m/z) 

[M+Na]+ calcd for C18H19ClN2O2SNa, 385.0753; found, 385.0749.  

 

N
H

NH2•HCl N
TsHO

Me

N
H

NTs

Me

H

(84% yield)

AcOH:H2O (1:1)

100 °C, 1 h
Cl

Cl
2.90 2.31 2.105  

Indoline 2.105 (Table 2.5, entry 8). Purification by flash chromatography (6:1:1 $ 4:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.105 as a yellow foam (84% yield). Rf 0.6 (2:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.74 (d, J = 8.5, 2H), 7.31 (d, J = 8.0, 

2H), 7.05 (d, J = 8.0, 1H), 6.88 (d, J = 7.5, 1H), 6.67 (t, J = 7.5, 1H), 5.14 (s, 1H), 5.04 (s, 1H), 

3.45 (ddd, J = 10.5, 8.0, 2.5, 1H), 3.08 (ddd, J = 10.5, 8.0, 2.5, 1H), 2.43 (s, 3H), 2.14 (ddd, J = 

12.5, 6.0, 2.5, 1H), 1.84 (ddd, J = 12.5, 10.0, 8.0, 1H), 1.29 (s, 3H); 13C NMR (125 MHz, 

CDCl3): # 145.5, 143.9, 136.3, 134.8, 129.8, 128.3, 127.4, 120.8, 120.3, 114.9, 84.3, 55.6, 47.7, 
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38.4, 24.7, 21.7; IR (film): 3393, 2958, 1608, 1460, 1338, 1158, 1033 cm-1; HRMS-ESI (m/z) 

[M+Na]+ calcd for C18H19ClN2O2SNa, 385.0753; found, 385.0751.  

 

N
H

NH2•HCl N
TsHO

Me

N
H

NTs

Me

H

(70% yield)

AcOH:H2O (1:1)

75 °C, 6 h

MeO MeO

2.92 2.31 2.106  

Indoline 2.106 (Table 2.5, entry 9). Purification by flash chromatography (12:1:1 $ 8:1:1 

benzene:Et2O:CH2Cl2) afforded indoline 2.106 as a yellow foam (70% yield). Rf 0.4 (10:1:1 

benzene:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): # 7.73 (d, J = 8.0, 2H), 7.31 (d, J = 8.0, 

2H), 6.63 (dd, J = 8.5, 2.5 2H), 6.55 (d, J = 8.5, 1H), 4.99 (s, 1H), 4.64 (s, 1H), 3.37 (s, 3H), 3.41 

(ddd, J = 10.5, 8.0, 2.5, 1H), 3.13 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.43 (s, 3H), 2.13 (ddd, J = 12.5, 

6.0, 2.0, 1H), 1.75 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.31 (s, 3H); 13C NMR (125 MHz, CDCl3): # 

153.8, 143.4, 142.0, 136.0, 134.5, 129.6, 127.0, 112.9, 110.1, 109.3, 85.3, 55.8, 54.4, 47.4, 37.6, 

24.2, 21.4; IR (film); 3382, 2974, 2832, 1499, 1435, 1226, 1032 cm-1; HRMS-ESI (m/z) [M+Na]+ 

calcd for C19H22N2O3SNa, 381.1249; found, 381.1244.  

 

N
H

NH2 N
TsHO N

H

NTs

H

(70% yield)

AcOH:H2O (1:1)

100 °C, 1.5 h

2.23 2.70 2.107  

Indoline 2.107 (Table 2.6, entry 2). Purification by filtration, and rinsing with EtOAc afforded 

analytically pure indoline 2.107 as a white solid (70% yield); Rf 0.2 (3:1 hexanes:EtOAc); 1H 

NMR (300 MHz, d6 DMSO): # 7.76 (d, J = 8.1, 2H), 7.37 (d, J = 7.8, 2H), 7.17–7.23 (m, 3H), 

6.98–7.06 (m, 3H), 6.58–6.68 (m, 3H), 5.41 (s, 1H), 3.64 (dd, J = 10.2, 7.2, 1H), 2.87–2.95 (m, 
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1H), 2.38 (s, 3H), 2.03–2.35 (m, 1H) 1.99–2.01 (m, 1H); 13C NMR (125 MHz, d6 DMSO): # 

149.3, 143.7, 143.4, 136.0, 131.4, 129.8, 128.5, 128.3, 127.0, 126.7, 125.3, 123.7, 118.1, 109.1, 

85.2, 61.5, 47.9, 37.0, 21.0; IR (neat): 3365, 2889, 1332, 1154 cm-1; HRMS-ESI (m/z) [M+Na]+ 

calcd for C23H22N2O2SNa, 413.1300; found, 412.1303. 

 

N
H

NH2
N
H

Me

H

(81% yield)

AcOH:H2O (1:1)

100 °C, 1.5 hN
Ts

Me

HO
NTs

2.23 2.74 2.108  

Indoline 2.108 (Table 2.6, entry 3). Purification by flash chromatography (10:1:1 $ 6:2:2 

hexanes:Et2O:CH2Cl2) afforded indoline 2.108 as a white solid (81% yield). Rf 0.6 (3:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 7.75 (d, J = 8.5, 2H), 7.35 (d, J = 8.5, 2H), 7.03 

(t, J = 7.5, 1H), 6.96 (d, J = 6.5, 1H), 6.75 (t, J = 7.5, 1H), 6.58 (d, J = 8.0, 1H), 5.17 (s, 1H), 

4.00 (s, 1H), 3.66–3.70 (m, 1H), 3.14–3.21 (m, 1H), 2.42 (s, 3H) 1.49–1.61 (m, 4H), 1.27 (s, 

3H); 13C NMR (125 MHz, CDCl3): # 147.1, 143.8, 137.5, 136.6, 130.11, 127.9, 127.3, 121.9, 

119.7, 110.1, 78.0, 42.4, 40.4, 33.6, 22.4, 21.8, 20.3; IR (neat): 3351, 2962, 2930, 1610, 1454, 

1336, 1148 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for C19H22N2O2SNa, 365.1300; found, 

365.1291. 

 

N
H

NH2 N
CO2MeHO

Me

N
H

NCO2Me

Me

H

(88% yield)

AcOH:H2O (1:1)

100 °C, 1.5 h

2.23 2.76 2.35  

Indoline 2.35 (Table 2.6, entry 4). Purification by flash chromatography (5:1 $ 4:1 

hexanes:EtOAc) furnished indoline 2.35 (88% yield) as an off white amorphous solid. Rf 0.3 (3:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3 @ 330K): # 7.06–7.07 (m, 2H), 6.77 (t, J = 7.0, 
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1H), 6.60 (d, J = 8.0, 1H), 5.10 (s, 1H), 4.92 (br s, 1H), 3.75 (s, 3H), 3.68–3.72 (m, 1H), 3.12–

3.17 (m, 1H), 2.24–2.28 (m, 1H), 2.04–2.10 (m, 1H), 1.45 (s, 3H); 13C NMR (125 MHz, CDCl3 

@ 330K): # 155.8, 148.9, 133.7, 128.4, 122.6, 119.2, 109.5, 82.7, 53.0, 52.3, 46.0, 37.5, 24.6; IR 

(neat): 3352, 2956, 1698, 1609, 1456, 1382, 1113, 1056 cm-1; HRMS-ESI (m/z) [M+Na]+ calcd 

for C13H16N2O2Na, 255.1109; found, 255.1115.  

 

N
Me

NTs

H

Me

2.33

Mg, NH4Cl

MeOH, 23 °C

(79% yield)
N
Me

NH

H

Me

2.34  

Indoline 2.34 (Figure 2.3). To a solution of indoline 2.33 (62.1 mg, 0.1700 mmol) in methanol 

(8.5 mL) was added magnesium turnings (413 mg, 17.00 mmol) and ammonium chloride (909 

mg, 17.00mmol). The reaction was sonicated for 2 h and then filtered over celite. The filtrate was 

diluted with CH2Cl2 (50 mL), washed with sat. aq. NaHCO3 (3 x 30 mL), and extracted with 

CH2Cl2 (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried over 

MgSO4, and concentrated in vacuo to afford crude indoline 2.34. Purification by flash 

chromatography (3% $ 8% MeOH:CH2Cl2) afforded indoline 2.34 (25 mg, 79% yield) as an 

orange oil. Rf 0.1 (EtOAc); 1H NMR (500 MHz, CDCl3): # 7.08 (td, J = 7.5, 1.0, 1H), 7.02 (dd, J 

= 7.5, 1.0, 1H), 6.66 (td, J = 7.0, 0.5, 1H), 6.35 (d, J = 7.5, 1H), 4.86 (br s, 1H), 4.56 (s, 1H), 

3.11 (ddd, J = 7.0, 7.0, 2.5, 1H), 2.87 (s, 3H), 2.78 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.05 (ddd, J = 

7.5, 6.0, 2.5, 1H), 1.86 (ddd, J = 10.5, 7.0, 2.0, 1H), 1.45 (s, 3H). Spectral data match those 

previously reported.62 
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N
H

N
H

Me

2.35
(92% yield)

N
H

NMe

H

Me

2.36

CO2Me
Red-Al

toluene, 110 °C

 

Indoline 2.36. To a solution of indoline 2.35 (10 mg, 0.043 mmol) in toluene (2 mL) was added 

Red-Al (65% w/w in toluene, 134 µL, 0.431 mmol) and the resulting mixture was heated to 110 

°C. After 1h, the reaction was cooled to 23 °C, and quenched with EtOAc (3 mL). The reaction 

mixture was poured into a solution of sat. aq. Na–K tartrate (50 mL) and EtOAc (25 mL) and 

stirred vigorously for 2 h. The layers were separated, and the aqueous layer was extracted with 

EtOAc (2 x 25 mL) and CH2Cl2 (25 mL). The combined organic layers were washed with brine 

(20 mL), dried over Na2SO4, and concentrated under reduced pressure to afford crude indoline 

2.36. Purification by flash chromatography (5% $ 15% MeOH:CH2Cl2) afforded indoline 2.36 

(7.5 mg, 92% yield) as an off white solid. Rf 0.1 (10% MeOH/ 90% EtOAc); 1H NMR (500 MHz, 

CDCl3): # 7.06-7.02 (m, 2H), 6.74 (t, J = 7.5, 6.5, 1H), 6.60 (d, J = 8.0, 1H), 4.40 (s, 1H), 4.0 

(bs, 1H), 2.72 (ddd, J = 9.25, 5.5, 5.5, 1H), 2.64 (ddd, J = 7.5, 7.5, 7.5, 1H), 2.46 (s, 3H), 2.01 

(m, 2H), 1.46 (s, 3H). Spectral data matches those previously reported.63 

 

 

E. Formal Total Synthesis of Physovenine. 

 

2.382.37 2.29

OHO

Me

N
Me

NH2
+

N
Me

O

Me

H

MeO MeOAcOH 

100 °C, 15 min

(77% yield)

 
Indoline 2.38. Hydrazine 2.37 was prepared64 immediately before use. A solution of hydrazine 

2.37 (85 mg, 0.559 mmol) and lactol 2.29 (57 mg, 0.559 mmol) in AcOH (3 mL) was stirred at 

23 ºC for 10 min and then heated at 100 °C for 15 min. The reaction was then cooled to 23 °C 
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and quenched with sat. aq. NaHCO3 (100 mL). The layers were separated and the aqueous layer 

was extracted with Et2O (3 x 50 mL). The combined organic layers were dried over Na2SO4, and 

concentrated in vacuo to afford the crude product. Purification by flash chromatography (9:1 

hexanes:EtOAc) furnished indoline 2.38 as an orange oil (94 mg, 77% yield). Rf 0.8 (1:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 6.74 (s, 1H), 6.71 (d, J = 8.0, 1H), 6.34 (d, J = 

8.5), 5.08 (s, 1H), 3.99 (ddd, J = 8.5, 8.5, 1.5, 1H), 3.80 (s, 3H), 3.52 (ddd, J = 8.5, 5.5, 5.5, 1H), 

2.93 (s, 3H), 2.17 (ddd, J = 7.0, 4.5, 1.0, 1H), 2.09 (ddd, J = 12.0, 11.0, 7.5, 1H), 1.54 (s, 3H). 

Spectral data match those previously reported.65 

 

 

F. Total Synthesis of Debromoflustramine B 

 

N
CO2MeON

HO

2.39 2.109

ClCO2Me, NaH

THF, 0 °C

(71% yield)
N
CO2MeHO

2.40

i-Bu2AlH

CH2Cl2, –78 °C

(76% yield)
 

Hemiaminal 2.40. To a suspension of NaH (288 mg, 7.21 mmol) in THF (23 mL) was added a 

solution of known pyrrolidinone66 2.39 (820 mg, 6.56 mmol) in THF (10 mL) at 0 °C. Following 

the addition, the reaction mixture was stirred for 0.5 h, then methyl chloroformate (535 µL, 7.21 

mmol) was added over 30 sec and the reaction was warmed to 23 °C. After 1 h, the reaction 

mixture was quenched with a solution of sat. aq. NH4Cl (15 mL) and the layers were separated. 

The aqueous layer was extracted with EtOAc (3 x 30 mL). The combined organic layers were 

washed with brine (40 mL), dried over MgSO4 and evaporated under reduced pressure. The 

resulting residue was purified by flash chromatography (3:1 $ 2:1 hexanes:EtOAc) to afford 

intermediate 2.109 (858 mg, 71% yield) as a yellow oil. Rf 0.2 (2:1 hexanes:EtOAc); 1H NMR 
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(500 MHz, CDCl3): # 5.76 (dddd, J = 20.0, 17.0, 10.0, 7.0, 1H), 5.08–5.12 (m, 1H), 5.06–5.08 

(m, 1H). 3.85 (s, 3H), 3.78–3.83 (m, 1H), 3.60–3.66 (m, 1H), 2.57–2.66 (m, 2H), 2.13–2.23 (m, 

2H); 1.74 (ddd, J = 22.5, 13.0, 4.0, 1H); 13C NMR (125 MHz, CD3CN): # 174.9, 152.1, 134.4, 

117.3, 53.3, 44.3, 42.9, 34.4, 23.3; IR (film): 1789, 1720, 1439, 1370, 1289, 1188 cm-1; HRMS-

ESI (m/z) [M + Na]+ calcd for C9H13NO3Na, 206.0793; found 206.0796. 

To a solution of intermediate 2.109 (730 mg, 3.98 mmol) in CH2Cl2 (15 mL) at –78 °C, i-

Bu2AlH (1.0 M solution in hexanes, 6 mL, 5.98 mmol) was added at –78 °C dropwise over 3 

min. After stirring for 1 h, the reaction mixture was quenched with a solution of sat. aq. NH4Cl 

(20 mL) at –78 °C. The mixture was warmed to 23 °C and transferred to a 250 mL Erlenmeyer 

flask, with sat. aq. Na–K tartrate (100 mL) and CH2Cl2 (40 mL). The layers were separated, and 

the aqueous layer was extracted with CH2Cl2 (3 x 40 mL). The combined organic layers were 

washed with brine (40 mL), dried over MgSO4, and concentrated in vacuo. The resulting residue 

was purified by flash chromatography (2:1:1 hexanes: CH2Cl2:Et2O) to afford hemiaminal 2.40 

(562 mg, 76% yield) as a yellow oil. Rf 0.2 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 

5.80–5.92 (5.80–5.92) (m, 1H), 5.25 (5.42) (br s, 1H) 5.05–5.09 (4.97–5.04) (m, 2H), 3.66 (3.65) 

(s, 3H), 3.44–3.51 (3.39–3.43) (m, 1H), 3.22 (3.22) (ddd, J = 10.4, 7.1, 7.1, 1H), 2.29–2.35 (m, 

1H), 2.08–2.18 (2.08–2.18) (m, 1H), 1.99–2.07 (1.99–2.07) (m, 1H), 1.89–1.94 (1.89–1.94) (m, 

1H), 1.69–1.75 (1.57–1.60) (m, 1H); 13C NMR (125 MHz, CDCl3): # 156.5 (156.5), 138.5 

(137.7), 116.1 (116.9), 82.7 (87.0), 52.8 (52.8), 46.1 (45.5), 45.1 (47.0), 33.8 (37.0), 28.3 (28.9); 

IR (film): 3697, 3420, 2953, 1685, 1642, 1453, 1381, 1195, 1060 cm-1; HRMS-ESI (m/z) [M + 

Na]+ calcd for C9H15NO3Na, 208.0950; found 208.0953. 
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N
CO2MeHO

2.40

N
NCO2Me

H

2.41

N
NH2

AcOH:H2O (1:1)

100 °C, 1.5 h

2.79

(86% yield)

 

Indoline 2.41. Hemiaminal 2.40 (45 mg, 0.243 mmol) and aryl hydrazine 2.79 (47 mg, 0.291 

mmol) were dissolved in a1:1 mixture of AcOH:H2O (1.2 mL). The reaction was heated to 100 

°C for 1.5 h. The reaction mixture was cooled to 23 °C, diluted with EtOAc (15 mL), quenched 

with sat. aq. NaHCO3 (20 mL), and the layers were separated. The aqueous layer was extracted 

with EtOAc (3 x 20 mL). The combined organic layers were washed with brine (30 mL), dried 

over MgSO4 and concentrated in vacuo to afford crude indoline 2.41. Purification by flash 

chromatography (6:1 hexanes:EtOAc) afforded indoline 2.41 (62.4 mg, 86% yield) as a yellow 

oil. Rf 0.6 (2:1 hexanes:EtOAc); 1H NMR: (500 MHz, CDCl3 @ 330K): # 7.05 (td, J = 7.5, 1.0, 

1H), 7.01 (dd, J = 7.5, 1.0, 1H), 6.66 (t, J = 7.5, 1H), 6.38 (d, J = 8.0, 1H), 5.83 (td, J = 10.5, 6.0, 

1H), 5.66 (td, J = 10.0, 7.0, 1H), 5.41 (s, 1H), 5.23 (dd, J = 17.0, 1.0), 5.04–5.25 (m, 3H), 4.02–

4.04 (m, 2H), 3.76–3.87 (m, 1H), 3.72 (s, 3H), 3.09 (ddd, J = 10.0, 7.0, 7.0, 1H), 2.54 (dd, J = 

13.5, 7.5, 1H), 2.43 (dd, J = 13.5, 7.5, 1H), 2.00–2.12 (m, 2H); 13C NMR (125 MHz, CDCl3 @ 

330K): # 150.0, 134.4, 133.7, 132.1, 128.2, 122.6, 118.1, 117.2, 117.1, 115.6, 106.1, 84.4, 52.1, 

48.5, 45.2, 43.1, 37.4, 37.3; IR (film): 2952, 1694, 1606, 1491, 1449, 1387, 1033 cm-1; HRMS-

ESI (m/z) [M + Na]+ calcd for C18H22N2O2Na, 321.1579; found 321.1576. 
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N

NCO2Me

H

2.42

N
NCO2Me

H

2.41

Grubbs II
CH2Cl2

(83% yield)

 

Bis(prenylated) Indoline 2.42. To a solution of Grubbs’ second generation catalyst (0.168 g, 

0.196 mmol) in CH2Cl2 (5 mL) was added, simultaneously, a solution of indoline 2.41 (0.590 g, 

1.99 mmol) in CH2Cl2 (5 mL) and 2-methyl-2-butene (2.0 M solution in THF, 39 mL, 79.4 

mmol) over 10 min. The reaction was stirred at 23 °C for 20 h, and the reaction mixture was 

concentrated under reduced pressure to afford crude indoline 2.42. Purification by flash 

chromatography (3% $ 5% EtOAc:hexanes) afforded prenylated indoline 2.42 (0.585 g, 83% 

yield) as a brown oil. Rf 0.8 (2:1 hexanes:EtOAc); 1H NMR: (500 MHz, CDCl3 @ 330K): # 7.05 

(td, J = 7.5, 1.0, 1H), 6.97 (d, J = 7.5, 1H), 6.64 (t, J = 7.0, 1H), 6.38 (d, J = 8.0, 1H), 5.32 (s, 

1H), 5.19 (br t, J = 5.5, 1H), 5.07 (br t, J = 7.0, 1H), 3.97–4.14 (m, 1H), 3.60–3.80 (m, 1H), 3.73 

(s, 3H), 3.07 (ddd, J = 8.0, 7.5, 1.5, 1H), 2.39 (d, J = 7.5, 2H), 1.99–2.06 (m, 2H), 1.75 (s, 3H), 

1.70 (s, 3H), 1.69 (s, 4H), 1.56 (s, 3H); 13C NMR: (125 MHz, CDCl3 @ 330K): # 150.1, 134.3, 

133.5, 133.1, 128.0, 122.4, 121.4, 119.4, 117.1, 117.0, 106.2, 84.4, 52.0, 45.3, 44.0, 43.9, 37.0, 

36.9, 25.6, 25.4, 17.8, 17.7; IR (film): 2929, 1698, 1605, 1447, 1383, 1211 cm-1; HRMS-ESI 

(m/z) [M + Na]+ calcd for C22H30N2O2Na, 377.2205; found 377.2205. 
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Red-Al

toluene, 80 °C

(70% yield)
N

NMe

H

2.5

N

NCO2Me

H

2.42  

Debromoflustramine B (2.5). To a solution of bis(prenylated) indoline 2.42 (38 mg, 0.107 

mmol) in toluene (1 mL) was added Red-Al (65% w/w in toluene, 100 µL, 0.321 mmol) and the 

resulting mixture was heated at 80 °C. After 1 h, the reaction was cooled to 23 °C, and 

transferred to a 125 mL Erlenmeyer flask with CH2Cl2 (20 mL), and quenched with a solution of 

sat. aq. Na–K tartrate (20 mL). The resulting mixture was vigorously stirred for 7 h. The layers 

were separated, and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined 

organic layers were washed with brine (20 mL), dried over MgSO4 and concentrated in vacuo to 

afford the crude indoline (2.5). Purification by flash chromatography (3:1 $ 2:1 

hexanes:EtOAc) afforded debromoflustramine B (2.5) (23.5 mg, 70% yield) as a yellow oil. Rf 

0.2 (2:1 hexanes:EtOAc), 1H NMR: (500 MHz, CDCl3): # 7.09 (t, J = 7.5, 1H), 7.02 (d, J = 7.0, 

1H), 6.70 (t, J = 7.5, 1H), 6.47 (d, J = 8.0, 1H), 5.22 (br t, J = 6.0, 1H), 5.01 (br t, J = 7.0, 1H), 

4.35 (s, 1H), 3.98 (dd, J = 16.0, 5.5, 1H), 3.85 (dd, J = 16.0, 7.0, 1H), 2.75 (ddd, J = 6.0, 5.5, 2.5, 

1H), 2.60 (ddd, J = 9.5, 9.0, 6.5, 1H), 2.54 (s, 3H), 2.47–2.48 (m, 2H), 2.11 (ddd, J = 7.5, 7.5, 

2.5, 1H), 1.95–1.99 (m, 1H), 1.76 (s, 3H), 1.75 (s, 3H), 1.70 (s, 3H), 1.63 (s, 3H).  Spectral data 

match those previously reported.67 
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G. Synthesis of the Communesin Indoline Scaffold 

 

HO

H2N

pyridine

CHCl3, TsCl, 23 °C

HO

TsHN

SOCl2
CHCl3, 40 °C

Cl

TsHN
(88% yield) (87% yield)

2.110 2.111 2.43  

Aminobenzyl chloride 2.43. Aminobenzyl chloride 2.43 was prepared following the general 

procedure by Fonesca et al.68 To a solution of aminobenzyl alcohol 2.110 (1.62 g, 13.15 mmol) 

in CHCl3 (60 mL) was added pyridine (1.17 mL, 14.46 mmol) dropwise over 2 min. The reaction 

was stirred for 25 min, and a solution of TsCl (2.38 g, 12.49 mmol) in CHCl3 (20 mL) was added 

dropwise over 13 min. After 2.5 h, the reaction was quenched with sat. aq. NH4Cl (30 mL). The 

layers were separated and the aqueous layer extracted with CHCl3 (3 x 30 mL). The combined 

organic layers were then washed with brine (30 mL) and dried over MgSO4. Evaporation of the 

solvent under reduced pressure afforded crude aminobenzyl alcohol 2.111 (3.22 g, 88% yield), 

which was used in the subsequent transformation without further purification. Rf 0.3 (1:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 7.91 (s, 1H), 7.64 (d, J = 8.0, 2H), 7.43 (d, J = 

8.0, 1H), 7.24–7.27 (m, 1H), 7.21 (d, J = 8.0, 2H), 7.06–7.10 (m, 1H), 4.39 (s, 2H), 2.38 (s, 3H). 

Spectral data match those previously reported.38  

 To a solution of thionyl chloride (981 µL, 13.93 mmol) in CHCl3 (5 mL), was added a 

solution of benzyl alcohol 2.111 (3.22 g, 11.6 mmol) in CHCl3 (60 mL) over 1 min. The reaction 

was heated to 40 °C for 11 h, cooled to 23 °C, then poured into ice water (30 mL). The layers 

were separated and the aqueous layer was extracted with CHCl3 (3 x 40 mL). The combined 

organic layers were washed with brine (30 mL), and dried over MgSO4. Evaporation of the 

solvent under reduced pressure afforded crude chloroaniline 2.43 (2.98 g, 87% yield) as a brown 

solid, which was used in the subsequent transformation without further purification. Rf 0.5 (3:1 
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hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): # 7.70 (d, J = 8.0, 2H), 7.39 (d, J = 8.5, 1H), 7.34 

(t, J = 8.0, 2H), 7.26–7.30 (m, 2H), 7.22 (td, J = 7.5, 1.0, 1H), 6.84 (bs, 1H), 4.31 (s, 2H), 2.40 

(s, 3H). Spectral data match those previously reported.68  

 

Cl

TsHN

2.43

Cs2CO3, CH2Cl2
–78 °C

N
Ts

Me

EtO

2.44(70% yield)

MeEtO

 

N,O-acetal 2.44. N,O-acetal 2.44 was prepared following the general procedure described by 

Corey et al.38 To a mixture of Cs2CO3 (716 mg, 2.20 mmol), ethyl 1-propenyl ether (mixture of 

cis and trans) (975 µL, 8.79 mmol) in CH2Cl2 (3 mL) at –78 °C, was added a solution of 

chloroaniline 2.43 (260 mg, 0.879 mmol) in CH2Cl2 (7.5 mL) over 24 min via syringe pump. The 

reaction stirred for 9 min at –78 °C, and then warmed to 23 °C for 5 h. The reaction was filtered 

through celite and the solvent was evaporated under reduced pressure. Purification by flash 

chromatography (5:1 hexanes:EtOAc) afforded N,O-acetal 2.44 as an off-white solid (212 mg, 

70% yield, 77:23 mixture of diastereomers). Rf 0.6 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): # 7.88 (7.88) (d, J = 8.0, 1H), 7.48 (7.48) (d, J = 8.0, 2H), 7.41 (7.64) (d, J = 8.0, 1H), 

7.17 (7.15) (d, J = 8.0, 2H), 7.03 (7.24) (t, J = 7.5, 1H), 6.97 (7.11) (t, J = 7.5, 1H), 5.43 (5.23) 

(d, J = 2.5, 1H), 3.77 (3.96) (dq, J = 10.0, 7.0, 3.0), 3.62 (3.70) (dq, J = 10.0, 7.0, 3.0) 2.57 (2.60) 

(d, J = 12.5, 1H), 2.48 (2.45) (d, J = 6.5, 1H), 2.35 (2.36) (s, 3H), 1.47–1.54 (1.83–1.90) (m, 1H), 

1.12 (1.21) (t, J = 7.5, 3H), 1.01 (d, J = 7.0, 3H); 13C NMR (125 MHz, CDCl3): # 143.5 (136.8), 

136.4 (134.9), 133.5 (134.6), 129.4 (129.2), 129.0 (128.8), 127.2 (127.2), 126.9 (126.9), 126.1 

(126.2), 124.3 (123.8), 87.2 (91.8), 63.2 (63.2), 39.2 (39.2), 32.2 (32.2), 30.5 (30.5), 21.4 (19.3), 

17.3 (17.3), 14.5 (14.8); IR (neat): 2973, 2924, 2878, 1598, 1490, 1456, 1379, 1332, 1158, 1088 

cm-1; HRMS-ESI (m/z) [M+Na]+ calcd for C19H23NO3SNa, 368.1296; found, 368.1289.  
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N
Me

NH2
N
Ts

EtO

Me AcOH:H2O (1:1)

80 °C, 3 h
N
Me

NTs

Me

H

2.26 2.44 2.45
(70% yield)

 

Indoline 2.45. N,O-acetal 2.44 (68.7 mg, 0.199 mmol) was dissolved in a 1:1 mixture of AcOH 

and H2O (1.3 mL). Aryl hydrazine 2.26 (22.5 µL, 0.195 mmol) was then added and the reaction 

was heated at 80 °C for 3 h. The reaction was allowed to cool to 23 °C, and then diluted to a 

volume of 20 mL with EtOAc. The reaction was quenched with sat. aq. NaHCO3 (20 mL), and 

the layers were separated. The resulting aqueous layer was extracted with EtOAc (3 x 20 mL). 

The combined organic layers were washed with brine (20 mL), dried over MgSO4, and 

concentrated in vacuo to afford the crude product. Purification by flash chromatography (12:1:1 

hexanes:Et2O:CH2Cl2) afforded indoline 2.45 as a white solid (55 mg, 70% yield). Rf 0.8 (2:1:1 

hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, CDCl3): 7.53 (d, J = 8.0, 1H), 7.45 (d, J = 8.0, 2H), 

7.21 (d, J = 8.0, 2H), 7.10 (t, J = 7.5, 1H), 6.97 (t, J = 7.5, 1H), 6.86 (t, J = 7.5, 1H), 6.76 (d, J = 

7.0, 2H), 6.72 (d, J = 7.0, 1H), 6.44 (t, J = 7.0, 1H), 5.63 (s, 1H), 2.96 (s, 3H), 2.49 (d, J = 14.5, 

1H), 2.41 (s, 3H), 1.59 (d, J = 14, 1H), 1.26 (s, 3H). Spectral data match those previously 

reported.30 
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H. Access to Enantioenriched Indoline Products 

N
H

+
O N

H

O

HO

Me

H

Me

2.23 2.29 2.30

NH2

2.46 (1.2 equiv)

benzene, 40 °C

O
O

P

CF3

CF3

CF3

CF3

(62% yield, 28% ee)

2.46

O

OH

 

Indoline 2.30. Phosphoric acid 2.46 (70 mg, 0.094 mmol) was added to a solution of lactol 2.29 

(7.7 mg, 0.075 mmol), phenyl hydrazine 2.23 (8.1 mg, 0.075 mmol) in benzene (0.40 mL). The 

reaction was stirred at 40 °C for 36 h. The reaction mixture was cooled to 23 °C and purified by 

flash chromatography (5:1 hexanes:EtOAc) to furnish furoindoline 2.30 (8.0 mg, 62% yield, 

28% ee). [!]D
23.8 +16.0 (c 0.01, CHCl3), SFC (CHIRALPAK AS-H, CO2/MeOH = 9/10, flow 1.5 

mL/min, at 23 °C, detection at 254 nm) tR 3.06 min (major) and tR 4.43 min (minor). The 

enantiomer formed in excess is believed to have the (R,R) configuration based on correlation to 

known data.69 

 

NH

Me

NH2

Me

Br
+

Pd(OAc)2, BINAP
NaOt-Bu

toluene, 80 °C

(97% yield)

2.47 (–)-2.48 2.49  

Aniline 2.49. To a mixture of racemic BINAP (0.393 g, 0631 mmol), palladium acetate (0.129 g, 

0.573 mmol) and sodium tert-butoxide (0.771 g, 8.02 mmol) was added !-naphthylethyl amine 

(–)-2.48 (1.11 mL, 6.89 mmol), bromobenzene (2.47) (0.602 mL, 5.73 mmol) and toluene (23 

mL). The mixture was deoxygenated by sparging with N2 for 1 h and then heated at 80 °C for 12 

h. After cooling to 23 °C, the reaction mixture was diluted with Et2O (23 mL), filtered over celite 

and concentrated under reduced pressure. The crude product was purified by flash 
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chromatography (5:1 hexanes:EtOAc) to afford aniline 2.49 (1.65 g, 97% yield) as a yellow oil. 

Rf 0.4 (hexanes:EtOAc); 1H NMR (500 MHz, CDCl3) # 8.19 (d, J = 8.5, 1H), 7.93 (d, J = 8.0, 

1H), 7.77 (d, J = 8.5, 1H), 7.68 (d, J = 7.0, 1H), 7.53–7.61 (m, 2H), 7.43 (t, J = 8.0, 1H), 7.09 (t, 

J = 8.0, 2H), 6.66 (t, J = 7.5, 1H), 6.51 (d, J = 8.0, 2H), 5.32 (q, J = 12.0, 6.5, 1H), 4.18 (s, 1H), 

1.69 (d, J = 6.5, 3H); 13C NMR (125 MHz, CDCl3) # 147.3, 140.1, 134.3, 130.9, 129.4, 127.7, 

126.3, 126.1, 125.6, 122.8, 122.8, 122.5, 117.4, 113.4, 49.7, 23.8; IR (film): 3707, 3411, 2973, 

2845, 1601, 1503, 1318, 1257, 1055 cm-1; HRMS-ESI (m/z) [M+H]+ calcd for C18H18N, 

248.1439; found 248.1435; [!]D
24.1 +150.8 (c 0.01, CHCl3). 

 

N
NH2

Me

1. NaNO2, HCl(aq)
    0 to 23 °C

2. LiAlH4, Et2O
    23 to 40 °C

2.50
(81% yield, 2 steps)

NH

Me

2.49  

Aryl Hydrazine 2.50. A solution of sodium nitrite (0.597 g, 8.65 mmol) in water (5 mL) was 

added dropwise to a mixture of aniline 2.49 (1.07 g, 4.32 mmol) and concentrated hydrochloric 

acid (37% yield, 1 mL) at 0 °C. The reaction mixture was warmed to 23 °C, stirred for 12 h, 

poured into water (50 mL) and then extracted with benzene (3 x 20 mL). The combined organic 

layers were dried over Na2SO4 and evaporated to dryness to afford the crude nitrosylated product 

as an orange oil. The crude product was used in the subsequent step without further purification.  

To a solution of the crude product in diethyl ether (45 mL) was added LiAlH4 (0.343 g, 

9.03 mmol) and the reaction was heated at reflux for 3.5 h. The reaction vessel was cooled to 23 

°C and quenched by the dropwise addition of sat. aq. NH4Cl until gas evolution subsided (ca. 15 

mL). The reaction mixture was filtered over Celite, washed with ether (3 x 15 mL), and dried 

over Na2SO4, and evaporated to dryness. Purification by flash chromatography (3:2 
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benzene:hexanes $ 4:1 benzene:EtOAc) afforded aryl hydrazine 2.50 (0.915 g, 81% yield, 2 

steps) as a light yellow foam. Rf 0.5 (3:1 hexanes:EtOAc) 1H NMR (500 MHz, CDCl3) # 8.07, (d, 

J = 8.5, 1H), 7.89 (d, J = 7.5, 1H), 7.84 (d, J = 8.0, 1H), 7.59 (d, J = 7.5, 1H), 7.45–7.52 (m, 3H), 

7.34 (t, J = 9.0, 2H), 7.23 (d, J = 8.0, 2H), 6.84 (t, J = 7.5, 2H), 5.84 (q, J = 13.0, 6.5, 1H), 3.12 

(s, 2H), 1.64 (d, J = 7.0, 3H); 13C NMR (125 MHz, CDCl3) # 150.7, 136.9, 134.1, 132.1, 129.5, 

128.9, 128.6, 126.7, 126.0, 125.3, 125.1, 124.0, 118.1, 113.4, 54.9, 12.4; IR (neat): 2979, 1586, 

1485, 1358, 1286, 1160 cm-1; HRMS-ESI (m/z) [M+H]+ calcd for C18H19N2, 263.1548; found 

263.1533; [!]D
24.4 –112.3 (c 0.01, CHCl3). 

 

N
NH2

Me

2.50

2.29
ClAcOH
(3 equiv)

40 °C
benzene

(80% yield
d.r. = 2.4:1)

2.51

N

O

H

Me

Me

N

O

H

Me

Me

+

2.52  

Indoline Diastereomers 2.51 and 2.52. To a mixture of aryl hydrazine 2.50 (52.4 mg, 0.20 

mmol), lactol 2.29 (20.6 mg, 0.20 mmol), and benzene (1 mL) was added chloroacetic acid (56.7 

mg, 0.60 mmol). The resulting mixture was heated at 40 °C for 24 h. The reaction mixture was 

cooled to 23 °C, diluted with CH2Cl2 (20 mL), washed with sat. aq. NaHCO3 (5 mL) and 

extracted with CH2Cl2 (10 mL). The combined organic layers were dried over MgSO4 and 

evaporated to dryness. Purification by flash chromatography (15:1 $ 10:1 hexanes:EtOAc) 

afforded a mixture of diastereomers as an orange solid (53.0 mg, 80% yield, 2.4:1 dr). To 

separate the diastereomers the mixture was repurified by flash chromatography, under the same 

conditions. The stereochemical configurations of 2.51 and 2.52 were inferred after the 

conversion of 2.51 to (+)-2.30. Indoline 2.51 Rf 0.5 (4:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3) # 8.23 (d, J = 8.0, 1H), 7.96 (d, J = 7.5, 1H), 7.82 (t, J = 8.0, 2H), 7.60 (t, J = 7.0, 2H), 
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7.56 (t, J = 7.5, 1H), 7.49 (t, J = 8.0, 1H), 7.11 (d, J = 7.5, 1H), 6.91 (t, J = 7.5, 1H), 6.03 (d, J = 

7.5, 1H), 5.65 (s, 1H), 5.56 (q, J = 7.0, 1H), 4.03 (t, J = 8.0, 1H), 3.70–3.75 (m, 1H), 2.28 (dd, J 

= 11.5, 4.5, 1H), 2.27 (m, 1H), 1.86 (d, J = 6.5, 3H), 1.58 (s, 3H); 13C NMR (125 MHz, CDCl3) # 

149.1, 139.4, 134.5, 133.9, 130.8, 129.1, 127.8, 127.5, 125.9, 125.8, 125.2, 123.6, 122.5, 122.4, 

117.3, 106.0, 101.4, 66.7, 52.3, 51.7, 41.9, 25.8, 19.0; IR (neat): 3046, 2963, 2852, 1606, 1594, 

1487, 1459, 1395, 1298, 1236, 1013 cm-1; HRMS-ESI (m/z) [M + Na]+ calcd for C23H23NONa, 

352.1677; found 352.1686; [!]D
24.4 +125.4 (c 0.01, CHCl3). Indoline 2.52: Rf 0.5 (4:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3) # 7.95 (d, J = 8.5, 1H), 7.90 (d, J = 8.0, 1H), 7.84 

(d, J = 8.5, 1H), 7.74 (d, J = 7.5, 1H), 7.45–7.54 (m, 3H), 7.14 (t, J = 8.0, 1H), 7.10 (d, J = 7.0, 

1H), 6.75 (d, J = 7.0, 1H), 6.51 (d, J = 7.5, 1H), 5.52 (q, J = 7.0, 1H), 4.69 (s, 1H), 3.93 (t, J = 

7.5, 1H), 3.53 (ddd, J = 13.0, 8.5, 4.5, 1H), 2.18 (dd, J = 12.0, 4.5, 1H), 1.98 (ddd, J = 11.5, 11.5, 

7.0, 1H), 1.90 (d, J = 6.5, 3H), 1.24 (s, 3H); 13C NMR (125 MHz, CDCl3) # 148.8, 136.3, 134.7, 

133.8, 131.7, 128.7, 128.1, 128.0, 126.2, 125.5, 125.4, 124.2, 123.2, 122.7, 117.3, 105.0, 101.0, 

67.0, 52.2, 49.3, 41.2, 24.7, 18.1; IR (film): 3681, 2973, 2845, 1605, 1487, 1215, 1059 cm-1; 

HRMS-ESI (m/z) [M + Na]+ calcd for C23H23NONa, 352.1677; found 352.1680; [!]D
24.2 –54.6 (c 

0.01, CHCl3). 

 

N
H

O

H

Me

2.51

N

O

H

Me

Me

Pd(OH)2
1,4-cyclohexadiene

EtOH, 80 °C

(80% yield)
(+)-2.30

97% ee

 

Indoline (+)-2.30. Indoline 2.51 (32.9 mg, 0.1 mmol), 1,4-cyclohexadiene (80.0 mg, 1.0 mmol), 

palladium hydroxide (20% wt on carbon, 10.0 mg) in ethanol (1 mL) was heated at 80 °C for 6 h. 

The reaction mixture was cooled to 23 °C, filtered through celite, washed with CH2Cl2 (10 mL), 
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and the solvent was removed under reduced pressure. Purification by flash chromatography (5:1 

hexanes:EtOAc) furnished furoindoline (+)-2.30 (14.0 mg, 80% yield, 97% ee). [!]D
24.3 +124.5 (c 

0.01, CHCl3), SFC (CHIRALPAK AS-H, CO2/MeOH = 9/10, flow 1.5 mL/min, at 23 °C, 

detection at 254 nm) tR 3.06 min (major) and tR 4.43 min (minor). The absolute configuration of 

30 was determined based on correlation to known data.59 
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Spectra Relevant to Chapter Two: 

 

Exploration of the Interrupted Fischer Indolization Reaction 

Alex W. Schammel, Ben W. Boal, Liansuo Zu, Tehetena Mesganaw, and Neil K. Garg. 

Tetrahedron 2010, 66, 4687–4695. 
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Figure A1.11 Infrared spectrum of compound 2.31. 

 
Figure A1.12 13C NMR (125 MHz, CDCl3) of compound 2.31. 
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Figure A1.14 Infrared spectrum of compound 2.66. 

 
Figure A1.15 13C NMR (125 MHz, CDCl3) of compound 2.66. 
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Figure A1.17 Infrared spectrum of compound 2.67. 

 
Figure A1.18 13C NMR (125 MHz, CDCl3) of compound 2.67. 
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Figure A1.20 Infrared spectrum of compound 2.69. 

 
Figure A1.21 13C NMR (125 MHz, CDCl3) of compound 2.69. 
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Figure A1.23 Infrared spectrum of compound 2.70. 

 
Figure A1.24 13C NMR (125 MHz, CDCl3) of compound 2.70. 
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Figure A1.27 Infrared spectrum of compound 2.73. 

 
Figure A1.28 13C NMR (125 MHz, CDCl3) of compound 2.73. 
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Figure A1.30 Infrared spectrum of compound 2.74. 

 
Figure A1.31 13C NMR (125 MHz, CDCl3) of compound 2.74. 
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Figure A1.33 Infrared spectrum of compound 2.76. 

 
Figure A1.34 13C NMR (125 MHz, CDCl3) of compound 2.76. 
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Figure A1.36 Infrared spectrum of compound 2.30. 

 
Figure A1.37 13C NMR (125 MHz, CDCl3) of compound 2.30. 



 

 143 

 
 
 
 
 
 
 

Fi
gu

re
 A

1.
38

 1 H
 N

M
R 

(4
00

 M
H

z,
 C

D
Cl

3) 
of

 c
om

po
un

d 
2.
28

. 
 

2.
28N M
e

O

M
e

H



 

 144 

 
 
 
 
 
 

 

Fi
gu

re
 A

1.
39

 1 H
 N

M
R 

(4
00

 M
H

z,
 C

D
Cl

3) 
of

 c
om

po
un

d 
2.
78

. 
 

2.
78N Bn

O

M
e

H



 

 145 

 
 
 
 
 
 

 

Fi
gu

re
 A

1.
40

 1 H
 N

M
R 

(5
00

 M
H

z,
 C

D
Cl

3) 
of

 c
om

po
un

d 
2.
80

. 
 

2.
80N

O

M
e

H



 

 146 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000.0
28.0

30

35

40

45

50

55

60

65

70

75

80

85

90

95

99.5

cm-1

%T 

 
 
 
 
 
 

 

Figure A1.41 Infrared spectrum of compound 2.80. 

 
Figure A1.42 13C NMR (125 MHz, CDCl3) of compound 2.80. 
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Figure A1.44 Infrared spectrum of compound 2.82. 

 
Figure A1.45 13C NMR (100 MHz, CDCl3) of compound 2.82. 
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Figure A1.47 Infrared spectrum of compounds 2.84 and 2.85. 

 
Figure A1.48 13C NMR (125 MHz, CDCl3) of compounds 2.84 and 2.85. 
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Figure A1.50 Infrared spectrum of compound 2.87. 

 
Figure A1.51 13C NMR (100 MHz, CDCl3) of compound 2.87. 
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Figure A1.53 Infrared spectrum of compound 2.89. 

 
Figure A1.54 13C NMR (100 MHz, CDCl3) of compound 2.89. 
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Figure A1.56 Infrared spectrum of compound 2.91. 

 
Figure A1.57 13C NMR (100 MHz, CDCl3) of compound 2.91. 
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Figure A1.59 Infrared spectrum of compound 2.93. 

 
Figure A1.60 13C NMR (100 MHz, CDCl3) of compound 2.93. 
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Figure A1.63 Infrared spectrum of compound 2.95. 

 
Figure A1.64 13C NMR (100 MHz, CDCl3) of compound 2.95. 
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Figure A1.66 Infrared spectrum of compound 2.96. 

 
Figure A1.67 13C NMR (100 MHz, CDCl3) of compound 2.96. 
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Figure A1.69 Infrared spectrum of compound 2.97. 

 
Figure A1.70 13C NMR (125 MHz, CDCl3) of compound 2.97. 
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Figure A1.72 Infrared spectrum of compound 2.32. 

 
Figure A1.73 13C NMR (125 MHz, CDCl3) of compound 2.32. 
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Figure A1.75 Infrared spectrum of compound 2.33. 

 
Figure A1.76 13C NMR (125 MHz, CDCl3) of compound 2.33. 
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Figure A1.78 Infrared spectrum of compound 2.98. 

 
Figure A1.79 13C NMR (125 MHz, CDCl3) of compound 2.98. 
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Figure A1.81 Infrared spectrum of compound 2.99. 

 
Figure A1.82 13C NMR (125 MHz, CDCl3) of compound 2.99. 
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Figure A1.84 Infrared spectrum of compound 2.100. 

 
Figure A1.85 13C NMR (125 MHz, CDCl3) of compound 2.100. 
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Figure A1.87 Infrared spectrum of compounds 2.101 and 2.102. 

 
Figure A1.88 13C NMR (125 MHz, CDCl3) of compounds 2.101 and 2.102. 
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Figure A1.90 Infrared spectrum of compounds 2.103. 

 
Figure A1.91 13C NMR (125 MHz, CDCl3) of compounds 2.103. 
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Figure A1.93 Infrared spectrum of compounds 2.104. 

 
Figure A1.94 13C NMR (125 MHz, CDCl3) of compounds 2.104. 
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Figure A1.96 Infrared spectrum of compounds 2.105. 

 
Figure A1.97 13C NMR (125 MHz, CDCl3) of compounds 2.105. 



 

 184 

 

 
 
 
 
 
 

Fi
gu

re
 A

1.
98

 1 H
 N

M
R 

(5
00

 M
H

z,
 C

D
Cl

3) 
of

 c
om

po
un

ds
 2
.1
06

. 
 

N H

NT
s

M
e

H

2.
10
6

M
eO



 

 185 

 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000.0
85.76

86.5

87.0

87.5

88.0

88.5

89.0

89.5

90.0

90.5

91.0

91.5

92.0

92.5

93.0

93.5

94.0

94.5

95.0

95.5

96.0

96.5

97.0

97.5

98.0

98.5

99.0

99.5

100.0

100.5

101.00

cm-1

%T 

 
 
 
 

 
 
 

Figure A1.99 Infrared spectrum of compounds 2.106. 

 
Figure A1.100 13C NMR (125 MHz, CDCl3) of compounds 2.106. 
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Figure A1.102 Infrared spectrum of compounds 2.107. 

 
Figure A1.103 13C NMR (125 MHz, CDCl3) of compounds 2.107. 



 

 188 

 

 
 
 
 
 
 

Fi
gu

re
 A

1.
10

4 
1 H

 N
M

R 
(5

00
 M

H
z,

 C
D

Cl
3) 

of
 c

om
po

un
ds

 2
.1
08

. 
 

N H

M
e

H

2.
10
8

N
Ts



 

 189 

 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000.0
77.5

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

99.7

cm-1

%T 

 
 
 
 

 
 
 

Figure A1.105 Infrared spectrum of compounds 2.108. 

 
Figure A1.106 13C NMR (125 MHz, CDCl3) of compounds 2.108. 
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Figure A1.108 Infrared spectrum of compounds 2.35. 

 
Figure A1.109 13C NMR (125 MHz, CDCl3) of compounds 2.35. 
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Figure A1.114 Infrared spectrum of compounds 2.109. 

 
Figure A1.115 13C NMR (125 MHz, CDCl3) of compounds 2.109. 
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Figure A1.117 Infrared spectrum of compounds 2.40. 

 
Figure A1.118 13C NMR (125 MHz, CD3CN) of compounds 2.40. 
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Figure A1.120 Infrared spectrum of compounds 2.41. 

 
Figure A1.121 13C NMR (125 MHz, CDCl3) of compounds 2.41. 
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Figure A1.123 Infrared spectrum of compounds 2.42. 

 
Figure A1.124 13C NMR (125 MHz, CDCl3) of compounds 2.42. 
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Figure A1.129 Infrared spectrum of compounds 2.44. 

 
Figure A1.130 13C NMR (125 MHz, CDCl3) of compounds 2.44. 
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Figure A1.133 Infrared spectrum of compounds 2.49. 

 
Figure A1.134 13C NMR (125 MHz, CDCl3) of compounds 2.49. 
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Figure A1.136 Infrared spectrum of compounds 2.50. 

 
Figure A1.137 13C NMR (125 MHz, CDCl3) of compounds 2.50. 
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Figure A1.139 Infrared spectrum of compounds 2.51. 

 
Figure A1.140 13C NMR (125 MHz, CDCl3) of compounds 2.51. 
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Figure A1.142 Infrared spectrum of compounds 2.52. 

 
Figure A1.143 13C NMR (125 MHz, CDCl3) of compounds 2.52. 
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CHAPTER THREE 

Why Do Some Fischer Indolizations Fail? 
Nihan Çelebi-Ölçüm, Ben W. Boal, Alexander D. Huters, Neil K. Garg, and K. N. Houk. 

J. Am. Chem. Soc. 2011, 133, 5752–5755. 

 

3.1 Abstract 

The mechanisms of the Fischer indole synthesis and competing cleavage pathways were 

explored with SCS-MP2/6-31G(d) and aqueous solvation calculations. Electron-donating 

substituents divert the reaction pathway to heterolytic N–N bond cleavage and preclude the acid-

promoted [3,3]-sigmatropic rearrangement. 

 

3.2 Introduction 

 Indole derivatives continue to receive substantial interest due to their wide range of 

biological activity.1,2,3,4,5 The Fischer indole synthesis6 remains among the most widely used 

approaches to indoles, with more than 700 reports over the last 15 years.5 Despite the extensive 

application of the Fischer indole sequence, certain substitution patterns cause the reaction to fail. 

 A notable challenge for the Fischer indolization reaction is the synthesis of C3 N-

substituted indoles (3.1!3.3, Scheme 3.1). Various 3-aminoindole derivatives display 

antimalarial, anti-muscarinic, anti-bacterial, anti-viral, anti-plasmoidal, and anti-hyperglycemic 

activities and are attractive pharmacological targets.7,8 However, to date, there are no examples of 

3-aminoindole synthesis by the Fischer method, and the corresponding preparation of N-(indol-3-

yl)amides9,10,11,12and 3-pyrazolylindoles13,14 proceeds poorly in the presence of protic acids. While 

the use of Lewis-acids (e.g., ZnCl2 or ZnBr2) improves the efficiency of cyclizations,9 the 

question remains: Why do these Fischer indolizations fail?  
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We have encountered similar difficulties in efforts to synthesize complex indoline-containing 

natural products using the interrupted Fischer indolization cascade15 (3.4+3.5!3.6, Scheme 3.1). 

Reactions between aryl hydrazines 3.4 and latent aldehydes 3.5 delivered 3-alkyl and 3-aryl 

substituted pyrrolidindolines, 3.6a and 3.6b, in good yields,15 but the transformation failed en 

route to 3-indolyl pyrrolidindoline, 3.6c, intended to be a model study for the synthesis of 

psychotrimine16,17 (3.7) and related alkaloids.  

 

Scheme 3.1 
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3.3 Failed Experimental Interrupted Fischer Indolization  

 Table 3.1 shows a sampling of our unsuccessful interrupted Fischer indolization attempts 

of substrate 3.5c.  Phenylhydrazine was employed in initial experiments.  Acetic acid-based 

conditions, commonly used for the interrupted Fischer indolization reaction, gave none of the 
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desired indoline product (entries 1–2).  Similarly, the use of stronger acids typically used to 

promote Fischer indole synthesis was also unsuccessful (entries 3–6).18 All of these experiments 

gave rise to two significant byproducts: 3-methylindole and aniline. Comparable results were 

obtained when treating arylhydrazone derivatives of 3.5c under acidic conditions. Despite being 

a widely utilized process, many essential mechanistic details underlying the acid-promoted 

Fischer indolization remain unclear. Previous computational investigations on the mechanism of 

the Fischer indole reaction are limited to semiempirical methods,19 and the effect of substituents 

on the possible competing pathways has not yet been addressed. Here, we report the first 

computational study on the mechanism of the Fischer indole reaction using accurate quantum 

mechanical methods, and demonstrate that substituents on the starting carbonyl compound play a 

pivotal role in the success or failure of the Fischer indole synthesis. We also show that the 

commonly used B3LYP method fails to reproduce the concerted nature of the acid-promoted 3,4-

diaza-Cope rearrangement. 
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Table 3.1. Interrupted Fischer Indolization Attempts with 3.5c 
 

N

N
Ts

HO

3.5c

Me

3.6c

ConditionsEntry

1

2

3

N
H

+

4

5

6

HCl(aq), CH3CN, rt to 120 °C

H2SO4(aq), CH3CN, rt to 120 °C

NH2

1:1 AcOH/H2O, rt to 110°C

AcOH, rt to 100 °C

TFA, C2H4Cl2, rt to 80°C

TsOH, t-BuOH, rt to 80 °C

7 ClAcOH, PhMe, rt to 170 °C

8 ClAcOH, MeOH, rt to 80 °C

9 PPTS, MeOH, rt to 80 °C

N
H

NTs

N

Me

H

 

 

3.4 Initial Computational Studies 

 We first studied the parent unsubstituted rearrangement using different levels of theory, 

including CBS-QB3, B3LYP, SCS-MP2, MP2 and M06-2X with Gaussian 09.20 Solvation 

effects were taken into account in geometry optimizations and in energy calculations using the 

SMD model.21 B3LYP favors N–N bond cleavage, without C–C bond formation, for the 

protonated species and failed to predict the concerted nature of the sigmatropic rearrangement 

transition states upon substitution. These results and a detailed comparison of all methods are 

given in the Supporting Information. In the text, we discuss results obtained at the SCS-MP2/6-

31G(d)(water)//MP2/6-31G(d)(water) level of theory, which provide the best results in test 

calculations. Figure 3.1 shows the free energies of the ene-hydrazine intermediates and [3,3]-

sigmatropic rearrangement transition states relative to the phenylhydrazone for both the thermal 
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and acid-catalyzed (N!-protonated and N"-protonated) pathways.  In the thermal reaction, ene-

hydrazine intermediate 3.9 lies 17.5 kcal/mol higher in energy than phenylhydrazone 3.8. The 

rearrangement transition state (t-TS) is concerted, but asynchronous with a very high activation 

barrier of 43.7 kcal/mol. Protonation of either nitrogen gives earlier transition states, increased 

asynchronicity, and a substantial decrease in the activation energy by 11-13 kcal/mol. 

Stabilization of the ene-hydrazine intermediates due to protonation (3.9a and 3.9b) is less 

significant (!!G = 3.1 kcal/mol). Overall, the N"-protonated pathway is favored by 1.5 

kcal/mol and yields the rearranged product 3.10b in a concerted fashion. M06-2X significantly 

overestimated the barrier of the [3,3]-sigmatropic rearrangement  by ~6-10 kcal/mol (see  SI). 

 

 

Figure 3.1. Free energies (#G, in kcal/mol) for the transformation of hydrazone to imine for the 
thermal and acid-promoted reaction [SCS-MP2/6-31G(d)(water)//MP2-6-31G(d)(water)]. 
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3.5 Substituent Effects  

 The influence of various substituents was evaluated computationally (Table 3.2). A single 

methyl substituent (entry 2) led to additional stabilization of both ene-hydrazine intermediates 

(!!G " 4 kcal/mol) and [3,3]-sigmatropic rearrangement transition states (!!G " 6 kcal/mol) 

compared to the parent reaction (entry 1).  The energies of protonated ene-hydrazines are 

essentially identical, and the "-TS is still favored over the !-TS. The favorable [3,3]-sigmatropic 

rearrangement of the monomethylated substrate (entry 2) is consistent with experimental data on 

Fischer indole synthesis.5   Condensation of phenylhydrazines with 3-substituted hemiaminals or 

lactols, the so-called interrupted Fischer indolization strategy,15 involves disubstituted 

phenylhydrazone intermediates. We find that the second substituent further stabilizes the 

intermediates and transition states by 1-3 kcal/mol (entry 3) compared to the monomethyl 

substituted reaction. The N!- and N"-protonated pathways have comparable energies (Figure 

3.2). 
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Figure 3.2. Energy profile (#G[#H], in kcal/mol) for the acid-promoted transformation of 
dimethyl substituted hydrazone. 
 

Table 3.2. Substituent Effects on the Free Energy (Enthalpy)a Profile [SCS-MP2/6-
31G(d)(water)//MP2/6-31G(d)(water)] 
Entr
y 

Substituents 3.8a

N
H2

N

H

R2
R1

 N
H2

NH

R1
R2

3.9a

 

!-TS 3.8b

N
H

NH

H

R2
R1

 N
H

NH2

R1
R2

3.9b

 

"-TS 

1 R1: H, R2: H 0.0 
(0.0) 

14.3 (14.1) 32.6 
(30.3) 

0.6 (0.6) 14.4 (14.3) 31.1 
(28.7)b 

2 R1: CH3, R2: H 0.0 
(0.0) 

10.6 (10.3) 26.1 
(23.9) 

0.5 (0.4) 10.7 (10.7) 24.7 
(22.8)b 

3 R1: CH3, R2: CH3 0.2 
(0.0) 

9.3 (8.7) 22.9 
(20.3)b 

0.0 (0.0) 8.7 (7.7) 22.3 
(20.0)b 

4 R1: Indolyl, R2: 
CH3 

0.0 
(0.0) 

9.2 (8.8) 18.0 
(16.5)c 

2.2 (2.7) 9.0 (9.3) 21.2 
(19.3) 

5 R1: CH3, R2: 
N(H)acetyl 

0.0 
(0.0) 

7.3 (7.6) 18.5 
(17.7)c 

1.1 (1.5) 7.4 (8.5) 19.6 
(17.9) 

aFree energies (enthalpies in parenthesis) are given relative to phenylhydrazone in kcal/mol. 
bFavored transition state involves [3,3]-sigmatropic rearrangement. c Favored transition state 
leads to N-N bond cleavage products. 
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3.6 Nitrogen Substituents  

 The reaction profile obtained with the indolyl-substituent, on the other hand, is 

completely different (entry 4 Table 3.1, and Figure 3.3). The !-TS-indolyl (!G = 18.0 kcal/mol) 

is noticeably lower in energy than "-TS-indolyl (!G = 21.2 kcal/mol), but the favored transition 

state is not that of a [3,3]-sigmatropic rearrangement (Figure 3.3). Instead, the intrinsic reaction 

coordinate (IRC) gives the stable p-complex, 3.11. In solution, this complex will dissociate, 

forming aniline and iminylcarbocation 3.12. Therefore, for the indolyl substituted reaction, the 

N!-protonated pathway leads to dissociation rather than rearrangement in solution. This suggests 

that the iminylcarbocation, formed by the heterolytic N–N bond cleavage, is stabilized by the 

electron-donating indolyl substituent, and this is responsible for the failure of the Fischer 

indolization for this substitution pattern. In place of an indolyl substituent, an acylated amine was 

evaluated (entry 5). Similarly, heterolytic N–N bond cleavage was favored over [3,3]-sigmatropic 

rearrangement. This result explains why the acid-catalyzed Fischer indolization of amide-

containing substrates has proved challenging.9-14 
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Figure 3.3. Energy profile (#G[#H], in kcal/mol) for the acid-promoted transformation of 

indolyl substituted hydrazone. 

  

 To better understand this behavior, we calculated the heterolytic bond dissociation 

enthalpies of N!- and N"-protonated ene-hydrazine intermediates (Table 3.3). As highlighted by 

entries 1-5, substantial weakening of the N–N bond occurs in 3.9awith more electron-donating 

substituents on the terminal alkene. The activation barriers of the N!-protonated species are 

lowered, and the transition states became more dissociative. The dissociative character of the 

weak N–N bond eventually precludes the [3,3]-sigmatropic rearrangement, and the ene-hydrazine 

intermediate collapses to aniline and a stabilized iminylcarbocation. The heterolytic N–N bond 

cleavage leads to side reactions rather than the Fischer indolization. These results are in accord 

with our experimental observations, and experimental findings by Mann and Cook.22 Previous 

studies of substituent effects on the Cope rearrangement and related 3,3-sigmatropic shifts 
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indicate that substituents that stabilize either associative or dissociative transition states 

accelerate the concerted rearrangement.23 Extreme stabilization of the dissociative transition state 

can eventually lead to dissociation, as was noted previously for amido-Cope rearrangements.24  

 

Table 3.3. Bond Dissociation Enthalpies (BDE) of Protonated Ene-hydrazines [SCS-MP2/6-
31G(d)(water)//MP2/6-31G(d)(water)] 

Entry Substituents BDE-3.9aa BDE-3.9ba 
1 R1: H 

R2: H 
47.1 ( 36.3) 34.2 (23.6) 

2 R1: CH3 
R2: H 

31.0 ( 19.8) 35.9 (25.1) 

3 R1: CH3 
R2: CH3 

20.7 (   9.7) 38.1 (26.0) 

4 R1: Indolyl 
R2: H 

 0.0 (-10.1) 32.3 (21.2) 

5 R1: Indolyl 
R2: CH3 

 -1.8(-13.2) 33.2 (21.5) 

6 R1: CH3 
R2: N(H)acetyl 

 1.0(-10.7) 36.4 (25.8) 

7 R1: H 
R2: N(H)acetyl 

 8.9 (-2.6) 34.9 (23.7) 

8 R1:N(H)acetyl 
R2:acetyl 

10.7 (0.4) 22.4 (10.9) 

aRelative enthalpies of N-N bond cleavage of the corresponding ene-hydrazine intermediate (#H, 
kcal/mol). Relative free energies (#G, kcal/mol) are given in parenthesis. 
 

 In contrast to electron-donating substituents, electron-withdrawing groups weaken the N–

N bond in 3.9b, and stabilize the N–N bond in 3.9a (Table 3.3, entry 8 vs. 6). This suggests that 

changing the amino substituent to amido would somewhat disfavor the competing dissociative 

pathway. Indeed, the N-acyl group notably increases the strength of the N–N bond in the N!-

protonated ene-hydrazines compared to indolyl (Table 3.3, entries 4 and 7). However, the bond 

dissociation enthalpy is still low (8.9 kcal/mol) compared to the case with only alkyl substituents 

(31.0 kcal/mol). These results explain in part the relatively poor yields obtained in the acid-
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catalyzed Fischer indole synthesis of 3-amido indoles.10 Disubstitution with an amido and alkyl 

group is predicted to be detrimental for the N!-protonated rearrangement (Table 3.3, entry 6). 

 

3.7 Conclusions  

 Electron-donating substituents weaken the N–N bond in the N!-protonated ene-hydrazine 

and lower the activation energy for the rearrangement step. However, excessive stabilization of 

heterolytic N–N bond cleavage precludes the products of the [3,3]-sigmatropic rearrangement, 

leading to the dissociation of the ene-hydrazine intermediate. This eventually translates to lower 

yields, or even to the failure of cyclization.  Bond dissociation enthalpies are excellent guides to 

determine the feasibility of the cleavage process. Beyond providing an explanation for the failure 

of certain Fischer indolization reactions, we expect these findings will enable the judicious 

design of synthetic routes that employ aza-[3,3]-sigmatropic rearrangements. 
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3.8 Experimental Section 

3.8.1 Materials and Methods 

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). All commercially available reagents were used as 

received unless otherwise specified. tert-butyldimethylsilyl chloride was obtained from 

Oakwood. 3-methylindole, and 4-dimethylaminopyridine were obtained from VWR 

(manufactured by Alfa-Aesar). Sodium hydride, ethyl 2-bromoacetate, bis(trimethylsilyl)amine, 

bromoacetonitrile, sodium borohydride, 4-toluenesulfonyl chloride, tetra-n-butylammonium 

fluoride, 2-iodobenzoic acid, Oxone and lithium aluminum hydride were obtained from Sigma-

Aldrich. 2-Iodoxybenzoic acid was prepared from a known literature procedure.25 Unless stated 

otherwise, reactions were performed at room temperature (rt, approximately 23 °C). Thin-layer 

chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 

visualized using a combination of UV, anisaldehyde, iodine, and potassium permanganate 

staining. Silicycle silica gel 60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (at 300 MHz, 400 

MHz, or 500 MHz) and are reported relative to deuterated solvent signals. Data for 1H NMR 

spectra are reported as follows: chemical shift ($ ppm), multiplicity, coupling constant (Hz) and 

integration. 13C NMR spectra are reported in terms of chemical shift (at 100 MHz, 125 MHz). 

For mixtures of diastereomers, the major diastereomer is reported with the minor diastereomer in 

parentheses for both 1H NMR and 13C NMR spectra. IR spectra were recorded on a Perkin-Elmer 
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100 spectrometer and are reported in terms of frequency absorption (cm–1). High resolution mass 

spectra were obtained from the UC Irvine Mass Spectrometry Facility.  

3.8.2 Experimental Procedures 

 

N

EtO2C

3.14

Me

3.13

N
H

Me NaH
 BrCH2COOEt

DMF, rt to 40 ºC

(77% yield)

 
Ester 3.14. To a suspension of NaH (988 mg, 41.2 mmol) in DMF (90 mL) at rt was added a 

solution of 3-methylindole (3.13) (4.5 g, 34 mmol) in DMF (30 mL) dropwise over 10 min. 

Following the addition, the reaction mixture was stirred for 30 min at rt, then ethyl bromoacetate 

(535 µL, 7.21 mmol) was added dropwise over 5 min.  After stirring for 30 min at rt, the reaction 

was warmed to 40 °C. After 1 h, the reaction mixture was cooled to rt and poured into deionized 

water (200 mL). The solution was diluted with EtOAc (100 mL) and the layers were separated. 

The aqueous layer was extracted with EtOAc (2 x 100 mL). The organic layers were combined, 

dried over Na2SO4, and evaporated under reduced pressure. The resulting residue was purified by 

flash chromatography (3:1 % 1:1 hexanes:benzene) to afford ester 3.14 (5.78 g, 77% yield) as a 

pink oil. Rf 0.3 (1:1 hexanes:benzene); 1H NMR (400 MHz, CDCl3): $ 7.70 (d, J = 7.6, 1H), 7.4–

7.2 (m, 3H), 6.93 (s, 1H), 4.82 (s, 2H), 4.29 (q, J = 7.2, 2H), 2.44 (s, 3H), 1.35 (t, J = 7.2, 3H); 

13C NMR (100 MHz, CDCl3): $ 169.0, 137.0, 129.1, 126.2, 122.1, 119.3, 119.2, 111.6, 108.9, 

61.6, 47.7, 14.3, 9.7; IR (film): 3053, 2981, 2919, 1749, 1735, 1467, 1187 cm–1; HRMS-ESI 

(m/z) [M + H]+ calcd for C13H16NO2, 218.1181; found 218.1190.  
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N

EtO2C CN

3.15

Me

N

EtO2C

3.14

Me
LHMDS

BrCH2CN

THF, –78 ºC

(82% yield)

 
Nitrile 3.15. To a solution of bis(trimethylsilyl)amine (0.321 mL, 1.46 mmol) in THF (9 mL) 

was added a solution of n-butyllithium in hexanes (2.6 M, 0.58 mL, 1.46 mmol) at 0 °C. 

Following the addition, the reaction mixture was stirred for 15 min at 0 ºC, then cooled to –78 

°C. A solution of ester 3.14 (300 mg, 1.45 mmol) in THF (5 mL) was added dropwise over 3 min 

at –78 ºC and the resulting solution was stirred for 1 h. Bromoacetonitrile (0.202 mL, 2.90 

mmol) was added dropwise over 2 min, and the resulting mixture was stirred for 1 h at –78 ºC. 

The reaction mixture was quenched with a solution of sat. aq. NH4Cl (3 mL) and warmed to rt.  

The reaction mixture was poured into brine (20 mL). The solution was diluted with CH2Cl2 (30 

mL) and the layers were separated. The aqueous layer was extracted with CH2Cl2 (2 x 30 mL). 

The combined organic layers were washed with brine (40 mL), dried over Na2SO4, and 

evaporated under reduced pressure. The resulting residue was purified by flash chromatography 

(6:1 % 4:1 % 3:1 hexanes:EtOAc) to afford nitrile 3.15 (305 mg, 82% yield) as a yellow oil. Rf 

0.3 (3:1 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): $ 7.58 (d, J = 8.0, 1H), 7.3–7.2 (m, 2H), 

7.17 (t, J = 4.0, 1H), 6.94 (s, 1 H), 5.26 (dd, J = 7.2, 6.8, 1H), 4.26 (q, J = 7.2, 2H), 3.22 (dd, J = 

16.8, 6.8,  1H), 3.08 (dd, J = 16.8, 7.2, 1H), 2.32 (s, 3 H), 1.23 (t, J = 7.2, 3H); 13C NMR (125 

MHz, CDCl3): $ 167.7, 135.8, 129.3, 122.7, 122.4, 119.9, 119.5, 116.0, 113.4, 108.5, 62.7, 54.7, 

20.9, 13.9, 9.5; IR (film): 2980, 2865, 1738, 1463, 1033 cm–1; HRMS-ESI (m/z) [M + H]+ calcd 

for C15H17N2O2, 279.1110; found 279.1100. 
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N

CNHO
3.16

Me

N

EtO2C CN

3.15

Me

NaBH4

MeOH

(98% yield)

 
Alcohol 3.16. To a solution of nitrile 3.15 (4.856 g, 18.86 mmol) in MeOH (100 mL) at rt was 

added sodium borohydride (3 x 1.00 g portions, 75.4 mmol) over 15 min. After 10 min, the 

reaction mixture was poured into brine (200 mL). The solution was diluted with EtOAc (100 

mL) and the layers were separated. The aqueous layer was extracted with EtOAc (2 x 100 mL). 

The organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure. 

The resulting residue was purified by flash chromatography (9:1 CH2Cl2:EtOAc) to afford 

alcohol 3.16 (3.953 g, 98% yield) as an amorphous white solid. Rf 0.2 (9:1 CH2Cl2:EtOAc); 1H 

NMR (500 MHz, CDCl3): $ 7.59 (d, J = 7.5, 1H), 7.30 (d, J = 8.5, 1H), 7.26 (t, J = 8, 1H), 7.16 

(t, J = 8.5, 1H), 7.05 (s, 1H), 4.80 (dd, J = 12, 5.5, 1H), 4.12 (dd, J = 11, 5.5, 2H), 3.02 (dd, J = 

17, 7, 1H), 2.94 (dd, J = 17, 7, 1H), 2.33 (s, 3H), 1.71 (t, J = 5.5, 1H); 13C NMR (125 MHz, 

CDCl3): $ 136.2, 128.9, 122.2, 121.3, 119.6, 119.4, 116.7, 112.8, 108.6, 63.2, 52.9, 20.2, 9.6; IR 

(film): 3440, 2921, 2853, 1461 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for NaC13H14N2O, 

237.1004; found 237.0996.  

 

N

HNTBSO

3.19

Me

Ts

N

CNHO

3.16

Me

N

CNTBSO

3.17

Me

N

H2NTBSO

3.18

Me
TBSCl

DMAP, Et3N

CH2Cl2

LAH

 benzene
Et2O, 0 ºC

TsCl, Et3N

CH2Cl2

(70% yield, 3 steps)

 
Sulfonamide 3.19. To a solution of tert-butyldimethylsilyl chloride (177 mg, 1.18 mmol) and 4-

dimethylaminopyridine (5.0 mg, 0.04 mmol) in DMF (1.5 mL) was added a solution of alcohol 
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3.16 (84 mg, 0.39 mmol) and triethylamine (0.151 mL, 1.18 mmol) in DMF (1.5 mL). After 3 h, 

the reaction mixture was poured into a solution of sat. aq. NH4Cl (25 mL). The solution was 

diluted with Et2O (30 mL) and the layers were separated. The aqueous layer was extracted with 

Et2O (2 x 30 mL). The organic layers were combined and dried over Na2SO4. Evaporation of the 

solvent under reduced pressure afforded crude silylether 3.17, which was used in the subsequent 

step without further purification. 

 To a suspension of lithium aluminum hydride (690 mg, 18.1 mmol) in Et2O (90 mL) was 

added a solution of silylether 3.17 (5.957 g, 18.09 mmol) in benzene (90 mL) at 0 °C. After 10 

min, the reaction mixture was quenched with a solution of sat. aq. NH4Cl (15 mL) and Celite (40 

g) was added. The reaction was warmed to rt and poured into a fritted funnel.  The filter cake 

was washed with EtOAc (3 x 100 mL).  The organic layers were combined and dried over Na-

2SO4. Evaporation of the solvent under reduced pressure afforded crude amine 3.18, which was 

used in the subsequent step without further purification.  

 To a solution of amine 3.18 (103 mg, 0.31 mmol) and triethylamine (0.063 mL, 0.460 

mmol) in CH2Cl2 (1 mL) was added 4-toluenesulfonyl chloride (89 mg, 0.46 mmol). After 1 h, 

the reaction mixture was poured into brine (10 mL). The solution was diluted with CH2Cl2 (10 

mL) and the layers were separated. The aqueous layer was extracted with CH2Cl2 (2 x 10 mL). 

The organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure.  

The resulting residue was purified by flash chromatography (6:1:1 % 4:1:1 hexanes:CH-

2Cl2:Et2O) to afford sulfonamide 3.19 (103 mg, 70% yield) as an orange solid. Rf 0.5 (4:1:1 

hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3): $ 7.56–7.54 (m, 3H), 7.25–7.15 (m, 4H), 

7.10 (t, J = 7, 1H), 6.89 (s, 1H), 4.40 ( d, J = 5.0, 1H), 4.27 (t, J = 6, 5, 1H), 3.78 (dd, J = 5, 2, 

2H), 2.87 (dd, J = 12.5, 6.0, 1H), 2.75 ( dd, J = 13.5, 6,  1H), 2.39 (s, 3H), 2.29 (s, 3H), 2.21 (dd, 
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J = 13.5, 8, 1H), 2.09 (dd, J = 12.5, 8, 1H), 0.83 (s, 9H), –0.07 (s, 3H), –0.09 (s, 3H); 13C NMR 

(125 MHz, CDCl3): $ 143.2, 136.5, 136.4, 129.6, 128.5, 126.9, 122.6, 121.4, 118.9, 118.7, 111.0, 

109.0, 65.6, 54.4, 40.3, 31.2, 25.7, 21.4, 18.1, 9.6, –5.7, –5.8; IR (film): 3280, 2953, 2928, 2857, 

1460, 1325, 1157 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for NaC26H38N2O3SSi, 509.2270; 

found 509.2259. 
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Hemiaminal 3.5c. To a solution of sulfonamide 3.19 (2.3 g, 4.73 mmol) in THF (20 mL) was 

added a solution of tetra-n-butylammonium fluoride in THF (1 M, 9.47 mL, 9.47 mmol) at 0 °C. 

Following the addition, the reaction mixture was stirred for 1 h, and then warmed to rt. After 30 

min, the reaction mixture poured into brine (200 mL). The solution was diluted with EtOAc (100 

mL) and the layers were separated. The aqueous layer was extracted with EtOAc (2 x 100 mL). 

The organic layers were combined and dried over Na2SO4. Evaporation of the solvent under 

reduced pressure afforded crude alcohol 3.20, which was used in the subsequent step without 

further purification. 

 To a solution of alcohol 3.20 (261 mg, 0.70 mmol) in EtOAc (20 mL) was added 2-

iodoxybenzoic acid (196 mg, 0.70 mmol) in THF (10 mL) at rt.26 Following the addition, the 

reaction was heated to 75 °C. After 1 h, the reaction mixture was cooled to rt and then filtered 

over plug of silica gel (EtOAc eluent, 3 x 50 mL). The volatiles were removed under reduced 

pressure and the resulting residue was purified by flash chromatography (99:1 CH2Cl2: MeOH) 



 234 

to afford hemiaminal 3.5c (122 mg, 40% yield) as a yellow oil and 3.20 (117 mg, 45% yield) as a 

white solid. Rf 0.3 (99:1 CH2Cl2:MeOH); 1H NMR (500 MHz, CDCl3): $ 7.59(7.82) (d, J = 10.5, 

2H), 7.50(7.56) (d, J = 10, 1H), 7.25(7.20) (d, J = 9.5, 1H) 7.20(7.36) (d, J = 10.5, 2H) 7.20–7.15 

(m, 2H), 6.15(7.08) (s, 1H), 5.51(5.61) (s, 1H), 4.81(4.57) (dd, J = 8, 6,  1H), 3.81(3.62) (dd, J = 

11.5, 4.5, 1H), 3.50(3.38) (dd, J = 20.5, 10.5, 1H), 2.65(3.38) (dd, J = 22.5, 11.5, 1H), 2.20(2.72) 

(ddd, J = 11.5, 8.5, 4, 1H), 2.44(2.47) (s, 3H), 2.09(2.20) (s, 3H); 13C NMR (100 MHz, CDCl3): $ 

144.0(143.9), 136.7(136.1), 135.2(135.8), 129.9(129.8), 129.0(128.8), 127.4(127.0), 

123.5(122.0), 121.8(120.9), 119.5(119.4), 119.3(119.1), 111.4(111.2), 109.3(108.6), 87.9(80.6), 

61.3(57.3), 46.3(43.8), 28.6(29.7), 21.6(26.6), 9.5(9.7); IR (film): 3480, 2920, 1598, 1463, 1339, 

1161 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for NaC20H23N2O3S, 393.1249; found 393.1254.  

 

Attempted Fischer Indolization of Substrate 3.5c.27, 28, 29, 30, 31, 32 
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APPENDIX TWO 

 

Spectra Relevant to Chapter Three: 

 

Why Do Some Fischer Indolizations Fail? 
Nihan Çelebi-Ölçüm, Ben W. Boal, Alexander D. Huters, Neil K. Garg, and K. N. Houk. 

J. Am. Chem. Soc. 2011, 133, 5752–5755. 
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Figure A2.2 Infrared spectrum of compound 3.14. 

 
Figure A2.3 13C NMR (125 MHz, CDCl3) of compound 3.14. 
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Figure A2.5 Infrared spectrum of compound 3.15. 

 
Figure A2.6 13C NMR (125 MHz, CDCl3) of compound 3.15. 
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Figure A2.8 Infrared spectrum of compound 3.16. 

 
Figure A2.9 13C NMR (125 MHz, CDCl3) of compound 3.16. 
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Figure A2.11 Infrared spectrum of compound 3.19. 

 
Figure A2.12 13C NMR (125 MHz, CDCl3) of compound  3.19. 
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Figure A2.15 13C NMR (125 MHz, CDCl3) of compound  3.5c. 

Figure A2.14 Infrared spectrum of compound 3.5c. 
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CHAPTER FOUR 

 

Total Synthesis of (±)-Aspidophylline A 
Liansuo Zu, Ben W. Boal, and Neil K. Garg 

J. Am. Chem. Soc. 2011, 133, 8877–8879. 

 

4.1 Abstract 

 We report the total synthesis of (±)-aspidophylline A, one of many complex furoindoline-

containing alkaloids that has not been synthesized previously. Our route features a number of 

key transformations, including a Heck cyclization to assemble the [3.3.1]-bicyclic scaffold, as 

well as a late-stage interrupted Fischer indolization to install the furoindoline and construct the 

natural product’s pentacyclic framework.  

 

4.2 Introduction 

 For decades, indole alkaloids isolated from natural sources have captivated the attention 

of synthetic chemists, leading to innovations in synthetic methodology and stunning 

achievements in total synthesis.1 One particularly rich source of indole alkaloids is the 

Apocynaceae family of plants, predominantly found in Southeast Asia.2 Natural products 

isolated from these plants are characterized by intricate polycyclic structures and a range of 

biological activity.2,3 Alkaloids 4.1–4.3 (Figure 4.1) are representatives of more than 20 

molecules in this family that possess a furoindoline motif, none of which have been synthesized 

previously.  
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Figure 4.1. Furoindoline alkaloids 4.1–4.3 from the Apocynaceae plants. 

 

 With the ultimate goal of preparing alkaloids 4.1–4.3 and other family members, we 

selected aspidophylline A (4.1) as our initial synthetic target. Aspidophylline A (4.1) was 

isolated by Kam and coworkers in 2007, and was found to reverse drug resistance in resistant KB 

cells.3 The intricate pentacyclic framework of 4.1 presents many synthetic challenges, including 

the tricyclic furoindoline motif, a densely substituted cyclohexyl ring, containing 5-contiguous 

stereogenic centers, and a bridged [3.3.1]-bicycle. In this communication, we report the first total 

synthesis of (±)-aspidophylline A (4.1). 

 

4.3 Interrupted Fischer Indolization Cascade and Retrosynthetic Analysis of (±)-                

Aspidophylline A. 

 Our approach to 4.1 is inspired, in part, by our laboratory’s previously described 

approach to fused indoline ring systems.4 Specifically, we demonstrated that reactions between 

aryl hydrazines 4.4 and latent aldehydes 4.5 under acidic conditions provide basic furoindoline 

and pyrrolidinoindoline scaffolds 4.8 (Figure 4.2). The transformation, termed the “interrupted 

Fischer indolization”, proceeds via a charge-accelerated rearrangement/cyclization cascade (see 

transition structures 4.6 and 4.7).4 We envisioned that such a process could be used to access the 

pentacyclic framework of aspidophylline A if a late-stage diastereoselective variant5 employing 

phenylhydrazine (4.9) and hemiketal 4.10 was deemed feasible. The implementation of this 
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endgame strategy would not only serve to assemble the aspidophylline A scaffold, but would 

also validate our interrupted Fischer indolization methodology in a complex setting. It was 

anticipated that hemiketal 4.10 could be prepared from bicycle 4.11, the product of Heck 

cyclization of cyclohexylamine 4.12.6,7 Finally, cyclohexylamine 4.12 would be derived from 

[2.2.2]-bicyclic lactam 4.13, an intermediate believed to be accessible from readily available 

known compounds.8 

 

Scheme 4.1 

R
N

Me

H

H
CO2Me

Heck 
cyclization

RO
RN Me

CO2Me

RO
X

R
N

CO2H
CO2H

O O

RN

R''

H X
RN

NH2
RN

R''

XHH2
N H

R''

RN

H+

R' R'

XH

R' R'4.4

5

4.6 4.7 4.8

Interrupted Fischer Indolization Cascade

R
N

Me

+

H

H
CO2Me

HN
NH2

RO
RO

Late-Stage Interrupted 
Fischer Indolization

Retrosynthetic Analysis

Aspidophylline A (4.1)

N
OH

N
Me

H
CO2Me

H
OHC

4.9 4.10

4.11 4.12 4.13

X

R''

OH

O
HO

H

X = O or NTs

 

 

4.4 Construction of the [3.3.1]-Bicyclic Framework 

Our synthesis commenced with the assembly of aspidophylline A’s [3.3.1]-bicyclic motif 

(Scheme 4.2). Thermal Diels–Alder reaction between pyridinone 4.14 and maleic anhydride 

furnished known bicycle 4.15,8 which was available in multigram quantities. Microwave 
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irradiation of 4.15 with Cu2O and bipyridyl in a quinoline/water mixture delivered alkene 4.17. 

The transformation of 4.15 to 4.17 likely proceeds by enol ether and anhydride hydrolysis to 

furnish intermediate 4.16, followed by Cu(I)-promoted oxidative bis(decarboxylation).9 Ketal 

protection and removal of the Bn protecting group provided lactam 4.18, which in turn, 

underwent N-tosylation and methanolysis to provide a,b-unsaturated ester 4.19. Subsequent 

alkylation with allylic bromide 4.2010 provided vinyl iodide 4.21, the necessary substrate for 

Heck cyclization. Upon treatment of substrate 4.21 with Pd(0) under Vanderwal’s conditions,7 

bicycle 4.22 was obtained in quantitative yield. Ketal deprotection and olefin reduction furnished 

ketoester 4.23 as a mixture of C16 diastereomers (dr 8:1).  
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4.5 Initial Interrupted Fischer Indolization Attempts 
 
 Having assembled the desired [3.3.1]-bicycle, we turned our attention to introducing a C7 

substituent en route to the desired interrupted Fischer indolization substrate. Although the 

lithium enolate of 4.23 was found to be unreactive toward various electrophiles, enolate 

alkylation proceeded smoothly with allyl iodide at –50 °C. The resulting product 4.24 was 

isolated as a single diastereomer and served as a versatile intermediate en route to the desired 

hemiketal 4.2511 and an alternate substrate, ketone 4.26.12 Unfortunately, the critical interrupted 

Fischer indolization proved challenging. In fact, both direct and stepwise variants of this key step 

(using substrates 4.25 and 4.26, respectively) failed to deliver either of the desired products, 

pentacycle 4.27 or tetracycle 4.28.13,14  
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4.6 Completion of (±)-Aspidophylline A 

 Hypothesizing that the [3,3]-sigmatropic rearrangement of substrate 4.26 was 

sluggish,14,15 we sought to prepare a more rigid substrate for use in the key step. The targeted 

substrate, lactone 4.31, was prepared following the sequence shown in Scheme 4.4. 

Diastereoselective reduction of allyl ketone 4.24 provided alcohol 4.29,16 which underwent 

oxidative cleavage17 and reduction to furnish diol 4.30. Acid-promoted lactonization, followed 

by Dess–Martin oxidation, delivered ketoester 4.31. Much to our delight, ketoester 4.31 proved 

to be an excellent substrate for Fischer indolization. Upon reaction with phenylhydrazine in the 

presence of TFA in dichloroethane at 40 °C, intermediate 4.33 was generated, presumably via 

transition structure 4.32. Removal of solvent, followed by addition of K2CO3 in MeOH with 

heating led to lactone methanolysis and cyclization (see transition structure 4.34) to afford 

pentacycle 4.27. This one-pot sequence leads to the introduction of three rings by assembly of 

one C–C bond and two C–heteroatom bonds, all with complete diastereoselectivity. Removal of 

the tosyl protecting group of 4.27, followed by formylation, furnished aspidophylline A (4.1). 

Synthetic 4.1 was found to be indistinguishable from an authentic sample of the natural product 

by NMR, mass spectrometric, and chromatographic comparisons.3,18 
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Scheme 4.4 
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4.7 Conclusions 

 In summary, we have achieved the first total synthesis of aspidophylline A (4.1), one of 

many complex furoindoline-containing alkaloids that has not been synthesized previously. Our 

route to 4.1 proceeds in 18 steps from known Diels–Alder adduct 4.15 and features a number of 

key transformations, including: (a) an oxidative bis(decarboxylation) to furnish [2.2.2]-bicyclic 

lactam 4.17, (b) a Heck cyclization to assemble the natural product’s [3.3.1]-bicyclic scaffold, 

and (c) a late-stage interrupted Fischer indolization to install the furoindoline and construct the 

full pentacyclic framework of 4.1. Our synthesis of (±)-aspidophylline A (4.1) validates the 
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interrupted Fischer indolization approach to intricate indoline-containing natural products and 

sets the stage for future synthetic endeavors. 

 

4.8 Experimental Section 

4.8.1 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). All commercially available reagents were used as received unless 

otherwise specified. Tetrakis(triphenylphosphane)palladium(0) was obtained from Strem. 

Cesium carbonate, trimethoxymethane, phenylhydrazine, and 4-dimethylaminopyridine were 

obtained from VWR (manufactured by Alfa-Aesar). Bipyridyl was obtained from VWR 

(manufactured by TCI). Quinoline, 4-methylbenzenesulfonic acid monohydrate (p-TsOH•H2O), 

sodium metal, n-butyllithium (hexanes solution), 2-butyn-1-ol, 1,2,2,6,6-pentamethylpiperidine, 

indium metal, lithium bis(trimethylsilyl)amide (LiHMDS), 1,3-dimethyl-3,4,5,6-tetrahydro-

2(1H)-pyrimidinone (DMPU), sodium borohydride, osmium tetroxide, magnesium metal 

powder, formic acid, N,N'-diisopropylcarbodiimide (DIC), 2-iodobenzoic acid, and Oxone® 

were obtained from Sigma Aldrich. Phenylhydrazine was purified by column chromatography 

(10:1! 1:1 Benzene:EtOAc) and recrystallized from pet. ether/ benzene. 1,3-dimethyl-3,4,5,6-

tetrahydro-2(1H)-pyrimidinone (DMPU) was distilled from calcium hydride before use. 2-

Iodoxybenzoic acid (IBX) and Dess–Martin periodinane were prepared from known literature 

procedures.19,20 Allyl iodide was prepared from a known literature procedure21 and used 

immediately after purification. Bromide 4.20 was prepared from a known procedure.22,23 Unless 

stated otherwise, reactions were performed at room temperature (rt, approximately 23 °C). 
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Anhydride 4.15 was made from a known procedure.24 Microwave-assisted reactions were 

performed in Discover model equipped with an Explorer autosampler from CEM. Thin-layer 

chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 

visualized using a combination of UV, anisaldehyde, iodine, and potassium permanganate 

staining. Silicycle silica gel 60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (at 300 MHz, 400 

MHz, or 500 MHz) and are reported relative to deuterated solvent signals. Data for 1H NMR 

spectra are reported as follows: chemical shift (" ppm), multiplicity, coupling constant (Hz) and 

integration. 13C NMR spectra are reported in terms of chemical shift (at 100 MHz or 125 MHz). 

For mixtures of diastereomers or rotational isomers, the major diastereomer is reported with the 

minor diastereomer in parentheses for both 1H NMR and 13C NMR spectra. IR spectra were 

recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of frequency absorption 

(cm–1). Uncorrected melting points were measured with a Mel-Temp II melting point apparatus 

and a Fluke 50S thermocouple. High resolution mass spectra were obtained from the UC Irvine 

Mass Spectrometry Facility.  
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4.8.2 Experimental Procedures 

 

4.17

Cu2O, Bipyridyl

quinoline, H2O 
150 ºC, µ!

(69% yield)

Bn
NO

O

4.15

Bn
N

O

O

O

O
BnO H

H

 

Alkene 4.17. To a mixture of anhydride 4.15 (40.0 mg, 0.103 mmol), copper oxide (32.0 mg, 

0.226 mmol), and bipyridyl (18.0 mg, 0.113 mmol) in quinoline (1.0 mL) was added deionized 

H2O (20 µL, 1.03 mmol). The reaction was heated to 150 ºC for 25 min in a microwave reactor.25 

The reaction was poured into an aqueous solution of HCl (1 M, 15 mL) and extracted with 

CH2Cl2 (3 x 10 mL). The organic layers were combined, dried over Na2SO4, and evaporated 

under reduced pressure. The resulting residue was purified by flash chromatography (2:1! 1:1 

hexanes:EtOAc) to afford alkene 4.17 (15.6 mg, 69% yield) as an orange solid. Alkene 4.17: mp: 

88–90 ºC; Rf 0.20 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.36–7.28 (m, 3H), 

7.18–7.13 (m, 2H), 6.70 (ddd, J = 9.0, 6.0, 1.5, 1H), 6.44 (ddd, J = 9.0, 6.0, 2.0, 1H), 4.86 (d, J = 

15.0, 1H), 4.30 (d, J = 15.0, 1H), 4.15(dd, J =6.0, 2.0, 1H), 3.77 (ddd, J = 5.0, 3.0, 2.5, 1H), 2.42 

(dd, J = 18.0, 2.5, 1H), 2.13 (dd, J = 18.0, 3.0, 1H); 13C NMR (125 MHz, CDCl3): " 200.2, 170.5, 

136.9, 135.7, 129.1, 128.7, 128.7, 127.9, 64.8, 48.6, 44.6, 32.0; IR (film): 3467, 3031, 2923, 

1736, 1671, 1445, 1419, 1240, 1156 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for C14H13NO2Na, 

250.0844; found 250.0845. 

Alkene 4.17 (batch processing procedure). Twenty-four microwave reaction tubes were 

charged using the procedure described above (using anhydride 4.15, 40.0 mg, 0.103 mmol per 

tube). The reaction vessels were placed in the microwave’s autosampler rack, and then each was 

heated to 150 ºC for 25 min in the microwave reactor. The reactions were combined poured into 
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an aqueous solution of HCl (1 M, 150 mL) and extracted with CH2Cl2 (3 x 100 mL). The organic 

layers were combined, dried over Na2SO4, and evaporated under reduced pressure. The resulting 

residue was purified by flash chromatography (2:1! 1:1 hexanes:EtOAc) to afford alkene 4.17.  

This procedure was consistently repeated more than ten times to give multigram quantities of 

4.17 (280-386 mg, 50–69% yield, per batch) as an orange solid. 

 

4.35

HC(OCH3)3, CH3OH  
       

p-TsOH•H2O, reflux

Bn
NO

MeO
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Bn
NO

O
MeO

4.18

H
NO

MeO
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 Na, t-BuOH
     

NH3, THF, –78 ºC

(88% yield)(99% yield)
 

Amide 4.18. To a solution of alkene 4.17 (2.04 g, 8.99 mmol) and trimethoxymethane (20.0 mL, 

182 mmol) in methanol (80 mL) was added 4-methylbenzenesulfonic acid monohydrate (p–

TsOH•H2O) (855 mg, 4.50 mmol). The resulting mixture was heated to reflux. After 14 h, the 

reaction mixture was cooled to rt, excess methanol was removed under reduced pressure, and the 

reaction mixture was poured into a solution of sat. aq. NaHCO3 (200 mL). The mixture was 

diluted with CH2Cl2 (50 mL) and the layers were separated. The aqueous layer was extracted 

with CH2Cl2 (3 x 50 mL). The combined organic layers were dried over Na2SO4 and evaporated 

under reduced pressure. The resulting residue was purified by flash chromatography (2:1! 1:1 

hexanes:EtOAc) to afford ketal 4.35 (2.42 g, 99% yield) as an orange oil. Ketal 4.35: mp: 71–72 

ºC; Rf 0.20 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.32–7.25 (m, 3H), 7.12 (d, J = 

7.5, 2H), 6.44 (dd, J = 7.0, 6.0, 1H), 6.29 (dd, J = 7.0, 5.5, 1H), 5.22 (d, J = 15.5, 1H), 4.01 (d, J 

= 5.5, 1H), 3.90 (d, J = 15.5, 1H), 3.49–3.47 (m, 1H), 3.20 (s, 3H), 3.13 (s, 3H), 2.01 (dd, J = 

13.0, 1.5, 1H), 1.64 (dd, J = 13.0, 2.5, 1H); 13C NMR (125 MHz, CDCl3): " 172.5, 136.8, 132.6, 

131.3, 128.5, 127.8, 127.2, 107.2, 57.8, 49.4, 49.0, 48.4, 44.4, 33.8; IR (film): 3474, 2945, 2834, 
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1672, 1451, 1096, 1052 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for C16H19NO3Na, 296.1263; 

found 296.1268. 

A solution of ketal 4.35 (3.11 g, 11.4 mmol) and tert-butanol (0.20 mL, 3.45 mmol) in 

THF (40 mL) was added dropwise to a solution of sodium metal (786 mg, 34.2 mmol) in NH3 

(30 mL) at –78 °C. After 30 min, the reaction mixture was quenched with a solution of sat. aq. 

NH4Cl (15 mL) at –78 ºC. The reaction was warmed to rt and poured into brine (20 mL). The 

solution was diluted with EtOAc (50 mL) and the layers were separated. The aqueous layer was 

extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over MgSO4 and 

evaporated under reduced pressure. The resulting residue was purified by flash chromatography 

(100:0! 90:10 CH2Cl2:MeOH) to afford amide 4.18 (1.84 g, 88% yield) as a beige solid. Amide 

4.18: mp: 160–162 ºC; Rf 0.1 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.38 (s, 1H), 

6.45 (s, 2H), 4.24 (s, 1H), 3.30 (s, 1H), 3.25 (s, 3H), 3.19 (s, 3H), 1.69 (d, J = 12.5, 1H), 1.26 (d, 

J = 12.5, 1H); 13C NMR (125 MHz, CDCl3): " 176.4, 132.7, 131.8, 106.9, 53.3, 49.1, 49.0, 44.3, 

34.1; IR (film): 3242, 2946, 1683, 1638, 1618, 1451, 1131, 1063 cm–1; HRMS-ESI (m/z) [M + 

Na]+ calcd for C9H13NO3Na, 206.0793; found 206.0796. 
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4.18
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Ester 4.19. To a solution of amide 4.18 (1.10 g, 6.00 mmol) in THF (100 mL) was added a 

solution of n-butyllithium in hexanes (2.4 M, 3.50 mL, 8.40 mmol) at –50 °C. Following the 

addition, the reaction mixture was stirred for 30 min, and then a solution of 4-toluenesulfonyl 

chloride (1.72 g, 9.00 mmol) in THF was added dropwise over 10 min at –50 ºC. After 1 h, the 

reaction mixture was quenched with a solution of sat. aq. NH4Cl (50 mL) at –50 ºC. The 

resulting mixture was warmed to rt and then diluted with EtOAc (50 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (2 x 50 mL). The organic layers were 

combined and dried over Na2SO4. Evaporation of the solvent under reduced pressure afforded 

crude sulfonamide 4.36, which was used in the subsequent step without further purification. 

To a solution of crude sulfonamide 4.36 in MeOH (30 mL) at rt was added potassium 

carbonate (2.07 g, 15.0 mmol). After 12 h, excess methanol was removed under reduced 

pressure, and the resulting solution was poured into a solution of sat. aq. NH4Cl (50 mL). The 

solution was diluted with CH2Cl2 (50 mL) and the layers were separated. The aqueous layer was 

extracted with CH2Cl2 (3 x 50 mL). The organic layers were combined, dried over Na2SO4, and 

evaporated under reduced pressure. The resulting residue was purified by flash chromatography 

(5:1! 2:1 hexanes:EtOAc) to afford ester 4.19 (1.95 g, 90% yield, 2 steps) as an orange solid. 

Ester 4.19: mp: 120–122 ºC; Rf 0.25 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.74 

(d, J = 8.0, 2H), 7.28 (d, J = 8.0, 2H), 6.75 (s, 1H), 4.85 (s, 1H), 3.70 (s, 3H), 3.51 (s, 1H), 3.08 

(s, 3H), 2.94 (s, 3H), 2.69 (d, J = 18.5, 1H), 2.54 (d, J = 19.5, 1H), 2.42 (d, J = 19.5, 1H), 2.41 (s, 

3H), 2.27 (d, J = 18.5, 1H); 13C NMR (125 MHz, CDCl3): " 166.4, 143.4, 137.0, 136.1, 129.5, 
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127.1, 126.5, 99.2, 51.6, 49.8, 48.3, 47.7, 30.1, 28.4, 21.4; IR (film): 3271, 2952, 1713, 1437, 

1331, 1262, 1161, 1059 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for C17H23NO6SNa, 392.1144; 

found 392.1149. 
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Iodide 4.21. To a suspension of ester 4.19 (1.95 g, 5.29 mmol) and cesium carbonate (3.42 g, 

10.5 mmol) in MeCN (50 mL) at rt was added bromide 4.20 (4.11 g, 15.8 mmol). After stirring 

for 64 h, the excess MeCN was removed under reduced pressure. The residue was poured into 

deionized water (50 mL), and the resulting mixture was diluted with CH2Cl2 (100 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 100 mL). The 

organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure. The 

resulting residue was purified by flash chromatography (10:1 ! 5:1 hexanes:EtOAc) to afford 

iodide 4.21 (2.24 g, 70% yield) as a white solid. Iodide 4.21: mp: 76–80 ºC; Rf 0.40 (2:1 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): " 7.70 (d, J = 8.5, 2H), 7.32 (d, J = 8.5, 2H), 6.81 

(s, 1H), 6.24 (q, J = 6.5, 1H), 4.37 (s, 1H), 4.17 (d, J = 18.0, 1H), 3.91 (d, J = 18.0, 1H), 3.74 (s, 

3H), 3.32 (s, 3H), 3.16 (s, 3H), 2.65 (d, J = 15.0, 1H), 2.51 (d, J = 15.0, 1H), 2.51 (d, J = 19.0, 

1H), 2.45 (s, 3H), 2.00 (d, J = 19.0, 1H), 1.79 (d, J = 6.5, 3H); 13C NMR (125 MHz, CDCl3): " 

166.2, 143.4, 137.5, 136.9, 131.5, 129.5, 127.6, 127.4, 104.6, 99.5, 56.2, 54.4, 51.7, 48.9, 48.7, 

30.1, 28.7, 21.4, 20.9; IR (film): 2950, 1713, 1436, 1342, 1263, 1159, 1090, 1065 cm–1; HRMS-

ESI (m/z) [M + Na]+ calcd for C21H28NO6SINa, 572.0580; found 572.0565.  
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4.22

Pd(PPh3)4
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(95% yield)
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MeO
MeO
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Ester 4.22. A solution of iodide 4.21 (470 mg, 0.850 mmol), 1,2,2,6,6-pentamethylpiperidine 

(PMP) (460 µL, 2.55 mmol), and tetrakis(triphenylphosphine)palladium (200 mg, 0.170 mmol) 

in MeCN (60 mL) was sparged with nitrogen for 25 min. The reaction mixture was then heated to 

70 ºC. After 3 h, the reaction vessel was cooled to rt, and the excess solvent was removed under 

reduced pressure. The residue was diluted with CH2Cl2 (100 mL) and deionized water (50 mL). 

The layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 100 mL). The 

organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure. 

Purification by flash chromatography (10:1 ! 5:1 hexanes:EtOAc) afforded ester 4.22 (340 mg, 

95% yield) as an orange solid. Ester 4.22: mp: 137–140 ºC; Rf 0.40 (2:1 hexanes:EtOAc); 1H 

NMR (300 MHz, CDCl3): " 7.69 (d, J = 8.5, 2H), 7.24 (d, J = 8.5, 2H), 6.97 (s, 1H), 5.33 (q, J = 

6.5, 1H), 4.29 (s, 1H), 4.03 (d, J = 15.5, 1H), 3.84 (d, J = 15.5, 1H), 3.70 (s, 3H), 3.66 (s, 1H), 

3.40 (s, 3H), 3.29 (s, 3H), 2.41 (s, 3H), 1.81 (d, J = 13.0, 1H), 1.58 (d, J = 6.5, 3H), 1.28 (d, J = 

13.0, 1H); 13C NMR (125 MHz, CDCl3): " 165.6, 142.9, 138.0, 136.6, 134.0, 129.5, 129.2, 127.4, 

122.5, 96.3, 52.5, 51.9, 49.0, 48.9, 46.9, 30.2, 29.4, 21.4, 12.4; IR (film): 2950, 1721, 1438, 

1345, 1329, 1247, 1159 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for C21H27NO6SNa, 444.1457; 

found 444.1454. 
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Ketone 4.23. To a solution of ester 4.22 (1.40 g, 3.30 mmol) in CH2Cl2 (50 mL) at rt was added 

iron(III) chloride hexahydrate (0.782 g, 6.60 mmol). After 30 min, the reaction mixture was 

poured into a solution of sat. aq. NaHCO3 (50 mL) and diluted with CH2Cl2 (100 mL). The layers 

were separated, and the organic layer was washed with a solution of sat. aq. NaHCO3 (50 mL). 

The organic layer was dried over Na2SO4, and then evaporated under reduced pressure. 

Purification by flash chromatography (4:1 hexanes:EtOAc) gave ketone 4.37 (1.18 g, 99% yield) 

as a beige solid. Ketone 4.37: mp: 112–113 ºC; Rf 0.40 (2:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): " 7.68 (d, J = 8.0, 2H), 7.28 (d, J = 8.0, 2H), 6.73 (s, 1H), 5.66 (q, J = 7.0, 1H), 

4.53 (s, 1H), 4.13 (d, J = 14.0, 1H), 4.11 (s, 1H), 3.79 (s, 3H), 3.45 (d, J = 14.0, 1H), 2.41 (s, 

3H), 2.25 (d, J = 13.5, 1H), 2.12 (d, J = 13.5, 1H), 1.81 (d, J = 7.0, 3H); 13C NMR (125 MHz, 

CDCl3): 194.0, 165.4, 148.1, 143.4, 135.6, 133.2, 129.7, 127.7, 127.6, 125.4, 55.4, 52.7, 46.3, 

33.8, 30.6, 21.4, 12.8; IR (film): 2954, 1722, 1685, 1437, 1347, 1243, 1159 cm–1; HRMS-ESI 

(m/z) [M + Na]+ calcd for C19H21NO5SNa, 398.1038; found 398.1032. 

To a solution of ketone 4.37 (1.18 g, 3.14 mmol) in a mixture of sat. aq. NH4Cl (20 mL) 

and EtOH (20 mL) was added indium (0.771 g, 6.28 mmol). The reaction vessel was heated to 

90 ºC for 2 h. The reaction was diluted with CH2Cl2 (100 mL) and a solution of sat. aq. NaHCO3 

(100 mL) was added. The layers were separated and the aqueous layer was extracted with CH-

2Cl2 (2 x 100 mL). The organic layers were combined, dried over Na2SO4, and evaporated under 

reduced pressure. The resulting residue was purified by flash chromatography (2:1 

hexanes:EtOAc) to afford ketone 4.23 (1.12 g, 91% yield) as an orange solid. Ketone 4.23 was 
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obtained as a mixture of diastereomers (8:1 d.r.) the major diastereomer being the one depicted.  

An analytical sample of the major diastereomer was obtained by column chromatography. 

Ketone 4.23: mp: 65–70 ºC; Rf 0.45 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.63 

(d, J = 8.0, 2H), 7.28 (d, J = 8.0, 2H), 5.61 (q, J = 6.5, 1H), 4.38 (s, 1H), 4.24 (d, J = 14.0, 1H), 

3.73 (d, J = 14.0, 1H), 3.63 (s, 3H), 3.39 (d, J = 4.0, 1H), 3.04 (ddd, J = 12.0, 4.0, 2.5, 1H), 2.41–

2.30 (m, 5H), 2.15 (d, J = 14.0, 1H), 2.04 (d, J = 14.0, 1H), 1.60 (d, J = 6.5, 3H); 13C NMR (125 

MHz, CDCl3): " 204.4, 171.9, 143.8, 134.2, 129.5, 127.6, 124.1, 77.15, 57.9, 51.9, 49.3, 45.9, 

40.4, 33.5, 29.9, 21.4, 12.3; IR (film): 2993, 2959, 2925, 2304, 1735, 1351, 1153 cm–1; HRMS-

ESI (m/z) [M + Na]+ calcd for C19H23NO5SNa, 400.1195; found 400.1198.  

 

4.23

i. LiHMDS, THF
   DMPU, – 50 ºC 

ii. allyl iodide
    – 50 ºC
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Alkene 4.24. To a solution of ketone 4.23 (100 mg, 0.270 mmol, 8:1 dr) in THF (1 mL) at –50 

ºC was added a solution of LiHMDS (53 mg, 0.32 mmol) in THF (500 µL), followed by the 

addition of DMPU (1 mL). After 30 min, allyl iodide (30 µL, 0.33 mmol) was added at –50 ºC. 

Following 1 h, an additional aliquot of allyl iodide (20 µL, 0.20 mmol) was added at –50 ºC. 

After 30 min, the reaction was quenched with a solution of sat. aq. NH4Cl (1 mL) and warmed to 

rt. The reaction mixture was poured into deionized H2O (3 mL) and the resulting mixture was 

diluted with Et2O (4 mL). The layers were separated and the aqueous layer was extracted with 

Et2O (3 x 4 mL). The combined organic layers were washed with H2O (4 x 5mL), dried over 

Na2SO4, and evaporated under reduced pressure. The resulting residue was purified by flash 

chromatography (5:1! 2:1 hexanes:EtOAc) to afford a single diastereomer of alkene 4.24 (83 
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mg, 75% yield) as a clear oil. Rf 0.55 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.61 

(d, J = 8.0, 2H), 7.28 (d, J = 8.0, 2H), 5.59 (q, J = 6.5, 1H), 5.43–5.35 (m, 1H), 4.86 (d, J = 10.5, 

1H), 4.82 (d, J = 10.5, 1H), 4.42 (s, 1H), 4.26 (d, J = 14.0, 1H), 3.83 (d, J = 14.0, 1H), 3.61 (s, 

3H), 3.32 (s, 1H), 2.78 (dd, J = 11.5, 5.0, 1H), 2.43–2.41 (m, 4H), 2.14–1.94 (m, 4H), 1.56 (d, J 

= 6.5, 3H); 13C NMR (125 MHz, CDCl3): " 205.5, 171.7, 143.7, 134.8, 134.2, 130.0, 129.5, 

127.7, 123.5, 117.0, 58.6, 51.8, 51.5, 49.2, 48.5, 33.8, 32.9, 30.9, 21.4, 12.2; IR (film): 2983, 

2956, 2921, 1733, 1717, 1598, 1437, 1351, 1161, 1095 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd 

for C20H27NO5SNa, 440.1508; found 440.1515. 

 

NaBH4

MeOH, 0 ºC

4.29
COOMe
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N

H
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H
HO

(98% yield)

4.24
COOMe
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N

H
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H
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Alcohol 4.29. To a solution of alkene 4.24 (80.0 mg, 0.190 mmol) in MeOH (1.0 mL) at 0 °C 

was added sodium borohydride (11.0 mg, 0.290 mmol). After 5 min, the reaction mixture was 

quenched with a solution of sat. aq. NaHCO3 (20 mL) and diluted with CH2Cl2 (20 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The 

combined organic layers were dried over Na2SO4 and evaporated under reduced pressure. The 

resulting residue was purified by flash chromatography (2:1 hexanes:EtOAc) to afford alcohol 

4.29 (78 mg, 98% yield) as a white solid. Alcohol 4.29: mp: 118–125 ºC; Rf 0.15 (2:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.68 (d, J = 8.0, 2H), 7.27 (d, J = 8.0, 2H), 

5.81–5.73 (m, 1H), 5.40 (q, J = 6.5, 1H), 5.03 (s, 1H), 5.00 (d, J = 5.5, 1H), 4.19 (m, 2H), 4.18 

(s, 1H), 4.10 (d, J = 2.0, 1H), 3.59 (s, 3H), 3.54–3.50 (m, 1H), 3.09 (d, J = 4.0, 1H), 2.68 (d, J = 

7.0, 1H), 2.59 (dd, J = 11.5, 4.5, 1H), 2.41 (s, 3H), 2.39–2.28 (m, 3H), 1.56 (d, J = 16.0, 1H), 
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1.44 (d, J = 6.5, 3H), 1.39 (ddd, J = 16.0, 4.0, 3.5, 1H); 13C NMR (125 MHz, CDCl3): " 172.6, 

143.3, 137.1, 134.7, 131.1, 129.6, 126.9, 121.8, 117.6, 72.1, 52.9, 51.4, 50.3, 48.8, 40.4, 36.1, 

31.4, 30.6, 21.4, 12.0; IR (film): 3519, 2956, 2868, 1734, 1598, 1445, 1327, 1158 cm–1; HRMS-

ESI (m/z) [M + Na]+ calcd for C20H29NO5SNa, 442.1664; found 442.1678. 
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 OsO4, NaOAc    
          

NaIO4, THF, H2O

NaBH4

MeOH, 0 ºC

(83% yield, 2 steps)  

Diol 4.30. To a solution of alcohol 4.29 (75 mg, 0.18 mmol) and NaOAc (88.6 mg, 1.08 mmol) 

in THF (0.6 mL) and H2O (1.2 mL) was added a solution of osmium tetroxide (89 mg, 0.04 

mmol) in tert-butanol (183 !L). After 10 min, sodium periodate (116 mg, 0.54 mmol) was 

added. After stirring for 4 h, the reaction mixture was quenched with a solution of sat. aq. 

NaHCO3 (20 mL) and diluted with CH2Cl2 (20 mL). The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were dried over 

Na2SO4 and evaporated under reduced pressure to afford crude aldehyde 4.38, which was used in 

the subsequent step without further purification.  

To a solution of aldehyde 4.38 (75 mg, 0.18 mmol) in MeOH (1 mL) was added sodium 

borohydride (10 mg, 0.27 mmol) at 0 °C. After 5 min, the reaction mixture was quenched with a 

solution of sat. aq. NaHCO3 (20 mL) and diluted with CH2Cl2 (20 mL). The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The combined organic 

layers were dried over Na2SO4, and evaporated under reduced pressure. The resulting residue 

was purified by flash chromatography (19:80:1 hexanes:EtOAc:MeOH) to afford diol 4.30 (62 

mg, 83% yield) as a white solid. Diol 4.30: mp: 111–116 ºC; Rf 0.10 (2:1 hexanes:EtOAc); 1H 
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NMR (300 MHz, CDCl3): " 7.68 (d, J = 8.0, 2H), 7.27 (d, J = 8.0, 2H), 5.43 (q, J = 11.5, 1H), 

4.22–4.18 (m, 2H), 4.10–4.06 (m, 1H), 3.71–3.68 (m, 2H), 3.62 (s, 3H), 3.59–3.54 (m, 2H), 

3.48–3.42 (m, 1H), 3.12 (dd, J = 7.5, 4.0, 1H), 2.54 (dd, J = 12, 4.5, 1H), 2.42 (s, 3H), 2.35–2.27 

(m, 1H), 1.64–1.59 (m, 3H), 1.45–1.37 (m, 4H) ; 13C NMR (100 MHz, CDCl3): " 173.0, 143.5, 

137.2, 130.9, 129.8, 127.0, 122.2, 74.7, 61.7, 52.7, 51.8, 51.5, 50.4, 40.7, 39.8, 31.5, 30.7, 21.5, 

12.2; IR (film):3371, 2950, 1733, 1437, 1327, 1158 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for 

C21H29NO6SNa, 446.1613; found 446.1615.  
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Lactone 4.31. To a solution of diol 4.30 (55 mg, 0.13 mmol) in THF (0.5 mL) was added a 

solution of 50% aqueous H2SO4 (0.5 mL). After stirring at rt for 30 min, the reaction mixture was 

quenched with a solution of sat. aq. NaHCO3 (10 mL) and diluted with CH2Cl2 (20 mL). The 

layers were separated, and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The 

combined organic layers were dried over Na2SO4 and evaporated under reduced pressure to 

afford crude alcohol 4.39, which was used in the subsequent step without further purification. 

To a solution of alcohol 4.39 (44 mg, 0.11 mmol) and sodium bicarbonate (92.4 mg, 1.10 

mmol) in CH2Cl2 (2.2 mL) at rt was added Dess–Martin Periodinane (140 mg, 0.330 mmol). After 

2 h, the reaction mixture was quenched with a solution of sat. aq. NaHCO3 (20 mL) and diluted 

with CH2Cl2 (20 mL). The layers were separated and the aqueous layer was extracted with 

CH2Cl2 (2 x 20 mL). The combined organic layers were dried over Na2SO4 and evaporated under 

reduced pressure. The resulting residue was purified by flash chromatography (2:1 
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hexanes:EtOAc) to afford lactone 4.31 (40 mg, 76% yield, 2 steps) as a white solid. Lactone 

4.31: mp: 180–190 ºC dec; Rf 0.40 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.62 (d, 

J = 7.0, 2H), 7.30 (d, J = 7.0, 2H), 5.70 (q, J = 7.0, 1H), 4.37 (s, 1H), 4.30 (ddd, J = 10.5, 6.0, 

4.5, 1H), 4.23 (d, J = 14.5, 1H), 4.10 (ddd, J = 10.5, 5.5, 5.0, 1H), 3.99 (d, J = 14.5, 1H), 3.54 (s, 

1H), 2.57 (dd, J = 14.0, 3.0, 1H), 2.48–2.43 (m, 1H), 2.41 (s, 3H), 2.09 (d, J = 14.0, 1H), 1.97 (d, 

J = 14.0, 1H), 1.94–1.89 (m, 1H), 1.80 (d, J = 7.0, 3H), 1.80–1.75 (m, 1H); 13C NMR (125 MHz, 

CDCl3): " 204.1, 168.7, 144.0, 134.1, 129.6, 128.0, 127.6, 126.4, 67.5, 58.6, 50.2, 49.5, 45.1, 

34.4, 28.4, 22.1, 21.4, 13.4; IR (film): 2924, 2864, 1720, 1597, 1328, 1161 cm–1; HRMS-ESI 

(m/z) [M + Na]+ calcd for C20H23NO5SNa, 412.1195; found 412.1203. 
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Furoindoline 4.27. A solution of lactone 4.31 (35 mg, 0.090 mmol), phenylhydrazine (13 µL, 

0.14 mmol), and trifluoroacetic acid (35 µL, 0.45 mmol) in DCE (4.5 mL) was degassed by the 

freeze-pump-thaw method until gas evolution was no longer observed. The reaction mixture was 

heated to 40 ºC for 16 h, and then cooled to rt. Evaporation of the solvent under reduced pressure 

afforded crude imine 4.33. MeOH (2 mL) and potassium carbonate (125 mg, 0.90 mmol) were 

added to the reaction vessel and the resulting mixture was heated to 60 ºC for 30 min. After 

cooling to rt, the reaction mixture was diluted with brine (20 mL) and CH2Cl2 (20 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The 

combined organic layers were dried over Na2SO4, and then evaporated under reduced pressure. 

The resulting residue was purified by column chromatography (4:1 hexanes:EtOAc) to afford 
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furoindoline 4.27 (30.5 mg, 70% yield, 2 steps) as a white solid. Furoindoline 4.27: mp: 130–132 

ºC; Rf 0.30 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 7.72 (d, J = 8.5, 2H), 7.27 (d, J 

= 8.5, 2H), 7.09–7.06 (m, 2H), 6.76 (app. t, J = 7.0, 1H), 6.62 (d, J = 7.5, 1H), 5.53 (q, J = 7.0, 

1H), 4.49–4.47 (m, 2H), 3.97 (d, J = 15.0, 1H), 3.88 (d, J = 15.0, 1H), 3.70 (s, 3H), 3.58 (t, J = 

8.0, 1H), 3.38 (ddd, J = 6.0, 5.5, 2.5, 1H), 3.28 (d, J = 3.5, 1H), 2.91 (d, J = 4.5, 1H), 2.75 (ddd, 

J = 13.0, 8.5, 5.0, 1H), 2.48 (dd, J = 13.5, 5.5, 1H), 2.42 (s, 3H), 2.04 (d, J = 13.5, 1H), 1.86 (dt, 

J = 13.5, 3.5, 1H), 1.56 (d, J = 7.0, 3H); 13C NMR (100 MHz, CDCl3): " 172.0, 146.4, 142.5, 

137.3, 135.9, 129.7, 129.0, 128.2, 127.5, 124.2, 122.8, 119.7, 109.1, 101.9, 68.2, 54.1, 53.7, 53.1, 

51.5, 47.8, 35.6, 31.2, 29.7, 21.4, 12.6; IR (film): 3361, 2950, 2872, 1740, 1610, 1469, 1326, 

1159 cm–1; HRMS-ESI (m/z) [M + Na]+ calcd for C27H30N2O5SNa, 517.1773; found 517.1793. 
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Aspidophylline A (4.1). To a solution of furoindoline 4.27 (10 mg, 0.020 mmol) and NH4Cl 

(129 mg, 2.40 mmol) in MeOH (2 mL) was added magnesium metal powder (58.0 mg, 2.40 

mmol). The resulting mixture was sonicated for 1 h, and then additional magnesium metal 

powder (58.0 mg, 2.40 mmol) was added. After 1 h of further sonication, a final portion of 

magnesium metal powder (29.0 mg, 1.20 mmol) was added to the reaction mixture. The reaction 

mixture was sonicated for an additional 0.5 h, quenched with a solution of sat. aq. NaHCO3 (10 

mL) and then diluted with H2O (10 mL) and EtOAc (20 mL). The layers were separated, and the 

aqueous layer was extracted with EtOAc (2 x 20 mL). The organic layers were combined and 
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dried over Na2SO4. Evaporation of the solvent under reduced pressure afforded crude amine 

4.40, which was used in the subsequent step without further purification. 

 To a solution of N,N!-diisopropylcarbodiimide (DIC) (3.0 mg, 0.020 mmol) and 4-

dimethylaminopyridine (DMAP) (0.5 mg, 0.01 mmol) in CH2Cl2 (0.1 mL) at 0 ºC was added 

formic acid (1.4 mg, 0.03 mmol). After 15 min, this solution was added to a solution of the 

crude amine 4.40 in CH2Cl2 (0.1 mL) at rt. After 1 h, the reaction mixture was quenched with a 

solution of sat. aq. NaHCO3 (10 mL) and diluted with CH2Cl2 (20 mL). The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The combined organic 

layers were dried over Na2SO4 and evaporated under reduced pressure to afford the crude 

product. Purification by flash chromatography (1:2 hexanes:EtOAc) provided (±)-

Aspidophylline A (4.1) (5 mg, 68% yield). Synthetic 4.1 was found to be spectroscopically 

identical to a natural sample of 4.1 obtained from Prof. T.-S. Kam (see comparison 1H NMR 

spectra), and exists as a mixture of two amide rotational isomers(17 to 1). Rf 0.30 (1:2 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): " 8.15(8.13) (s, 1H), 7.10–7.07(7.09–7.06) (m, 

2H), 6.79(6.76) (app. t, J = 7.5, 1H), 6.67(6.60) (d, J = 7.5, 1H), 5.61(5.58) (q, J = 7.0, 1H), 

4.41(4.54) (s, 1H), 4.29(4.14) (d, J = 17.5, 1H), 4.07(4.05) (d, J = 17.5, 1H), 3.96–3.92(4.03–

3.99) (m, 1H), 3.90(3.87) (s, 1H), 3.71(3.74) (s, 3H), 3.57(3.49) (dd, J = 17.5, 8.0, 1H), 

3.42(3.11) (d, J = 3.5, 1H), 2.86(2.74) (d, J = 4.5, 1H), 2.70–2.67(2.50–2.46) (m, 2H), 2.19(1.98) 

(d, J = 13.5, 1H), 2.01(1.78) (dt, J = 13.5, 3.5, 1H), 1.60(1.62) (d, J = 7.0, 3H); 13C NMR (125 

MHz, CDCl3): " 171.9(172.1), 164.3(161.8), 146.2(146.6), 135.7(135.9), 129.1(130.4), 

128.3(128.2), 124.2(123.8), 122.9(122.9), 120.3(119.6), 110.0(108.5), 102.0(101.1), 69.1(68.0), 

53.8(54.3), 53.6(53.8), 51.5(49.5), 44.4(47.9), 34.3(36.9), 30.5(31.15), 30.1(29.6), 12.7(12.5); IR 

(film): 3303, 2920, 2872, 1740, 1652, 1609, 1468, 1432, 1157 cm–1; HRMS-ESI (m/z) [M + Na]+ 
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calcd for C21H24N2O4Na, 391.1634; found 391.1625. 
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APPENDIX THREE 

 

Spectra Relevant to Chapter Four: 

 

Total Synthesis of (±)-Aspidophylline A 
Liansuo Zu, Ben W. Boal, and Neil K. Garg 

J. Am. Chem. Soc. 2011, 133, 8877–8879. 
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Figure A3.2 Infrared spectrum of compound 4.17. 

 
Figure A3.3 13C NMR (125 MHz, CDCl3) of compound 4.17. 
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Figure A3.5 Infrared spectrum of compound 4.35. 

 
Figure A3.6 13C NMR (125 MHz, CDCl3) of compound 4.35. 
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Figure A3.8 Infrared spectrum of compound 4.18. 

 
Figure A3.9 13C NMR (125 MHz, CDCl3) of compound 4.18. 
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Figure A3.11 Infrared spectrum of compound 4.19. 

 
Figure A3.12 13C NMR (125 MHz, CDCl3) of compound 4.19. 
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Figure A3.14 Infrared spectrum of compound 4.21. 

 
Figure A3.15 13C NMR (125 MHz, CDCl3) of compound 4.21. 
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Figure A3.17 Infrared spectrum of compound 4.22. 

 
Figure A3.18 13C NMR (125 MHz, CDCl3) of compound 4.22. 
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Figure A3.20 Infrared spectrum of compound 4.37. 

 
Figure A3.21 13C NMR (125 MHz, CDCl3) of compound 4.37. 
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Figure A3.23 Infrared spectrum of compound 4.23. 

 
Figure A3.24 13C NMR (125 MHz, CDCl3) of compound 4.23. 
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Figure A3.26 Infrared spectrum of compound 4.24. 

 
Figure A3.27 13C NMR (125 MHz, CDCl3) of compound 4.24. 
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Figure A3.29 Infrared spectrum of compound 4.29. 

 
Figure A3.30 13C NMR (125 MHz, CDCl3) of compound 4.29. 
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Figure A3.32 Infrared spectrum of compound 4.30. 

 
Figure A3.33 13C NMR (125 MHz, CDCl3) of compound 4.30. 
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Figure A3.35 Infrared spectrum of compound 4.31. 

 
Figure A3.36 13C NMR (125 MHz, CDCl3) of compound 4.31. 
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Figure A3.38 Infrared spectrum of compound 4.27. 

 
Figure A3.39 13C NMR (125 MHz, CDCl3) of compound 4.27. 
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Figure A3.41 Infrared spectrum of compound 4.1. 

 
Figure A3.42 13C NMR (125 MHz, CDCl3) of compound 4.1. 




