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ABSTRACT OF THE DISSERTATION 

 
 
 

Synthetic Studies Toward the Total Synthesis of (±)-Ajmaline and the Development of, 

Investigation into, and Application of a Phosphine-Catalyzed [4+1] Annulation 

 

by 

 

Brian Richard Blank 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2014 

Professor Ohyun Kwon, Chair 

 

Several synthetic routes toward the synthesis of the indole alkaloid (±)-ajmaline have 

been explored. The retrosynthetic plan was devised around two key transformations, one being a 

tandem aza-Michael–Michael reaction, and the other a phosphine-catalyzed [4+2] annulation. 

While these approaches have not allowed for the completion of ajmaline,  they have provided a 

great deal of insight into the chemistry of many intermediates. For example, it was discovered 

that following installation of the D-ring, functionalization of the tricyclic scaffold to deliver a 

precursor for the aza-Michael–Michael sequence was a futile undertaking. As such, the necessary 

functionality had to be installed prior to the [4+2] annulation. For this purpose, ethyl 3-allyl-1H-

indole-2-carboxylate was prepared by way of a stepwise Japp–Klingemann reaction, and a 

subsequent Fischer indolization. Successful conversion of this compound into the N-sulfonyl 
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imine required the employment of 2,6-lutidine to impede isomerization of the allyl moiety. This 

imine was converted into the tetrahydropyridine through a phosphine-catalyzed [4+2] annulation 

with ethyl 2-methyl-2,3-butadienoate. Cross-metathesis with methyl acrylate provided the first 

precursor to the desired aza-Michael–Michael reaction sequence. Unfortunately, only mono-

Michael addition was observed when this substrate was employed in the reaction, providing a 

tetracyclic structure instead of the desired pentacyclic scaffold. As a result, we are currently 

pursuing tricyclic derivatives that feature either alternative Michael donors or an increased 

strength of the second Michael acceptor. 

A phosphine-catalyzed [4+1] annulative rearrangement has been developed to prepare 3-

pyrrolines from allenylic carbamates through phosphonium diene intermediates. This 

methodology was employed to synthesize an array of 1,3-disubstituted- and 1,2,3-trisubstituted-

3-pyrrolines, including the often difficult to prepare 2-alkyl variants. A mechanistic investigation 

employing allenylic acetates and mononucleophiles unexpectedly unveiled that a phosphine-

catalyzed [4+1] reaction previously reported by Tong might not occur through a phosphonium 

diene as was proposed, but rather involves multiple mechanisms working in concert to construct 

cyclopentene products. Consequentially, our phosphine-catalyzed rearrangement is most likely 

the first reaction that unequivocally forms a phosphonium diene intermediate along the reaction 

pathway. Concise formal syntheses of pyrrolizidine alkaloids (±)-trachelanthamidine and (±)-

supinidine were completed, demonstrating the synthetic utility of this newly developed reaction. 
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Chapter 1 

Progress Toward the Total Synthesis of (±)-Ajmaline 

 

 

 

 

 

 

 

 

 

 

 



	   2 

Section 1.1 Isolation 

 (+)-Ajmaline (1) is a monoterpene indole alkaloid that was isolated in 1931 from the 

roots of Rauwolfia Serpentina, Benth, by Siddiqui and Siddiqui.1 This species of plant, also 

known as the Indian Snakeroot, is a short flowering shrub native to both South and East Asia. 

Historically, is it known that the roots of this plant were used to treat a variety of ailments, such 

as a remedy for snakebites, a cure for dysentery, a means to reduce fevers, a treatment for painful 

intestinal maladies, a cure for specific mental disorders, as well as being used as a sedative.1 

Furthermore, there is evidence that this plant was employed as a traditional medicine during 

ancient times, as its use to treat snakebites and various feverish illnesses can be traced back over 

3000 years in India, where it was referred to as the Sarpagandha root.2 In an effort to determine 

what exactly was present within the root that was responsible for providing the observed 

biological activities Siddiqui and Siddiqui set out to study the composition of Rauwolfia 

Serpentina in hopes of elucidating this information. 

 Siddiqui and Siddiqui reported that they isolated five crystalline alkaloids from 

Rauwolfia Serpentina, which were obtained with a total alkaloidal yield of 0.5% (based on the 

weight of the dry powdered root).1 The authors assigned the five compounds to two different 

groups based on their relative strengths as bases. The weaker bases were classified as belonging 

to the Ajmaline family of alkaloids, which was comprised of ajmaline (1), ajmalinine (unknown 

structure), and ajmalicine (2) (Figure 1.1.1). The authors stated that they chose the name 

Ajmaline in honor of the late Hakim Ajmal Khan, who was the founder of the Research Institute 

where they worked. The stronger bases were placed into the Serpentine group, and consisted of 

serpentine (3) and serpentinine (4) (Figure 1.1.1; however, these are only proposed structures of 

these compounds, because while the structures are known in the literature, the isolation of the 
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compounds have been attributed to researchers other than Siddiqui and Siddiqui in more recent 

literature, thus providing confusion as to whether or not these are the same compounds).3 

 

 

Figure 1.1.1 Structures of indole alkaloids isolated from Rauwolfia Serpentina by Siddiqui and 
Siddiqui  
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C20H26N2O2. The natural product was reported to exist as a white solid when amorphous, but 

contained a light tinge of amber following crystallization that provided the material as 

rectangular plates. This crystalline material was found to melt between 158–160 ˚C, and 

possessed an optical rotation of [α]  = +128˚. 

There was no suggestion as to the possible structure of ajmaline (1) by Siddiqui and 

Siddiqui in the original isolation paper. In fact, it was not until 1954 that ajmaline’s structure was 
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acquired through a multitude of degradation experiments. However, the following year Robinson 

proposed an alternate structure, because it was then believed that there should not be a carbon-
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carbon bond within the tryptophan side chain, as was originally proposed.5 In fact, Robinson’s 

original proposal suggested a bond between C5 and C16, as well as C17 bound to C7, C15, and 

an alcohol (Figure 1.1.2). The updated proposal removed the C5–C16 bond and instead presented 

a bond between C16 and C2 (Figure 1.1.2). In addition, C15 was now believed to be bound to 

C16, which was also attached to the hydroxyl group, rather than to the originally proposed C17. 

Thus, Robinson proposed that ajmaline possessed a propellane moiety. However, a third possible 

structural variant was proposed in 1956 by Woodward, which was a fusion of the two structures 

presented by Robinson.6 Woodward’s proposal reinstituted the C5–C16 bond present in 

Robinson’s original suggestion, but in contrast to the first proposal, Woodward suggested that 

one of the bridging rings was actually a six-membered ring formed through a C15–C16 bond 

instead of Robinson’s originally proposed seven-membered bridging ring constructed by way of 

a C15–C17 bond. Lastly, Woodward believed that the hydroxyl group was actually attached to 

C17, but as a secondary alcohol, rather than the tertiary variant put forth by Robinson. Thus, to 

summarize the differences between the three proposals, they each involved differing opinions on 

the construction of the E-ring and the subsequent connectivity between the D-ring and the E-

ring. Following additional chemical and spectroscopic investigations, the absolute configuration 

of ajmaline’s stereocenters was assigned in 1962, which also simultaneously served to validate 

Woodward’s proposed structure of ajmaline.7 The structure and stereochemical assignments 

were ultimately verified in 1978 upon obtaining ajmaline’s X-Ray crystal structure.8  

 

 

Figure 1.1.2 Structures of ajmaline proposed by Robinson and Woodward 
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Upon elucidation of ajmaline’s correct structure, researchers were finally able to see the 

incredible structural complexity inherent within this monoterpene indole alkaloid, which is 

comprised of four heteroatoms, nine asymmetric centers, and six rings that come together to 

form a cage-like structure, of which includes a quinuclidine ring system. Ajmaline’s highly 

complex architecture places it within the quebrachidine group (7) of indole alkaloids, which is 

also commonly referred to as the ajmalan family. This group possesses two additional carbon-

carbon bonds relative to the more commonly observed corynantheine alkaloid scaffold (5), one 

between C5–C16 and the other between C7–C17 (Figure 1.1.3). In addition, the quebrachidine 

group (7) is directly related to the akuammidine group (6) of indole alkaloids (also referred to as 

the sarpagan family), which only possess one additional bond relative to the corynantheine group 

(5), that between C5–C16. However, more recently, members of the quebrachidine (7) and 

akuammidine (6) groups have been classified as belonging to the ajmaline-sarpagine family of 

indole alkaloids. This makes it difficult to truly discern which group ajmaline belongs to, 

because depending on the literature source, it may be referred to as a member of the 

quebrachidine group, the ajmalan group, or the ajmaline-sarpagine family. 

 

 

Figure 1.1.3 Scaffolds for the corynantheine, akuammidine, and quebrachidine groups along 
with a representative member of each group 
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Section 1.2 Biological Activity  

 Following the isolation of these novel alkaloids, Siddiqui and Siddiqui then carried out 

the initial series of pharmacological tests to determine whether any of the compounds 

demonstrated interesting biological activity.1 The first experiments were performed on both frogs 

and rats. The results obtained from this investigation were presented for each group as a whole 

rather than for each individual alkaloid. They stated that the Ajmaline group acted as a general 

depressant of the heart, respiratory system, and nerves. The Serpentine group acted as a 

depressant of nerves, paralyzed respiration, and was a heart stimulant. The lethal dose of both 

groups was found to be 0.5 g per kg body weight for the frogs, but only 0.05 g per kg for the rats. 

This preliminary pharmacological investigation of the alkaloids resulted in significant interest in 

these compounds and studies were then carried out on the individual compounds.  

 Upon further investigation, it was discovered that ajmaline held important cardiovascular 

activity. To be more specific, ajmaline belongs to a class of pharmaceuticals known as 

antiarrhythmic agents.3c,d Compounds belonging to this class suppress abnormal rhythms of the 

heart, including ventricular or atrial fibrillation, ventricular tachycardia, and atrial flutter. This 

class is further subcategorized based on the mechanism of action of the compound. Ajmaline is a 

class Ia antiarrhythmic agent, meaning that it functions by blocking sodium ion channels, and 

does so quite rapidly. It is believed that ajmaline serves to reduce the maximum rate of rise of the 

cardiac muscle action potential, while not affecting the resting potential.3c,d Ajmaline entered 

into the pharmaceutical market as an antiarrhythmic medicine in 1959, before its structure had 

even been finalized, and has been used extensively throughout Europe since then.9 The 

employment of ajmaline has been found to be useful clinically in the treatment of both 

ventricular and supraventricular arrhythmias. While it has been reported that the effects of 
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ajmaline are less pronounced than those of propranolol, they are comparable to those of 

quinidine and procaineamide.3c,d  

 Ajmaline has been used to treat patients with Wolff–Parkinson–White syndrome, which 

is a disease characterized by the presence of an extra electrical conduction pathway between the 

atria and the ventricles.3c,d Specifically, the compound was observed to block ventricular 

preexcitation in the majority of the patients who received it. It has also been reported that 

ajmaline was also used to treat atrial fibrillations in patients with Wolff–Parkinson–White 

syndrome. Ajmaline has also been reported to halt ventricular tachycardias in a subset of 

patients.  

 Ajmaline has also been found to be very useful in assisting in the diagnosis of individuals 

possessing Brugada syndrome. This syndrome was first reported in 1992, when it was discovered 

that a subset of patients who had experienced recurrent aborted sudden cardiac death exhibited 

similar electrocardiograms.10 Distinct abnormalities were observed from these 

electrocardiographs, which could not be explained by ischemia, structural heart disease, or 

electrolyte imbalances.11 As such, it was determined that this study constituted the discovery of a 

new disease, which was called Brugada syndrome (named after the researchers Pedro and Josep 

Brugada who discovered this ailment). Ultimately, this syndrome has been defined as a cardiac 

disease that is acquired genetically and presents itself with characteristic abnormal 

electrocardiograms in the absence of any structural heart disease. Patients who possess this 

disease are at increased risk for sudden cardiac death by way of a ventricular fibrillation or 

ventricular tachycardia. Additionally, a high recurrence rate of this syndrome has been observed 

in patients that have survived cardiac arrest, or in those who have experienced a syncopal 

episode.12 Initially, there was great difficulty in successfully identifying patients with Brugada 
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syndrome as it had been reported to present itself clinically over a wide range of patients. This 

included those who appeared completely asymptomatic to those individuals who had been 

previously been resuscitated after a sudden cardiac death event.13 It was of great interest to 

identify the persons with this disease so that proper treatment could be provided. One of the most 

common treatments involved the placement of an implantable cardioverter-defibrillator (ICD), 

which is a device programmed to detect and correct cardiac arrhythmia’s by delivering a brief 

electrical impulse to the heart.13 In an attempt to aid in identifying those who possessed this 

disease, researchers sought to investigate a potential genetic causation of the syndrome. 

Accordingly, a genetic mutation resulting in the loss of function of the cardiac sodium channel 

has since been discovered as being responsible for this disease.14 As such, people who were 

thought to have Brugada syndrome could undergo genetic testing to determine if they possess the 

disease. However, due to the high cost of genetic testing clinicians wondered whether there 

might be another means to diagnose this disease. 

Ultimately, it was the development of sodium channel blocking drug challenges that 

allowed for the diagnosis of those possessing Brugada syndrome without the need for the costly 

genetic testing.15 These drug challenges involved treating those suspected of having the disease 

with class I antiarrhythmic drugs. Essentially, if the patient did in fact possess Brugada 

syndrome, this drug challenge would reveal the characteristic electrocardiographic abnormalities 

in those who had previously only presented with basal normal electrocardiograms. While there 

have been a variety of antiarrhythmic drugs utilized in these drug challenges, at this point 

ajmaline has been found to be the best drug to unveil Brugada syndrome in patients, likely a 

result of its potent strength as a sodium channel blocker, short half-life, and the fact that it exerts 

its electrophysical effects for only a brief duration (over the span of minutes).16 Thus, even 
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though ajmaline possesses poor oral bioavailability and is only available for intravenous 

application, it has been deemed far superior to the other alternative antiarrhythmic drugs.17  

It has been proposed that all patients suspected of possessing Brugada syndrome should 

undergo the ajmaline drug challenge to determine if they do in fact have the disease.18 However, 

there is worry that false-positives can occur, and the only way to verify the test outcome would 

be to perform genetic testing on these individuals. So, the means to eliminate false-positive 

results still needs to be discovered, but this would require that studies be performed on healthy 

individuals. One of the major questions involves the safety of performing this test on healthy 

individuals who are not suspected of having Brugada syndrome. This is due to the fact that there 

is evidence suggesting that administration of ajmaline might also cause lethal arrhythmias in 

those who don’t actually have Brugada syndrome.19 Another troubling fact is that ajmaline has 

also been shown to actually induce ventricular arrhythmias in two patients, and that multiple 

defibrillations were required to terminate the arrhythmias.18 A few other non-cardiac related side 

effects have also been attributed to ajmaline use, which include acute hepatitis with cholestasis, 

agranulocytosis, aplastic anemia, and inhibitory effects on thromboxane production and platelet 

aggregation.3 As such, there is still much work to be done in terms of determining whether or not 

the ability of ajmaline to identify those with Brugada syndrome outweighs the potential negative 

consequences of its use.  

 
Section 1.3 Biosynthesis of Ajmaline 

 Even though ajmaline was discovered in 1931, the elucidation of its biosynthetic pathway 

proved elusive for decades. This was a direct result of the fact that Rauwolfia Serpentina was an 

extremely difficult plant to cultivate under normal laboratory or greenhouse conditions.2 Further 

hampering the study was the fact that the slow growth of this plant resulted in very low 
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alkaloidal yields being obtained. In an attempt to illustrate this point further, it has been reported 

that the industrial isolation of alkaloidal material from Rauwolfia Serpentina was performed on 

plants that were between the ages of six and eight years old.2 However, the development of the 

groundbreaking techniques involving cell suspension cultures and hairy root cultures ultimately 

facilitated the analysis of the biosynthetic pathways present within Rauwolfia Serpentina. The 

cell suspension cultures allowed for experiments to be performed on single cell systems rather 

than intact, differentiated plant material that was very slow growing. Ultimately, the utilization 

of these technologies resulted in obtaining alkaloidal material much quicker and in significantly 

higher yields, thus greatly increasing the ability to study these pathways in much more detail. 

Ajmaline, like all other monoterpenoid indole alkaloids, was found to be derived from 

3α(S)-glucoalkaloid strictosidine, which in turn is prepared from the iridoid monoterpene 

secologanin and tryptamine.2,20 Secologanin is itself a natural product whose synthetic origins 

can be traced back to isopentenyl pyrophosphate (IPP), which suggests that IPP is likely the 

actual precursor to all the terpenoid natural products. However, the biosynthetic pathway from 

IPP to secologanin has yet to be elucidated in its entirety. Nevertheless, based on isolated 

biosynthetic intermediates and feeding experiments a reasonable approach to secologanin from 

IPP has been proposed (Scheme 1.3.1). To further complicate matters, the exact source of IPP for 

alkaloid biosynthesis has thus far also remained elusive, as there are two pathways that allow for 

the preparation of IPP. It was first thought that IPP was produced by way of the mevalonate 

pathway (also called the HMG-CoA reductase pathway), simply because it had long been 

assumed that this pathway was the sole source of IPP, and that it had been discovered as the 

pathway that all mammals utilize to prepare terpenes. However, recent data obtained from 

feeding studies performed on cell suspension cultures of Catharanthus roseus with 13C-labelled 
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glucose provided very strong evidence indicating that the source of IPP in plants for the 

synthesis of terpenoids is actually the non-mevalonate pathway (also called the methylerythritol 

phosphate (MEP) pathway).20 This pathway has been studied extensively, and it is now known to 

consist of nine enzymes, that catalyze eight reactions.21 In addition, it has been determined that 

the MEP pathway originates from pyruvate (10) and D-glyceraldehyde-3-phosphate (11), thus 

suggesting that these two compounds are the actual precursors to the monoterpenoid indole 

alkaloids (Scheme 1.3.1). 

 

Scheme 1.3.1 Proposed biosynthesis of secologanin (26) from pyruvate (10) and D-
glyceraldehyde-3-phosphate (11) 
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 Following the production of IPP (12) from the MEP pathway, it is then isomerized to 

dimethylallyl pyrophosphate (DMAPP, 13).20 Subsequent addition of an isoprene unit to 

DMAPP provides geranyl pyrophosphate (14), the first monoterpenoid intermediate generated in 

this biosynthetic route. Hydrolysis of the pyrophosphate moiety results in the production of 

geraniol (15). It is at this point that the first committed step of iridoid terpene biosynthesis is 

proposed. This step involves the hydroxylation of geraniol (15) by geraniol-10-hydroxylase, to 

provide 10-hydroxygeraniol (16). While the exact nature of the biosynthetic pathway from this 

point is not well established (meaning that there remain uncharacterized enzymes in this 

pathway), feeding experiments with 3H-labeled terpene compounds has facilitated the isolation 

of intermediates that have enabled a proposal to be made for the remainder of the pathway.20 As 

such, it is believed that 10-hydroxygeraniol (16) initially undergoes oxidation to provide 10-

oxogeranial (17), which is then cyclized to deliver cyclopentane 18. Following tautomerization 

to the enol form, known as iridodial (19), the compound cyclizes to form bicyclic hemiacetal 20, 

thus producing the first iridoid terpene in the pathway. Oxidation of hemiacetal 20 provides the 

α,β-unsaturated aldehyde, known as iridotrial (21). Deoxyloganin (24) is then obtained 

following a proposed three-step sequence involving oxidation of the aldehyde to carboxylic acid 

22, glycosylation with glucose to provide 23, and esterification of the acid to form the methyl 

ester of 24. Hydroxylation of deoxyloganin (24) affords loganin (25), which subsequently 

undergoes oxidative cleavage by secologanin synthase to ultimately deliver secologanin (26), as 

the first of the two components necessary for this convergent biosynthesis to proceed. 

 The second necessary building block, tryptamine (28), is produced following 

decarboxylation of the amino acid tryptophan (27) by tryptophan decarboxylase (Scheme 

1.3.2).20 The route toward ajmaline (1), as well as all the other monoterpenoid indole alkaloids, 
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then continues upon formation of strictosidine (29) through a stereoselective Pictet–Spengler 

condensation between tryptamine (28) and secologanin (26) catalyzed by strictosidine synthase 

(Scheme 1.3.2).2,20 Subsequent deglycosylation by strictosidine glucosidase yields hemiacetal 30, 

which immediately opens to the dialdehyde intermediate 31 (shown in the enol form) of which 

one aldehyde subsequently condenses with the secondary amine to yield 4,21-

dehydrocorynantheine aldehyde (32). It is thought that this condensation occurs after the product 

has been released from the enzyme, and is therefore believed to be a spontaneous transformation. 

The terminal olefin then undergoes isomerization to provide the tri-substituted alkene within 

4,21-dehydrogeissoschizine (33). It is important to note that the intermediates presented from 

30–33 are only proposed and have not yet been isolated. Thus far, the only isolable compound 

directly following removal of the glucose has been a derivative of 4,21-dehydrogeissoschizine, 

where the enol has undergone a 1,4-addition into the iminium (structure not shown). As such, it 

is suggested that this compound must exist in equilibrium with 4,21-dehydrogeissoschizine (33), 

which is the intermediate proposed to continue on in the synthetic sequence. Ultimately, it is 

believed that following deglucosylation of strictosidine (29), the resulting aglycone 30 is so 

quickly converted by way of highly reactive intermediates into 4,21-dehydrogeissoschizine (33) 

or the 1,4-addition product that it will be very difficult to intercept any of the reactive 

intermediates. For this reason, the steps immediately following deglucosylation have remained as 

a predicted pathway.  
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Scheme 1.3.2 Proposed biosynthesis of ajmaline (1) from tryptophan (27) and secologanin (26) 
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production of polyneuridine aldehyde (35), however the exact means for how this transformation 

is facilitated remains unknown. As such, what is presented within Scheme 1.3.2 is the most 

current proposal for how this transformation is believed to be facilitated. First, 4,21-

dehydrogeissoschizine (33) is thought to isomerize into 4,5-dehydrogeissoschizine (34), and with 

the assistance of the sarpagan bridge enzyme the resultant iminium ion is then quenched in a 

subsequent intramolecular Mannich addition of the enol form of the 1,3-dicarbonyl moiety to 

provide 35.2,20 While further study is warranted for this transformation, the next steps in the 

sequence are well understood on the enzymatic level. The methyl ester of polyneuridine 

aldehyde (35) is subsequently hydrolyzed by polyneuridine aldehyde esterase, providing an 

intermediate carboxylic acid that immediately undergoes decarboxylation to ultimately afford 

epi-vellosimine (36). It is thought that polyneuridine aldehyde esterase actually catalyzes both 

the hydrolysis and the subsequent decarboxylation reactions.22 Now, up until this point, each of 

the intermediates contained an additional carbon relative to the amount present in ajmaline (1) 

due to the fact that they were prepared from a C10 monoterpenoid progenitor, that being 

secologanin (26). Thus, this loss of CO2 from the β-aldehydoacid finally establishes the correct 

carbon count necessary to construct ajmaline (1). In addition, since the product of this reaction 

belongs to the sarpagan family of indole alkaloids, its formation establishes a biogenetic link 

between the sarpagan and ajmalan families of indole alkaloids. This is based on the fact that 

epimerization (which is reported to be irreversible) of the aldehyde provides vellosimine (not 

shown), which serves as the biosynthetic precursor to the sarpagan indole alkaloids. However, if 

epi-vellosimine (36) is subjected to vinorine synthase prior to epimerization of the aldehyde, the 

E-ring of ajmaline will be constructed, thus providing vinorine (37) as the ajmalan family’s 

biosynthetic precursor.2,20 The acetyl group present in vinorine is believed to be introduced by 



	   16 

way of acetyl-CoA. Hydroxylation of vinorine (37) by vinorine hydroxylase provides vomilenine 

(38), which is the first intermediate to contain the hemiaminal functionality observed in ajmaline 

(1). It has been proposed that this enzyme requires an additional enzyme, a NADPH dependent 

reductase, in order to successfully perform this hydroxylation. Subsequent saturation of the 

indolenine olefin of vomilenine (38) is then accomplished by vomilenine reductase, which 

produces 1,2-dihydrovomilenine (39). The exocyclic olefin is then reduced by 1,2-

dihydrovomilenine reductase to provide acetylnorajmaline (40). Norajmaline (41) is then 

obtained following hydrolysis of the acetate group by acetylajmalan esterase. Methylation of the 

indole nitrogen of 41 by norajmaline methyltransferase finally delivers (+)-ajmaline (1).  

 

Section 1.4 Previous Total Syntheses of Ajmaline 

Within this section, the major synthetic accomplishments toward ajmaline will be presented. 

These include four total syntheses, and one significant formal synthesis of this alkaloid. Each of 

these syntheses will be presented in their entirety below.  

 

Masamune’s total synthesis 

Thirty-six years after its isolation, ajmaline (1) finally succumbed to total synthesis by 

Masamune in 1967.23 It is important to note that this feat was achieved eleven years after 

ajmaline’s structure was correctly proposed by Woodward. The extended period of time it took 

for ajmaline to be synthesized demonstrates the difficulty in constructing this complex natural 

product. 

Masamume’s synthesis commenced upon condensation of the magnesium enolate of 2-

(3-cyclopentenyl)-3-ethoxy-3-oxopropanoic acid (42) with N-methyl-3-indolacetyl chloride (43) 
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to form β-ketoester 44 in 80% yield (Scheme 1.4.1). The reaction conditions presented for the 

generation of the magnesium enolate were inferred, as the exact conditions were not reported in 

the paper. Instead, a reference for the transformation was provided, which presented the 

utilization of isopropylmagnesium bromide (i-PrMgBr) in tetrahydrofuran (THF) as the optimum 

means of generating the magnesium enolate from various ethyl hydrogen malonate derivatives.24 

It should be noted that this first step succeeded in installing all the necessary carbon atoms, 

except for the C20 ethyl group, required to complete the synthesis of ajmaline. Reductive 

amination was then accomplished upon reacting β-ketoester 44 with methoxyamine to generate 

the O-methyloxime, which was subsequently exposed to lithium aluminum hydride (LiAlH4) to 

produce the readily separable epimeric α,γ-amino alcohols 45a and 45b in a 2:1 ratio (where the 

desired epimeric alcohol 45a was obtained as the major product) in 70% yield. Masamune 

stressed the importance that both of these epimers, would be useful for the construction of 

ajmaline, and as a result each was then carried through the remainder of the synthesis separately. 

However, for the purpose of this discussion, only the major epimer, 45a, will be shown unless 

deemed necessary to present the alternate compound. An unknown method was then employed to 

convert 45a to dibenzoyl derivative 46, which was then subjected to a two step Lemieux–

Johnson oxidation, producing dialdehyde 47 only temporarily, as the amide immediately added 

to one of the aldehydes to the form hemiaminal 48 in quantitative yield.  
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Scheme 1.4.1 Masamune’s approach toward ajmaline commences upon preparation of tricyclic 
hemiaminal 48  
 

 The hemiaminal 48 was then warmed in acetic acid to construct the C-ring, and 

ultimately provide bridged tetracycle 49 in 40% yield (Scheme 1.4.2). This transformation was 

facilitated by the initial formation of the iminium ion upon ejection of water, and subsequent ring 

closure was accomplished by electrophilic aromatic substitution. Bridged tetracyclic intermediate 

49 was then subjected to hydroxylamine to deliver an intermediate oxime that was immediately 

exposed to benzoyl chloride (BzCl) in warm pyridine to afford nitrile 50. It is believed that this 

transformation transpired upon initial benzoylation of the oxime and subsequent elimination of 

an equivalent of benzoic acid facilitated by pyridine to provide cyano derivative 50.  

Deprotonation of the carbon alpha to the nitrile of 50 with triphenylmethylsodium (Ph3CNa) 

followed by treatment of the resultant anion with excess ethyl iodide afforded monoethyl 

compound 51 in 60–70% yield.25 Saponification of the benzoate was accomplished in the 

presence of sodium methoxide (NaOMe) to deliver primary alcohol 52. 
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Scheme 1.4.2 Preparation of tetracyclic nitrile 52 from hemiaminal 48 

 

At this point, Masamune mentions that he was unable to verify either the structures or the 

stereochemistry of these advanced intermediates. Therefore, in an effort to conclusively 

determine the structures of the compounds Masamune then performed degradation experiments 

on ajmaline itself. The idea was to obtain the identical tetracyclic nitrile 52 through degradation 

of ajmaline and to subsequently utilize this material as a reference compound where its spectra 

would be compared to that of the de novo constructed compound.   

Masamune began the degradation experiments by converting known ajmaline oxime 53 

to pentacyclic nitrile 54 following treatment of the oxime with benzoyl chloride in the presence 

of pyridine (Scheme 1.4.3).4 However, as the free alcohol was benzoylated during this process, 

the compound was immediately subjected to sodium hydroxide, to unveil the hydroxy group of 

pentacycle 54. The newly obtained compound was then oxidized with lead tetraacetate 

[Pb(OAc)4] to produce aldehyde 55a, which was reduced with sodium borohydride (NaBH4) to 

primary alcohol 52. As the spectra of this compound were in agreement with the previously 

prepared 52, Masamune had successfully confirmed both the structure and the stereochemistry of 

his de novo synthesized intermediate. Upon reaching this conclusion, Masamune was now able 

to continue onward toward the ultimate goal of conquering the total synthesis of ajmaline. 
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Alcohol 52 was reoxidized to aldehyde 55a following either an Albright–Goldman or Pfitzner–

Moffat oxidation. At this point, Masamune discovered a very important fact relevant to this 

compound. 

 

Scheme 1.4.3 Degradation of ajmaline oxime (53) to primary alcohol 52, and subsequent 
reoxidation to aldehyde 55a 
 

 Masamune discovered that in the presence of alumina, aldehyde 55a could be 

equilibrated with its C16 epimer 55b to a 3:7 ratio of the epimers that favored 55b (Scheme 

1.4.4). Thus, he had discovered that the thermodynamically more stable aldehyde epimer was the 

one that could not be elaborated to ajmaline. This was a very crucial observation for others who 

desired to attempt to synthesize ajmaline, as it signified the importance of preparing the 

appropriate C16 aldehyde epimer if one hoped to further elaborate the compound toward the 

natural product. If in fact the wrong aldehyde epimer was prepared, Masamune’s discovery 

revealed that it would be very challenging to complete the synthesis, as one would now have to 

rely on an incredibly inefficient epimerization process to provide material that could be 

employed toward the successfully construction of ajmaline. As a result, this information would 
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Scheme 1.4.4 Observed equilibrium mixture of C16 epimers obtained upon subjecting aldehyde 
55a to alumina 
 

 At this point, Masamune discusses that the remainder of the synthesis was carried out 

with the material obtained through the degradation of ajmaline (1) instead of using his own de 

novo prepared compounds. As such, this effectively makes Masamune’s synthetic approach a 

relay synthesis rather than a true total synthesis. Masamune also points out the de novo 

constructed compounds were racemates, whereas employing the material obtained from 

ajmaline’s degradation provided enantiomerically pure intermediates. Therefore, although not 

explicitly stated as such, this synthesis delivers enantiomerically pure ajmaline (1).  

Masamune initiated the relay synthesis upon conversion of aldehyde 55a (procured by 

way of ajmaline’s degradation) to pentacyclic hemiaminal 56 in 65% yield upon exposure to 

hydrochloric acid in acetic acid and acetic anhydride (Scheme 1.4.5). This reaction proceeded by 

way of nucleophilic addition of C7 onto C17, which generated an intermediate indoleninium ion 

that was immediately quenched by water to deliver 56. Hydrogenation of hemiaminal 56 in the 
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separable 2:1 mixture of C2 epimers in favor of the desired β-epimer. This process is believed to 

have transpired by first forming the indoleninium ion upon ejection of water, which was 
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secondary amine 59 by an unknown process. To complete the total synthesis, only one more step 

was needed, which was the lithium aluminum hydride (LiAlH4) reduction of the nitrile of 59 to 

deliver ajmaline (1). However, Masamune cites this transformation as a known step and 

therefore does not actually carry out the reaction, but still makes the claim that he has completed 

the first total synthesis of ajmaline.4 The conversion of 59 to ajmaline (1) transpires upon 

reduction of the nitrile to the imine, which is then hydrolyzed to the aldehyde following aqueous 

work-up. At this point, it is proposed that the secondary amine spontaneously undergoes addition 

to the newly generated aldehyde to the form the D-ring, and install the hemiaminal functionality 

with the desired stereochemical arrangement found in ajmaline (1). 

 

Scheme 1.4.5 Masamune’s relay synthesis approach to ajmaline (1)  

 
 Masamune completed the first total synthesis of ajmaline as a relay synthesis in 17 steps, 

of which 16 were actually completed by Masamune. If one were to include the steps required to 

prepare the starting material, 2-(3-cyclopentenyl)-3-ethoxy-3-oxopropanoic acid (42), the step 
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ajmaline, a comment pertaining to the efficiency of this route cannot be made, as many yields 

and reagents were not actually provided within the manuscript. Ajmaline (1) was apparently 

prepared enantiomerically pure as a result of the relay synthesis, while Masamune’s own de novo 

approach would have provided the natural product as a racemate. Perhaps, one of the most 

important aspects of this synthesis was that Masamune was able to construct the correct C16 

epimer 55a as the predominant aldehyde epimer, which would have allowed a large amount of 

material to undergo the E-ring cyclization step. Additionally, Masamune uncovered that the 

undesired 55b could undergo epimerization to provide 55a, although the process was highly 

inefficient and greatly favored epimer 55b. Thus, had Masamune chosen to continue the forward 

synthesis by employing his de novo synthesized intermediates, a significant amount of material 

would have ultimately been able to converted to pentacyclic hemiaminal 56, and then ultimately 

to ajmaline (1). 

  
Mashimo and Sato’s total synthesis of isoajmaline 

 Two years after Masamune’s synthesis, Mashimo and Sato reported the synthesis of 

isoajmaline (60), which is epimeric to ajmaline (1) at C20 and C21.27 It should be mentioned that 

ajmaline (1) can actually be converted to isoajmaline (60) following exposure to a solution of 

potassium hydroxide in refluxing methanol, or by simply heating ajmaline (1) to 200–220 ˚C 

(Scheme 1.4.6).4 It is clear from Mashimo and Sato’s work that they were initially attempting to 

prepare ajmaline, but over the course of their chemistry they discovered that they had in fact 

prepared a compound with the wrong stereochemistry. This compound would not allow them to 

successfully construct ajmaline, but would enable them to potentially prepare isoajmaline. Thus, 

they then triumphantly accomplished that task when they completed the first synthesis of 

isoajmaline in 1969.27 



	   24 

 

Scheme 1.4.6 Preparation of isoajmaline (60) from ajmaline (1) 

 
 Mashimo and Sato began their synthesis from known tetracyclic β-ketoester 65, which 

was originally prepared by Yoneda from dl-tryptophan (27). As this tetracyclic intermediate is 

such an important building block for this synthetic route, its preparation is presented in Scheme 

1.4.7.28,29 The route to this intermediate commenced upon subjecting dl-tryptophan (27) to a 

solution of sodium (Na) in liquid ammonia (NH3), and the resultant anion was then treated with 

iodomethane (CH3I) to afford 1-methyltryptophan (61) in 95% yield. Ensuing esterification in 

the presence of methanol and hydrochloric acid provided methyl ester 62 in 80% yield after 

subsequent generation of the free base by treating the initially produced hydrochloride salt with 

potassium carbonate. Benzylamine 63 was then prepared in 96% yield through a reductive 

amination sequence, which began upon condensation of methyl ester 62 with benzaldehyde 

(PhCHO) to deliver an imine that was reduced with sodium borohydride (NaBH4). Following 

conversion of benzylamine 63 to the hydrochloride salt, it was then refluxed with methyl 3-

formylpropionate in 50% aqueous methanol to effect a Pictet–Spengler reaction, which delivered 

tricyclic diester as a mixture of two diastereomers, 64a and 64b, in 59% yield. Yoneda states that 

the predominant compound was the cis-diastereomer 64a, however there was no mention of the 

diastereoselectivity of this transformation. Exposure of the mixture of diastereomers 64a,b to 

sodium hydride successfully facilitated a Dieckmann cyclization that produced tetracyclic β-

ketoester 65 in 78% yield. Although it is not stated as such, it appears as though this 

transformation provided a single diastereomer. While it is readily apparent that the trans-
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diastereomer 64b would not be able to be converted to desired product, it is not mentioned if any 

unreacted starting material was isolated from the reaction. This is important because Yoneda 

describes an experiment where the trans-diastereomer 64b was observed to epimerize entirely to 

the more stable cis-diastereomer 64a following sodium hydroxide hydrolysis and subsequent 

esterification with diazomethane.28b As such, there is also the possibility that the sodium hydride 

effected an epimerization process that converted the 1,3-trans disposed substrate 64b into the 

1,3-cis compound 64a, thus providing a pathway allowing the trans-diastereomer 64b to be 

converted to product 65. This process would therefore lead to the generation of a single 

diastereomer of tetracycle 65, which serves to explain the observed reaction outcome. 

Ultimately, by utilizing Yoneda’s route to tetracyclic β-ketoester 65, Mashimo and Sato were 

able to rapidly prepare large quantities of material as a single diastereomer, thus allowing their 

quest toward ajmaline to begin.  

 

Scheme 1.4.7 Yoneda’s synthesis of tetracyclic β-ketoester 65 
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concentrated HCl (Scheme 1.4.8). Subsequent aldol condensation of 66 with propanal in the 

presence of Triton-B afforded α,β-unsaturated ketone 67 in 54% yield. The newly generated 

olefin then underwent a formal hydrocyanation process upon treatment with potassium cyanide 

and ammonium chloride to provide ketonitrile 68 in 50% yield. It was reported that this 

transformation proceeded with high stereoselectivity, but there was no mention of what the exact 

diastereomeric ratio (dr) was. Corey–Chaykovsky epoxidation of the ketone of 68 delivered a 

50% yield of oxirane 69, which was subsequently reduced with aluminum hydride (AlH3) to 

primary alcohol 70 in 54% yield. These two transformations are presumed to have occurred with 

high diastereoselectivity, as there was no mention of any other compounds being obtained from 

these reactions. Submission of alcohol 70 to hydrogenolysis employing 10% palladium on 

carbon resulted in the preparation of amino alcohol 71 in 67% yield. Treatment with benzoyl 

chloride in the presence of pyridine yielded 85% of the O,N-dibenzoyl derivative, which was 

then immediately exposed to methanolic sodium hydroxide to deprotect the alcohol, providing 

benzamide 72a in 90% yield. 

 

 

Scheme 1.4.8 Preparation of alcohol 72a from tetracyclic β-ketoester 65 
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Following Albright–Goldman oxidation of 72a to prepare tetracyclic aldehyde 73a in 

80% yield, the material was subjected to alumina in benzene in an attempt to epimerize the C16 

center to provide 73b (Scheme 1.4.9). Mashimo and Sato report that this was the exact 

epimerization procedure utilized by Masamune in his synthesis. However, the results that were 

obtained from their experiment were not consistent with those disclosed by Masamune. In this 

case, Mashimo and Sato report that they observed an equilibrium mixture of epimeric aldehydes 

in a 3:2 ratio (with the desired 73b as the favored epimer), whereas Masamune obtained a 7:3 

ratio of aldehyde epimers in his experiment (where the undesired epimer 55b was found to be 

favored).23 This discrepancy in the equilibrium ratio of aldehyde epimers led Mashimo and Sato 

to believe that the compounds they had prepared were not the same as those produced by 

Masamune. Aldehydes 73a,b were reported to be inseparable from one another, but treatment of 

this mixture with NaBH4 provided readily separable epimeric alcohols 72a,b. Following their 

separation, Mashimo and Sato discovered that the alcohol that arose from the unfavored 

aldehyde epimer was identical to the one they had originally prepared, that being 72a. Meaning 

that the synthetic route had initially provided access to the less stable aldehyde epimer. 

 

 

Scheme 1.4.9 Preparation of epimeric tetracyclic alcohols 72a,b 
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At this point, Mashimo and Sato were unsure of the exact structure and stereochemistry 

of the compounds they had prepared. Thus, in accord with Masamune’s work, Mashimo and Sato 

performed identical degradation experiments of ajmaline (1) to provide alcohols 52a,b to utilize 

as reference compounds with known structure and stereochemistry (Scheme 1.4.3).4,23 The 

thought was that both the structure and the stereochemistry of Mashimo and Sato’s de novo 

prepared alcohols 72a,b could be determined by comparing their spectra to those of the reference 

compounds. Upon analyzing the four alcohols in pairs, meaning 52a with 72b and 52b with 72a, 

Mashimo and Sato discovered that the compounds within each pair were indistinguishable from 

one another by infrared (IR) spectroscopy. However, when the pairs of compounds were 

analyzed by TLC, they reportedly behaved differently from one another. Thus, the conclusion 

was made that the de novo prepared alcohols 72a,b possessed different stereochemistry than that 

of 52a,b, which suggested that 72a,b were most likely related to isoajmaline (60) rather than to 

ajmaline (1).  

 With the theory that the compounds were epimeric to those generated from ajmaline (1), 

Mashimo and Sato then performed analogous degradation experiments on isoajmaline (60), to 

provide a new set of reference compounds.4 Upon analyzing these compounds in pairs with those 

prepared de novo, a conclusion was reached that the de novo produced alcohols 72a,b were 

identical to those prepared from the degradation of isoajmaline (60). Thus, with this information 

in hand, Mashimo and Sato decided to complete the total synthesis of isoajmaline (60). However, 

the degradation experiments also served to unveil that the current synthetic route actually 

provided the undesired C16 aldehyde epimer 73a and would therefore require epimerization of 

this center in order to continue toward the synthesis of isoajmaline (60). 



	   29 

 Similar to Masamune’s approach, Mashimo and Sato decided to complete the 

construction of isoajmaline (60) by way of a relay synthesis rather than a de novo total synthesis. 

They reach this conclusion by stating that large quantities of alcohol 72a can be rapidly accessed 

through the degradation of isoajmaline (60) and will thus serve as the starting point for this relay 

synthesis. As such, their synthesis toward isoajmaline (60) resumed upon subjection of alcohol 

72a to an Albright–Goldman oxidation, which provided aldehyde 73a in 50% yield (Scheme 

1.4.10). As discussed above, this was the incorrect epimer of the aldehyde necessary to allow 

formation of the E-ring, and therefore must first be epimerized prior to continuing on. This was 

accomplished upon exposing 73a to alumina in benzene, where desired epimer 73b was obtained 

as the major component under these conditions. Mashimo and Sato propose that the difference in 

epimerization outcomes, relative to that obtained by Masamune, is likely due to the 

stereorelationship between the aldehyde and the cyano group. Thus, in contrast to that of the 

ajmaline (1) related compounds, it appears that in the case of isoajmaline (60), the 

thermodynamically favored epimer is actually the desired 73b. 

 

Scheme 1.4.10 Preparation of aldehyde 73b from alcohol 72a 

 
 Mashimo and Sato then stated that rather than preparing a large amount of the aldehyde 

73b through the epimerization process, they decided to produce a large amount of the same 
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in acetic acid and acetic anhydride and the solution was then saturated with gaseous hydrogen 

chloride to deliver pentacyclic hemiaminal 74 in 30% yield (Scheme 1.4.11). Exposure of 74 to 

hydrogen gas in the presence of Adam’s catalyst and 6 N HCl facilitated reduction of the 

hemiaminal moiety and provided the desired C2-epimer of pentacycle 75 in only 10% yield 

(there was no mention as to the diastereoselectivity of this reaction). The benzamide 

functionality was then converted to the tertiary amine by way of a two-step process that first 

involved treating 75 with Meerwein’s reagent to prepare the intermediate imidate, which was 

immediately reduced with sodium borohydride to afford benzylamine 76 in an 85% yield. 

Hydrogenolysis with 10% palladium on carbon then delivered secondary amine 77 in 25% yield. 

At this point Mashimo and Sato claim to have completed the total synthesis of isoajmaline (60), 

as the last remaining step, the lithium aluminum hydride reduction of the nitrile to provide 

isoajmaline (60) is a known transformation, and thus simply cite this reaction rather than 

performing the final step.4 

 

 

Scheme 1.4.11 Mashimo and Sato’s relay synthesis approach to isoajmaline (60) 

 
 Mashimo and Sato completed the relay synthesis of isoajmaline (60) with a longest linear 

sequence of 16 steps. However, this step count begins from tetracyclic β-ketoester 65, which 
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itself requires 7 steps to prepare from dl-tryptophan (27). As a result, the relay synthesis actually 

requires 23 steps to complete the synthesis of isoajmaline (60). This step count only takes into 

consideration the steps in the forward sense and does not include those involved in the 

degradation of isoajmaline (60). Ultimately, Mashimo and Sato’s synthetic route toward 

isoajmaline was envisaged in a very similar fashion to that of Masamune’s, with one significant 

alteration. Instead of installing the requisite functional groups prior to formation of the bridged 

tetracycle, like Masamune does in his synthesis, Mashimo and Sato envisioned constructing the 

bridged tetracycle as the core of isoajmaline (60) that would be elaborated accordingly at a later 

time. However, once the bridged intermediate had been outfitted with the necessary 

functionalization the remainder of the synthesis greatly mirrors that of Masamune’s. In contrast 

to Masamune’s synthesis though, Mashimo and Sato’s route delivers the undesired C16 aldehyde 

epimer 73a, and thus must undergo epimerization prior to undergoing E-ring cyclization, 

whereas Masamune obtained the correct epimer as the major product and did not have to rely on 

the epimerization of his substrate to continue on with the synthetic route.  

The stereoselectivity of this synthetic route is very hard to determine from the way that 

the manuscript was written, as Mashimo and Sato did not make clear the diastereoselectivity 

obtained for the transformations performed on either their de novo prepared compounds or for 

the late stage intermediates involved in the relay synthesis. As such, there is no way to really 

determine the efficiency of this synthesis. However, one can readily see that many of the 

transformations presented within the synthesis were extremely inefficient, particularly in terms 

of the synthetic end-game where three transformations provided yields of 30% percent or less. 

Ultimately, the main showcase of Mashimo and Sato’s approach was that they were able to 
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successfully demonstrate that tetracyclic β-ketoester 65 could be employed in the synthesis of 

natural products.   

Mashimo and Sato’s formal synthesis of ajmaline 

 Upon completion of the total synthesis of isoajmaline (60), Mashimo and Sato realized 

they could readily prepare an intermediate from Masamune’s total synthesis of ajmaline (1), the 

C16 epimer of nitrile 50, by starting from tetracyclic ketone 66. As such, Mashimo and Sato 

successfully completed this formal synthesis of ajmaline (1) in 1969.30 

Mashimo and Sato’s approach toward ajmaline commenced upon treatment of tetracyclic 

ketone 66 with pyrrolidine in refluxing benzene to provide the intermediate pyrrolidine-enamine, 

which was then exposed to chloroacetonitrile in refluxing dioxane to deliver ketonitrile 78 in 

65% yield over these two steps (Scheme 1.4.12). Corey–Chaykovsky epoxidation then delivered 

oxirane 79 in 70% yield, which was subsequently reduced to tetracyclic carbinol 80 as a single 

diastereomer in 80% yield following treatment with dichloroaluminum hydride (HAlCl2).31 

Reductive debenzylation in the presence of hydrogen gas and 10% palladium on carbon 

produced amino alcohol 81 in 80% yield, which was then converted to O,N-dibenzoyl derivative 

82 in 83% yield following exposure to benzoyl chloride and pyridine.32 

 

Scheme 1.4.12 Mashimo and Sato’s synthesis of Masamune’s intermediate 82, thus completing a 
formal synthesis of ajmaline (1) 

N N
CN

H

Bz

Masamune's Intermediate

N N
O

Ph

N N
O

Ph

CN N N

Ph

CN

O

N N

Ph

CN
OH

N NH CN
OH

Bz
N N CN

OBz
OBz

NaH
DMSO
70%

S
O

I1. pyrrolidine, benzene
    reflux

2. ClCH2CN, dioxane
     reflux
65% over two steps

HAlCl2
Et2O
80%

H2

10% Pd/C
EtOH/HCl

80%

BzCl
pyridine

83%
=

66 78 79

80 81 82 82



	   33 

At this point, Mashimo and Sato have completed the formal synthesis of ajmaline (1) by 

preparing the C16 epimer of nitrile 50, which was produced by Masamune as part of the minor 

pathway in his synthetic route, but reportedly could still successfully be carried on to ajmaline 

(1).23 As such, the intermediate Mashimo and Sato have prepared is actually the precursor to the 

C16 aldehyde epimer 55b that will first have to undergo epimerization to aldehyde 55a, before 

the synthesis could continue. As the epimerization step was reported by Masamune to heavily 

favor that of 55b, this formal synthesis actually becomes highly inefficient, as it relies on a very 

low-yielding epimerization process to provide requisite material necessary to proceed with the 

synthetic route. This fact is in stark contrast to Masamune’s own approach, which does not have 

to rely on this epimerization event as the desired epimer 55a was obtained as the major product 

in his route.    

Mashimo and Sato report their formal synthesis as being completed in only 6 steps, 

however when one considers that the starting material was actually that of dl-tryptophan (27), 

their route actually required 14 steps to reach Masamune’s synthetic intermediate. This is 

significant, as Masamune only needed 11 steps to prepare the same compound (this step count 

takes into consideration the requisite steps necessary to prepare 42 from diethyl malonate). 

Furthermore, one additional step—the epimerization of 55b to 55a—is required to relay 

Mashimo and Sato’s synthesis to Masamune’s route. Ultimately, since Mashimo and Sato’s 

synthetic route is 4 steps longer and has to rely on an extremely inefficient epimerization event, 

their approach does not serve to establish any improvement relative to that of Masamune’s. This 

synthesis, however, served to successfully demonstrate the first example of employing a bridged 

tetracyclic intermediate, such as 66, as the starting material en route to ajmaline.  
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van Tamelen’s total synthesis of ajmaline 

 One year following Mashimo and Sato’s work, van Tamelen reported a very unique 

approach toward ajmaline, where he envisioned a “biogenetic” synthesis of the natural product.33 

The term “biogenetic” was used to emphasize that he proposed key steps in his synthetic route 

that would serve to mimic hypothesized steps in the biosynthetic pathway of ajmaline (1). This 

term falls under the more broadly defined “biomimetic synthesis,” which is meant to encompass 

a synthetic approach that is inspired by biology. Essentially, if these reactions worked as 

planned, this would provide evidence to support that these transformations may actually be part 

of ajmaline’s biosynthetic pathway. It is important to note that van Tamelen was not going to be 

utilizing the exact substrates believed to take part in ajmaline’s biosynthesis, but rather 

compounds that would allow for the key steps to readily be explored.  

 As evidence was present within the literature at that time that suggested tryptophan 

served as a biosynthetic precursor for ajmaline (1), van Tamelen envisioned employing this 

amino acid as the starting material for his ajmaline (1) synthesis.34 Additionally, based on the 

existence of natural product containing a carboxylic acid (or derivative of a carboxylic acid) at 

the C5 position, van Tamelen proposed that this functional group must have been retained from 

tryptophan rather than installed at a late stage in the biosynthesis, further arguing his case for 

utilizing tryptophan as starting material.33b Now, the fact that tryptophan’s carboxyl group does 

not remain at the C5 position in ajmaline might suggest that tryptophan is not actually the true 

biosynthetic precursor. However, van Tamelen proposed that this carboxyl group was extremely 

essential to ajmaline’s biosynthetic preparation, as he envisioned this functional group serving a 

vital role in the transformation that converts a tetracyclic intermediate into a pentacyclic one 

(vide infra).   
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 van Tamelen begins his synthesis by preparing a nine carbon fragment that would then be 

coupled to tryptophan, such that highly complex intermediates could be generated rapidly. The 

approach toward this nine carbon piece commenced upon alkylation of monosubstituted 

cyanoacetate 83 with known tosylate 84 (prepared from cyclopentadiene in two steps35,36) to 

yield disubstituted cyanoacetate 85, which was then saponified to the acid and subsequently 

decarboxylated to afford unsaturated nitrile 86 (Scheme 1.4.13).36 The exact conditions 

employed to accomplish these first three transformations were not provided, nor were the yields. 

Hydrolysis of the nitrile to the corresponding carboxylic acid 87 was accomplished in 78–85% 

yield following exposure to potassium hydroxide (KOH) in refluxing ethylene glycol.33 

Reduction of the carboxylic acid with lithium aluminum hydride (LiAlH4) provided alcohol 88 in 

94–97% yield, which was then protected upon exposure to benzyl chloride (BnCl) and potassium 

hydroxide to deliver benzyl ether 89 in 83% yield. Glycol 90 was then delivered in 79% yield 

following dihydroxylation of cyclopentenyl moiety, which was facilitated by treatment with 

osmium tetroxide (OsO4) and pyridine. It is reported that this reaction provided a mixture of 

diastereomers as a mixture of two racemic meso compounds due to the lack of facial selectivity 

during the dihydroxylation, but was deemed inconsequential as the bond between the hydroxyl 

groups would later be cleaved. Esterification of glycol 90 with dimethyl carbonate in the 

presence of sodium methoxide provided cyclic carbonate 91 in 87% yield. The benzyl ether was 

then removed following hydrogenolysis in the presence of hydrogen and 10% palladium on 

carbon to unveil primary alcohol 92 in 95% yield, which was then immediately oxidized to 

aldehyde 93 in 99% yield upon exposure to the Collins reagent. At this point, van Tamelen had 

successfully constructed a nine carbon fragment with a functional group handle that would allow 

the desired coupling to tryptophan to be explored. 
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Scheme 1.4.13 van Tamelen’s synthesis of aldehyde 93 
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While the C20 stereochemistry was not viewed as essential for this eventual cyclization, it was 

desired to be cis to C3 and C15 in order to prepare the correct stereochemistry of the ethyl group 

found in ajmaline (1). The relative relationship of these three stereocenters to the carboxylic acid 

at C5 was not believed to be crucial, as the stereochemistry at this carbon was going to be 

ablated in a forthcoming transformation.  

 

Scheme 1.4.14 Preparation of desired tetracyclic precursor 97 
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alkaloids. If that were the case, he suggested that the Δ4(5) iminium ion would likely be prepared 

through an enzymatic dehydrogenation of the C-ring.  

In an attempt to explore the potential of his hypothesized biosynthetic key step, van 

Tamelen examined facilitating the desired transformation through a decarbonylation reaction. 

This entailed subjecting tetracyclic amino acid 97 to dicyclohexylcarbodiimide (DCC) and para-

toluenesulfonic acid (p-TsOH), which successfully effected formation of deoxyajmalal-B (100a) 

in 18% yield (Scheme 1.4.15). This reaction sequence was thought to proceed upon initial 

formation of activated ester 98, which subsequently decomposed to yield iminium 99, 

dicyclohexylurea, and carbon monoxide. Under the reaction conditions, iminium 99 then 

immediately underwent the desired intramolecular Mannich addition in situ to afford pentacycle 

100a. van Tamelen states that no deoxyajmalal-A (100b), the C16 epimer of deoxyajmalal-B 

(100a), was obtained from this reaction. In the supporting information of this manuscript, it is 

reported that the reaction was extremely messy and that upon purifying the reaction by 

preparative thin layer chromatography (PTLC), a large amount of other material was found to 

have been produced during the reaction. However, the authors claim that they made no attempt 

to isolate and identify what this other material was because they employed an authentic sample 

of deoxyajmalal-B (100a) to direct them to which band should be isolated from the PTLC, and 

thus ignored all the other remaining material. van Tamelen believed the biogenetic process to be 

much more efficient that the 18% yield demonstrates. This is based on the assumption that this 

reaction most likely provided pentacycles with alternate D-ring stereochemistry, which would 

have produced deoxyisoajmalal-B. Nevertheless, the fact that this reaction was found to be 

successful suggested to van Tamelen that this process might indeed be feasible biologically. 
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Scheme 1.4.15 Synthetic end game proceeding by way of biogenetic transformation 

 
 It was stated that van Tamelen was only able to isolate deoxyajmalal-B (100a) from the 
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epimerization must be carried out prior to the ring closing step. One must also keep in mind that 

this would be a unique reaction as each of the other approaches toward ajmaline did not have the 

D-ring in place when attempting the epimerization of the aldehyde, and as a result no precedence 

for this reaction. As such, van Tamelen discovered that upon exposure to acetic acid and sodium 

acetate at room temperature an equilibrium mixture of epimeric aldehydes could be obtained in 

an 84:16 ratio that favored deoxyajmalal-B (100a). In addition, the epimerization was also found 

to be facilitated upon stirring deoxyajmalal-B (100a) with alumina in refluxing benzene, which 

provided 15–17% of deoxyajmalal-A (100b). Thus, in accord with Masamune’s observation, the 

thermodynamically more stable aldehyde epimer was clearly the one that would not lead to the 

production of ajmaline (1). However, the epimerization was found to be much more inefficient in 

van Tamelen’s experiment than what was disclosed by Masamune. Perhaps this can be attributed 

to the fact that Masamune performed the epimerization prior to installing the D-ring, whereas 

van Tamelen had already accomplished this task. As such, it is proposed that the increased steric 

hindrance of the pentacyclic structure retarded the epimerization process relative to that 

performed on the bridged tetracyclic intermediate, and resulted in deoxyajmalal B (100a) being 

favored even further.  

van Tamelen mentions that the aldehyde epimers were able to be separated from one 

another by PTLC, thus providing enantiopure deoxyajmalal-A (100b) to employ in further 

manipulations. However, it appears that van Tamelen stops at this point in the synthesis and does 

not actually convert deoxyajmalal-A (100b) to ajmaline (1). Instead, it is discussed that this 

compound can be carried forward to the natural product by employing known reactions that were 

discovered through relay processes involving the conversion of degradation products back to 

ajmaline (1). Ultimately, these citations indicated that there was a significant amount of work 
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remaining to be completed in order to prepare ajmaline. The references demonstrated that an 

additional six steps were required to complete the total synthesis. The first of these remaining 

steps is a very unique transformation that was discovered by Bartlett and co-workers in 1962 

involving the conversion of deoxyajmalal-A (100b) into deoxyajmaline (101).37 Whereas 

Masamune and Mashimo and Sato constructed the E-ring over the course of two separate steps, 

Bartlett was able to accomplish both transformations in a single step. This was achieved upon 

subjecting deoxyajmalal-A (100b) to zinc duct in the presence of strong acid (either 6 N 

perchloric acid, concentrated hydrochloric acid, or glacial acetic acid). Thus, the reaction 

conditions facilitated both the ring closure and the reduction of the resultant indoleninium to 

provide deoxyajmaline (101) in only 2–3% yield, but without having to isolate a discrete 

hemiaminal intermediate.  Furthermore, what establishes this as a unique transformation is that 

the reaction requires the formation of the E-ring to occur with the D-ring already constructed, 

whereas in the previous syntheses by Masamune and Mashimo and Sato the D-ring was 

constructed last. 

With access to deoxyajmaline (101), the last goal of the synthesis involved the 

installation of the C21 oxygen. In order to accomplish this task, van Tamelen cited work 

disclosed in 1967 by Hobson and co-workers, which divulged the conversion of deoxyajmaline 

(101) into ajmaline (1) over the course of a five-step sequence.38 The first step in this sequence 

entailed treating deoxyajmaline (101) with phenyl chloroformate (ClCO2Ph) in the presence of 

lithium iodide, which facilitated cleavage of the D-ring through dealkylation of the tertiary amine 

to deliver carbamate 102 in 94% yield (Scheme 1.4.16). Exposure of 102 to sodium acetate 

enabled SN2 displacement of iodide by acetate, which provided acetoxy compound 103 in 42% 

yield, and thus successfully introduced the requisite C21 oxygen. Hydrolysis of both the ester 
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and the carbamate functionalities present within 103 delivered amino alcohol 104 in 63% yield 

following treatment with sodium hydroxide. The D-ring was then reinstalled through a two-step 

process that served to selectively oxidize the primary alcohol to the aldehyde. This feat was 

achieved upon initial exposure of amino alcohol 104 to N-chlorosuccinimide (NCS), and then 

immediately subjecting the obtained crude product to potassium tert-butoxide (t-BuOK), which 

provided ajmaline (1) in 55% yield. In attempt to explain this oxidation process, it has been 

suggested that subjection of the amino alcohol 104 to N-chlorosuccinimide likely resulted in the 

formation of N-chloroamine 105 (Scheme 1.4.17).33b Subsequent treatment of this intermediate 

with potassium tert-butoxide was thought to facilitate transfer of the halonium ion to the C21 

oxygen, at which point the resulting hypohalite 106 immediately collapsed to afford the aldehyde 

107. As this aldehyde is simply the open chain tautomer of ajmaline (1), the impending 

formation of the hemiaminal was thought to have occurred rapidly, thus producing ajmaline (1) 

as the only product from the reaction. The fact that ajmaline was the only product obtained form 

this transformation is remarkable as this process could have led to the production of isoajmaline 

(60) if C20 underwent epimerization during the final step. 

 

Scheme 1.4.16 Hobson’s conversion of deoxyajmaline (101) into ajmaline (1) 

N N
H

OH

NaOAc
N N

H

OH

CO2Ph
ILiI

acetone
94%

N N
H

OH

CO2Ph
OAcDMF

150 ˚C
42%

NaOH
Diethylene glycol/H2O

150 ˚C
63%

N NH
H

OH

OH

1. NCS, CH2Cl2
2. t-BuOK, t-BuOH
55% over two steps

N N
H

OH

OH

ClCO2Ph

deoxyajmaline (101) 102 103

104 ajmaline (1)

20

21



	   43 

 

Scheme 1.4.17 van Tamelen’s proposed rationale of the oxidation of deoxyajmaline (101) to 
ajmaline (1) 
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predicted, albeit in very low yield. However, the authors make the claim that the they believe the 

low yield can be attributed to the previous Pictet–Spengler cyclization, and that any of the 

tetracyclic material formed with the requisite stereochemistry to complete the desired Mannich 

addition did so. 

 The ability of van Tamelen to suggest that the bond formation event between C5 and C16 

proceeded by way of a Mannich addition required an incredible amount of foresight. This is 

because prior to the 1980’s very little was understood about ajmaline’s biosynthesis. Previous to 

this decade, the only well-known facts were that ajmaline was a monoterpenoid indole alkaloid 

derived from secologanin, strictosidine, and the amino acid tryptophan. Thus, as can be seen, 

there was not much information known pertaining to ajmaline’s biosynthesis at the time of van 

Tamelen’s synthetic approach. The fact that he was then able to not only envision a potential 

biosynthetic transformation, but was also able to successfully demonstrate its application toward 

ajmaline based off of so little knowledge of the actual biosynthesis was an amazing feat. 

Furthermore, it would later be discovered that a very similar transformation, involving a 

Mannich addition of C16 into an iminium ion would form the C5–C16 bond. And although it 

does not transpire by way of a decarbonylation (since ajmaline was discovered to arise from 

tryptamine), the ability for van Tamelen to have predicted this reaction is fascinating.  

 
Cook’s first generation synthesis of ajmaline – 1998 

 Following van Tamelen’s biogenetic synthesis in 1970, nearly three decades would pass 

before ajmaline would be conquered once again. It was not until 1998, that Cook published the 

next synthesis of ajmaline (1).39 However, what separates Cook’s approach from the others was 

that he completed the first asymmetric synthesis of ajmaline (1). While it was true that the other 

chemists completed their syntheses by preparing a single enantiomer of ajmaline (1), they did so 
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by either employing relay syntheses, or through the resolution of racemic material. Furthermore, 

each of the previous approaches relied on citing known reactions to complete the synthesis, and 

did not attempt to convert their late stage intermediates into ajmaline (1). Cook on the other 

hand, successfully prepared a single enantiomer of ajmaline (1) de novo, thus becoming the first 

chemist to prepare a true synthetic sample of this natural product.39 

 Now, while Cook does complete the synthesis in 1998, upon reading through his group’s 

previous publications, the approach to this molecule can be traced back to the late 1970’s.40 In 

addition, the route employed by Cook utilizes an intermediate, tetracyclic ketone 66, which had 

been previously used by his lab in numerous natural product syntheses.41 As this same compound 

had previously been employed by Mashimo and Sato as an intermediate in their approaches 

toward both isoajmaline (60) and ajmaline (1), Cook could have utilized their established route 

for its preparation. However, Cook desired to modify the route to tetracyclic ketone 66 in an 

attempt to better its construction. The first goal was to significantly improve the efficiency of the 

sequence, as currently the optimal route required eight steps and provided 66 in only 30% overall 

yield. Additionally, Cook desired to construct 66 in an enantiospecific manner, such that an 

optically active variant could be employed toward an asymmetric synthesis of ajmaline (1).  

 Cook accomplished the first goal in 1983 when he improved the overall yield from dl-

tryptophan to 48% yield (with the same step count).42 Perhaps more impressive was the fact that 

he was able to increase the yield from Na-methyl-Nb-benzyltryptophan methyl ester (63) to 73% 

from the originally obtained yield of 41% by Yoneda and Mashimo and Sato. Furthermore, the 

incredible increase of the route’s efficiency allowed for preparation of the racemic tetracyclic 

ketone 66 in kilogram quantities.42 Five years later, Cook successfully established the first 
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enantiospecific synthesis of 66.43 However, he was not satisfied with the preparation of this 

intermediate, and thus sought a means to streamline its preparation.  

 Cook succeeded in further improving the route to 66 by reducing the number of reaction 

vessels necessary to carry out the requisite steps. This newly updated route to tetracyclic ketone 

66 was disclosed as part of the approach toward the preparation of ajmaline (1), and is presented 

in Scheme 1.4.18.39 Cook begins this updated approach from enantiopure D-(+)-tryptophan [(+)-

27]. The synthesis began upon exposure of (+)-27 to a solution of sodium in liquid ammonia, 

follow by treatment of the resultant anion with methyl iodide, which provided Na-

methyltryptophan in 92% yield.44 This intermediate was then subjected to a refluxing solution of 

methanolic hydrogen chloride to afford Na-methyltryptophan methyl ester (+)-62 in 81% yield 

following treatment with an aqueous solution of ammonium hydroxide to provide the free base.44 

It is at this point that Cook significantly alters the route that was utilized by Yoneda. To be more 

specific, the next three transformations were carried out in only one reaction vessel rather than 

employing three different flasks. The one-pot sequence began with a reductive amination upon 

initial reaction of (+)-62 with benzaldehyde in methanol to generate the imine, which was then 

treated with sodium borohydride to deliver the desired benzylamine intermediate.39 The reaction 

was then quenched upon addition of acetic acid and the solvent was subsequently removed. The 

crude secondary amine was then mixed with 4,4-dimethoxybutyrate and trifluoroacetic acid in 

refluxing chloroform, which effected an asymmetric Pictet–Spengler reaction to afford 

tetrahydro β-carbolines (+)-64a and (–)-64b in a combined 93% yield from (+)-62 as a 10:1 

trans:cis mixture of diastereomers. As the trans-diester was the desired compound, Cook 

reported that the cis-diester could be completely epimerized upon exposure to trifluoroacetic acid 

in dichloromethane to quantitatively provide the desired trans-diester. The epimerization was 
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believed to transpire following protonation of the benzylamine nitrogen, which resulted in the 

fragmentation of the C3–N4 bond to generate a carbocation intermediate on C3 that then 

underwent rotation about C2–C3 bond and was then subsequently recaptured by the nitrogen to 

produce the trans-diester (–)-64b.45 It is necessary to discuss a difference between Yoneda and 

Cook’s results. Yoneda disclosed that cis-diester (+)-64a was the major diastereomer obtained 

from the Pictet–Spengler reaction, whereas Cook obtained trans-diester (–)-64b as the major 

product from his experiment. As the impending Dieckmann cyclization necessitated proceeding 

through cis-diester (+)-64a, Cook may have been at an impasse. However, he reasoned that 

perhaps the C5 stereocenter (ajmaline numbering) could be epimerized in situ during the 

Dieckmann condensation in the presence of excess base, which would then allow the cyclization 

to take place.44b Additionally, Cook envisioned performing the next two reactions by way of a 

one-pot process. Thus, he then modified the remainder of the route utilized by Yoneda and 

Mashimo and Sato, such that only one reaction vessel would be required. This sequence 

commenced upon exposure of (–)-64b to excess sodium hydride in a refluxing solution of 

toluene and methanol, which resulted in a Dieckmann cyclization that furnished enantiopure β-

ketoester.39 Thus, the success of this reaction validated Cook’s proposal that trans-diester (–)-

64b could undergo a base-mediated epimerization to provide (+)-64a in situ, which then partook 

in a successful intramolecular Dieckmann condensation. Following addition of acetic acid to 

quench the reaction, the solvent was removed under reduce pressure. The resulting crude β-

ketoester was then refluxed in solution of acetic acid and concentrated hydrochloric acid, which 

effected decarboxylation to provide tetracyclic ketone (–)-66 in 88% yield in greater than 98% 

ee. 
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Scheme 1.4.18 Cook’s synthesis of enantiomerically pure tetracyclic ketone (–)-66 

 
 Upon comparing Cook’s revised synthesis of tetracyclic ketone (–)-66 to the original 

route devised by Yoneda and Mashimo and Sato, it is clear that Cook was able to successfully 

accomplish both of the goals. First, the synthesis was devised such that the tetracyclic ketone (–)-

66 was obtained with greater than 98% ee. Secondly, the overall efficiency of the route was 

dramatically improved as the overall yield from D-(+)-tryptophan [(+)-27] was increased to 61% 

from the originally obtained 30% from dl-tryptophan. To provide an even further dramatic view 

of the improved efficiency it is to compare the yield obtained from Na-methyltryptophan methyl 

ester. The originally reported yield was 41%, whereas Cook had now double this result to an 

82% isolated yield. This was an incredible result considering that many of the reactions were 

performed on crude material. The efficiency of these processes had been improved so much that 

Cook states that (–)-66 can be prepared up to a 300 g scale while retaining the same yields and 

optical purity presented above. Even more impressive was the fact that Cook was able to reduce 

the number of reaction vessels necessary to perform these transformations from the previously 

required five vessels (when starting from 62), to now only needing two flasks, thus even further 

improving the efficiency of the route to (–)-66. 
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 Having rapid access to large quantities of bridged tetracyclic ketone (–)-66 allowed Cook 

to classify this compound as a readily available starting material, and as a result could now 

proceed with the synthesis. The first approach to ajmaline (1) involved attempting to 

functionalize the α-position of the ketone in (–)-66. In an effort to accomplish this goal, a variety 

of reactions were performed, which included direct alkylations, enamine promoted processes, 

and conjugate-addition reactions. Unexpectedly, in contrast to the results obtained by Mashimo 

and Sato, nearly every attempt failed in producing any product, or providing any material in high 

enough yields. As a result of these negative outcomes, Cook then desired to employ the 

tetracycle as an electrophile rather than as the nucleophile. In order to allow this idea to come to 

fruition, Cook envisaged converting the ketone into tetracyclic enal 108 by way of a one carbon 

homologation.39 The process was initiated by reacting the ketone of (–)-66 with the anion of 

chloromethyl phenyl sulfoxide, generated upon exposure to lithium diisopropylamide, which 

produced and intermediate chlorohydrin that was not isolated (Scheme 1.4.19).46 Conversion of 

this chlorohydrin to the spirooxiranophenylsulfoxide was accomplished following addition of 15 

N potassium hydroxide to the reaction mixture. Exposure of the newly obtained oxirane to 

lithium perchlorate in refluxing dioxane delivered tetracyclic α,β-unsaturated aldehyde 108 in 

90% yield over the two step sequence. This transformation was thought to have occurred by way 

of initial chelation of a lithium ion to the epoxide, which then fragmented to provide a tertiary 

carbocation.47 In an effort to quench this newly generated carbocation, the sulfinyl group was 

thought to have undergone a 1,2-shift to generate an α-sulfoxy aldehyde intermediate. 

Subsequent thermal elimination of the sulfinyl group then afforded tetracyclic enal 108 as the 

final product. 
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Scheme 1.4.19 Preparation of tetracyclic α,β-unsaturated aldehyde 108 

 
 With ready access to desired α,β-unsaturated aldehyde 108, Cook was now able to once 

again try to functionalize C15. However, attempts to facilitate cuprate-mediated conjugate 

additions, titanium-promoted aldol reactions, or heterodiene Diels–Alder reactions were all 

unsuccessful. At this point, all reactions that had been performed had been intermolecular 

processes. Cook rationalized that perhaps functionalizing the bridged tetracycle in this manner 

would not be successful, due partly to unfavorable 1,3-diaxial interactions with the cis fused 

diaxial-indolomethylene bridge when approaching from the top of this structure as well as 

unfavorable electronics when attacking from the bottom face of the compound. It was only after 

this realization that Cook proposed that transitioning to an intramolecular process might enable 

successful functionalization of C15. As such, he envisioned carrying out a [3,3] sigmatropic 

rearrangement that would introduce a side chain at C15 that could later be elaborated to the 

substrate of interest. It was believed that this goal could best be accomplished upon employment 

of an anionic oxy-Cope rearrangement under the assumption that this transformation would take 

place stereoselectively from the α-face of the endocyclic double bond.  

In order to attempt the desired anionic oxy-Cope rearrangement, the tetracyclic enal 108 

was converted into allylic alcohol 110 through a Barbier–Grignard process, where 108 was 

treated with trans-3-bromo-4-heptene (109) in the presence of magnesium turnings in 

tetrahydrofuran at 0 ˚C (Scheme 1.4.20).48 However, while the desired 1,2-addition led to the 

successful production of allylic alcohol 110 as a mixture of diastereomers in 51% yield, the 
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reaction also unexpectedly facilitated an undesired 1,4-addition to 108. As such, tetracyclic 

aldehydes 111a and 111b, each one a mixture of diastereomers, were produced from the 

Barbier–Grignard reaction in a combined yield of 49% in a 3:1 ratio of 111a to 111b (ratio 

referring only to the C15 stereocenter).49 This surprising result provided the first reported case of 

a 1,4-addition to tetracyclic aldehyde 108, and successfully provided the coveted C15 

functionalized tetracycle capable of undergoing further elaboration since it contained a vital 

latent aldehyde moiety within the appended alkyl chain. Of the tetracyclic aldehydes generated 

from the reaction, only 111a contained the proper configuration at C15 necessary to continue on 

with the synthesis of ajmaline. 

 

 

Scheme 1.4.20 Barbier–Grignard reaction of tetracyclic α,β-unsaturated aldehyde 108, and 
anionic oxy-Cope rearrangement of allylic alcohol 110 
 

 It is of interest to note that if the same reaction was run at 25 ˚C instead of 0 ˚C, the only 

products obtained were those generated from 1,2-addition to 108. Thus, with the ability to 

produce desired allylic alcohol 110, the anionic oxy-Cope rearrangement was then attempted by 

subjecting 110, as a mixture of diastereomers, to potassium hydride in a refluxing mixture of 
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aldehyde, it surprisingly did not proceed in a stereospecific manner. In fact, the exact same 

compounds, 111a,b, obtained from the 1,4-addition to enal 108 were isolated from the anionic 

oxy-Cope rearrangement. The only difference was that the ratio of tetracyclic aldehydes 111a to 

111b produced from this reaction had been lowered to 3:2, relative to the 3:1 ratio obtained from 

the Barbier–Grignard process. From this data, it was proposed that there was not enough of a 

steric bias in the transition state to facilitate a stereospecific rearrangement, which resulted in the 

poor diastereoselectivity (referring specifically to the configuration of C15). However, it was 

discovered that diastereomers containing the requisite stereochemical configuration at both C15 

and C16 were produced in an overall yield of 51% from 108, as compared to a 25% overall yield 

of the remaining diastereomers. Therefore, two-thirds of the material provided from these 

reactions was found to possess the appropriate configuration at these two stereocenters necessary 

to prepare ajmaline (1). The importance of this discovery is understood when one considers that 

these compounds were comprised of the thermodynamically less stable C16 epimer, a fact that 

was unveiled during both Masamune’s and van Tamelen’s studies. As such, even through the 

anionic oxy-Cope rearrangement did not proceed stereospecifically, its employment was found to 

serve as an effective solution to the problem of preparing the thermodynamically unfavored C16 

aldehyde epimer. Cook explained that this outcome can be understood upon analyzing the 

protonation of the enolate obtained immediately following the anionic oxy-Cope rearrangement. 

Since the β-face of the enolate olefin was more hindered than the α-face due to the presence of 

both the indole and the alkylidene moieties, the protonation of C16 occurred more readily from 

the α-face to deliver the desired configuration needed in order to prepare ajmaline.  

At this point, Cook explains that the only diastereomers of the tetracyclic aldehyde that 

were of interest were the two comprising 111a, those being 111aa and 111ab. These two 
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diastereomers were of interest because they contained the correct absolute configuration at C3, 

C5, C15, and C16 that would be required in order to successfully prepare ajmaline (1). The fact 

that these two compounds were epimeric at C20 was irrelevant as this center would be 

epimerized at a later stage in the synthesis. For this reason, the C20 epimers were separated from 

one another by silica gel flash chromatography, and were then employed in the next few 

synthetic steps separately. The initial plan was to form the E-ring prior to the D-ring, in accord 

with both Masamune’s and Mashimo and Sato’s routes, however after numerous attempts the 

desired cyclization was never observed and the starting materials were reisolated unchanged or 

decomposed. The decision was then made to construct the D-ring first, but in order to realize this 

goal, the latent C21 aldehyde needed to be unveiled before they could proceed. However, to be 

able to differentiate between the aldehyde at C16 and that of a newly generated aldehyde at C20, 

it was first necessary to protect the one at C16. Thus, aldehydes 111aa and 111ab were 

converted into dioxolanes 112a,b in an average yield of 90% (reporting as a average yield to 

account for the varying yields obtained when subjecting the individual diastereomers to identical 

reaction conditions) following exposure to ethylene glycol and para-toluenesulfonic acid in 

refluxing benzene (Scheme 1.4.21). Dihydroxylation of the olefin was then achieved upon 

treatment with osmium tetroxide in the presence of pyridine that provided an intermediate 

osmate ester, which was immediately hydrolyzed with an aqueous solution of sodium bisulfite. 

The resultant glycol was then cleaved following exposure to sodium periodate to deliver 

aldehydes 113a,b in an average yield of 92%, over the two-step process. Cook stated that in 

order to ensure maximum conversion of acetals 112a,b into aldehydes 113a,b the osmylation 

reaction had to be stopped prior to complete conversion of the starting material, or else 

byproducts resulting from bisosmylation of both the desired olefin and the indole double bond 
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would start to appear. Having successfully installed the aldehyde at C20, the epimerization of the 

C20 stereocenter was then attempted. As it was determined that aldehyde 113b possessed the 

undesired configuration at C20, it was then stirred with sodium methoxide in methanol and 

tetrahydrofuran until an equilibrium mixture (1:1) of 113a,b was obtained.  The two epimers 

were then separated from one another through flash column chromatography and the based-

mediated epimerization reaction was repeated. Ultimately, Cook states that the conversion of 

113b into desired 113a could be increased to greater than 80% yield by undergoing further 

iterations of this process.  

 

Scheme 1.4.21 Preparation of aldehyde 113a 

  
With a means to prepare a large amount of the desired enantiomerically pure aldehyde 

113a, the next task involved the formation of ajmaline’s D-ring, which was successfully 

assembled during the ensuing reaction. Subjection of aldehyde 113a to hydrogen gas in the 

presence of 10% palladium on carbon effected catalytic debenzylation, which provided the 

secondary amine that then underwent nucleophilic attack on the C21 aldehyde to construct the D-

ring (Scheme 1.4.22).39 Prior to isolation the newly generated hemiaminal was then directly 

treated with acetic anhydride and 4-dimethylaminopyridine (DMAP) to provide pentacyclic 

acetate 114 in 91% yield. With the D-ring successfully constructed, Cook then returned his 

attention to the installation of the E-ring. Pentacycle 114 was initially exposed to acetic acid and 

concentrated hydrochloric acid to effect hydrolysis of the dioxolane and unmask the aldehyde at 
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C16. Once the hydrolysis was deemed complete, acetic anhydride was added, and the solution 

was then saturated with gaseous hydrochloric acid, which resulted in the cyclization of the E-ring 

to deliver 2-hydroxyajmaline derivative 115 as a single diastereomer in 85% yield. 

 

Scheme 1.4.22 Preparation of hemiaminal 115 

 
At this point, what remained to be done was to reduce 2-hydroxyajmaline 115 such that 

the appropriate C2 epimer was obtained and to perform a global deprotection. The majority of 

the literature examples on performing the desired reduction were actually performed on 

pentacyclic compounds prior to the formation of the D-ring of ajmaline (1). The only literature 

example performed on a structurally similar compound was that of Bartlett’s work, which 

reported obtaining only a 2–3% yield of the desired compound.37 Therefore, Cook sought to 

discover conditions that would not only provide a higher yield of product, but would do so with 

high diastereoselectivity. However, the exclusive addition of the hydroxyl group to the 

indoleninium was found to occur from the α-face, proved just how difficult this transformation 
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with 100% diastereoselectivity. For example, in one instance they were able to obtain the 2-
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reaction conditions that were able to provide the correct stereochemistry at C2, although the 

diastereoselectivity of this transformation was very poor and still favored reduction from the α-

face. This condition involved treatment of 2-hydroxyajmaline derivative 115 with hydrogen gas 

and platinum oxide in the presence of either boron trifluoride diethyl etherate (BF3OEt2) or 

boron trichloride (BCl3) (although it is stated that the reaction was not as clean when utilizing 

BCl3) and delivered a 3:2 ratio of 2-epidiacetylajmaline 116a to diacetylajmaline 116b in a 

combined yield of 89% (Scheme 1.4.23). To account for this remarkable finding, Cook proposed 

that the Lewis acid initially complexed to Nb, thus hindering the reduction of the potential 

indoleninium (or of the hydroxyl group itself) from the α-face of the compound. Following 

successful separation of the C2 epimers by preparative thin layer chromatography, 

diacetylajmaline 116b was hydrolyzed upon treatment with aqueous potassium carbonate in 

methanol to afford (+)-ajmaline in a 93% yield, to complete the first de novo asymmetric 

synthesis of this natural product.  

 

Scheme 1.4.23 Completion of Cook’s synthesis of (+)-ajmaline (1) 
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Masamune’s approach for the shortest total synthesis of ajmaline (1), which was also completed 

with a longest linear sequence of 19 steps. Cook completed this synthesis with an overall yield of 

4.7% from D-(+)-tryptophan [(+)-27]. This was the first example of a synthesis whose overall 

yield could be calculated. The overall efficiency of the synthesis suffers due to a few inefficient 

steps. Specifically, this low yield can be attributed to the difficulty in attempting to set the C15, 

C16, and C20 stereocenters early in the synthesis route as well as the trouble encountered while 

trying to install the correct C2 stereochemistry at the end of the route. The most important aspect 

of this work was that the first asymmetric synthesis of (+)-ajmaline (1) was completed. 

Furthermore, Cook finished this synthetic approach without having to rely on a relay approach or 

a chiral resolution to provide enantiopure material, nor did he provide literature citations to 

complete the molecule. Cook has also become the first chemist to prepare a de novo synthetic 

sample of ajmaline (1). 

Cook disclosed many synthetic achievements within this synthesis. The first of which 

pertained to the dramatic improvement made to the preparation of tetracycle ketone (–)-66. Not 

only was an enantiospecific route designed to prepare an optically active variant, but the 

efficiency of its preparation was drastically increased. To construct the optically active variant, 

Cook started from D-(+)-tryptophan [(+)-27] and utilized an asymmetric Pictet–Spengler 

reaction, which proceeded by way of a trans transfer of tryptophan’s chirality to install the 

desired C3 stereochemistry. Furthermore, Cook reduced the number of required reaction vessels 

needed to prepared (–)-66 from the previously required seven to now four. Perhaps the most 

impressive accomplishment was that Cook more than doubled the overall yield of 41% from 62 

to now being able to produce an 82% yield of (–)-66 with 98% ee on multi-hundred gram scales. 
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Additionally, Cook also provided solutions to a couple of the well-known problems 

encountered en route toward the preparation of ajmaline (1). Firstly, Cook discovered a means of 

installing the appropriate C16 stereochemistry onto (–)-66 through an anionic oxy-Cope 

rearrangement. Although this reaction was not stereospecific, it provided the desired aldehyde 

epimer as the major product (in about a 2:1 ratio of desired to undesired). This was vital as it was 

discussed earlier that the alternate epimer is actually the thermodynamically favored product. 

Meaning that upon an epimerization attempt, the undesired epimer is favored over the desired 

compound by as much as a 7:3 ratio. Thus, Cook became only the second chemist, after 

Masamune, to not have to rely on this epimerization process to successfully synthesize the 

natural product. In addition to preparing the C16 center with such high stereoselectivity Cook 

was also able to significantly improve the reduction of 2-hydroxyajmaline derivative 115 to 

diacetylajmaline 116b. As mentioned earlier, the previously obtained highest yield for this 

transformation was only 2–3% [the reaction in this case was completed in one pot from 

deoxyajmalal-A (100b)]. Even though the reduction afforded only 36% of diacetylajmaline 

116b, Cook was able to accomplish the highest yielding conversion of 2-hydroxyajmaline to 

ajmaline (1) to date. Thus, Cook was able to discover solutions to two of the most challenging 

synthetic problems en route to ajmaline, thus establishing his chemistry as the “state-of-the-art” 

for installing these two stereocenters. When taking this realization into consideration with the 

previous conclusions that Cook was the first to actually prepare ajmaline de novo, and to do so 

enantiospecifically, established this total synthesis as one of the best. Even after amassing all 

these achievements, Cook was not completely satisfied with some of the synthetic steps and as a 

result set out to improve his synthesis.  
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Cook’s second generation total synthesis – 2001  

  Three years following the completion of Cook’s original total synthesis, he disclosed an 

updated approach to the natural product, that was nearly identical to the one presented above.51 

Two significant modifications were made to the synthetic route, which drastically improved the 

overall efficiency of the new route relative to the first generation. 

 Cook commenced this updated synthesis by employing a slightly different version of the 

bridged tetracyclic α,β-unsaturated aldehyde than was utilized in the first generation approach to 

ajmaline (1). Specifically, Cook now began from the free Na-H indole rather than the Na-methyl 

protected variant. However, there was no explanation provided for this alteration. Cook explains 

that tetracyclic α,β-unsaturated aldehyde 117 was prepared from  D-(+)-tryptophan [(+)-27] in an 

identical manner to N-methyl variant 108.52 As such, this entailed that 117 was constructed in an 

enantiospecific manner according to the chemistry presented in Schemes 1.4.18 and 1.4.19. Only 

one major difference was observed along this reaction pathway, which was that the Pictet–

Spengler led to the exclusive reduction of the trans-diester (Na-H variant of (–)-64b). To explain 

this outcome, Cook proposed that any cis-diester that formed, isomerized more readily than the 

N-methyl variant, and for that reason none of this material was isolated from the reaction.52b 

Ultimately, tetracyclic enal 117 was prepared form D-(+)-tryptophan [(+)-27] in eight steps, 

which only required five reaction vessels, and was prepared in 55% overall yield. 

 Following the preparation of 117, the ensuing two synthetic steps differed significantly 

from the corresponding transformations employed in the first generation approach. Previously, 

Cook had reacted trans-3-bromo-4-heptene (109) with magnesium turnings under Barbier–

Grignard conditions to deliver allylic alcohol 110 as the precursor to an anionic oxy-Cope 

rearrangement. In this second generation approach, trans-1-bromo-2-pentene (118) was 
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employed in the Barbier–Grignard reaction in place of 109.51 Unexpectedly, when this reagent 

was reacted with 117 under the previously used reaction conditions, none of the desired allylic 

alcohol 119 was produced. Instead, the Grignard reagent underwent an allylic rearrangement 

prior to addition to aldehyde 117, thus adding from the γ-carbon rather than the desired addition 

from the α-carbon. In an effort to obtain the coveted α-addition product, Cook sought to employ 

chemistry developed by Yamamoto that relied on the use of barium reagents. Yamamoto has 

reported that the barium reagents underwent regioselective reactions with carbonyl compounds 

to provide only those products arising from addition of the α-carbon of the nucleophile.53 In 

order to apply this chemistry, Cook explained that Yamamoto’s original procedure had to be 

modified to a Barbier–Grignard type process or no desired product would be produced. Thus, 

they preformed the barium metal by mixing lithium metal with biphenyl and barium iodide in 

tetrahydrofuran.51 To this solution, was then added a mixture of tetracyclic α,β-unsaturated 

aldehyde 117 and trans-1-bromo-2-pentene 118 at –78 ˚C, which resulted in the successful 

production of allylic alcohol 119 in 90% yield, as a mixture of diastereomers that Cook 

concluded was inconsequential (Scheme 1.4.24). In contrast to the first generation approach, 

which suffered from poor regioselectivity, this reaction was found to exclusively provide the 1,2-

addition product.   

 

Scheme 1.4.24 Preparation of allylic alcohol 119 
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 With the allylic alcohol 119 in hand, the anionic oxy-Cope rearrangement was then 

facilitated upon subjection of 119, as a mixture of diastereomers, to potassium hydride and 18-

crown-6 in dioxane at 100 ˚C (Scheme 1.4.25). Unlike the previous rearrangement discussed 

earlier, this reaction was found to proceed with very high diastereoselectivity, providing 

aldehydes 120a,b as the predominant stereoisomers in 85% combined yield. The aldehydes 

120a,b were isolated from the reaction in a 30:1 ratio relative to all other diastereomers produced 

in the reaction that are not shown (Cook does not provide the exact stereochemistry of these 

other diastereomers as they were only obtained in trace amounts). The 30:1 ratio is referring 

exclusively to the C15 and C20 stereocenters, and thus included compounds epimeric at C16 as 

comprising the major diastereomer in this ratio. The incredible diastereoselectivity obtained from 

this reaction represented a tremendous improvement relative to that obtained from the anionic 

oxy-Cope rearrangement performed during the first generation synthesis. In that example the 

configuration of the C15 stereocenter was obtained on a 3:2 ratio (desired:undesired), while the 

C20 stereocenter was produced as a racemate. Thus, the fact that these two stereocenters were 

now set with almost complete stereocontrol greatly increased the amount of material that could 

potentially be carried on toward the completion of ajmaline (1). In an attempt to rationalize this 

observation, Cook proposed that the anionic oxy-Cope rearrangement predominantly took place 

from the α-face of the olefin, whereas in the previous example there was not enough steric bias 

to prohibit the reaction from the β-face. 
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Scheme 1.4.25 The method employed to quench the anionic oxy-Cope rearrangement was 
discovered to provide different product distributions of 120a to 120b 
 
 
 In the example under consideration, the reaction was treated with methanol at 0 ˚C to 

quench the resultant enolate and the material was immediately extracted. This work-up 

procedure provided aldehyde 120a,b as a 4:1 mixture of C16 epimers (which again, when 

combined comprised the major diastereomers under consideration is the previously discussed 

30:1 ratio). Unfortunately, it was determined that the minor diastereomer contained the requisite 

stereochemistry needed to construct the E-ring. So, while this updated route provided fantastic 

stereocontrol for the installation of the C15 and C20 stereocenters, only 20% of the material was 

prepared with the correct C16 stereochemistry. This was a drastic decrease in stereoselectivity 

when compared to the previously obtained 67% in the first generation route. Furthermore, it was 

shown that 120b could be converted entirely to 120a upon exposure to sodium methoxide, once 

again demonstrating that the undesired aldehyde epimer 120a was the thermodynamically more 

stable aldehyde epimer. Cook then performed an additional experiment where the anionic oxy-

Cope rearrangement was quenched with methanol at 0 ˚C, but was then allowed to warm up to 

room temperature and was stirred for an additional four hours at this temperature before the 
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products were extracted. This resulted in providing 120a as the only product from the reaction, 

suggesting that epimerization was facilitated in situ to exclusively deliver 120a. These results 

provided the first examples of an epimerization process that was found to exclusively deliver 

only one C16 epimer, indicating that Cook would not be able to enrich his yield of 120b by 

epimerization of 120a, which could potentially derail the attempt to prepare ajmaline (1).  

 In an attempt to alter this outcome, Cook explains that he then analyzed the structure of 

the immediate product obtained from the rearrangement, that being enolate 121 (Figure 1.4.1) 

Upon doing so, the conclusion was reached that the β-face of the enolate was much more 

hindered than the α-face due to the presence of the cis fused diaxial-indolomethylene bridge 

presiding on this face of the molecule. As a result, Cook proposed that a kinetic protonation 

might occur exclusively from the α-face. In hopes of uncovering a protonation event that would 

deliver a higher yield of desired 120b, a variety of experiments were performed where the main 

variable altered was the condition employed to quench the reaction. Pleasingly, it was discovered 

that if enolate 121 was quenched under acidic conditions at lower temperature, the amount of 

120b increased. Ultimately, Cook found that pouring the reaction solution into a 1 N solution of 

trifluoroacetic acid in tetrahydrofuran at –100 ˚C facilitated the kinetic quench, and afforded a 

43:1 mixture of 120b to 120a. Thus, Cook was now able to install C16 with nearly complete 

stereocontrol. Furthermore, this reaction sequence provides the first example of setting the C15, 

C16, and C20 stereocenters in a highly stereocontrolled manner.  
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Figure 1.4.1 Model proposed by Cook to predict that kinetic quench of enolate 121 would lead 
to the desired aldehyde epimer 
 
 

The remainder of the synthesis involves the conversion of aldehyde 120b into (+)-

ajmaline (1), which was carried out in a nearly identical manner to that previously reported by 

Cook. The only differences between the two syntheses from this point were that the indole 

nitrogen had to be protected as the Na-methyl and there was no longer the need for the C20 

epimerization step. In order to successfully protect the indole nitrogen, which would require 

basic conditions, the acidity of the proton at C16 had to be greatly reduced so that epimerization 

of this center would not occur during the protection of the nitrogen. The aldehyde 120b was 

converted into dioxolane 122 in 92% yield following exposure to ethylene glycol and para-

toluenesulfonic acid in refluxing benzene (Scheme 1.4.26). This step allowed for the successful 

conversion of dioxolane 122 into Na-methyl protected derivative 123 in 94% yield following 

initial deprotonation by sodium hydride (NaH) and treatment of the resulting anion with 

iodomethane (MeI). The terminal olefin was then subjected to a two-step oxidative cleavage 

sequence involving initial dihydroxylation of the double bond with osmium tetroxide in the 

presence of pyridine to provide an intermediate osmate ester that was subsequently hydrolyzed 

with an aqueous solution of sodium bisulfite. The newly generated glycol was then cleaved upon 

subjection to sodium periodate, which provided aldehyde 113a in 91% yield over the two steps. 
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Scheme 1.4.26 Conversion of tetracyclic aldehyde 120b into aldehyde 113a 

 
Upon construction of aldehyde 113a, Cook had effectively completed a formal synthesis 

of his own first generation route.39 However, instead of stopping here, Cook claims that the 

remaining steps, shown in Schemes 1.4.22 and 1.4.23, were completed and (+)-ajmaline (1) was 

prepared once again. As such, Cook’s second generation approach completes only the second de 

novo asymmetric synthesis of ajmaline (1). The second generation synthesis was completed with 

a longest linear sequence of 18 steps and an overall yield of 8.3% from D-(+)-tryptophan [(+)-

27]. As a result, this is now the shortest synthesis to ajmaline (1) as it requires one less step than 

both Masamune’s approach and Cook’s own first generation synthesis. Furthermore, this is 

clearly the most efficient synthesis to date as the overall yield was increased from the previous 

4.7% yield of the first generation route to the newly obtained 8.3% yield. The dramatic increase 

in the efficiency is best understood upon considering the overall yield from the tetracyclic enal. 

While the first generation approach provided an 8.6% overall yield from enal 108, the updated 

route nearly doubled this yield as a 15.2% overall yield from enal 117 was obtained. This is an 

incredible increase in yield considering both approaches utilized ten steps to complete the 

synthesis of ajmaline (1) from the respective enal. This fact best demonstrates the incredible 
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effect that altering the anionic oxy-Cope substrate had on the synthetic approach. The synthesis 

was ultimately improved upon by switching from bromide 109 to bromide 118 and utilizing a 

barium-mediated Barbier–Grignard reaction rather than one employing magnesium. This allowed 

for the regioselectivity problem to be overcome, as the desired 1,2-addition product was 

exclusively formed. The resulting allylic alcohol 119 was then subjected to the anionic oxy-Cope 

rearrangement and the reaction was stopped by performing a kinetic quench. Together, the 

rearrangement and kinetic quench sequence allowed for Cook to set the C15, C16, and C20 

stereocenters in the correct relative and absolute configurations with extremely high 

stereoselectivity. As such, Cook became the first chemist to provide a true solution to the long-

standing problem of overcoming the fact that the natural C16 stereochemistry of ajmaline (1) is 

the thermodynamically less stable configuration. Previously, all the other approaches had 

difficulty setting this stereocenter (prior to Cook’s work the best ratio was 2:1 of 

desired:undesired), and both Mashimo and Sato and van Tamelen had to rely on very inefficient 

epimerization process to gain access to the desired aldehyde epimer. The fact that Cook 

successfully constructed the C15, C16, and C20 stereocenters within the same reaction and did 

so with such exquisite stereocontrol is astonishing. As such, Cook’s second-generation synthesis 

is by far the most efficient and most stereoselective approach to ajmaline to date, and should 

stand as the benchmark ajmaline synthesis that future chemists should aspire to improve upon 

when considering tackling this natural product. To further emphasize the importance of Cook’s 

synthetic approach, several intermediates present with the synthesis of ajmaline have been 

utilized en route to constructing a variety of other indole alkaloids, such as vellosimine54, 

vincamajinine55, suaveoline46,48, raumacline46,48, talpinine52b, and talcarpine52b to name just a 

few.41b This showcases that Cook was able to devise his synthetic plan in such a way so as to 
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prepare common intermediates that could be employed toward the construction of additional 

indole alkaloids.  

 
Section 1.5 Our Synthetic Strategy toward Ajmaline 

 Upon analyzing the aforementioned total syntheses of ajmaline, one quickly observes the 

high degree of similarity between most of the approaches discussed above. Of particular 

importance is the fact that the routes employed by Masamune, Mashimo and Sato, and Cook 

(both generations) all utilized common bridged tetracyclic scaffold 124 that contained the 

azabicyclo[3.3.1]nonane moiety en route to preparing ajmaline (1). In a retrosynthetic sense, this 

bridged tetracyclic core was envisioned to arise by way of two main bond disconnections, which 

were those between C7–C17 and C20–C21 (Scheme 1.5.1). This disconnection pattern has 

therefore clearly established itself as the preferred means to attempt ajmaline’s preparation, 

especially when considering that it has been utilized in four of the five approaches to date.  

The remaining synthesis of ajmaline by van Tamelen approaches this natural product 

from a much different viewpoint. While van Tamelen similarly deconstructed ajmaline into a 

tetracyclic core, he envisioned arriving at the natural product by way of fused ring system 125 

rather than the bridged scaffold 124 (Scheme 1.5.1). In order to accomplish this task, he also 

invoked two key bond disconnections between C7–C17 and between C5–C16.  

From these retrosynthetic disconnections, one is able to see the various synthetic 

strategies employed by these groups. Whereas the most common plan thus far has clearly been to 

stitch the D-ring onto a bridged tetracycle, van Tamelen’s route instead constructed the six-

membered bridging ring only after formation of the D-ring. There is also a divide as to which 

ring should be formed last as Masamune and Mashimo and Sato chose to complete the synthesis 

upon construction of the D-ring, while Cook’s and van Tamelen’s final cyclization afforded the 
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E-ring (however, afterwards, in order to complete his synthesis, van Tamelen must break the D-

ring open and reform it at a later point in order to install the last oxygen). 

 

Scheme 1.5.1 Overview of the synthetic strategies toward ajmaline (1) 

 
The synthetic route we have envisioned is quite different from any of the previous 

strategies. Whereas each of the completed syntheses involved the production of a tetracyclic 

core, our route toward ajmaline was actually designed around tricyclic scaffold 126 (Scheme 

1.5.1). The generation of this construct was imagined by way of three significant bond 

disconnections, two of which are unique to our proposal. The first disconnection, which was 

used in each of the previous routes, is of the bond between C7–C17. The remaining two 

detachment points are the bonds between N4–C5 and C15–C16, which up to this point have not 
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been proposed as retrosynthetic disconnections of ajmaline. Thus, the desired tricyclic scaffold 

would be comprised of ajmaline’s A, B, and D rings, which would make this only the second 

synthetic approach to construct the D-ring prior to the formation of the C-ring. The only other 

synthesis to prepare the D-ring first, that of van Tamelen’s, actually constructed both the C and 

D rings within the same reaction, as a reactive intermediate was produced upon formation of the 

D ring that immediately underwent an additional cyclization event to afford the fused tetracycle 

as the final product (Scheme 1.4.14, intermediate 95 to 97). As such, our approach would be the 

first to actually isolate a compound with this specific tricyclic framework as an intermediate en 

route to ajmaline.  

In an effort to further distinguish our proposal, this tricyclic core is thought to serve as a 

progenitor to the real skeleton of interest, that being pentacyclic scaffold 127. It is believed that 

this ring system can be obtained in one step from tricycle 126, where the C-ring and the bridging 

six-membered ring would be formed as part of a tandem reaction sequence (vide infra). For this 

transformation to be successful it would first have to pass through intermediate 125, which 

possesses similar framework to the core employed by van Tamelen. However, what differentiates 

this from van Tamelen’s approach is that this tetracyclic intermediate will not be isolated as it is 

believed that it will further react to provide pentacyclic structure 127 in situ. Furthermore, van 

Tamelen installs the bridging six-membered ring by forming a bond between C5 and C16, 

whereas our approach involves constructing this ring by a bond formation between C15 and C16. 

 

Our initial retrosynthetic analysis of ajmaline 

Our initial retrosynthetic analysis was designed with the aforementioned synthetic 

strategy in mind (Scheme 1.5.2). The completion of the synthesis was planned in a similar 
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fashion to that of Cook’s and van Tamelen’s approaches, where the final ring formation was 

envisioned to involve construction of the E-ring (bridging 5-membered ring) from dialdehyde 

128. This cyclization event would proceed by way of a nucleophilic attack of C7 onto the C17 

aldehyde. Ajmaline (1) would then be provided upon reduction of the resulting indolenine, in 

accord with Cook’s syntheses. The ethyl group of 1 would be installed through a two-step 

olefination and hydrogenation sequence. The dialdehyde 128 could be generated from diester 

129 following a reduction process (or perhaps a two-step reduction, subsequent oxidation 

process). The desired pentacyclic framework of 129 was imagined to arise from tricycle 130 

upon removal of the nosyl protecting group. The amide anion would readily add in a Michael 

fashion to the acyclic α,β-unsaturated ester to create the C-ring, and the resultant enolate anion 

would then immediately undergo a Michael addition to the α,β-unsaturated ester within the D-

ring to generate the bridging six-membered ring (thus constructing the quinuclidine moiety 

present within ajmaline).56 Access to tricycle 130 was envisioned through allylation of 

tetrahydropyridine 131, which was thought to arise from a phosphine-catalyzed [4+2] annulation 

between indole 2-carboxaldimine 132 and the protected allenylic alcohol 133. This annulation 

would serve to expand upon the original methodology, published by our group in 2003, which 

was developed to prepare tetrahydropyridines 136 from N-sulfonyl imines 134 and α-substituted 

allenoates 135 (Scheme 1.5.3).57,58 Thus, in an attempt to achieve our goal of employing tricycle 

130 as the core of ajmaline, the retrosynthetic plan has been devised around two separate key 

transformations, a tandem aza-Michael–Michael reaction and the phosphine-catalyzed [4+2] 

annulation.  
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Scheme 1.5.2 Our initial retrosynthetic analysis of ajmaline (1) 

 

 

Scheme 1.5.3 Phosphine-catalyzed [4+2] annulation between N-sulfonyl imines 134 and α-
substituted allenoates 135 
 

Our initial forward progress toward ajmaline 

As was just discussed, the initial approach to ajmaline was to utilize protected allenylic 

alcohol 133. The desire to employ this allenoate resides in the fact that upon successful 

annulation with the requisite imine, the hemiaminal functionality present within ajmaline would 

be installed in a protected form in one step. Additionally, this would serve as the first example of 

constructing the hemiaminal of ajmaline through any means other than condensation of a 

secondary amine with an aldehyde functionality. Further adding to our interest in this compound 

was the fact that an allenoate featuring an ethereal linkage on the α-carbon had not yet been 

employed in any phosphine-catalyzed reaction. As such, a successful reaction with this scaffold 

would not only allow the installation of the requisite C21 oxygen necessary for ajmaline’s 
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synthesis, but it would also serve to expand the allenoate substrate scope for the phosphine-

catalyzed [4+2] annulation, and potentially for other phosphine-catalyzed processes.  

 In order to explore these possibilities, the first thing that had to be accomplished was to 

synthesize the desired α-hydroxymethyl allenoate 133a (R = H). It was believed that successful 

preparation of this compound would allow access to a variety of substrates following protection 

of the hydroxyl group. A literature search revealed allenylic alcohol 133a to be a known 

compound, where it was prepared by way of a methodology developed to construct a variety of 

α-substituted allenylic alcohols 138.59 The authors reported that these compounds were produced 

through an indium-mediated allenylation of aldehydes using propargyl bromide 137 (Scheme 

1.5.4). Accordingly, they described that the desired allenylic alcohol 133a was obtained through 

allenylation of formaldehyde. However, neither the manuscript nor the supporting information 

provided the source of formaldehyde used in the reaction, but it was thought that this variable 

should easily be elucidated experimentally, and as a result it was determined that this reaction 

would still be attempted in hopes of preparing the desired allenylic alcohol 133a.  

 

Scheme 1.5.4 Indium–mediated allenylation of aldehydes to prepare allenylic alcohols59 

 
 Initially, in an attempt to discover the appropriate source of formaldehyde, propargyl 

bromide 13760 was treated with both paraformaldehyde and a 37% aqueous solution of 

formaldehyde under the optimal reaction conditions of indium powder and lithium iodide (LiI) in 

N,N-dimethylformamide (DMF), and each was found to provide the desired product (Table 1.5.1, 

entries 1–2).59 However, unexpectedly, both of the reactions were observed to proceed in an 
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entirely unregioselective manner, as the desired allenylic alcohol 133a was isolated along with 

ethyl 5-hydroxypent-2-ynoate (139) in an inseparable 1:1 ratio. Thus, the in situ generated 

propargyl indium species underwent both an allenylation reaction as well as a direct α-addition 

into the formaldehyde. In addition to producing an inseparable mixture of regioisomers, both 

reactions were highly inefficient as they each provided less than a 20% combined yield of the 

two compounds, and as a result an attempt was then made to optimize the reaction. Originally, 

the reaction employed excess propargyl bromide 137 while using formaldehyde as the limiting 

reagent. In an effort to improve the reaction efficiency, analogous reactions were performed 

using propargyl bromide 137 as the limiting reagent instead (entries 3–4). This resulted in a 

slight increase in the isolated yield of the regioisomers, but the same selectivity problem was 

observed as 133a and 139 were provided in a 1:1 ratio once again. The results obtained up to this 

point indicated that both formaldehyde sources were able to lead to product formation, but the 

reaction was slightly more efficient when the aqueous solution was employed. As such, one 

further experiment was carried out with the aqueous formaldehyde solution in hopes of solving 

the regioselectivity problem. This entailed performing an analogous reaction in a 1:1 mixture of 

tetrahydrofuran to distilled water, which pleasingly led to a two-fold increase in isolated yield, 

but this modification did not affect the regioselectivity as both products were still isolated in a 

1:1 ratio (entry 5). Therefore, based on the inability to control the selectivity of the organoindium 

addition to formaldehyde and the extremely poor reaction efficiency, it was decided that an 

alternate means to construct the desired allenylic alcohol 133a should be sought.  
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Table 1.5.1 Attempted indium-mediated allenylation between propargyl bromide 137 and 
formaldehydea  
 

 

entry formaldehyde source solvent combined yield of  
133a and 139 (%) 

1 paraformaldehyde DMF 12 
2  37% in H2O  DMF 17 
3b paraformaldehyde DMF 18 
4b  37% in H2O  DMF 19 
5c  37% in H2O  THF/H2O 36 

a Unless otherwise specified, reactions were performed by adding formaldehyde (1.0 equiv) to organoindium species 
that was generated in situ from indium (1.0 equiv), lithium iodide (3.0 equiv), and propargyl bromide (1.5 equiv). b 

Reaction was performed employing propargyl bromide (1.0 equiv), and formaldehyde (2.0 equiv). c Reaction was 
performed employing propargyl bromide (1.0 equiv), and formaldehyde (1.2 equiv). 
 
 

It was now envisioned that allenylic alcohol 133a could be prepared by way of an 

organocatalytic Morita–Baylis–Hillman reaction utilizing ethyl 2,3-butadienoate 140 as the 

requisite substrate.61 In an attempt to determine whether this pathway would facilitate production 

of any of the desired product, an exploratory reaction was performed between ethyl 2,3-

butadienoate 140 and paraformaldehyde in the presence of a catalytic amount of 1,4-

diazabicyclo[2.2.2]octane (DABCO).61 Pleasingly, the wanted allenylic alcohol 133a was 

successfully produced as a single compound, albeit in only 9% yield (Table 1.5.2, entry 1). With 

the successful preparation of the correct product, it was believed that this procedure could be 

optimized to provide a significant amount of the material as a large quantity of starting material 

was observed to be remaining upon terminating the reaction. Extending the reaction time from 

3.5 hours to 19 hours resulted in a dramatic increase in yield to 53% (entry 2). However, the 

reaction proved to be irreproducible on scale-up (entries 3–4). In an effort to solve this problem, 

alternate amine-based catalysts, quinuclidine and 3-hydroxyquinuclidine, were then examined in 
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place of DABCO (entries 5–6).62 It was quickly discovered that 3-hydroxyquinuclidine was the 

superior catalyst, as its employment resulted in a 66% yield of allenylic alcohol 133a, which 

proved to be very reproducible when this catalyst was used. Furthermore, utilizing this catalyst 

resulted in drastically decreasing the reaction time to less than 5 hours. Thus, there was now a 

means of rapidly producing ethyl 2-(hydroxymethyl)-2,3-butadienoate (133a) on a multigram 

scale, which allowed for the exploration of protecting groups that would be amenable to the 

phosphine-catalyzed [4+2] annulation. 

 
Table 1.5.2 Catalyst screening for the Morita–Baylis–Hillman reaction 

 

entry catalyst time (h) yield (%) 
1 DABCO 3.5 9 
2 DABCO 19 53 
3 DABCO 19.5 18 
4 DABCO 15.5 30 
5 quinuclidine 3.5 40 
6 3-hydroxyquinuclidine 4.75 66 

 

 

It was determined that the initial investigation into the elucidation of potential suitable 

protecting groups would involve both the silyl ether and benzyl ether. Thus, the compounds that 

were desired were ethyl 2-[(tert-butyldimethylsilyloxy)methyl]-2,3-butadienoate (133b) and 

ethyl 2-benzyloxy-2,3-butadienoate (133b). The conditions that were initially employed in 

attempt to prepare each of these compounds revealed unexpected reactivity of these allenoate 

scaffolds (Table 1.5.3, entries 1 and 2). The first attempt to prepare the silylated variant involved 

exposure of allenylic alcohol 133a to tert-butyldimethylsilyl chloride in the presence of 

• CO2Et
• CO2Et

OH

THF
–15 ˚C to rt

time

paraformaldehyde
catalyst (20 mol%)

140 133a



	   76 

triethylamine, which successfully provided a 29% yield of the desired TBS protected allenoate 

133b (entry 1). However, a large amount of material was observed to have decomposed during 

the reaction, and it was thought that this was facilitated by the conjugate addition of 

triethylamine into either the allenylic alcohol 133a, or the protected allenoate 133b, leading to 

consumption of this material through potential oligomerization pathways. In addition, when 

seeking to prepare the benzylated derivative, the allenylic alcohol 133a was subjected to benzyl 

bromide in the presence of sodium hydride, which surprisingly provided no desired product and 

only facilitated decomposition of the starting material (entry 2). It is believed that upon 

formation of the alkoxide anion it underwent addition into another allenoate, leading to the 

formation of likely polymeric material. In order to successfully obtain the protected allenoate 

variants with high efficiency, the alcohol must be forced to proceed through the oxonium ion and 

the nucleophilicity of the base must be greatly reduced. As such, it was determined that these 

goals would be accomplished upon transitioning from the halide to the trifluoromethanesulfonate 

leaving group and using a bulkier amine base to reduce its propensity to undergo conjugate 

addition to the allenoates. These ideas were then examined by reacting allenylic alcohol 133a 

with tert-butyldimethylsilyl trifluoromethanesulfonate in the presence of 2,6-lutidine, and 

pleasingly a 77% yield of TBS protected allenoate 133b was obtained (entry 3). Subsequently, 

the benzylated allenoate 133c was then produced in 83% yield following treatment of allenylic 

alcohol 133a with in situ generated benzyl trifluoromethanesulfonate in the presence of 2,6-di-

tert-butylpyridine (entry 4).63  
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Table 1.5.3 Conditions attempted to protect allenylic alcohol 133a 

 

entry R X base solvent Temp 
(˚C) 

allenoate yield 
(%) 

1 TBS Cl Et3N CH2Cl2 rt 133b 29 
2 Bn Br NaH THF 0 to rt 133c 0 
3 TBS OTf 2,6-lutidine CH2Cl2 –78 133b 77 
4a Bn OTf 2,6-di-t-butylpyridine CH2Cl2 –78 to rt 133c 83 

a Allenylic alcohol (0.65 equiv) and 2,6-di-tert-butylpyridine (1.6 equiv) were added to a solution of benzyl triflate 
that was generated in situ following reaction of benzyl alcohol (1.0 equiv) with trifluoromethanesulfonic anhydride 
(1.0 equiv), and 2,6-di-tert-butylpyridine (1.1 equiv). 

 

With ready access to the coveted protected allenylic alcohol derivatives 133b and 133c, 

their potential utility in the phosphine-catalyzed [4+2] annulation could now be explored. 

However, before actually subjecting the compounds to the reaction system of interest, of which 

includes indole 2-carboxaldimine 132, it was determined that a model system should first be 

explored in order to examine whether these compounds would be suitable substrates for this 

annulation. This entailed utilizing the N-tosyl benzaldimine 141, as this compound could be 

prepared on large scale from readily available starting materials.64 Additionally, it was 

determined that all three of the newly prepared allenoates 133a–c would be subjected to the 

[4+2] annulation in an effort to determine whether this allenoate scaffold would provide the 

efficient production of desired tetrahydropyridine products. As such, a series of reactions were 

then carried out between allenoates 133a–c and benzyl imine 141 in the presence of a catalytic 

amount of phosphine (Table 1.5.4). The initial reactions were conducted by employing the 

reported optimal conditions for this transformation, which included 20 mol% of 

tributylphosphine (PBu3) in dichloromethane (entries 1–3).57 Subjecting allenylic alcohol 133a to 
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the reaction resulted in no product formation 142a (entry 1), presumably due to the presence of 

the acidic proton on the hydroxyl group. Pleasingly, exposure of the benzyl protected variant to 

the optimal conditions afforded the desired tetrahydropyridine 142c, albeit in only 4% yield 

(entry 2). Although, while the TBS protected allenoate 133b disappointingly did not deliver any 

of the desired tetrahydropyridine 142b from the reaction, it did however furnish an unexpected 

product, 3-pyrroline 143 in 15% yield (vide infra) (entry 3). The results obtained from these 

three reactions suggested that the utilization of benzyl protected allenoate 133c should be further 

explored, and an attempt to optimize the reaction with this substrate was then undertaken (entries 

4–12). A quick catalyst screen was unfruitful as the employment of triphenylphosphine (PPh3), 

tris(p-chlorophenyl)phosphine [P(p-ClPh)3], and hexamethylphosphorous triamide (HMPT) did 

not afford any desired product even at higher temperature (entries 4–6). Performing the reaction 

in acetonitrile (CH3CN) led to an increase in yield of the tetrahydropyridine 142c to 17%, 

whereas employing benzene as the solvent led to no product formation (entries 7–8). With an 

optimal solvent determined, the temperature of the reaction was then raised, which resulted in a 

significant increase in yield to 26% (entry 10). Subsequently, PPh3 was also deployed under 

these new reactions conditions, and led to the production of 142c in 23% yield (entry 11). At this 

point, it is important to note that while not isolated, the 3-pyrroline 143 was also observed to 

form during these last two reactions. The elevated temperature was likely the reason behind its 

formation. Ultimately, the results from this attempted optimization study demonstrated that these 

allenoates were not suitable substrates for phosphine-catalyzed [4+2] annulation. More 

specifically, it appears that the presence of the oxygen atom attached to the βʹ′-carbon of the 

allenoate is detrimental to the reaction efficiency. Therefore, as a result of the inability to obtain 

synthetically useful yields, and the appearance of undesired side-products, it was determined that 
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further study of this allenoate scaffold was unwarranted and the plan to install the hemiaminal 

oxygen had to be readdressed. 

 
Table 1.5.4 Attempted phosphine-catalyzed [4+2] annulation between imine 141 and allenoates 
133a–c  

 

entry R catalyst solvent temp 
(˚C) 

Time 
(h) 

yield 
(%) 

1 H PBu3 CH2Cl2 rt 6.5 0 
2 Bn PBu3 CH2Cl2 rt 48 4 
3 TBS PBu3 CH2Cl2 rt 48 0 
4 Bn PPh3 CH2Cl2 rt to 40 25 0 
5 Bn P(p-ClPh)3 CH2Cl2 rt to 40 25 0 
6 Bn HMPT CH2Cl2 rt to 40 25 0 
7 Bn PBu3 CH3CN rt 20 17 
8 Bn PBu3 benzene rt 24 0 
9 Bn PPh3 CH3CN rt 24 0 
10 Bn PBu3 CH3CN rt 1.5 26 
11 Bn PBu3 CH3CN rt 1.5 23 

 
 

However, before moving on, it is necessary to quickly return to the application of the 

TBS protected allenoate 133b in the phosphine-catalyzed [4+2] reaction. As shown in Scheme 

1.5.5, the expected product from this reaction was tetrahydropyridine 142b. However, upon 

isolation of the product from this reaction, it was quickly determined that what was actually 

produced was 3-pyrroline 143. This result was entirely unexpected and left us fascinated as to 

what had transpired during the reaction to provide this product. In fact, this transformation was 

so intriguing that it was determined that it would be investigated further. As such, the 

composition of the second chapter of this thesis will focus entirely on a detailed study of this 

transformation, including reaction optimization, substrate scope, and a look into its mechanism. 
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Scheme 1.5.5 Attempted phosphine-catalyzed [4+2] annulation between imine 141 and TBS 
protected allenylic alcohol 133b unexpectedly provided 3-pyrroline 143 
 

As it had become clear that direct installation of the necessary oxygen at the 2-position of 

the tetrahydropyridine was not going to be feasible by way of the phosphine-catalyzed [4+2] 

annulation, a substrate containing an oxygen surrogate (or a functional group that would 

essentially serve as a placeholder for the oxygen) was envisioned to be utilized in this annulation. 

Following successful cyclization, the oxygen would be introduced in a specific manner. It was 

determined that performing a Fleming–Tamao oxidation would provide the best chance of 

achieving this goal.65 Thus, in a retrosynthetic sense it was believed that the hydroxyl 

functionality at the 2-position of the tetrahydropyridine would be installed following oxidation of 

organosilane 144, which was imagined to arise following phosphine-catalyzed annulation of 

benzaldimine 141 and α-(dimethylphenylsilyl)methyl allenoate (145) (Scheme 1.5.6). 

 

Scheme 1.5.6 Updated retrosynthetic analysis 

 
 Following a procedure developed by Lepore, the requisite allenoate 145 was prepared 

through the dehydration of β-ketoester 148.66 The precursor β-ketoester 148 was synthesized 

through the reaction of ethyl acetoacetate (146) with (iodomethyl)dimethylphenylsilane (147)67 

in the presence of potassium tert-butoxide, which provided desired β-ketoester 148 in 46% yield 
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(as a mixture of keto and enol tautomers) (Scheme 1.5.7). The mixture of tautomers was then 

subjected to a Lepore’s optimal reaction condition to effect dehydration to the allenoate 145. As 

such, β-ketoester was treated with two equivalents of lithium bis(trimethylsilyl)amide (LHMDS) 

to prepare the dianion, which was immediately trapped with trifluoromethanesulfonic anhydride 

(Tf2O), to generate a vinyl triflate monoanion. This intermediate was subsequently treated with 

an additional equivalent of LHMDS, which served to eliminate the triflate and provide a 

conjugated enyne intermediate. Addition of hexamethylphosphoramide (HMPA) and zinc (II) 

chloride (ZnCl2) prior to quenching of the reaction facilitated γ-protonation to yield the β,γ-

alkynoate, which underwent spontaneous isomerization to successfully provide α-

(dimethylphenylsilyl)methyl allenoate 145 in 34% yield over the five-step one-pot sequence.68  

 

Scheme 1.5.7 Preparation of α-(dimethylphenylsilyl)methyl allenoate (145) from ethyl 
acetoacetate (146) 
 

 Following the successful synthesis of allenoate 145, it was then subjected to the 

phosphine-catalyzed [4+2] annulation by reacting it with benzaldimine 141 in the presence of 20 

mol% PBu3 in dichloromethane at room temperature (Scheme 1.5.8). A single product was 

isolated from this reaction, although, it was not the expected organosilane 144, but rather the 

protodesilylated tetrahydropyridine 149, which was delivered in 39% yield. It is not clear what 

facilitated the protodesilylation event, but it likely occurred during the multitude of proton 

transfer steps along the reaction pathway. This result suggested that striving to employ silicon as 

an oxygen surrogate in our group’s methodology was not an ideal route to generate the 
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hemiaminal functionality of ajmaline. Thus, at this point, it was evident that the [4+2] annulation 

may not be amenable to the installation of an oxygen atom attached to the 2-position of the 

tetrahydropyridine. For this reason, the decision was made to focus our studies on the potential 

aza-Michael–Michael cascade reaction rather than the installation of the oxygen atom. It was 

decided that probing the potential of this tandem reaction sequence was much more important 

than installing the oxygen at this time. Furthermore, there existed the possibility that the oxygen 

could be installed late in the synthesis. 

 

Scheme 1.5.8 Phosphine-catalyzed [4+2] annulation between benzaldimine 141 and allenoate 
145 
 

Second generation retrosynthetic analysis 

An alternate retrosynthesis was then devised such that the C21 oxygen would be installed 

at a later stage of the synthesis (Scheme 1.5.9). The end game of the synthesis was envisaged to 

be very similar to what had already been proposed in Scheme 1.5.2. The construction of the E-

ring was still thought to be the final carbon–carbon bond forming event, which involved 

nucleophilic attack of C7 onto the C17 aldehyde. The aldehyde at C17 was thought to arise from 

the ester of pentacycle 150 by way of a reduction. In turn, pentacycle 150 was envisioned to arise 

from malonate derivative 151 following a series of reactions. Firstly, it was proposed that the 

compound be subjected to a Krapcho decarboxylation to generate the monoester at C16.69 

However, it was unclear as to whether the desired diastereomer would be obtained from this 

reaction. Secondly, the hemiaminal would be constructed by way of the aminonitrile within 151, 

utilizing chemistry developed by Magnus.70 Lastly, the exocyclic olefin would then be reduced 
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through directed hydrogenation to provide the wanted pentacycle 150. It was envisioned that the 

malonate derivative 151 could be accessed from tricycle 152 following deprotection of the 

secondary amine, which would hopefully facilitate the tandem aza-Michael–Michael sequence as 

discussed earlier. Tricycle 152 was imagined to arise following sequential allylation and 

olefination reactions of tetrahydropyridine 153, which would be prepared from a phosphine-

catalyzed [4+2] annulation between indole 2-carboxaldimine 132 and α-cyanomethyl allenone 

154.  

 

Scheme 1.5.9 Second generation retrosynthetic proposal 

 
This route was believed to be a viable alternative based on the literature precedent 

regarding the conversion of the aminonitrile moiety into a hemiaminal.70 This transformation 

was developed by Magnus as part of his research toward the synthesis of the Kopsia alkaloids, an 

example of which is presented in Scheme 1.5.10. The reaction involved the treatment of 

aminonitrile 155 with silver tetrafluoroborate in tetrahydrofuran, followed by workup with a 

saturated aqueous solution of sodium bicarbonate to deliver hemiaminal 157 in 97% yield. It is 

believed that the transformation transpires following chelation of the silver cation to the cyano 

group, which the tertiary amine subsequently ejects to form an iminium that is then quenched 

with water to afford the hemiaminal motif.70 As this appeared to be a promising means of 
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installing the hemiaminal present within ajmaline, the aforementioned retrosynthesis was 

designed around this transformation. 

 

Scheme 1.5.10 Example of Magnus’ chemistry to effect conversion of aminonitrile 155 to 
hemiaminal 157 
 

Second generation forward progress toward ajmaline 

As our second generation retrosynthesis depended on the construction of a 

tetrahydropyridine derivative with a cyano group at the 2-position, the first objective involved 

the preparation of this compound by way of the phosphine-catalyzed [4+2] annulation. It was 

believed that previously unreported α-cyanomethyl allenone 154 would serve as a suitable 

substrate to facilitate this coveted transformation, and thus set out to synthesize this material. 

Unfortunately, the preparation of this compound proved to be quite elusive, and was never able 

to be achieved. As a result, our proposed route was modified such that it now began from known 

α-cyanomethyl allenoate 158.71 The phosphine-catalyzed annulation between the known indole-

2-carboxalidime 13272 and allenoate 158 was then attempted under the standard conditions and 

the desired product was obtained in only about an 8% yield (Table 1.5.5, entry 1). However, this 

yield is only an estimate as the 1H-NMR obtained contained numerous contaminants that could 

not be purified from the desired product. Ultimately, the reaction was incredibly messy and 

decomposition of the allenoate was observed. In addition, the reaction could not be brought to 

completion as plenty of imine 132 remained following consumption of the allenoate 158. It 

appears that allenoate 158 underwent decomposition (likely through polymerization) more 
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readily than it could react with sulfonyl imine 132 to facilitate the wanted annulation.73 

Considering the fact that the allenoate 158 was added in one portion to a solution of imine 132 

and phosphine, the idea was broached that perhaps the allenoate should be added more slowly to 

the reaction mixture, in hopes that this would minimize potential oligomerization. Thus, the 

allenoate 158 was then added over 24 hours to a solution of imine 132 and PBu3 and no change 

in isolated yield was observed (entry 2). Believing that the nucleophilicity of the catalyst was 

attributing to the rapid decomposition of the allenoate, this characteristic of the catalyst was 

subsequently reduced by employing PPh3 and PCy3 in the reaction, but unfortunately they did 

not facilitate the annulation, and only decomposition of the allenoate was observed once again 

(entries 3–4). It was then thought that lowering the reaction temperature to –15 ˚C would 

attenuate the reactivity of the phosphine toward the allenoate and decrease its tendency to 

undergo polymerization, however no reaction was observed at this temperature (entries 5–6). 

Thus, after 5 hours at –15 ˚C the reaction was then allowed to warm up in hopes that this would 

enable to desired annulation, but once the solution reached room temperature the allenoate was 

observed to decompose. As such, another reaction was performed at –5 ˚C, and the exact same 

trend was witnessed (entry 7). However, this time, the reaction was stirred for 3 hours at –5 ˚C, 

after which it was kept between 0 and 4 ˚C for 8 hours, all the while no reaction was detected. 

Subsequent warming to room temperature resulted in decomposition of the allenoate and no 

product formation. An additional attempt to perform the reaction at 0 ˚C was carried out with 

PCy3, and once again no reactivity was discerned until it was allowed to reach room temperature, 

at which point the allenoate decomposed once more (entry 8). A brief exploration of alternate 

solvents was discovered to be unfruitful, as performing the reactions in either tetrahydrofuran or 

acetonitrile did not result in the production of any desired tetrahydropyridine 159, and again only 
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decomposition of the allenoate was observed (entries 9–10). At this point, it appeared as though 

it was going to be incredibly difficult to harness this allenoate in a [4+2] annulation based on its 

propensity to undergo decomposition rather than react with imine 132. For this reason, it was 

decided that further experimentation with allenoate 158 be forgone, and that the route toward 

ajmaline be altered once more. 

 
Table 1.5.5 Attempted [4+2] annulation between indole-2-carboxaldimine 132 and α-
cyanomethyl allenoate 158  
 

 

entry catalyst solvent temp 
(˚C) 

time 
(h) 

yield 
(%) 

1a PBu3 CH2Cl2 rt 24 < 8 
2b PBu3 CH2Cl2 rt 24 < 8 
3 PPh3 CH2Cl2 rt 24 trace 
4 PCy3 CH2Cl2 rt 24 trace 
5c PBu3 CH2Cl2 –15 ˚C 29 0 
6c PPh3 CH2Cl2 –15 ˚C 29 0 
7d PBu3 CH2Cl2 –5 to 4 ˚C 30 0 
8e PCy3 CH2Cl2 0 ˚C 20 0 
9 PBu3 THF rt 24 0 
10 PBu3 CH3CN rt 24 0 

a Allenoate 158 was added dropwise over one minute. b Allenoate was added over six hours via a syringe pump. c 
After 5 hours, no reaction was observed so the reaction was then allowed to warm to rt and stir overnight. d Reaction 
was initially kept at –5 ˚C for 3 hours, and then warmed to 0 ˚C, where it was kept between 0 ˚C and 4 ˚C for 8 
hours; no reaction was observed and thus was allowed to warm to rt overnight. e Reaction kept at 0 ˚C for 4 hours, 
after which was allowed to warm to rt overnight.  
 
Third generation retrosynthetic analysis 

Based on the difficulty encountered upon attempting to install the nitrile functionality, it 

was decided that the route would be abandoned and an alternate route be sought (Scheme 

1.5.11). As such, our retrosynthetic analysis was subsequently revised once more. This time, a 

more conservative approach was devised that included a less functionalized starting material. 
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Specifically, it was now envisioned that the [4+2] annulation be carried out with α-methyl 

allenone 164. The reason for this alteration was based on the incredible level of interest in 

exploring the tandem aza-Michael–Michael sequence, and it was thought that this substrate 

would allow ready access to a precursor where this process could be examined. Ultimately, at 

this point, there was less concern about installation of the C21 oxygen than there was about 

ensuring the cascade sequence’s feasibility. Furthermore, it was believed that the C21 oxygen 

could be installed at a later stage via an oxidation process. For this reason, the majority of the 

analysis proposed in Scheme 1.5.9 is identical to that presented in our previous proposals.  

 

Scheme 1.5.11 Retrosynthetic analysis utilizing α-methyl allenone 164 

 
Third generation forward progress 

The approach toward exploration of the key tandem reaction sequence commenced upon 

mixing of known 3-methylpenta-3,4-dien-2-one (164)74 with sulfonyl imine 132 in the presence 

of 20 mol% PBu3 in dichloromethane, which pleasingly delivered a 17% yield of 

tetrahydropyridine 163 (Scheme 1.5.12). However, this was not the only product generated from 

this reaction as chalcone 165, having incorporated an additional unit of imine 132, was also 

isolated in a 38% yield. This reactivity was also observed by Shi during an investigation of aza-

Morita–Baylis–Hillman reactions between allenone 164 and various N-tosyl benzaldimines 134 
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(Scheme 1.5.13).75 In this case, Shi actually optimized the procedure so that the chalcones 167 

were obtained as the major product and in some cases as the only isolable material from the 

reaction. Only once, during the reaction optimization studies, did Shi obtain the 

tetrahydropyridine 166 as the major product. However, this reaction suffered from poor 

efficiency as it afforded a 1.2:1 ratio of tetrahydropyridine 166 to chalcone 167 with a combined 

isolated yield of only 40%. Thus, Shi never discovered a means to deliver the desired 

tetrahydropyridine 166 as the predominant product from the reaction with allenone 164. In terms 

of how the two products were constructed, tetrahydropyridine 166 was believed to arise through 

the phosphine-catalyzed [4+2] annulation, while Shi proposed that the chalcone derivative 167 

was formed by way of an intramolecular aza–Morita–Baylis–Hillman type reaction.75  

 

Scheme 1.5.12 Attempted [4+2] annulation between imine 164 and allenone 132 

 

 

Scheme 1.5.13 Shi’s exploration of aza-Morita–Baylis–Hillman reaction between N-tosyl 
benzaldimines 134 and allenone 164 
 
 
 As was just discussed above, Shi optimized the reaction between allenone 164 and N-

tosyl imines 134 to provide the aza–Morita–Baylis–Hillman derived chalcones as the 

predominant products, and did not attempt to discover a condition that would deliver the 
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tetrahydropyridine product of the [4+2] annulation 166 as the main product of this 

transformation. However, as our proposed route hinged on the preparation of this compound, a 

means to accomplish this goal was sought. As such, a study was then undertaken in hopes of 

optimizing the reaction such that it would efficiently provide wanted tetrahydropyridine 163 as 

the principal product from the reaction. Since the indole C3 protons of the two products 

exhibited characteristic signals in the 1H-NMR, this study was monitored by analyzing crude 1H-

NMR’s of the completed reactions (Table 1.5.6). As such, upon analyzing the crude mixture 

obtained from the reaction in Scheme 1.5.12, it was discovered to possess a 1:2.2 ratio of desired 

tetrahydropyridine to chalcone derivative (entry 1). Thus, in attempt to alter the product ratios, a 

variety of phosphine catalysts were then screened in the reaction (entries 2–8). Employment of 

PPh3 led to an increase in the amount of tetrahydropyridine relative to the amount of chalcone 

produced as the ratio was observed to decrease to 1:1.4 (entry 2). However, utilization of this 

catalyst resulted in an incomplete reaction as there was still imine remaining upon stopping the 

reaction. The ratio was found to be 1:1.5 in favor of the chalcone upon utilization of tri(para-

tolyl)phosphine [P(p-CH3Ph)3], thus resulting in a slight decrease, when compared to PPh3, in 

tetrahydropyridine formation relative to the amount of chalcone generated. Attempting to employ 

either tri(ortho-tolyl)phosphine [P(o-CH3Ph)3], tris(para-trifluoromethylphenyl)phosphine [P(p-

CF3Ph)3], tris(meta-fluorophenyl)phosphine [P(m-FPh)3], or tris(2,4,6-

trimethoxyphenyl)phosphine [P(2,4,6-MeOPh)3] resulted in no reaction being observed (entries 

4–7). Gratifyingly, subjecting the reaction to tricyclohexylphosphine (PCy3) resulted in a 

reversal of the reaction’s selectivity, and for the first time the construction of tetrahydropyridine 

163 was observed to be the favored pathway (entry 8). But, perhaps more importantly, was the 

fact that tetrahydropyridine 163 was provided as the predominant product as the ratio of 
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tetrahydropyridine to chalcone was determined to be 6.7:1; a dramatic reversal from the 

originally obtained 1:2.2. This reaction was then subjected to flash column chromatography and 

the isolated yields of the compounds were discovered to be 61% of tetrahydropyridine 163 and 

9% of chalcone derivative 165. The outcome of this reaction was absolutely phenomenal as this 

result served to not only provide tetrahydropyridine 163 as the major product, but it did so with a 

synthetically useful yield as well.  

 
Table 1.5.6 Results obtained from phosphine catalyst screening of [4+2] annulation between 
imine 132 and allenone 164a 

 

entry catalyst NMR ratio 
163:165 

1 PBu3 1:2.2 
2b PPh3 1:1.4 
3 P(p-CH3Ph)3 1:1.5 
4 P(o-CH3Ph)3 no reaction 
5 P(p-CF3Ph)3 no reaction 
6 P(m-FPh)3 no reaction 
7 P(2,4,6-MeOPh)3 no reaction 
8c PCy3 6.7:1 

a The reactions were performed by adding allenone to a mixture of imine and 20 mol% phosphine in one portion. b 
Reaction did not go to completion. c This reaction was performed by adding allenone dropwise to a mixture of imine 
and 20 mol% PCy3, but in order to get the reaction to reach completion, an additional 10 mol% of PCy3 was 
necessary. 
   

While tetrahydropyridine 163 was successfully generated as the predominant product 

from the reaction, it was still of interest to determine if in fact even further improvements to the 

reaction could be facilitated. As such, a solvent screen was performed where it was readily 

apparent that both the reaction efficiency as well as the observed product ratios were highly 

dependent on the solvent employed in the reaction (Table 1.5.7, entries 1–4). The reaction was 
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discovered to be least efficient when run in acetonitrile (CH3CN) as a combined yield of 36% 

was obtained, with a product ratio of 1.6:1 in favor of tetrahydropyridine 163 (entry 4). Happily, 

performing the reaction in tetrahydrofuran (THF) provided a substantially improvement in both 

yield and product distribution relative to the original reaction conditions. To be more specific, 

the yield of tetrahydropyridine 163 increased to 70%, while the chalcone was delivered in only 

10% yield, thus affording a significantly improved product ratio of 7.0:1 in favor of the desired 

[4+2] annulation product (entry 6). In an effort to improve the yield further still, it was decided 

that 4 Å molecular sieves (MS) would be added to the reaction in hopes of inhibiting any 

possible in situ hydrolysis of sulfonyl imine 132. The outcome of this experiment was a slight 

increase in the yield of tetrahydropyridine to 75%, as well as an increase in the product 

distribution to 8.3:1 (entry 7). Ultimately, the optimum reaction conditions, which afforded an 

84% combined yield of the two products with a 8.3:1 product ratio in favor of tetrahydropyridine 

163, was discovered to include 30 mol% PCy3 and 4 Å molecular sieves in THF. This condition 

served to greatly hinder the proposed intramolecular aza-Morita–Baylis–Hillman pathway, and 

provided for the first time, the tetrahydropyridine as the predominant product from a phosphine-

catalyzed [4+2] annulation between an allenone and a N-sulfonyl carboxaldimine.   
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Table 1.5.7 Solvent screen of the [4+2] annulation between imine 132 and allenone 164 

 

entry solvent tetrahydropyridine 163 yield 
 (%) 

chalcone 165 yield 
(%) 

1a CH2Cl2 61 9 
2a PhH 55 13 
3a PhCH3 51 14 
4a CH3CN 22 14 
5b THF 70 10 
6c THF 75 9 

a The reactions were performed by adding allenone dropwise to a mixture of imine and 20 mol% PCy3, but in order 
to get reactions to reach completion, an additional 10 mol% of PCy3 was necessary. b This reaction was performed 
using PCy3 (30 mol%) for only 21 h. c This reaction was performed using PCy3 (30 mol%) and in the presence of 4 
Å MS and for only 18.5 h.  
 
 

While the employment of molecular sieves improved the reaction efficiency, it also 

served to solidify how the chalcone byproduct was formed. To elaborate on this issue, there was 

the possibility that the chalcone was forming through an aldol condensation between 

tetrahydropyridine 163 and N-methyl indole-2-carboxyaldehyde, obtained upon in situ hydrolysis 

of sulfonyl imine 132, as formation of the free sulfonamide was observed during the reaction in 

the absence of 4 Å molecular sieves. But, as there was no observed formation of the aldehyde 

during the reaction (crude 1H-NMR shows the presence of only signals corresponding to the 

imine) when molecular sieves were employed, the generation of the chalcone by way of a 

potential aldol-like condensation has been disproved.  As such, this provides evidence to support 

that the chalcone formed by way of a Mannich-like addition and subsequent elimination of the 

sulfonamide. 

  With ready access to desired tetrahydropyridine 163, the next step toward ajmaline (1) 

involved the installation of an allyl functionality comprised of an alkylidene malonate moiety so 
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that the tandem aza-Michael–Michael process could then be explored. The desire for the 

presence of this specific functionality was to reduce the number of possible diastereomers that 

could be generated from the cascade sequence. As such, the desired allylated indole was 

envisioned to arise through the employment of Tsuji–Trost chemistry. The idea was to modify a 

methodology developed by Ma that involved allylation of indole derivatives with 2-

(acetoxymethyl)acrylate in the presence of catalytic palladium (Scheme 1.5.14).76 The procedure 

involved treating a variety of indole derivatives with 2-(acetoxymethyl)acrylate (169), catalytic 

palladium(II) acetylacetonate [Pd(acac)2], and PPh3 in acetic acid at 80 ˚C. While the reaction 

was found to be extremely efficient, most of the substrates that were employed possessed no 

substitution at C2, and the only C2-substituted indoles utilized in the methodology were those 

that contained the 2-methyl group. As such, this chemistry had not yet been explored on more 

complex systems such as ours. Additionally, another potential problem exists in the fact that Ma 

utilized an allylic acetate that contained the acetate functionality on the βʹ′-carbon of the acrylate, 

whereas our envisioned allylation must arise from a precursor with ethyl group on the γ-carbon.  

 

Scheme 1.5.14 Ma’s allylation of 1,2-dimethylindole 168 with 2-(acetoxymethyl)acrylate (169)76 

 
The requisite coupling partner necessary to attempt the allylation reaction was 

synthesized through a Knoevenagel condensation between acetoxyacetaldehyde 17177 and 

dimethyl malonate in the presence of titanium(IV) chloride (TiCl4) and pyridine, providing 

alkylidene malonate 172 in 61% yield (Scheme 1.5.15). 
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Scheme 1.5.15 Knoevenagel condensation of acetoxyacetaldehyde 171 and dimethyl malonate 

 
A series of reactions were then performed between tetrahydropyridine 163 and allylic 

acetate 172 (Table 1.5.8). The first reaction was performed utilizing Ma’s optimum conditions 

for C2-substituted indoles, which was 5 mol% Pd(acac)2 and 10 mol% PPh3 in acetic acid at 80 

˚C (entry 1).76 This condition was quickly observed to be a poor choice for our indole substrate 

as the material was found to be relatively insoluble in acetic acid. After 24 hours, the indole that 

had dissolved did not undergo any reaction with the allylic acetate 172. Thus, the amount of 

catalyst and ligand present within the reaction was doubled and was stirred for an additional 72 

hours, at which time, as seen by crude 1H-NMR, the indole had decomposed, and no desired 

product was detected. A quick solvent search unveiled the tetrahydropyridine dissolved readily 

in dichloroethane (DCE), and the remainder of the reactions explored on this substrate were 

performed in this solvent (DCE was also found by Ma to be the second best solvent to carry out 

the reaction).76 A variety of ligands were then employed in the reaction, using a slight 

modification to Ma’s optimum conditions, which was that the catalyst loading and amount of 

ligand present were doubled to 10% and 20%, respectively (entries 2–8). The ligands employed 

in the reaction included PPh3, PCy3, 1,1-bis(diphenylphosphino)methane (dppm), 1,2-

bis(diphenylphosphino)ethane (dppe), 1,3-bis(diphenylphosphino)propane (dppp), 2,2´-

bipyridine (bpy), and 1,10-phenanthroline (phen). Disappointingly, no desired product was 

obtained from any of these reactions. In fact, most commonly what was observed was 

decomposition of the starting materials. 
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Table 1.5.8 Attempted allylation between tetrahydropyridine 163 and allylic acetate 172 

 

entry ligand solvent yield (%) 
1a PPh3 AcOH 0 
2 PPh3 DCE 0 
3 PCy3 DCE 0 
4 dppm DCE 0 
5 dppe DCE 0 
6 dppp DCE 0 
7 bpy DCE 0 
8 phen DCE 0 

a Reaction initially performed with 5 mol% Pd(acac)2 and 10 mol% PPh3 for 24 h, at which point was increased to 
10 mol% Pd(acac)2 and 20 mol% PPh3 due to no reaction, and the mixture was stirred for an additional 72 hours.   
 

 
As Ma’s methodology was designed to utilize only acrylate derivatives, it was proposed 

that perhaps attempting to employ an alkylidene malonate in the reaction was actually 

detrimental to the desired reactivity. As a result, it was decided that a monoester compound 

should be used in the reaction instead. Thus, tetrahydropyridine 163 was reacted with known 

allylic acetate 17378 in the presence of catalytic Pd(acac)2 in DCE at 80 ˚C with a variety of 

ligands (Table 1.5.9). Disappointingly however, this substrate also failed to provide any product 

and the only observation was of starting material decomposition.  
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Table 1.5.9 Attempted allylation between tetrahydropyridine 163 and allylic acetate 173 

 

entry ligand yield (%) 
1 PPh3 0 
2 dppm 0 
3 dppe 0 
4 dppp 0 
5 bpy 0 
6 phen 0 

 

At this point, since no reactivity had been observed between the two starting materials, it 

was decided that an alternate catalyst system would be explored. Since Ma had focused the 

majority of his manuscript on unprotected indoles, it was determined that the optimized 

conditions utilized to facilitate the C3 allylation of N-H indoles would be employed in our 

study.79 As such, tetrahydropyridine 163 and allylic acetate 173 were then subjected to catalytic 

bis(dibenzylideneacetone)palladium(0) [Pd(dba)2] in toluene at 100 ˚C in the presence of a 

variety of ligands (Ma’s original condition reported the reaction proceeding at 80 ˚C, but this 

condition resulted in no reaction, so the temperature was increased) (Table 1.5.10). But, once 

again, no reaction occurred and the only observations made were of decomposed starting 

materials. 
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Table 1.5.10 Attempted allylation between tetrahydropyridine 163 and allylic acetate 173 

 

entry ligand yield (%) 
1 PPh3 0 
2 dppm 0 
3 dppe 0 
4 dppp 0 
5 bpy 0 
6 phen 0 

 

The fact that the allylation had not been observed under any of the attempted reaction 

conditions suggested that perhaps tetrahydropyridine 163 was too sterically hindered to allow 

this transformation to proceed. Although, this is a difficult conclusion to make, as the allylic 

acetate that was employed was not identical to the one used in Ma’s methodology. So, it may 

have been a combination of both the poor nucleophilicity of the indole due to steric hindrance, 

and the use of a modified coupling partner than may not have been amenable to the developed 

methodology that attributed to the reaction’s failure. Ultimately, rather than continue to explore 

this transformation, it was determined that it would be best to investigate an alternate route 

toward ajmaline (1).  

 
Fourth generation retrosynthetic analysis  

 Each of the previously proposed routes toward the synthesis of ajmaline relied on a C3-

allylation to prepare the precursor to the planned tandem aza-Michael–Michael sequence. Due to 

the difficulty in procuring this substrate up to this point, it was determined that perhaps C3-

allylation was not the ideal means of producing the desired precursor. It was thought that instead 
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of installing the allyl group following the phosphine-catalyzed [4+2] annulation, the necessary 

functionality should be attached to the indole scaffold prior to the annulation. However, the exact 

moiety desired, the alkylidene malonate group, could not be installed prior to the [4+2] 

annulation due to the fact that the allene, following addition of phosphine to generate the 

phosphonium dienolate, could react with this functionality as the electrophilic partner instead of 

the desired sulfonyl imine. Additionally, even if the allene correctly reacted with the imine, the 

resultant sulfonamide anion could potentially add into the alkylidene malonate in a conjugate 

addition process rather than continuing along the [4+2] reactive pathway. For this reason, it was 

envisioned that a two carbon piece be installed on the indole prior to the [4+2] annulation, which 

would serve as a handle that could be elaborated to the desired alkylidene malonate at a later 

point in the synthesis. The ideal fragment envisioned was one that contained a protected ethanol 

motif appended to the indole C3 position. The desired protecting group was that of the para-

methoxybenzyl (PMB) group, as it was known that its removal could be facilitated without the 

need for hydrogenation conditions that would not be compatible with the current synthetic route. 

As such, alkylidene malonate 162 was now imagined to arise from tricycle 175 following 

deprotection of the PMB group, oxidation of the alcohol to the aldehyde, and a Knoevenagel 

condensation with dimethyl malonate (Scheme 1.5.16).80 The 2,3-disubstituted indole 175 in turn 

was envisioned to be constructed from a phosphine-catalyzed [4+2] annulation between sulfonyl 

imine 176 and allenone 164.   

 

Scheme 1.5.16 Revised retrosynthetic analysis of ajmaline from alkylidene malonate 162 
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 As imine 176 had not yet been reported in the literature, a synthetic route was therefore 

designed for its production. It was readily apparent that the imine must originate from the 

corresponding indole-2-carboxaldehyde, and as a result the challenge now became how to best 

prepare this 2,3-disubstituted indole species. Ultimately, a sequence was chosen that involved 

subjecting β-ketoester to a Japp–Klingemann reaction that would immediately be followed by a 

Fischer indole synthesis (Scheme 1.5.17).81,82 This proposed route would hopefully afford 

indole-2-carboxylate 177, which could then be converted to the desired aldehyde precursor 

following a three step reduction, oxidation, and N-methylation sequence.  

 

Scheme 1.5.17 Retrosynthetic analysis of imine 176 

 
 
Fourth generation forward progress 

The desired β-ketoester 178 was prepared in 72% yield following treatment of 

ethylacetoacetate (146) with known alkyl bromide 17983 and powdered sodium ethoxide 

(NaOEt) in refluxing anhydrous ethanol (Scheme 1.5.18).  

 

Scheme 1.5.18 Attempted alkylation of ethyl acetoacetate 146 with alkyl bromide 179 in the 
presence of powdered sodium ethoxide 
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 Having successfully produced the wanted alkylated β-ketoester 178, the next goal was to 

transform this material into 2,3-disubstituted indole 177. A route was then conceived that began 

upon transforming β-ketoester 178 into phenylhydrazone 181 by way of a Japp–Klingemann 

reaction. Thus, β-ketoester 178 was subjected to a solution of sodium hydroxide in water and 

ethanol at 0 ˚C, to which an acidic solution of benzenediazonium chloride (generated in situ from 

aniline, 4 M HCl, and sodium nitrite) was then added (Scheme 1.5.19).84 However, 

unexpectedly, upon analysis of the crude 1H-NMR, it was discovered that the reaction had 

provided a complex mixture of compounds, where the predominant component was determined 

to be the starting β-ketoester. Pleasingly however, trace amounts of two products were seen in 

the crude spectrum, which were identified as the intermediate azo compound 180, and the 

desired phenylhydrazone 181. This small success suggested that the reaction could be optimized 

to deliver desired phenylhydrazone 181. Thus, due to the poor conversion of starting material to 

product, an alternative means was sought in hopes of enabling complete consumption of starting 

material. 

 

Scheme 1.5.19 Attempted Japp–Klingemann reaction of β-ketoester 178 led to a complex 
mixture of compounds 

 

 
 It had been reported that the inclusion of sodium acetate (NaOAc) served to buffer the 

solution and resulted in an increase in the reaction efficiency.85 Thus, the previous conditions 

were modified to examine the effect of the addition of NaOAc to the reaction system. 
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Accordingly, β-ketoester 178 was exposed to a solution of potassium hydroxide (KOH) and 

NaOAc in water and ethanol, to which an acidic solution of benzenediazonium chloride was then 

added at 0 ˚C (Scheme 1.5.20). Pleasingly, while a complex mixture of starting material 178, azo 

180, and phenylhydrazone 181 was obtained once again, it was discovered that this time that azo 

compound 180 was the principal constituent (based on crude 1H-NMR analysis), indicating that 

buffering the solution positively contributed to the reaction conversion. Furthermore, the 

addition of NaOAc resulted in a higher recovery of material, as a 94% mass recovery was 

obtained from this reaction while only a 70% mass recovery was obtained from the previous 

reaction. Ultimately, the results obtained from the addition of NaOAc indicated a significant 

improvement in the reaction efficiency when compared to that performed in its absence.  

 

Scheme 1.5.20 Attempted Japp–Klingemann reaction of β-ketoester 178 utilizing a sodium 
acetate buffer 
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to the final product by way of a second reaction. The hope was that by dissolving this 

intermediate in a different solvent system in the presence of potassium hydroxide that perhaps 

phenylhydrazone 181 would be delivered. Furthermore, it was envisioned that the entire crude 

mixture would be subjected to these conditions as it was believed that only the intermediate azo 

compound 180 should undergo a productive reaction with hydroxide. Thus, the crude mixture 

containing 178, 180, and 181 was dissolved in a solution of H2O, THF, and EtOH (in a 1:1:1 

ratio), to which potassium hydroxide was then added at 0 ˚C. Now, while this reaction 

successfully effected the conversion of the azo compound into phenylhydrazone 181, it 

disappointingly promoted the hydrolysis of the ester functionality in over one third of the newly 

formed material. In hopes of circumventing this unwanted reactivity, it was thought that 

hydroxide should be replaced with ethoxide, and the reaction should no longer be performed in 

aqueous solution. As such, the crude mixture containing 178, 180, and 181 was then exposed to 

sodium ethoxide in a 1:1 mixture of tetrahydrofuran and ethanol at 0 ˚C, which happily provided 

wanted phenylhydrazone 181 in 73% yield over the two steps (Scheme 1.5.21). This reaction 

served to successfully convert all of intermediate azo compound 180 into the phenylhydrazone 

181 as none of this precursor was observed to remain upon completion of the reaction. 

Additionally, phenylhydrazone 181 was readily separated from the unreacted starting material, 

allowing rapid access to this product. Ultimately, ready access to desired phenylhydrazone 181 

was accomplished by way of a two-step Japp–Klingemann sequence, rather than the expected 

one-pot transformation. 
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Scheme 1.5.21 Subjection of the mixture to ethoxide, which facilitated decomposition of the azo 
compound to deliver phenylhydrazone 181 
 
  

Following successful Japp–Klingemann reaction, the next task was to attempt the 

conversion of phenylhydrazone 181 to 2,3-disubstituted indole 177. This involved subjecting 

newly prepared phenylhydrazone 181 to a variety of acidic conditions in hopes of facilitating the 

Fischer indolization (Table 1.5.11). This included exposing hydrazone 181 to sulfuric acid 

(H2SO4) in refluxing ethanol (EtOH), acetic acid (AcOH) and water (1:1) at 80 ˚C, trifluoroacetic 

acid (TFA) in dichloroethane (DCE) at 40 ˚C, HCl in acetic acid, and 4% H2SO4 in acetonitrile at 

40 ˚C.86 Disappointingly, no product formation was observed from any of these attempted 

reactions. Rather, all that was observed was decomposition of the starting phenylhydrazone, 

which ultimately provided extremely messy reactions that were difficult to analyze. As a result, it 

was decided that an alternate approach toward ajmaline be devised once again.  

 
Table 1.5.11 Attempted Fischer indolization of phenylhydrazone 181 

 

entry reaction conditions yield (%) 
1 H2SO4, EtOH, reflux 0 
2 AcOH, H2O, 80 ˚C 0 
3 TFA, DCE, 40 ˚C 0 
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4 HCl, AcOH, rt 0 
5 4% H2SO4, CH3CN, 40 ˚C 0 

 

Revised retrosynthetic analysis 

 Based on the apparent incompatibility of the PMB protecting group in the Fischer indole 

synthesis, the route toward the preparation of ajmaline had to once again undergo modification. 

However, the only aspect of our approach that needed to be revised involved the installation of 

the alkylidene malonate moiety. It was still of interest to functionalize the C3 position of the 

indole prior to performing the [4+2] annulation with a functional group handle that could be 

elaborated to the desired alkylidene malonate motif following the successful annulation. In an 

attempt to avoid utilizing any additional protecting groups in the synthetic sequence, the 

alkylidene malonate moiety present within tricycle 162 was envisioned to arise from 3-allyl 

indole derivative 182 by way of either an olefin metathesis or an oxidation to the respective 

aldehyde and subsequent Knoevenagel condensation (Scheme 1.5.22). The tetrahydropyridine 

motif within tricycle 182 would be generated by way of the phosphine-catalyzed [4+2] 

annulation between 2,3-disubstituted N-sulfonyl imine 183 and allenone 164.   

 

Scheme 1.5.22 Revised retrosynthetic analysis from alkylidene malonate 162 

 
 The previously undisclosed imine 183 was envisioned to be accessed from ethyl 3-

allyllindole-2-carboxylate (184) upon conversion of the ester to the aldehyde, N-methylation, and 

subsequent condensation with the requisite sulfonamide in a similar fashion to the route 

presented above (Scheme 1.5.23). The 2,3-disubstituted indole 184 was imagined to arise from 
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β-ketoester 185 by way of a Japp–Klingemann reaction immediately followed by a Fischer 

indolization.   

 

Scheme 1.5.23 Proposed retrosynthesis of imine 183 

 

Forward synthetic progress 

 The approach toward the construction of desired 2,3-disubstituted indole 184 was 

modeled after the aforementioned synthetic route, meaning that β-ketoester 185 would first be 

transformed into an arylhydrazone so that preparation of the desired indole derivative could be 

attempted through a subsequent Fischer indolization. As such, in a similar manner, it was 

envisioned that 185 could be converted into the requisite arylhydrazone by way of the Japp–

Klingemann reaction, and the plan was to utilize the formerly employed buffered reaction 

conditions that had provided the highest conversion toward products. This entailed treating 

known β-ketoester 18587 with KOH and NaOAc in a solution of water and ethanol at 0 ˚C, to 

which an acidic solution of benzenediazonium chloride was then added (Scheme 1.5.24). A 

mixture of products was isolated from this reaction in 90% yield where the intermediate azo 

compound 186 was once again found to be the predominant component present. In contrast to the 

above results however, this mixture was observed to only contain one additional compound, 

which was determined to be the desired phenylhydrazone 187. More importantly, this substrate 

underwent complete conversion to this mixture of products, as no unreacted starting material was 

isolated from the reaction.  
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Scheme 1.5.24 Japp–Klingemann reaction performed on β-ketoester 185 

 
 To facilitate the decomposition of the azo intermediate 186, the crude reaction mixture 

was subsequently subjected to sodium ethoxide in a 1:1 mixture of THF and EtOH at 0 ˚C, which 

pleasingly afforded phenylhydrazone 187 as the sole product in 73% yield (Scheme 1.5.25). 

Consequently, the final product was successfully obtained by way of a step-wise Japp-

Klingemann reaction in 66% yield over the two steps.   

 

Scheme 1.5.25 Decomposition of azo intermediate 186 facilitated by exposure to sodium 
ethoxide 
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containing 186 and 187 was then subjected to reactions employing less than 1.0 equivalent of 

sodium ethoxide (Table 1.5.12). Employment of 0.5 equivalents of NaOEt in the reaction 

provided an 88% isolated yield of phenylhydrazone 187 (entry 2), which is a very significant 

increase in yield from the previously obtained 73% (entry 1). Further decreasing the amount of 

NaOEt utilized in the reaction to 0.1 equivalents, provided an additional improvement in the 

isolated yield of phenylhydrazone 187 to 94% (entry 3). These results indicated that in fact, the 

presence of excess amounts of base were detrimental to product formation. This was observed as 

the reaction efficiency increased dramatically upon decreasing the amount of base present with 

the reaction. In an effort to demonstrate the significance of this finding, one must consider the 

overall yield obtained upon starting from β-ketoester. Initially, the yield of the two-step sequence 

was found to be 66% when using 1.5 equivalents of NaOEt, but after reducing the amount of 

base present to only 0.1 equivalents the overall yield was observed to increase substantially to 

85%. As such, the coveted phenylhydrazone 187 can now be readily and rapidly accessed from 

β-ketoester, by way of an incredibly efficient step-wise Japp–Klingemann reaction. 

 
Table 1.5.12 Investigation into utilizing substoichiometric amounts of sodium ethoxide to effect 
decomposition of intermediate azo compound 186 
 

 

entry equivalents of NaOEt yield (%) 
1 1.5 73 
2 0.5 88 
3a 0.1 94 

a Reaction stopped after 1 h. 
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 An additional point can be made about this transformation in relation to the ability to 

utilize substoichiometric amounts of base in the reaction. Since, the reaction was found to be 

highly efficient when using as little as 10 mol% of sodium ethoxide, it appears that the ethoxide 

ion was serving as an initiator in the reaction. This conclusion was reached upon returning to the 

analysis of the decomposition pathway of the intermediate azo compound (Scheme 1.5.26). 

Following addition of the ethoxide to the acetyl group, tetrahedral intermediate 188 was 

produced that subsequently collapsed to provide a molecule of ethyl acetate (EtOAc) and amide 

anion 189. This newly generated anion then abstracts a proton from ethanol to deliver the desired 

final phenylhydrazone product 187. Importantly, however, is the fact that this process generates a 

new ethoxide molecule, which can now attack a separate azo intermediate. This cycle will then 

repeat until all of the intermediate azo compound has been consumed.  

 

Scheme 1.5.26 Decomposition pathway of intermediate azo compound upon exposure to sodium 
ethoxide 
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were utilized, but an additional 4 equivalents of acid had to be employed to consume the 

majority of the starting material, while complete conversion was still not achieved. In an effort to 

consume all of the starting material, reaction optimization was undertaken. This involved varying 

the amount of equivalents of H2SO4 used, and it was ultimately discovered that subjecting 

phenylhydrazone to 7 equivalents of the acid and refluxing the mixture in ethanol for 5 hours 

increased the yield of 2,3-disubstituted indole 184 to 80% (entry 4).  

 

Table 1.5.13 Attempted Fischer indolization of phenylhydrazone 187 

 

entry reaction conditions yield (%) 
1 TFA (2 equiv), DCE, 40 ˚C 0 
2a H2SO4 (5.15 equiv), EtOH, reflux, 3 h 65 
3b H2SO4 (6.0 equiv), EtOH, reflux, 5 h 75 
4c H2SO4 (7.0 equiv), EtOH, reflux, 5 h 80 

a Initially, this reaction was performed with 1.15 equivalents of H2SO4, but reaction was found to not progress very 
far, so an additional 4 equivalents were added after 2 h. b Initially, this reaction was performed with 5 equivalents of 
H2SO4, but to get this reaction to go to completion an additional equivalent of H2SO4 had to be added. c Initially, this 
reaction was performed with 6 equivalents of H2SO4, but to get this reaction to go to completion an additional 
equivalent of H2SO4 had to be added.   
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Methylation was then facilitated by mixing aldehyde 190 in the presence of sodium hydride 

(NaH) and iodomethane (MeI), thus providing the necessary imine precursor in 94% yield.  

 

Scheme 1.5.27 Synthesis of aldehyde 191 from ester 184 

 

 The aldehyde 191 was then subjected to the known reaction conditions for the conversion 

of indole-2-carboxaldehyde derivatives into the corresponding N-sulfonyl imines.88 This 

involved condensing aldehyde 191 with ortho-nitrobenzenesulfonamide (o-nosyl sulfonamide, o-

NsNH2) under the influence of titanium(IV) chloride (TiCl4) and triethylamine (Et3N) in 

dichloromethane (Scheme 1.5.28). Unfortunately, while the reaction successfully converted 

aldehyde 191 into nosyl imine 183a, it also unexpectedly promoted isomerization of the allyl 

moiety to the disubstituted olefin 183b, ultimately providing an inseparable 2:1 mixture of 

desired imine 183a to undesired isomerized product 183b. Even though the reaction was found 

to be very efficient, as it provided an 84% yield of the two olefin isomers, the fact that one third 

of the material underwent isomerization, suggested that generating sulfonyl imine 183a through 

this procedure would not feasible and an alternate condition was thus sought. 

 

Scheme 1.5.28 Attempted imine formation unexpectedly resulted in isomerization of the olefin 
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 It was believed that the isomerization of the allyl group into conjugation with the indole 

moiety was a base-mediated process, likely resulting upon deprotonation of an indolylic proton 

by Et3N only after sulfonyl imine 183a had already been generated. Thus, it was proposed that 

perhaps using a bulkier base would provide increased steric hindrance such that it would no 

longer be able to facilitate this deprotonation event. Additionally, if the basicity of the chosen 

base was reduced relative to that of triethylamine’s, it would make it even more difficult to 

deprotonate the requisite proton in order to deliver the isomerized derivative. In an attempt to 

examine the potential validity of this proposal, an analogous reaction to that described above was 

then performed utilizing 2,6-lutidine in place of triethylamine (Scheme 1.5.29). Pleasingly, this 

modification afforded a 98% yield of the desired imine 183a, as a single compound. Therefore, 

the employment of 2,6-lutidine in the reaction served to completely inhibit isomerization of the 

allyl group, thus providing evidence that supports the idea that the olefin isomerization was in 

fact a base-mediated process. An added benefit to implementing these new reaction conditions 

was that upon work-up of the reaction, the imine was discovered to be pure and did not require 

any additional purification measures, whereas when Et3N was used as the base in similar 

reactions the isolated imine required multiple recrystallizations to reach the same degree of 

purity.  

 

Scheme 1.5.29 Modified reaction conditions to prepare sulfonyl imine 183a  
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presence of 30 mol% PCy3 in THF (Scheme 1.5.30). Unfortunately, even though this condition 

had previously been effective for providing the desired product of the reaction between imine 

132 and allenone 164 with high efficiency, it disappointingly led to a complex mixture of 

products with very poor efficiency. While the reaction did provide the desired 

tetrahydropyridine, it also led to the isomerization of the allyl group. As such, an inseparable 

mixture of olefin isomers 182a,b was isolated from this reaction in a combined 40% yield. In 

addition, chalcone products were also observed to have formed in this reaction as a mixture of 

compounds, of which contained both the desired allyl moiety and the undesired olefin 

isomerization product in an undetermined yield (but it was much less than the combined yield of 

182a,b).89 Thus, as the Mannich-like process was operational during this reaction, it is believed 

that the enolate anion generated on the acetyl group is likely what facilitated the isomerization of 

the allyl group by deprotonating the indolylic position (either intramolecularly or 

intermolecularly).  

 

Scheme 1.5.30 Attempted [4+2] annulation between indole-2-carboxaldimine 183a and allenone 
164 
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such, indole-2-carboxaldimine 183a was reacted with allenoate 192 in the presence of the 

established optimal [4+2] annulation conditions of 20 mol% PBu3 in dichloromethane, and the 

desired tetrahydropyridine 193 was obtained in 80% yield as a single compound. This result 

served to substantiate the claim that the acetyl group of allenone 164 was likely involved in the 

isomerization of the allyl group on the indole. Thus, having overcome the unexpected 

complication of allyl group isomerization once again, the desired tetrahydropyridine scaffold 

could now be accessed in high yield. However, hydrolysis of the sulfonyl imine was observed to 

occur during the reaction, and as a result it was believed that the yield could be increased if this 

event could be halted. As such, an analogous reaction was subsequently performed in the 

presence of 4 Å molecular sieves, which successfully impeded hydrolysis of imine 183a and 

pleasingly resulted in an increase in the yield of 193 to 90% (Scheme 1.5.31). 

 

Scheme 1.5.31 Phosphine-catalyzed [4+2] annulation between imine 183a and allenoate 192 
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to 130 could be utilized as the aza-Michael–Michael precursor instead of the initially planned 

triester derivative similar to 162.90 As such, tetrahydropyridine 193 was exposed to excess 

methyl acrylate in the presence of 5 mol% of either the Grubbs 2nd generation catalyst or the 

Stewart–Grubbs catalyst in dichloromethane at 45 ˚C, and the desired diester 195 was delivered 

in 99% yield in both examples (Table 1.5.14, entries 1–2). The only difference that was observed 

between the two reactions was the E:Z ratio of the newly generated disubstituted olefin, and even 

then the results were extremely similar, as the Stewart–Grubbs catalyst provided a 95:5 E:Z ratio, 

while Grubbs 2nd generation catalyst afford a ratio of 94:6. Thus, either reaction would have been 

sufficient to utilize to bring forward additional material. However, for the purposes of this study, 

when a larger scale reaction was carried out, the Stewart–Grubbs catalyst was used to perform 

the cross metathesis.  

 
Table 1.5.14 Cross metathesis reactions between tetrahydropyridine 193 and methyl acrylate 194 

 

entry catalyst yield (%) E:Z ratio 
1 Grubbs 2nd Gen. 99 94:6 
2 Stewart–Grubbs 99 95:5 
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reaction was not the coveted pentacycle, but rather the proposed intermediate en route to the 

desired final product, that being tetracycle 196 (isolated as a single diastereomer, but thus far the 

relative stereochemistry has not yet been determined).  

 

Scheme 1.5.32 Attempted tandem aza-Michael–Michael reaction 
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 The inability to successfully facilitate the second Michael addition was believed to be due 

to the fact that the second Michael donor may not be ideal for the proposed process. This 

conclusion was based on previous research conducted in our lab that demonstrated that the only 

Michael donor to successfully undergo an intermolecular conjugate addition to the α,β-

unsaturated ester present within the tetrahydropyridine was the anion of dimethyl malonate.93 It 

was hoped that the intramolecular nature of this addition would overcome this potential pitfall. 

However, it appears that this was not the case, as the employment of the monoester-based donor 

did not facilitate the second Michael addition. As a result, it was proposed that the originally 

planned alkylidene malonate derivative must be produced and subjected to the reaction 

conditions to see if a malonate-based Michael donor would enable the second Michael addition. 

 The first endeavor to prepare an alkylidene malonate containing aza-Michael–Michael 

precursor involved exploring its preparation by way of an olefin metathesis, even though no such 

precedent existed in the literature. Thus, a series of reactions were carried out to explore a cross 

metathesis reaction between tetrahydropyridine 193 and diethyl 2-methylenepropanedioate 

(197)94 (Table 1.5.15). The reactants were exposed to 5 mol% of either the Grubbs 2nd generation 

catalyst, the Stewart–Grubbs catalyst, or the Hoveyda–Grubbs catalyst in dichloromethane at 45 

˚C (entries 1–3). In each example, a large amount of starting material was still detected after 24 

hours, so an additional 10 mol% of catalyst was added in hopes of driving the reaction forward. 

After another 24 hours, the presence of starting material was still detected, but the reaction 

mixture was observed to now be predominantly comprised of a new compound and for this 

reason the reactions were halted. Unfortunately, this new compound was not the desired triester 

product 198, and was actually discovered to be bisindole 199, generated by way of a 

homometathesis reaction at the allyl functionality of tricycle 193. Each of the three reactions 
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provided this homometathesis product in good yield (68–82%, entries 1–3), while the remainder 

of the mixture was identified to be composed of starting material and decomposed methylidene 

malonate. One potential explanation for these results involves considering that perhaps 

alkylidene malonate 197 was too electron poor to react with the metal complex generated upon 

reaction of the catalyst with the allyl group of tricycle 193, and therefore the complex instead 

underwent a metathesis reaction with a more electron rich partner, that being another allyl group, 

to ultimately provide bisindole 199 as the final product. However, it should have still been 

possible to convert bisindole 199 to desired triester 198 during the reaction, but it is thought the 

homometathesis product was too sterically encumbered for the catalyst to undergo addition back 

to the disubstituted olefin. This meant that there was no means to facilitate the necessary bond 

cleavage, thereby prohibiting any possible cross metathesis with alkylidene malonate from taking 

place. Ultimately, since the reactions were unsuccessful in providing desired triester 198, another 

route to this intermediate was planned.    

 
Table 1.5.15 Attempted cross metathesis between tetrahydropyridine 193 and methylidene 
malonate 197 

 

entry catalyst yield 198 (%) yield 199 (%) 
1 Grubbs 2nd Gen. 0 68 
2 Stewart–Grubbs 0 69 
3 Hoveyda–Grubbs 2nd Gen 0 82 

 

 While the initial route discussed above was envisioned to produce the alkylidene 

malonate functionality directly in one step from the 3-allyl indole derivative 193, it was now 
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thought that perhaps a precursor to the coveted product could be generated, which could 

subsequently be converted to the actual compound of interest. Therefore, while unprecedented, a 

potential cross metathesis reaction between tricycle 193 and ethyl 2-(hydroxymethyl)-2-

propenoate (200)95 was then investigated in hopes of preparing allylic alcohol 201 as a precursor 

to the coveted alkylidene malonate moiety.96 The idea was that this compound would then 

undergo an allylic oxidation (either directly or stepwise through the aldehyde or the acid) to the 

requisite ester functionality, thus delivering the coveted alkylidene malonate motif. Initially, 

tricycle 193 was reacted with ethyl 2-(hydroxymethyl)-2-propenoate (200) in the presence of 5 

mol% of either the Grubbs 2nd generation catalyst, or the Stewart–Grubbs catalyst in 

dichloromethane at 45 ˚C, and disappointingly no desired product was obtained (Table 1.5.16, 

entries 1–2). Unfortunately, these reactions were observed to only produce bisindole 199 in 

moderate yield (54–58%), while the remainder of the mixture was found to be comprised of 

starting material and decomposition products. Believing that increasing the temperature might 

facilitate the cleavage of the homometathesis product and enable the wanted cross metathesis, 

analogous reactions were then carried out in toluene at 110 ˚C. The use of Grubbs 2nd generation 

catalyst under these conditions did not achieve this desired outcome and once again only enabled 

production of bisindole 199 in 63% yield (entry 3). Interestingly however, the employment of the 

Stewart–Grubbs catalyst led to the formation of two products. The major compound from this 

reaction was again determined to be the homocoupled product, which was isolated in 50% yield 

(entry 4). The structure of the second product was more difficult to assign, as the material was 

unable to be separated from various impurities, thus making the NMR data very difficult to 

analyze. Ultimately, the presence of the desired allylic alcohol 201 was confirmed through 

analysis of the compound’s mass spectrometric data. Therefore, it is believed that the allylic 
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alcohol was in fact generated in this reaction, but in less than 10% yield. This extremely low 

yield implied that there was still great difficulty in converting the homocoupled material into 

desired product even at elevated temperatures. The inability to successfully prepare this 

compound in a synthetically useful yield, coupled with the fact that it could not be separated 

from other contaminating material suggested that this route might not be the ideal one to 

continue exploring. For this reason, an alternate approach to the alkylidene malonate was 

devised. 

Table 1.5.16 Attempted cross metathesis between tetrahydropyridine 193 and α-hydroxymethyl 
acrylate 200 

 

entry catalyst solvent temp (˚C) yield 201 (%) yield 199 (%) 
1 Grubbs 2nd Gen. CH2Cl2 45 0 54 
2 Stewart–Grubbs CH2Cl2 45 0 58 
3 Grubbs 2nd Gen. PhCH3 110 0 63 
4 Stewart–Grubbs PhCH3 110 <10 50 

 

As the outlook toward procuring desired alkylidene malonate by way of a cross 

metathesis reaction grew less promising, an alternate approach was investigated. It was imagined 

that perhaps the olefin of the allyl moiety of tricycle 193 could be subjected to an oxidative 

cleavage process to afford an aldehyde, which would then be converted to the alkylidene 

malonate through a Knoevenagel procedure. A series of reactions were performed on 

tetrahydropyridine 193 in an attempt to directly generate the aldehyde from the olefin by way of 

the Lemieux–Johnson oxidation (Table 1.5.17). The first reaction involved subjecting 

tetrahydropyridine to osmium tetroxide (OsO4), sodium acetate, and sodium periodate in a 1:2 
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mixture of THF to H2O, and it was discovered that the tetrahydropyridine was not very soluble 

under these conditions (entry 1).97 To solubilize the starting material, an analogous reaction was 

then performed where the solvent ratio was altered to a 2:1 mixture of THF to H2O (entry 2). 

However, the reaction was observed to be very messy by TLC, and crude 1H-NMR analysis 

unveiled that multiple aldehyde containing products had been constructed during the reaction. 

Furthermore, it was ultimately determined that none of these products were that of the desired 

compound. A modification was then made that employed 2,6-lutidine, which had previously 

been shown to both dramatically increase the reaction rate, and increase the yield of the reaction 

by prohibiting the formation of side products (entry 3).98 However, neither of these effects were 

observed in this example as the reaction was again found to provide multiple aldehyde 

containing products upon analysis by crude 1H-NMR. As it appeared that it would not be 

possible to facilitate both the dihydroxylation and the subsequent glycol cleavage in the same 

pot, it was decided that the sequence would be attempted as a two-step process rather than as an 

in situ reaction.   

 
Table 1.5.17 Attempted Lemieux–Johnson oxidation of tetrahydropyridine 193 

 

entry conditions yield (%) 
1 OsO4, NaOAc, NaIO4, THF:H2O (1:2) 0 
2 OsO4, NaOAc, NaIO4, THF:H2O (2:1) 0 
3 OsO4, 2,6-lutidine, NaIO4, dioxane:H2O (3:1)  0 

 

The next set of reactions involved exploring a potential Upjohn dihydroxylation of the 

olefin of the allyl group. Following successful dihydroxylation of the allyl group, the compound 
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would then be treated with an oxidant in a subsequent reaction to facilitate glycol cleavage. The 

first reaction involved subjecting tetrahydropyridine 193 to OsO4 in the presence of N-methyl 

morpholine-N-oxide (NMO) in a 16:1 mixture of acetone to water, and a new compound was in 

fact isolated in 20% yield while the remainder of the material was found to have decomposed 

(Table 1.5.18, entry 1).99 It was quickly determined that the newly generated compound was not 

the desired diol 203 as the olefinic protons of the allyl group were still present in the 1H-NMR. 

However, the spectral data indicated that the compound had in fact undergone dihydroxylation, 

and the structure was ultimately discovered to be that of diol 204, where the C2–C3 bond of the 

indole had been dihydroxylated exclusively over the allyl group. Thus, the increased 

nucleophilicity of the indole C2–C3 bond, due to the fact that the indole nitrogen was protected 

with a methyl group, could not be overcome and was dihydroxylated selectively over the less 

electron-rich allyl functionality. The next two reactions performed involved utilizing an alternate 

re-oxidant, potassium ferricyanide [K3Fe(CN)6], instead of NMO.100 Unfortunately, there was no 

reaction observed in either example where this re-oxidant was employed (entries 2–3). Up to this 

point, all of the previous experiments had been performed as a one-step process, where all the 

components were added at the start of the reaction. In contrast, the last trial involved attempting 

to perform the reaction as a two-step one-pot sequence. To be more specific, only upon 

completion of the Upjohn reaction (as determined by disappearance of the starting material), 

would the oxidant be added in an effort to cleave the glycol and generate the desired aldehyde. 

As such, tetrahydropyridine 193 was exposed to OsO4 in the presence of NMO and 2,6-lutidine 

and complete consumption of starting material was observed. The presence of a product was 

detected, but by TLC this compound unfortunately co-spotted with undesired diol 204. 

Nevertheless, (diacetoxyiodo)benzene [PhI(OAc)2] was added to the mixture in attempt to 



	   122 

facilitate cleavage of the glycol (entry 4).101 This procedure resulted in the production of an 

incredibly messy reaction, as countless spots were observed by TLC. Crude 1H-NMR unveiled 

that there were again multiple aldehyde containing products that had been generated under these 

conditions. Furthermore, the olefinic protons of the allyl group were still observed in the crude 

spectrum (although it was hard to determine which compound they belonged to). As such, based 

on the accumulated data, it was believed that the osmylation of the 3-allylindole derivative 193 

was not selective, and was leading to the formation of a multitude of products. Additionally, it 

was readily apparent that the osmium tetroxide was preferentially undergoing addition to the 

very electron-rich C2–C3 bond of the indole, rather than to the olefin of the allyl group. As a 

result, the conclusion was reached that preparation of the coveted aldehyde was not going to be 

possible by way of an osmium mediated dihydroxylation process.   

 
Table 1.5.18 Attempted Upjohn dihydroxylation of tetrahydropyridine 193 

 

entry conditions yield 203 
(%) 

yield 204 
(%) 

1 OsO4, NMO, acetone:H2O (16:1) 0 20 
2 OsO4, K3Fe(CN)6, K2CO3, t-BuOH:H2O (1:1) 0 0 
3 OsO4, K3Fe(CN)6, K2CO3, DABCO, t-BuOH:H2O (1:1) 0 0 
4a OsO4, NMO, 2,6-lutidine; PhI(OAc)2, acetone:H2O (10:1) 0 ** 

a Upon completion of the Upjohn dihydroxylation was determined by TLC, the reaction was subjected to PhI(OAc)2 
in an attempt to cleave the glycol bond in situ. **Additionally, diol 204 was observed by TLC, but was not isolated 
as PhI(OAc)2 was added to the reaction. 
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Updated retrosynthetic analysis 

As aldehyde 202 was still believed to be the ideal precursor to alkylidene malonate 198, 

an alternate approach to access this intermediate was devised. We returned to the idea outline 

above in Scheme 1.5.16 where the aldehyde functionality was imagined to be accessed by way of 

a protected alcohol. However, as the previously chosen protecting group turned out to be 

problematic, it was decided that the PMB group would be replaced by a pivalate group. Thus, the 

alkylidene malonate motif was imagined to arise by way of tricyclic diester 198, following a 

transesterification process to unveil the primary alcohol, subsequent oxidation of this alcohol to 

the aldehyde, and a Knoevenagel condensation with dimethyl malonate (Scheme 1.5.33). The 

tetrahydropyridine 205 would be prepared by way of a phosphine-catalyzed [4+2] annulation 

between sulfonyl imine 206 and allenoate 192.   

 

Scheme 1.5.33 Revised retrosynthetic analysis of alkylidene malonate 198 

 
Forward synthetic progress 
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formylation of this protected alcohol provided aldehyde 209 in 67% yield. Treatment of the 

aldehyde with the newly improved imine formation conditions of ortho-

nitrobenzenesulfonamide, titanium(IV) chloride, and 2,6-lutidine in dichloromethane delivered 

sulfonyl imine 206 in 98% yield. Indole 2-carboxaldimine 206 was then reacted with allenoate 

192 and 20 mol% PBu3 in the presence of 4 Å molecular sieves, which successfully afforded 

tetrahydropyridine 205 in 55% yield by way of the phosphine-catalyzed [4+2] annulation.  

 

Scheme 1.5.34 Production of tetrahydropyridine 205 from N-methyl tryptophol 207 
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remain in the presence of ethanol. Following work-up of these reactions, the analysis of the 

crude 1H-NMR revealed that the pivalate protecting group had not even been removed from the 

decomposed material. Thus, the decomposition of the substrate was thought to be occurring 

before the transesterification could even be facilitated. It was proposed that perhaps employing 

the preformed base instead of generating it in situ would be beneficial to the reaction. Therefore, 

pivalate 205 was then subjected to sodium methoxide in a 1:1 mixture of MeOH to THF (mixture 

again needed to improve solubility of the substrate) (entry 3). Unfortunately, while this reaction 

was found to completely consume the starting material, only decomposition products were 

observed. Furthermore, while no identifiable product could be discerned upon analysis of the 

crude 1H-NMR, the data indicated that the pivalate had not been removed from this material, 

suggesting once more that the base was interacting with the substrate in an undesired manner 

before it could remove the protecting group. The mode of decomposition is not exactly 

understood, but it is thought that perhaps one of the pathways involved the methoxide anion 

undergoing conjugate addition to the α,β-unsaturated ester. For this reason, it was thought that 

removal of the pivalate by way of a transesterification might not be possible.  

 
Table 1.5.19 Attempted deprotection of the pivalate group within tetrahydropyridine 205 

 

entry conditions yield (%) 
1 K2CO3, MeOH:CH2Cl2 (1:1) 0 
2 K2CO3, EtOH:CH2Cl2 (1:1) 0 
3 NaOMe, MeOH:THF (1:1) 0 

 

 

N
Ns
N

CO2Et

OPiv

N
Ns
N

CO2Et

OH
conditions

205 210



	   126 

In an attempt to explore whether or not the pivalate could even successfully be removed 

from tricycle 205, the compound was then treated with DIBAL-H, which as expected effected 

reduction of both ester functionalities to deliver diol 211 in 55% yield (Scheme 1.5.35). Thus, 

while this reaction was finally able to unveil the primary alcohol, it came at a very high cost, as 

the undesired reduction of the α,β-unsaturated ester to the allylic alcohol was simultaneously 

facilitated. As this α,β-unsaturated ester was absolutely vital in order to explore the aza-

Michael–Michael reaction sequence, the allylic alcohol would have to be re-oxidized back to the 

ester before resuming the synthesis of ajmaline (1). As these oxidation state manipulations would 

add unnecessary steps to the total synthesis, this pathway was viewed as being highly 

undesirable. Ultimately, based on the discovery that the pivalate could only be removed from 

tricycle 205 by way of a reduction, it was decided that a tert-butyl ester functionality was not an 

ideal protecting group to employ in our synthetic approach and an alternative was thus sought. 

 

Scheme 1.5.35 DIBAL-H reduction of pivalate 205 resulted in the formation of diol 211 

 
In an attempt to continue employing the same synthetic route, it was decided that the 

pivalate group would be exchanged with a silyl group. This protecting group was chosen as there 

is a large array of removal conditions that could be employed without risking the unwanted 

reduction of the α,β-unsaturated ester. Thus, N-methyl tryptophol 207 was treated with tert-

butyldimethylsilyl chloride (TBSCl) and triethylamine to deliver silyl ether 212a in 77% yield 

(Table 1.5.20, entry 1). Attempted Vilsmeier–Haack formylation of the TBS ether unexpectedly 

provided alkyl chloride 213 in 79% yield (entry 1). Thus, while the reaction successfully 
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introduced the aldehyde at the C2 position of the indole, it also resulted in the exchange of the 

siloxy group for a chloride. This likely occurred by way of an acid-mediated cleavage of the silyl 

group, thus unveiling the free alcohol that was subsequently converted to the chloride. It was 

thought that in order to prevent this undesired cleavage, a less acid-labile silyl group should be 

employed as the protecting group in place of TBS. As such, both the triisopropylsilyl (TIPS) 

212b and the tert-butyldiphenylsilyl 212c (TBDPS) ethers were then prepared in 75% and 81% 

yields, respectively, following exposure to either triisopropylsilyl chloride (TIPSCl) or tert-

butyldiphenylsilyl chloride (TBDPSCl) in the presence of triethylamine, and a catalytic amount 

of DMAP (10 mol%) (entries 2–3). Surprisingly, subjection of these compounds to the 

Vilsmeier–Haack formylation conditions once again resulted in production of alkyl chloride 213 

in excellent yield (89%) (entries 2–3). As these silyl groups were expected to have been 

recalcitrant to the action of any acid within the reaction, it is not exactly clear how the silyl group 

was cleaved from these compounds. Perhaps their cleavage may have been assisted by the 

presence of phosphorous oxychloride (POCl3) or a derivative of this compound that was 

generated in situ, which may have acted as a Lewis acid and enabled the silyl group cleavage to 

occur more readily. Nevertheless, the subsequent chlorination reaction was likely facilitated by 

activation of the alcohol either by POCl3 or the Vilsmeier reagent, which was then followed by a 

SN2 displacement of this activated group with chloride ion. Based on observations made while 

analyzing these reactions by TLC, it is believed that this chlorination event actually preceded the 

formylation of the indole. To be more specific, while monitoring the reactions by TLC, the 

starting materials were found to initially undergo conversion into an intermediate compound that 

then reacted further to provide aldehyde 213. Based on the relative polarities of these two 

compounds on TLC, it is believed that this intermediate had already undergone exchange of the 
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siloxy group for the chloride, and only then was it converted to the aldehyde. This implied that 

the cleavage of the silyl ether was incredibly facile under these reaction conditions and that there 

would not likely be a means to optimize the Vilsmeier–Haack reaction such that the aldehyde 

could successfully be installed in the presence of this class of protecting group. Additionally, due 

to the ease with which these silyl ethers were cleaved under acidic conditions, it was believed 

that the desired aldehyde substrates would not be able to be accessed by way of the Fischer 

indole synthesis either, as that reaction would require treatment of the substrate with excess 

strong acid at elevated temperatures for an extended period of time. For these reasons, it was 

decided that the silyl protecting group could not be employed en route to preparing the desired 

alkylidene malonate 198.  

 
Table 1.5.20 Preparation of silyl ethers 212a–c from N-methyl tryptophol 207 and attempted 
Vilsmeier–Haack formylation of the silyl ethers 
 

 

entry R yield 212a,b,c (%) yield 213 (%) 
1a TBS 77 79 
2 TIPS 75 89 
3 TBDPS 81 89 

a DMAP was not employed in the reaction to prepare silyl ether 212a. 

 

 It was apparent that the generation of the alkyl chloride might have been a fortuitous 

discovery as alkyl chlorides can readily be converted into aldehydes through a Kornblum 

oxidation. Thus, it was briefly considered to transform this material into the respective sulfonyl 

imine and then employ it in the phosphine–catalyzed [4+2] annulation. However, it was believed 

that the location of the alkyl chloride would be detrimental to the annulation itself, as the 
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presence of a leaving group on the substrate would allow access to other reactive pathways 

instead of the desired tetrahydropyridine formation. To be more specific, it was thought that 

following successful addition of the phosphonium dienolate to the sulfonyl imine, the resultant 

amide anion could readily undergo an SN2 displacement of this chloride to generate an undesired 

six-membered ring. There also existed the possibility that the phosphonium dienolate could 

attack the alkyl chloride prior to adding to the imine, leading to the production of an undesired 

reactive intermediate. As a result of the many alternative modes of reactivity that were accessible 

to this substrate, it was thought that subjecting this material to the [4+2] annulation would lead to 

the formation of multiple products, and that it would be incredibly difficult to select for and 

actually obtain synthetically useful yields of the tetrahydropyridine. Thus, based on this logic, it 

was decided that further exploration involving alkyl chloride as a potential intermediate en route 

to ajmaline (1) would not be explored.  

 
Future directions 

 Up to this point, construction of the desired pentacyclic intermediate by way of a tandem 

aza-Michael–Michael sequence has been unsuccessful. However, it is still believed that this 

transformation can be achieved. The thought is that the ideal substrate has yet to be accessed, and 

once this is accomplished, the desired reaction should readily be facilitated. As such, the current 

substrate of interest remains the tricycle that contains an alkylidene malonate motif. Much effort 

has already been exerted toward production of this compound, all of which has thus far proved 

fruitless. However, based on the results obtained thus far, it is readily apparent that the 

compounds prepared containing an allyl moiety at the indole C3 position have been the most 

successful in moving toward the completion of ajmaline (1). For this reason, we are currently 

pursuing additional derivatives of tetrahydropyridine 193 in hopes of eventually enabling 
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successful production of the desired alkylidene malonate 198 (Scheme 1.5.36). One of these 

compounds of interest is vinyl bromide 214, as it is believed that it can be transformed into the 

desired alkylidene malonate by way of a palladium catalyzed carbonylation (eq a). Another 

potential route to deliver the alkylidene malonate moiety is envisioned to involve oxidation of 

diol 215 to the requisite ester functionalities of triester 198. Ready access to both vinyl bromide 

214 and diol 215 is predicted to be achieved through a cross metathesis between 

tetrahydropyridine 193 and the respective coupling partner, although neither transformation is 

precedented (eq b). While each of the methods just described exploring the effect of altering the 

strength of the Michael donor employed in the second Michael addition of the tandem aza-

Michael–Michael sequence, it was also of interest to examine increasing the strength of the 

second Michael acceptor. Thus, in an alternate approach, it is thought that conversion of the α,β-

unsaturated ester of 193 to the α,β-unsaturated ketone 182, would increase its ability to serve as 

a Michael acceptor such that a monoester may be employed as the second Michael donor instead 

of the currently envisioned malonate moiety (eq c). Essentially, it is hoped that by improving the 

strength of the Michael acceptor that perhaps a monoester-based donor would be able to 

successfully partake in the desired transformation. This would greatly assist our approach toward 

ajmaline (1) as there would no longer be a need to have to construct the alkylidene malonate 

motif, which has up to this point remained elusive, and the established and highly efficient route 

proceeding through 3-allylindole derivative 184 could be returned to.  
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Scheme 1.5.36 Proposed future routes to access precursors for the tandem aza-Michael–Michael 
reaction 
 
 
 As just discussed, it is currently believed that the 3-allylindole derivate 193 holds the 

most potential to provide access to the much coveted alkylidene malonate 198. This reasoning 

arises as a result of the tremendous amount of difficulty that has thus far been experienced when 

examining tryptophol derivatives as potential predecessors to the desired alkylidene malonate 

motif. These protected alcohols have thus far either been discovered to very unstable under many 

of the reaction conditions necessary to prepare important precursors en route to the wanted 

alkylidene product 198, or the protecting groups have been found tough to remove, thus 

impeding further manipulations. Based on these observations, one might consider abandoning 

this approach, and while at this point it is in fact believed that more effort should be devoted 

toward exploration of the allyl containing compounds, however it is also thought that the route 

proceeding through a tryptophol derivative should not be completely discounted as of yet. This is 
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because it is desired to investigate the preparation of acetate 217 and trichloroacetate 218 under 

the assumption that the acetate protecting group should readily undergo transesterification 

without leading to the decomposition of the substrate. Lastly, the silyl ethers are still imagined as 

an amenable protecting group for this synthetic route if the requisite starting material can 

successfully be prepared. As such, less acidic formylation conditions will be explored in an effort 

to install the aldehyde at the C2 position of indole in the presence of this protecting group.  

 

 

Figure 1.5.1 Alternate compounds of interest as potential precursor to alkylidene malonate 198 

 

Conclusions 

 As part of our study into the synthesis of ajmaline (1), a variety of different approaches 

have been explored in an attempt to accomplish this task. While this array of potential synthetic 

routes has thus far have not allowed for the completion of ajmaline (1),  they have nevertheless 

provided a great deal of insight into not only the chemistry required to prepare this molecule, but 

into the chemistry of many intermediates that were designed in hopes of preparing ajmaline (1). 

For example, attempting to employ protected allenylic alcohols, such as 133a–c, as a means to 

install the C21 oxygen within ajmaline through the phosphine-catalyzed [4+2] annulation, 

actually led to the discovery of a novel reaction. Additionally, these investigations led to the 

conclusion that installation of the C21 oxygen of ajmaline (1) would not be feasible by way of 

the phosphine-catalyzed [4+2] annulation.  
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For the first time, synthetically useful yields of the desired tetrahydropyridine product 

were obtained from a phosphine-catalyzed [4+2] annulation involving 3-methylpenta-3,4-dien-2-

one (164). Prior to this discovery, the major product obtained from this reaction had been the 

chalcone derivative. However, upon employing the newly optimized reaction conditions of 30 

mol% PCy3, and 4 Å molecular sieves in THF, a 84% yield was obtained in a 8.3:1 ratio of 

desired tetrahydropyridine 163 to chalcone 165.  

It was also discovered that attempting to functionalize the tetrahydropyridine scaffold to 

rapidly produce a precursor for the aza-Michael–Michael sequence was a futile undertaking, and 

that the necessary functionality should be installed prior to the [4+2] annulation. As such, a 

previously unreported indole scaffold, that of ethyl 3-allyl-1H-indole-2-carboxylate, was 

prepared in a highly efficient manner by way of a stepwise Japp–Klingemann reaction, which 

was immediately followed by a Fischer indole synthesis. Through the use of this three-step 

procedure, multiple grams of the indole were prepared in 68% yield from β-ketoester. The newly 

generated ester 184 was then converted to desired N-methyl 2-carboxaldehyde derivative 191 

over a highly efficient three step sequence. Successful conversion of this aldehyde into sulfonyl 

imine 183a was found to require the employment of 2,6-lutidine rather than the more commonly 

used triethylamine to impede isomerization of the allyl moiety into conjugation with the indole. 

This imine was then converted into tetrahydropyridine 193, by way of an extremely efficient 

phosphine-catalyzed [4+2] annulation with ethyl 2-methyl-2,3-butadienoate (192). In fact, this 

reaction provided the highest yielding [4+2] annulation involving an indole-2-carboxaldimine to 

date, that being a 90% yield.104 Furthermore, the imine 183a is also the most complex indole-2-

carboxaldimine successfully employed as a substrate in the [4+2] annulation. Cross-metathesis 

with methyl acrylate then provided the first precursor to the desired aza-Michael–Michael 
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reaction sequence. Unfortunately, only the mono-Michael addition was observed, providing 

tetracycle 196 instead of the desired pentacyclic structure (similar to 129 without the alkoxy 

group).  

 As a result, we are currently pursuing derivatives of tricycle 193 that feature either 

increased strength of the Michael acceptor or alternative Michael donors. Of these, the derivative 

of most interest is the one that contains an alkylidene malonate functionality. It is believed that 

once this desired compound is procured, the tandem aza-Michael–Michael reaction will be 

readily facilitated. Then, once the pentacyclic core (structure similar to 161, but without the 

acetate group) is obtained the approach toward the completion of ajmaline will resume in accord 

with our previously proposed routes.  

 

 

Section 1.6 Experimental 

 

General Information 

All reactions were performed under an Ar (g) atmosphere with dry solvents in oven-dried round 

bottom flasks containing stir bars unless otherwise noted. Dichloromethane, acetonitrile, and 

triethylamine were freshly distilled from CaH2; tetrahydrofuran, diethyl ether, toluene, and 

benzene were distilled from Na with benzophenone indicator. All other reagents were obtained 

commercially and used without further purification unless otherwise stated. Reactions were 

monitored using thin layer chromatography (TLC), performed on 0.25-mm Silicycle Glass-

Backed Extra-Hard-Layer, 60-Å silica gel plates (TLG-R10011B-323) and visualized under UV 

light or through permanganate and iodine staining. Flash column chromatography was performed 
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using Silicycle SiliaFlash® P60 (230–400 mesh, R12030B) and compressed air. IR spectra were 

recorded using either a Thermo Nicolet Avatar 370 FT-IR spectrometer or a JASCO FT/IR-4100 

spectrometer with an ATR-PRO 450-S accessory. NMR spectra were recorded using Bruker 

ARX-500, DRX-500, AV-500, or AV-300 instruments calibrated to CH(D)Cl3 as an internal 

reference (7.26 and 77.00 ppm for 1H and 13C NMR spectra, respectively). Spectral data for 1H 

NMR spectra are reported as follows: chemical shift (δ, ppm), multiplicity, coupling constant 

(Hz), and integration. Spectral data for 13C NMR spectra are reported in terms of chemical shift 

(δ, ppm), followed by multiplicity and coupling constant in the case of C–F coupling. The 

following abbreviations are used to denote the multiplicities: s = singlet; d = doublet; dd = 

doublet of doublets; dt = doublet of triplets; dq = doublet of quartets; ddd = doublet of doublet of 

doublets; t = triplet; td = triplet of doublets; tt = triplet of triplets; q = quartet; qd = quartet of 

doublets; m = multiplet. Mass spectra were recorded using an Applied Biosystems Voyager-DE 

STR MALDI-TOF spectrometer in a reflector mode, under positive polarity. The matrix used 

was 2,5-dihydroxybenzoic acid, which was also employed as an internal calibrant. Data were 

analyzed using the instrument software. Some samples were also analyzed using an Agilent ESI 

mass spectrometry system, and the data were analyzed using the instrument software.  

 
 
Synthesis of propargyl bromide 

Ethyl 4-bromo-2-butynoate (137) was prepared in five steps from propargyl alcohol 219 

following literature procedures (Scheme 1.6.1).60 The preparation of this propargyl bromide 

commenced upon protection of propargyl alcohol (219) as the tetrahydropyranyl (THP) ether 

220. Following deprotonation with n-butyllithium, the resulting acetylide was treated with ethyl 

chloroformate to yield an alkynoate. Deprotection of the THP group was then accomplished 
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upon exposure to pyridinium para-toluenesulfonate, which afforded propargyl alcohol 221. 

Conversion of the hydroxyl group to the mesylate was then realized following treatment with 

methanesulfonyl chloride and triethylamine, which without purification was immediately 

subjected to a refluxing solution of lithium bromide to provide the desired ethyl 4-bromo-2-

butynoate (137). 

 

 

Scheme 1.6.1 Synthesis of ethyl 4-bromo-2-butynoate (137) from propargyl alcohol 219 

 

 

 

Ethyl 2,3-butadienoate (140). This compound was prepared from commercially available 

(carbethoxymethylene)triphenylphosphorane (222) according to published procedures.105 

 

 

Ethyl 2-(hydroxymethyl)-2,3-butadienoate (133a).61 To a flame-dried round-bottom flask 

containing a magnetic stir bar was added paraformaldehyde (2.819 g, 89.18 mmol) and the flask 

was placed under vacuum and immersed in a 55 ˚C oil bath for 60 min. The flask was then 

removed from the oil bath and allowed to cool to room temperature. Once cooled, 
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tetrahydrofuran (50 mL) was added to the flask, which was then placed in a –15 ˚C bath 

(obtained using ice and NaCl). A solution of 3-hydroxyquinuclidine (472 mg, 3.57 mmol, in 25 

mL tetrahydrofuran) was then added dropwise over 5 min to the suspension of 

paraformaldehyde. Ethyl 2,3-butadienoate (140) (2.007 g, 17.90 mmol) was then added as a 

solution in THF (25 mL) dropwise to the suspension of paraformaldehyde and 3-

hydroxyquinuclidine over 5 min. The reaction was stirred at –15 ˚C for 1 hour, at which point the 

flask was removed from the bath and allowed to warm to room temperature and stir for an 

additional 3.75 hours. The reaction was quenched with saturated aqueous NH4Cl solution (50 

mL), and extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed with 

brine (50 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

material was purified by flash column chromatography (15% EtOAc/Hex) to yield allenylic 

alcohol 133a (1.666 g, 66% yield) as a thick, slightly yellow oil. All spectral data was in 

agreement with that previously published.59 

 

 

Ethyl 2-[(tert-butyldimethylsilyloxy)methyl]-2,3-butadienoate (133b). To an oven-dried 

round bottom flask containing a magnetic stir bar was added allenoate 133a (52.0 mg, 0.37 

mmol), dry dichloromethane (2.0 mL), and 2,6-lutidine (85 µL, 0.73 mmol). The solution was 

then cooled to –78 ˚C using an acetone/dry ice bath. To this stirring solution was then added tert-

butyldimethylsilyl trifluoromethanesulfonate (120 µL, 0.52 mmol) dropwise. Based on TLC 

results, the reaction was determined to be complete after 15 minutes, at which point the flask was 

removed from the bath and allowed to warm to room temperature over 45 minutes. The reaction 
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was then quenched by adding saturated aqueous NaHCO3 (4 mL) to the reaction mixture and 

then the mixture was stirred vigorously for an additional 5 minutes. The aqueous layer was then 

extracted with dichloromethane (3 x 4 mL). The combined organic layers were washed with 

distilled H2O (2 x 4 mL), brine (5 mL), dried over anhydrous Na2SO4, filtered, and then 

concentrated under reduced pressure. The crude material was purified via flash column 

chromatography (3% EtOAc/Hexanes) to afford 133b (71.9 mg, 77%) as a colorless oil. IR 

(CH2Cl2, cm-1) νmax 2954, 2929, 2881, 2856, 1971, 1941, 1714, 1260, 1077, 835, 774; 1H NMR 

(300 MHz, CDCl3) δ (ppm) 5.25 (t, J = 3.1 Hz, 2H), 4.37 (t, J = 3.1 Hz, 2H), 4.22 (q, J = 7.1 Hz, 

2H), 1.28 (t, J = 7.1 Hz, 3H), 0.90 (s, 9H), 0.08 (s, 6H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 

213.5, 165.9, 101.5, 80.4, 61.0, 60.0, 29.7, 25.9, 18.4, 14.3; MS (ESI-TOF) calcd for 

C13H25O3Si+ [M + H]+ 257.1567, found 257.1567. 

 

 

2-Benzyloxymethyl-2,3-butadienoate (133c). To an oven-dried round bottom flask containing a 

magnetic stir bar was added trifluoromethanesulfonic anhydride (95 µL, 0.56 mmol), and dry 

dichloromethane (2.25 mL), and the flask was then cooled to –78 ˚C in an acetone/dry ice bath. 

To this stirring mixture was added dropwise a solution of benzyl alcohol (58 µL, 0.56 mmol) and 

2,6-di-tert-butylpyridine (135 µL, 0.60 mmol) in dichloromethane (0.80 mL). The reaction was 

allowed to stir for ten minutes at this temperature, at which point a solution of allenoate 133a 

(51.3 mg, 0.36 mmol) and 2,6-di-tert-butylpyridine (205 µL, 0.91 mmol) in dichloromethane 

(1.40 mL) was added dropwise via syringe. The solution was then stirred at –78 ˚C for one hour 

at which point it was removed from the bath. After stirring for one hour at room temperature, the 
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reaction was diluted with dichloromethane (15 mL) and subsequently quenched with saturated 

aqueous NaHCO3. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The 

combined organic layers were then washed with distilled H2O (5 mL), brine (6 mL), dried over 

anhydrous Na2SO4, filtered, and then concentrated under reduced pressure. The crude material 

was then purified via flash column chromatography (3% EtOAc/Hexanes) to afford 133c (69.4 

mg 83%) as a colorless oil. IR (CH2Cl2, cm-1) νmax 2982, 2861, 1964, 1937, 1709, 1453, 1367, 

1299, 1259, 1120, 1084, 1072; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.38–7.31 (m, 4H), 7.31–

7.27 (m, 1H), 5.26 (t, J = 2.2 Hz, 2H), 4.58 (s, 2H), 4.26 (t, J = 2.2 Hz, 2H), 4.23 (q, J = 7.1 Hz, 

2 H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 214.4, 165.8, 137.9, 128.3, 

127.7, 127.5, 99.1, 79.5, 72.3, 66.8, 61.1, 14.1; MS (ESI-TOF) calcd for C14H16O3Na+ [M + Na]+ 

255.0992, found 255.0999. 

 

 

Tetrahydropyridine 142c. To an oven-dried round bottom flask containing a magnetic stir bar 

was sequentially added imine 14164 (51.2 mg, 0.20 mmol), dry acetonitrile (2 mL), and tri-n-

butylphosphine (10 µL, 0.04 mmol). Allenoate 133c (56.1 mg, 0.24 mmol) was then added 

dropwise to the stirring mixture at room temperature. After allowing the reaction to stir for ten 

minutes at room temperature, the septum was removed and a reflux condenser was immediately 

attached. The reaction mixture was then heated to reflux in an oil bath, where it was kept at this 

temperature for 1.5 hours. The reaction was removed from the oil bath once consumption of 

imine had been observed by TLC. The reaction was then allowed to cool to room temperature, at 

which point, the reaction was concentrated under reduced pressure and the resulting crude 
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material was purified by flash column chromatography (10% EtOAc/Hexanes) to afford 142c 

(16.2 mg, 17%) as a colorless film. IR (CH2Cl2, cm-1) νmax 3059, 3028, 2978, 2923, 2872, 1704, 

1650, 1596, 1493, 1452, 1359, 1308, 1165, 1085; Major Diastereomer: 1H NMR (300 MHz, 

CDCl3) δ (ppm) 7.67 (d, J = 8.3 Hz, 2H), 7.41–7.27 (m, 10H), 7.13 (d, J = 8.0 Hz, 2H), 5.26 (dd, 

J = 7.9, 3.9 Hz, 1H), 4.61–4.47 (m, 4H), 4.16 (q, J = 7.1 Hz, 2H), 3.55 (dd, J = 17.2, 8.0 Hz, 

1H), 3.07 (dd, J = 17.1, 3.9 Hz, 1H), 2.36 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, 

CDCl3) δ (ppm) 167.5, 157.4, 144.5, 138.6, 138.2, 135.0, 129.6, 129.1, 128.7, 128.5, 128.2, 

128.0, 127.7, 127.4, 126.9, 108.2, 72.5, 65.6, 64.5, 60.3, 38.1, 21.6, 14.3; MS (ESI-TOF) calcd 

for C28H29NO5SNa+ [M + Na]+ 514.1659, found 514.1769. 

 

 

Ethyl 2-{[dimethyl(phenyl)silyl]methyl}-3-oxobutanoate (148). To an oven-dried round 

bottom flask containing a magnetic stir bar was added potassium tert-butoxide (571.4 mg, 5.10 

mmol), dry tetrahydrofuran (13.5 mL), and the flask was cooled to 0 ˚C in an ice bath. To this 

stirring solution was added ethyl acetoacetate 146 (580 µL, 4.58 mmol) followed by distilled 

tert-butanol (40 µL, 0.42 mmol). The mixture was then stirred for 35 minutes at this temperature, 

at which point, (iodomethyl)dimethylphenylsilane (147)67 (1.2671 g, 4.58 mmol) was added 

dropwise to the stirring solution. The flask was then removed from the ice bath, and allowed to 

warm to room temperature. The septum was then removed and a reflux condenser was attached 

to the flask. The solution was then heated to reflux where it was held for 18 hours. The reaction 

was then removed from the oil bath and allowed to cool to room temperature, where the reaction 
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was quenched upon addition of distilled H2O (5 mL) followed by saturated aqueous NaHCO3 (10 

mL). The aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic layers 

were then washed with brine (25 mL), dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was then purified via flash column chromatography 

(0% to 2% EtOAc/Hexanes) to afford 148 (0.582 g, 46%, keto:enol tautomer 6.3:1) as a yellow 

oil. IR (CH2Cl2, cm-1) νmax 2983, 2951, 2898, 1739, 1713, 1424, 1355, 1248, 1189, 1115, 832; 

Keto tautomer: 1H NMR (300 MHz, CDCl3) δ (ppm) 7.51–7.47 (m, 2H), 7.37–7.34 (m, 3H), 

4.04 (q, J = 7.2 Hz, 2H), 3.38 (dd, J = 8.7, 6.2 Hz, 1H), 2.11 (s, 3H), 1.42–1.22 (m, 2H), 1.21 (t, 

J = 7.1 Hz, 3H), 0.31 (s, 3H), 0.30 (s, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 203.6, 170.6, 

137.7, 133.7, 129.2, 127.8, 61.3, 55.6, 27.9, 14.4, 13.9, –2.8. Enol tautomer: 1H NMR (300 MHz, 

CDCl3) δ (ppm) 12.70 (s, 1H), 7.51–7.47 (m, 2H), 7.37–7.34 (m, 3H), 4.04 (q, J = 7.2 Hz, 2H), 

2.11 (s, 3H), 1.42–1.22 (m, 2H), 1.21 (t, J = 7.1 Hz, 3H), 0.31 (s, 3H), 0.30 (s, 3H); 13C NMR 

(75.5 MHz, CDCl3) δ (ppm) 203.6, 170.6, 139.0, 133.5, 129.0, 127.7, 60.3, 55.6, 27.9, 19.1, 

14.1, –2.8; MS (ESI-TOF) calcd for C15H22O3SiNa+ [M + Na]+ 301.1230, found 301.1227. 

 

 

Ethyl 2-{[dimethyl(phenyl)silyl]methyl}-2,3-butadienoate (145). To an oven-dried round 

bottom flask containing a magnetic stir bar was added a solution of lithium 

bis(trimethylsilyl)amide (0.420 mL, 0.86 M in THF), followed by additional dry tetrahydrofuran 

(0.800 mL), and the solution was then cooled to –78 ˚C via an acetone/dry ice bath. To this 

stirring solution was then added β-ketoester 148 (51.4 mg, 0.18 mmol), and it was allowed to 

LHMDS (2 equiv);
Tf2O (1 equiv);

LHMDS (1 equiv);

HMPA (3 equiv);
ZnCl2 (1.2 equiv)

THF, –78 ˚C to rt, 5.5 h
34%
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react for one hour at this temperature, at which point trifluoromethanesulfonic anhydride (31 µL, 

0.18 mmol) was added over 15 minutes via syringe. After stirring for 1.5 hours at –78 ˚C, lithium 

bis(trimethylsilyl)amide (0.210 mL, 0.86 M in THF) was added via syringe, and the mixture was 

allowed to stir for an additional 45 minutes. Distilled hexamethylphosphoramide (0.120 mL, 0.69 

mmol) was then added via syringe to the mixture, after which the reaction was allowed to stir for 

one hour at –78 ˚C. At this point, a solution of zinc chloride (29.4 mg, 0.22 mmol) in dry diethyl 

ether (0.700 mL) was added via syringe and the mixture was allowed to stir for an additional one 

hour at –78 ˚C. Upon observing product formation by TLC, the reaction was quenched by 

pouring the solution into an ice cold mixture of diethyl ether and saturated NH4Cl (10 mL, 1:1, 

v/v), and subsequently stirred vigorously for a further 10 minutes. The layers were then 

separated, and the aqueous layer was subjected to extractions with EtOAc (3 x 5 mL). The 

combined organic layers were then washed with brine (5 mL), dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude material was then purified via flash 

column chromatography (0% to 2% EtOAc/Hexanes) to afford 145 (16.1 mg, 34%) as a colorless 

oil. 1H NMR (300 MHz, CDCl3) δ (ppm) 7.53–7.50 (m, 2H), 7.36–7.34 (m, 3H), 4.96 (t, J = 2.3 

Hz, 2H), 4.14 (q, J = 7.1 Hz, 2H), 1.84 (t, J = 2.3 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H), 0.32 (s, 6H); 

13C NMR (75.5 MHz, CDCl3) δ (ppm) 213.8, 167.6, 138.4, 133.7, 129.0, 127.7, 97.4, 78.4, 61.1, 

16.0, 14.2, –3.0. 

 

Tetrahydropyridine 149. To a flame-dried round bottom flask containing a magnetic stir bar 

was sequentially added imine 141 (13.2 mg, 0.051 mmol), dry dichloromethane (250 µL), and 

tri-n-butylphosphine (2.4 µL, 0.010 mmol). To this mixture was added a solution of allenoate 
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145 (15.5 mg, 0.060 mmol) in dichloromethane (500 µL) dropwise over ten minutes at room 

temperature. The flask that had previously contained the allenoate was then rinsed with dry 

dichloromethane (250 µL) and this solution was added to the reaction. The reaction was allowed 

to stir at room temperature for 7.5 hours, at which point complete consumption of the imine was 

observed by TLC. The reaction was then concentrated under reduced pressure and the resulting 

crude material was purified by flash column chromatography (10% EtOAc/Hex) to afford 149 as 

a colorless film (7.6 mg, 39%). All spectral data was in agreement with that previously 

published.57 

 

Synthesis of N-sulfonyl imine 132 

 While the preparation of N-sulfonyl imine 132 from the corresponding aldehyde has 

previously been reported from our group in 2005, the preparation of the aldehyde itself was not 

disclosed within that publication.72 As such, the synthetic route utilized to prepare imine 132 is 

presented in its entirety in Scheme 1.6.2. The route begins upon esterification of indole 2-

carboxylic acid (224) to provide methyl 1H-indole-2-carboxylate (225) in quantitative yield. 

Complete reduction of the ester to the alcohol was accomplished upon exposed to 

diisobutylaluminum hydride (DIBAL-H), which was immediately oxidized in the presence of 

manganese dioxide (MnO2) to deliver indole-2-carboxaldehyde (227) in 87% yield over the two 

steps. N-Methylation was then accomplished to provide 1-methyl-indole-2-carboxaldehyde (228) 

in 89% yield following treatment with dimethyl sulfate in the presence of Aliquat 336 in a 2:1 

solution of dichloromethane and a 50% aqueous solution of sodium hydroxide. The aldehyde of 

228 was then condensed with ortho-nitrobenzenesulfonamide (o-nosyl sulfonamide, NsNH2) 

under the influence of titanium(IV) chloride (TiCl4) and triethylamine (Et3N) in 
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dichloromethane, which afforded N-sulfonyl imine 132 in 75%.  

 

 

Scheme 1.6.2 Synthesis of sulfonyl imine 132 from indole 2-carboxylic acid (224) 

 

Methyl 1H-indole-2-carboxylate (225). This compound was prepared from indole-2-carboxylic 

acid (224) according to published procedures.106 All spectral data was in agreement with that 

previously published.107 

 

Indole-2-carboxaldehyde (226). This compound was prepared by employing a published 

procedure that began from ethyl 1H-indole-2-carboxylate.108 As such, the only difference 

between the published procedure and our substrate was the alkyl group of the ester. A slight 

modification to the procedure of the subsequent oxidation was also utilized in our case, as the 

solvent was changed from acetonitrile to tetrahydrofuran. The two-step procedure was performed 

as follows: To an oven-dried round bottom flask containing a magnetic stir bar was added methyl 

1H-indole-2-carboxylate (225) (2.13 g, 12.16 mmol) followed by dry tetrahydrofuran (100 mL). 

The flask was then cooled to –78 ˚C by placing it into an acetone/dry ice bath. Once cooled, 

diisobutylaluminum hydride (30.4 mL, 30.4 mmol, 1.0 M solution in toluene) was added 
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dropwise via syringe over 10 minutes. The reaction was allowed to gradually warm up to room 

temperature overnight (a total of 18 hours), at which point the presence of starting material was 

still observed. As a result, the solution was cooled back down to –78 ˚C, and upon cooling 

diisobutylaluminum hydride (6.1 mL, 6.1 mmol, 1.0 M solution in toluene) was added dropwise 

via syringe over 5 minutes. The reaction was allowed to warm to room temperature over 3 hours, 

at which point it was allowed to stir for an additional 5 hours at room temperature, at which point 

the reaction was deemed complete based on the completed consumption of the starting material 

observed by TLC. The reaction was then cooled to 0 ˚C in an ice bath, and upon cooling a 

saturated aqueous solution of sodium potassium tartrate (Rochelle’s salt) (90 mL) was added 

over 30 minutes. The cloudy white solution was then allowed to warm to room temperature and 

was then stirred overnight. At this point, the clearly formed layers were then separated. The 

aqueous layer was then extracted with EtOAc (3 x 50 mL). The combined organic layers were 

then washed with brine (50 mL), dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure to provide the crude alcohol 226 (1.80 g, quantitative) as a dark yellow solid. 

  To the flask containing crude alcohol 226 was then added an oven-dried magnetic stir 

bar, and dry tetrahydrofuran (60 mL). Manganese dioxide (6.22 g, 60.79 mmol, reagent used 

was: activated MnO2, less than 5 µm particles, and about 85% pure) was then added in one 

portion to the stirring solution. The mixture was then allowed to stir for 22 hours, at which point 

complete consumption of starting material was observed by TLC. The slurry was then filtered 

through a pad of Celite, which was then washed with EtOAc until elution of product from the 

Celite was deemed complete by TLC. The dark red solution was then concentrated under 

reduced pressure and the resulting crude material was then purified via flash column 

chromatography (100% Hexanes to 5% EtOAc/Hexanes to finally 10% EtOAc/Hexanes) to 
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afford indole-2-carboxaldehyde (227) (1.54 g, 87% from ester 225) as a white solid. All spectral 

data was in agreement with that previously published.108 

 

1-Methyl-indole-2-carboxaldehyde (228). This reaction was performed by following a known 

procedure to provide 1-methylindole from indole.109 To an oven-dried round bottom flask 

containing a magnetic stir bar was added indole-2-carboxaldehyde (227) (1.50 g, 10.33 mmol), 

dry dichloromethane (10.5 mL), and a 50% (weight/volume) aqueous solution of sodium 

hydroxide (5.2 mL). To the solution was then added Aliquat 336 (94 µL, 0.21 mmol) via syringe, 

at which point the solution changed from brown to black in color. Dimethyl sulfate (1.03 mL, 

10.85 mmol) was then added dropwise to the stirring solution, which was then allowed to 

continue stirring at room temperature. After stirring for 30 minutes, complete consumption of the 

starting material was observed by TLC. At this point, the reaction was diluted with 

dichloromethane (50 mL) and the layers were then separated. The organic layer was washed with 

water (6 x 50 mL), washed with brine (50 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The resulting crude material was then purified via flash 

column chromatography (100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 4% 

EtOAc/Hexanes to finally 5% EtOAc/Hexanes) to afford 1-methyl-indole-2-carboxaldehyde 

(228) (1.46 g, 89%) as a white solid. All spectral data was in agreement with that previously 

published.110 

N-Sulfonyl imine 132. This compound was prepared from 1-methyl-indole-2-carboxaldehyde 

(228) according to a published procedure from our group.72  
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Ethyl 2-(cyanomethyl)-2,3-butadienoate (158). This compound was prepared in two steps from 

(carbethoxymethylene)triphenylphosphorane 229 according to published procedures.71 One 

modification was made to these procedures, which involved running the reaction to convert the 

phosphonium bromide to α-cyanomethyl allenoate in a 1:1 mixture of dichloromethane and 

pentane, rather than solely dichloromethane as solvent.  

  

 

3-Methylpenta-3,4-dien-2-one (162). This compound was prepared in two steps from 3-methyl-

2,4-pentanedione (231) according to published procedures.74 

 

 

Tetrahydropyridine 163 and Chalcone 165. To an oven-dried round bottom flask containing a 

magnetic stir bar was added powdered 4 Å molecular sieves (0.690 g, 200 wt% of imine being 

used in this reaction), and the flask was placed under Ar (g). The molecular sieves were then 

activated using the following procedure: The flask was placed under vacuum and flame dried, 

after which the flask was then placed back under Ar (g) as it cooled back to room temperature. 

This activation procedure was carried out for a total of three cycles. After the third and final 
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cycle, when the flask had reached room temperature, the glass vacuum adaptor was quickly 

replaced with a rubber septum. To the flask was then sequentially added sulfonyl imine 132 

(0.343 g, 1.0 mmol), tricyclohexylphosphine (0.087 g, 0.3 mmol, PCy3 purchased as 97% pure), 

and dry tetrahydrofuran (20 mL). To this mixture was then added dropwise 3-methylpenta-3,4-

dien-2-one (164) (0.244 g, 1.5 mmol; this allenone was prepared such that it contained 41% 

acetonitrile which could not be removed due to similar boiling points and as such was used as 

obtained from the distillation as a solution of 59% allenone) via syringe. The reaction was then 

stirred for 18.5 hours at room temperature, at which point complete consumption of imine 132 

was observed via TLC. As such, the reaction was concentrated under reduced pressure and the 

resulting crude material was purified by flash column chromatography (100% PhH to 1% 

Et2O/PhH to 2% Et2O/PhH to 3% Et2O/PhH to 4% Et2O/PhH to finally 5% Et2O/PhH) to yield 

tetrahydropyridine 163 (0.330 g, 75%) as a yellow-orange solid and chalcone 165 (0.052 g, 9%) 

as a dark orange solid. Tetrahydropyridine 163: IR (ν, cm–1) 2918, 2890, 2851, 1663, 1551, 

1469, 1377, 1354, 1260, 1167, 1125, 1078, 853, 748; 1H NMR (300 MHz, DMSO-d6) δ (ppm) 

7.99 (d, J = 7.9 Hz, 1H), 7.96 (dd, J = 8.0, 1.1 Hz, 1H), 7.88 (td, J = 7.8, 1.2 Hz, 1H), 7.73 (td, J 

= 7.7, 0.4 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 8.3 Hz, 1H), 7.14 (td, J = 7.7, 1.1 Hz, 

1H), 7.12–7.09 (brs, 1H), 7.00 (td, J = 7.5, 0.7 Hz, 1H), 6.38 (s, 1H), 5.62 (d, J = 6.1 Hz, 1H), 

4.35 (d, J = 18.5 Hz, 1H), 3.67 (s, 3H), 3.40 (dd, J = 18.4, 2.1 Hz, 1H), 2.85–2.81 (m, 1H), 2.78–

2.72 (m, 1H), 2.23 (s, 3H); HRMS (ESI) calcd for C22H22N3O5S [M + H]+ m/z 439.1202, found 

440.1297. Chalcone 165: IR (ν, cm–1) 3056, 2917, 2896, 2847, 1650, 1608, 1591, 1540, 1459, 

1344, 1318, 1162, 953, 791, 748; 1H NMR (500 MHz, d-DMSO) δ (ppm) 8.05 (d, J = 7.9 Hz, 

1H), 7.97 (dd, J = 8.0, 0.9 Hz, 1H), 7.88 (td, J = 7.7, 1.0 Hz, 1H), 7.74 (t, J = 7.7 Hz, 1H), 7.70 

(d, J = 15.4 Hz, 1H), 7.63 (d, J = 15.4 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.4 Hz, 1H), 
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7.47 (d, J = 7.9 Hz, 1H), 7.46–7.43 (m, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.30 (s, 1H), 7.21 (t, J = 

7.6 Hz, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.05 (t, J = 7.4 Hz, 1H), 7.00 (t, J = 7.4 Hz, 1H), 6.42 (s, 

1H), 5.68 (d, J = 6.2 Hz, 1H), 4.52 (d, J = 18.4 Hz, 1H), 3.84 (s, 3H), 3.71 (s, 3H), 3.54 (dd, J = 

18.4, 1.3 Hz, 1H), 2.94–2.89 (m, 1H), 2.86–2.82 (m, 1H); 13C NMR (125 MHz, d-DMSO) δ 

(ppm) 186.7, 147.3, 138.9, 137.6, 137.4, 135.7, 135.5, 135.2, 135.0, 132.4, 131.2, 131.0, 130.3, 

126.9, 126.3, 124.4, 123.4, 121.9, 121.0, 120.4, 120.3, 120.2, 119.4, 110.4, 109.9, 103.9, 101.5, 

47.0, 29.8, 29.6, 27.9; HRMS (ESI) calcd for C32H29N4O5S [M + H]+ m/z 581.1780, found 

581.1897. 

 

Acetoxyacetaldehyde (171). This compound was prepared in two steps from allyl acetate 

according to published procedures.77  

 

 

Dimethyl 2-[2-(ethanoyloxy)ethylidene]propanedioate (172). To an oven-dried round bottom 

flask containing a magnetic stir bar was added dimethyl malonate (1.6 mL, 13.72 mmol, the 

bottle of dimethyl malonate was purchased as 98% and was used as is) and dichloromethane (28 

mL), and the flask was then placed in an ice bath at 0 ˚C. Once cooled, titanium(IV) chloride   

(13.7 mL, 13.70 mmol, 1.0 M solution in dichloromethane) was added dropwise via syringe, and 

the resulting bright yellow solution was stirred for 30 minutes at 0 ˚C. Acetoxyacetaldehyde 

(171) (1.40 g, 13.71 mmol) was then added dropwise to the solution, after which the mixture was 

stirred for 10 minutes, during which time the solution was observed to turn orange. To this 
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mixture was then added distilled pyridine (2.22 mL, 27.43 mmol) dropwise, after which the 

solution was observed to turn dark purple. The solution was allowed to gradually warm to room 

temperature overnight. After stirring for 21 hours, the reaction was quenched by pouring the 

mixture into 92 g of ice. This aqueous layer was then extracted with EtOAc (2 x 100 mL). The 

combined organic layers were then washed with saturated aqueous solution of copper sulfate (2 x 

30 mL), washed with brine (2 x 30 mL), dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was then purified via flash column chromatography 

(100% Hexanes to 5% EtOAc/Hexanes to 10% EtOAc/Hexanes to 15% EtOAc/Hexanes to 20% 

EtOAc/Hexanes to finally to 25% EtOAc/Hexanes) to afford alkylidene malonate 172 (1.80 g, 

61%). IR (ν, cm–1) 3008, 2956, 2850, 1729, 1660, 1436, 1213, 1064, 833; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 7.05 (t, J = 3.2 Hz, 1H), 4.94 (d, J = 3.2 Hz, 2H), 3.84 (s, 3H), 3.80 (s, 3H), 2.09 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm) 170.4, 164.5, 163.8, 145.6, 128.0, 61.6, 52.7, 52.5, 

20.7; HRMS (ESI) calcd for C9H12O6Na [M + Na]+ m/z 216.0634, found 239.0452. 

 

 

(E)-Ethyl 4-(ethanoyloxy)but-2-enoate (173). This compound was prepared in two steps from 

monoethyl fumarate 235 according to published procedures.111 All spectral data was in 

agreement with that previously published.112 

 

 

1-[(3-Bromopropoxy)methyl]-4-methoxybenzene (179). This compound was prepared in two 
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steps from 1,3-butanediol (237) according to published procedures.113 All spectral data was in 

agreement with that previously published.114 

 

 

Ethyl 2-ethanoyl-5-(4-methoxybenzyloxy)pentanoate (178). To an oven-dried round bottom 

flask containing a magnetic stir bar was sequentially added ethyl acetoacetate (146) (2.15 mL, 

16.84 mmol), anhydrous ethanol (11 mL), and powdered sodium ethoxide (1.16 g, 17.01 mmol). 

A reflux condenser was then attached to the flask, which was then placed into an oil bath and the 

solution was subsequently brought to reflux. At this point, bromide 179 (4.80 g, 18.52 mmol) 

was added to the refluxing solution via syringe, and the mixture was kept at this temperature for 

17.5 hours. The flask was then removed from the oil bath and allowed to cool to room 

temperature over 30 minutes. Once cooled, the reaction was concentrated under reduced 

pressure. To the remaining slurry was added EtOAc (50 mL) and distilled H2O (50 mL). After 

separating the layers, the organic layer was washed with H2O (2 x 50 mL). The combined 

aqueous layers were then extracted with EtOAc (3 x 50 mL). The combined organic layers were 

then washed with brine (50 mL), dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The crude material was then purified via flash column chromatography (100% 

Hexanes to 5% EtOAc/Hexanes to 10% EtOAc/Hexanes to 15% EtOAc/Hexanes to finally 20% 

EtOAc/Hexanes) to afford β-ketoester 178 (3.74 g, 72%). IR (ν, cm–1) 2936, 2857, 1738, 1713, 

1612, 1512, 1358, 1243, 1173, 1094, 1031, 818; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.24 (d, J 

= 8.5 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.41 (s, 2H), 4.21–4.15 (m, 2H), 3.80 (s, 3H), 3.44 (t, J = 
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7.1 Hz, 3H), 2.20 (s, 3H), 1.93 (q, J = 7.7 Hz, 2H), 1.64–1.55 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ (ppm) 203.2, 169.8, 159.2, 130.5, 129.2, 113.8, 72.6, 69.3, 61.3, 

59.5, 55.3, 28.9, 27.5, 25.0, 14.1; HRMS (ESI) calcd for C17H24O5Na [M + Na]+ m/z 308.1624, 

found 331.1101. 

 

 

Phenylhydrazone 181. The first reaction in this two-step process requires two oven-dried round 

bottom flasks each containing a magnetic stir bar. Additionally, the way the procedure was 

carried out was to make a stock solution of benzenediazonium chloride in ten fold excess relative 

to the amount of β-ketoester 178 that would employed in the reaction, and thus the necessary 

amount of the benzenediazonium chloride solution would be removed via syringe when needed. 

To the first flask was added aniline (0.91 mL, 10.00 mmol), followed by a 4 M aqueous solution 

of HCl (12.5 mL, 50.00 mmol). The solution was then cooled to 0 ˚C by placing the flask in an 

ice bath. Once cooled, a solution of sodium nitrite (0.700 g, 10.14 mmol) in distilled H2O (2 mL) 

was then added dropwise to the stirring solution of aniline hydrochloride, at which time the 

solution turned bright yellow. This mixture was allowed to react at 0 ˚C for 30 minutes, after 

which it was ready to be added to the β-ketoester 178 reaction mixture which is described below. 

To the second flask was sequentially added ethyl 2-ethanoyl-5-(4-

methoxybenzyloxy)pentanoate (178) (0.300 g, 0.973 mmol), anhydrous ethanol (1.2 mL), and 

distilled H2O (1.8 mL). The solution was then cooled to 0 ˚C by placing the flask in an ice bath. 
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Upon cooling, potassium hydroxide (0.300 g, 5.35 mmol) was added, which turned the solution 

from a cloudy white emulsion to a clear bright yellow. Sodium acetate (0.300 g, 3.66 mmol) was 

then added to the solution, and not all of was observed to dissolve. This mixture was allowed to 

react at 0 ˚C for 30 minutes. At this point, the benzenediazonium chloride solution (1.8 mL, 1.24 

mmol of benzenediazonium chloride, the amount was removed from the solution described 

above) was added dropwise to the reaction mixture at 0 ˚C, which cause the solution to instantly 

turn cloudy orange. After a few minutes, dark red droplets began to oil out of the solution, and 

they continued to oil out over the course of the reaction. The reaction was stirred for one hour at 

0 ˚C, after which time the mixture was diluted with anhydrous diethyl ether (100 mL). This ether 

solution was then washed with water (3 x 70 mL), washed with brine (50 mL), and dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure to provide a mixture of 

unreacted starting material, intermediate azo compound 180, and desired phenylhydrazone 181 

(0.376 g total), where the azo compound 180 was found to be the major component, as a sticky 

red oil. Prior to beginning the next reaction, benzene (15 mL) was added to the material and was 

then subsequently removed under reduced pressure to remove any water from the material via an 

azeotrope, and this process was repeated 3 additional times.  

To the crude oil was sequentially added an oven-dried magnetic stir bar, tetrahydrofuran 

(3 mL), and anhydrous ethanol (3 mL). The flask was placed into an ice bath and the solution 

was allowed to cool. Once cooled, powdered sodium ethoxide (0.093 g, 1.37 mmol) was added 

in one portion and the mixture was allowed to stir at 0 ˚C for 45 minutes. At this point the flask 

was removed from the bath and the solution was allowed to warm to room temperature where it 

was subsequently stirred for 35 minutes. Over this time span the solution was observed to change 

from orange to red in color. The mixture was then placed back into an ice bath and cooled to 0 



	   154 

˚C. Once 40 minutes had passed, the reaction was diluted with anhydrous diethyl ether (30 mL) 

and distilled H2O (30 mL) was then added to quench the reaction. Upon separating the layers, the 

organic layer was washed with distilled H2O (2 x 30 mL). The combined aqueous layers were 

then extracted with diethyl ether (2 x 20 mL). The combined organic layers were then washed 

with brine (30 mL), dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The crude material was then purified via flash column chromatography (100% Hexanes 

to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to finally 3% EtOAc/Hexanes) to afford 

phenylhydrazone 181 (0.262 g, 73% from β-ketoester 178) as a thick red-orange oil. IR (ν, cm–1) 

3283, 2917, 2850, 1704, 1603, 1583, 1512, 1373, 1244, 1171, 1032, 821; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 9.01 (s, 1H), 7.30 (dd, J = 6.6, 2.1 Hz, 2H), 7.18–7.15 (m, 2H), 6.92–6.87 (m, 

5H), 4.51 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 3.83 (s, 3H), 3.49 (t, J = 5.5 Hz, 2H), 2.72 (t, J = 6.9 

Hz, 2H), 1.87 (pen, J = 6.2 Hz, 2H), 1.37 (t, J = 7.2 Hz, 3H), 13C NMR (125 MHz, CDCl3) δ 

(ppm) 165.4, 159.5, 143.7, 135.4, 129.6, 129.1, 128.3, 121.4, 114.0, 113.8, 72.7, 68.4, 61.0, 55.3, 

26.1, 21.0, 14.4; HRMS (ESI) calcd for C21H26N2O4Na [M + Na]+ m/z 370.1893, found 

393.1741. 

 

Ethyl 2-acetyl-5-hexenoate (185). This compound was prepared from ethyl acetoacetate 

according to a published procedure.87  
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Phenylhydrazone 187. The first reaction in this two-step process requires two oven-dried round 

bottom flasks each containing a magnetic stir bar. Additionally, the way the procedure was 

carried out was to make a stock solution of benzenediazonium chloride in large excess relative to 

the amount of β-ketoester 185 that would employed in the reaction, and thus the necessary 

amount of the benzenediazonium chloride solution would be removed via syringe when needed. 

As such, to the first flask was added aniline (0.91 mL, 10.00 mmol), followed by a 4 M aqueous 

solution of HCl (12.5 mL, 50.00 mmol). The solution was then cooled to 0 ˚C by placing the 

flask in an ice bath. Once cooled, a solution of sodium nitrite (0.700 g, 10.14 mmol) in distilled 

H2O (2 mL) was then added dropwise to the stirring solution of aniline hydrochloride, at which 

time the solution turned bright yellow. This mixture was allowed to react at 0 ˚C for 30 minutes, 

after which it was ready to be added to the β-ketoester 185 reaction mixture which is described 

below. 

To the second flask was sequentially added ethyl 2-acetyl-5-hexenoate (185) (0.563 g, 

3.05 mmol), anhydrous ethanol (3.8 mL), and distilled H2O (5.1 mL). The solution was then 

cooled to 0 ˚C by placing the flask in an ice bath. Upon cooling, potassium hydroxide (0.925 g, 

16.49 mmol) was added, which turned the solution from a cloudy white emulsion to a clear 

bright yellow. Sodium acetate (0.917 g, 11.18 mmol) was then added to the solution, and not all 

of was observed to dissolve. This mixture was allowed to react at 0 ˚C for 30 minutes. At this 

point, the benzenediazonium chloride solution (4.6 mL, 3.17 mmol of benzenediazonium 

chloride, the amount was removed from the solution described above) was added dropwise to the 

reaction mixture at 0 ˚C, which cause the solution to instantly turn cloudy orange. After a few 

minutes, dark red droplets began to oil out of the solution, and they continued to oil out over the 

course of the reaction. The reaction was stirred for 70 minutes at 0 ˚C, after which time the 
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mixture was diluted with anhydrous diethyl ether (100 mL). This ether solution was then washed 

with water (3 x 70 mL), washed with brine (50 mL), and dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure to provide a mixture of intermediate azo compound 186 

and desired phenylhydrazone 187 (0.788 g total), where the azo compound 186 was found to be 

the major component, as a sticky red oil. Prior to beginning the next reaction, benzene (15 mL) 

was added to the material and was then subsequently removed under reduced pressure to remove 

any water from the material via an azeotrope, and this process was repeated 3 additional times.  

 To the crude oil was sequentially added an oven-dried magnetic stir bar, tetrahydrofuran 

(10 mL), and anhydrous ethanol (10 mL). The flask was placed into an ice bath and the solution 

was allowed to cool. Once cooled, powdered sodium ethoxide (0.019 g, 0.28 mmol) was added 

in one portion and the mixture was allowed to stir at 0 ˚C for 45 minutes. Over this time span the 

solution was observed to change from orange to red in color. At this point the flask was removed 

from the bath and the solution was allowed to warm to room temperature where it was 

subsequently stirred for 20 minutes. At this point, the reaction was then diluted with anhydrous 

diethyl ether (60 mL) and distilled H2O (60 mL) was subsequently added to quench the reaction. 

Upon separating the layers, the organic layer was washed with distilled H2O (2 x 30 mL). The 

combined aqueous layers were then extracted with diethyl ether (2 x 30 mL). The combined 

organic layers were then washed with brine (50 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 3% 

EtOAc/Hexanes to 4% EtOAc/Hexanes to 5% EtOAc/Hexanes to finally 6% EtOAc/Hexanes) to 

afford phenylhydrazone 187 (0.635 g, 85% from β-ketoester 185) as a thick orange oil. Major: 

1H NMR (500 MHz, CDCl3) δ (ppm) 7.86 (s, 1H), 7.32–7.29 (m, 2H), 7.19–7.17 (m, 2H), 6.97 
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(tt, J = 7.4, 1.1 Hz, 1H), 5.88 (dd, J = 17.0, 10.2 Hz, 1H), 5.14 (dtd, J = 17.1, 1.5, 1.5 Hz, 1H), 

5.06 (dtd, J = 10.4, 1.4, 1.4 Hz, 1H), 4.31 (q, J = 7.1 Hz, 2H), 2.68 (t, J = 7.6Hz, 2H), 2.33–2.29 

(m, 2H), 1.38 (t, J = 7.1Hz, 3H); minor 1H NMR (500 MHz, CDCl3) δ (ppm) 12.07 (s, 1H), 

7.31–7.28 (m, 2H), 7.18–7.16 (m, 2H), 6.93 (tt, J = 7.3, 1.1 Hz, 1H), 5.94–5.86 (m, 1H), 5.09–

5.08 (m, 1H), 4.99–4.97 (m, 1H), 4.27 (q, J = 7.1 Hz, 2H), 2.61 (t, J = 7.6 Hz, 2H), 2.41–2.40 

(m, 2H), 1.35 (t, J = 7.1 Hz, 3H). 

 

 

Ethyl 3-allyl-1H-indole-2-carboxylate (184). To an oven-dried round bottom flask containing a 

magnetic stir bar was added phenylhydrazone 187 (0.630 g, 2.56 mmol), followed by anhydrous 

ethanol (8.5 mL). To this bright orange-yellow solution was then added concentrated sulfuric 

acid (0.820 mL, 15.38 mmol), which resulted in instantly changing the solution’s color to dark 

red. An oven-dried reflux condenser was then attached to the flask, which was then placed into 

an oil bath and the solution was brought to a reflux. The reaction was then refluxed for 3 hours, 

at which point the presence of starting material was still observed by TLC. As a result, an 

additional amount of sulfuric acid (0.150 mL, 2.81 mmol) was added to the reaction, and the 

mixture was allowed to reflux for an additional 2 hours. At this time, complete consumption of 

starting material was observed by TLC, and as such the flask was removed from the oil bath and 

allowed to cool to room temperature. Once cooled, the mixture was poured into distilled water 

(30 mL). The solution instantly turned cloudy white with dark brown gummy precipitates. The 

aqueous solution was then stirred at room temperature for 5 minutes. At this point, anhydrous 
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diethyl ether (40 mL) was then added to the solution to dissolve the precipitate. The layers were 

separated, and the organic layer was washed with distilled H2O (2 x 20 mL). The combined 

aqueous layers were then extracted with diethyl ether (2 x 20 mL). The combined organic layers 

were then washed with brine (30 mL), dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was then purified via flash column chromatography 

(100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 3% EtOAc/Hexanes to finally 

4% EtOAc/Hexanes) to afford ethyl 3-allyl-1H-indole-2-carboxylate (184) (0.466 g, 80%) as a 

light yellow solid. 1H NMR (300 MHz, CDCl3) δ (ppm) 8.81 (brs, 1H), 7.74 (d, J = 8.9 Hz, 1H), 

7.43 (dd, J = 8.3 Hz, 1H), 7.36 (td, J = 7.5, 1.1 Hz, 1H), 7.18 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 6.08 

(dddd, J = 17.0, 10.0, 6.3, 6.3 Hz, 1H), 5.14 (dtd, J = 17.0, 1.7, 1.7 Hz, 1H), 5.05 (dtd, J = 10.0, 

1.6, 1.6 Hz, 1H), 4.47 (q, J = 7.1 Hz, 2H), 3.95 (dt, J = 6.3, 1.6 Hz, 2H), 1.47 (t, J = 7.1 Hz, 3H). 

 

 

3-Allyl-1H-indole-2-carboxaldehyde (190). The two-step procedure to convert the ester 

functionality of 184 to the aldehyde was performed as follows: To an oven-dried round bottom 

flask containing a magnetic stir bar was added ethyl 3-allyl-1H-indole-2-carboxylate (184) (0.61 

g, 2.66 mmol) followed by dry tetrahydrofuran (22 mL). The flask was then cooled to –78 ˚C by 

placing it into an acetone/dry ice bath. Once cooled, diisobutylaluminum hydride (10.0 mL, 12.0 

mmol, 1.2 M solution in toluene) was added dropwise via syringe over 5 minutes to the solution 

at –78 ˚C. The reaction was allowed to gradually warm up to room temperature overnight (a total 

of 12 hours), and then stirred at room temperature for an additional 5 hours after being removed 

from the acetone bath, at which point the complete consumption of starting material was 

N
H

CO2Et

DIBAL-H

N
H

CHOTHF
–78 ˚C to rt

17 h

N
H

OH THF
rt, 21 h

93% over two steps

MnO2

184 240 190



	   159 

observed by TLC. The reaction was then cooled to 0 ˚C in an ice bath, and upon cooling, a 

saturated aqueous solution of sodium potassium tartrate (Rochelle’s salt) (50 mL) was added 

over 20 minutes. The cloudy white solution was then allowed to warm to room temperature and 

was then stirred until the formation of distinct layers was observed (a total of 4.5 hours). At this 

point, the clearly formed layers were then separated. The aqueous layer was then extracted with 

EtOAc (3 x 50 mL). The combined organic layers were then washed with distilled H2O (50 mL), 

washed with brine (50 mL), dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure to provide the crude alcohol 240 (0.50 g, quantitative) as a dark yellow oil. 

Prior to beginning the next reaction, benzene (20 mL) was added to the material and was then 

subsequently removed under reduced pressure to remove any water from the material via an 

azeotrope, and this process was repeated 2 additional times.  

  To the flask containing crude alcohol 240 was then added an oven-dried magnetic stir 

bar, and dry tetrahydrofuran (14 mL). Manganese dioxide (1.36 g, 13.30 mmol, reagent used 

was: activated MnO2, less than 5 µm particles, and about 85% pure) was then added in one 

portion to the stirring solution. The mixture was then allowed to stir for 21 hours, at which point 

complete consumption of starting material was observed by TLC. The slurry was then filtered 

through a pad of Celite, which was then washed with EtOAc until elution of product from the 

Celite was deemed complete by TLC. The yellow solution was then concentrated under reduced 

pressure and the resulting crude material was then purified via flash column chromatography 

(100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 3% EtOAc/Hexanes to 4% 

EtOAc/Hexanes to finally 6% EtOAc/Hexanes) to afford 3-allyl-1H-indole-2-carboxaldehyde 

(190) (0.458 g, 93% from ester 184) as a thick yellow oil. 1H NMR (500 MHz, CDCl3) δ (ppm) 

10.03 (s, 1H), 8.78 (brs, 1H), 7.72 (dd, J = 8.2, 0.6 Hz, 1H), 7.39 (dd, J = 8.4, 1.0 Hz, 2H), 7.15 
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(ddd, J = 8.1, 4.8, 3.3 Hz, 1H), 6.07 (dddd, J = 17.0, 10.1, 6.1, 6.1 Hz, 1H), 5.14 (dtd, J = 17.1, 

1.5, 1.5 Hz, 1H), 5.11 (dtd, J = 10.1, 1.5, 1.5 Hz, 1H), 3.86 (dt, J = 6.1, 1.6 Hz, 2H); 13C NMR 

(125 MHz, CDCl3) δ (ppm) 180.7, 137.3, 136.4, 132.1, 127.6, 126.2, 121.8, 120.7, 116.2, 112.3, 

28.1.  

 

3-Allyl-1-methylindole-2-carboxaldehyde (191). To an oven-dried round bottom flask 

containing a magnetic stir bar was added 3-allyl-1H-indole-2-carboxaldehyde (190) (0.425 g, 

2.29 mmol), followed by anhydrous N,N-dimethylformamide (5.2 mL). The flask was then 

placed in an ice bath at 0 ˚C and the solution was allowed to cool. Once cooled, sodium hydride 

(0.117 g, 2.92 mmol, 60% dispersion in mineral oil) was added in one portion to the solution at 0 

˚C, at which point the solution turned bright yellow. After allowing stirring the solution for 30 

minutes, iodomethane (0.185 mL, 2.97 mmol) was added dropwise via syringe. The reaction was 

then removed from the ice bath and allowed to warm to room temperature, where it was then 

stirred for two hours. Over the course of this time the reaction was observed to turn dark orange 

with some precipitates generated. Once the complete consumption of starting material had been 

determined by TLC, the reaction was quenched by adding distilled H2O (20 mL). At this point 

the solution became cloudy white. To the solution was then added EtOAc (40 mL), at which 

point the solution became clear. Following separation of the layers, the aqueous layer was then 

extracted with EtOAc (3 x 30 mL). The combined organic layers were then washed with distilled 

H2O (20 mL), washed with brine (30 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 0.5% EtOAc/Hexanes to 1% EtOAc/Hexanes to finally 2% 
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EtOAc/Hexanes) to afford 3-allyl-1-methylindole-2-carboxaldehyde (191) (0.428 g, 94%) as a 

yellow oil. IR (ν, cm–1) 2939, 2829, 2786, 2728, 1659, 1610, 1470, 1380, 1345, 1209, 998, 916, 

880, 742; 1H NMR (500 MHz, CDCl3) δ (ppm) 10.13 (s, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.42 

(ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.35 (d, J = 8.5 Hz, 1H), 7.15 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 6.04 

(dddd, J = 16.9, 10.1, 6.1, 6.1 Hz, 1H), 5.09 (dtd, J = 17.0, 1.7, 1.7 Hz, 1H), 5.07 (dtd, J = 10.0, 

1.5, 1.5 Hz, 1H), 4.06 (s, 3H), 3.86 (dt, J = 6.1, 1.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 

(ppm) 181.8, 139.8, 136.7, 131.1, 127.9, 127.3, 126.2, 121.5, 120.3, 115.9, 110.3, 31.7, 28.0; 

HRMS (ESI) calcd for C13H14NO [M + H]+ m/z 199.0997, found 200.0782. 

 

 

N-Nosyl imine 183a. To an oven-dried round bottom flask containing a magnetic stir bar was 

sequentially added 3-allyl-1-methylindole-2-carboxaldehyde (191) (0.500 g, 2.51 mmol), dry 

dichloromethane (10.2 mL), and 2-nitrobenzenesulfonamide (0.507 g, 2.51 mmol). The flask was 

then placed in an ice bath at 0 ˚C, and once the solution had cooled, 2,6-lutidine (1.17 mL, 10.04 

mmol) was added via syringe. The solution was then allowed to stir for 20 minutes at 0 ˚C, at 

which point titanium(IV) chloride (2.0 mL, 2.0 mmol, 1.0 M solution in dichloromethane) was 

added over one hour via syringe pump to the stirring solution at 0 ˚C. The resulting brown slurry 

was then removed from the ice bath and allowed to warm to room temperature, where it was 

allowed to stir for 20.5 hours. Complete consumption of starting material was determined by 

crude 1H-NMR analysis of the reaction, which was based on the disappearance of the aldehyde 

signal. The now yellow slurry was filtered over a pad of Celite, which was then washed with 

dichloromethane to elute the product, and this solution was subsequently concentrated under 
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reduced pressure. Toluene was added to this resulting crude solid to generate a new slurry, which 

was then filtered over a new pad of Celite that was washed with toluene to elute the product (full 

elution from the Celite determine by TLC). Copious amounts of toluene were necessary here as 

the imine was found to not be particularly soluble in this solvent, but it was ultimately employed 

due to the fact that it caused the ammonium salt to precipitate out of the mixture. The solution 

was then concentrated under reduced pressure and the process repeated once more with toluene 

as solvent. Following this second cycle, the material was concentrated under reduced pressure to 

afford sulfonyl imine 183a (0.947 g, 98%) as a yellow solid. At this point, the material was 

determined to be pure by NMR and was used as is in the next step without any further 

purification. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.17 (s, 1H), 8.37–8.35 (m, 1H), 7.79–7.74 

(m, 3H), 7.71 (dt, J = 8.2, 0.9 Hz, 1H), 7.46–7.43 (m, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.14 (ddd J = 

8.1, 7.0, 1.0 Hz, 1H), 6.01 (dddd, J = 17.0, 10.1, 6.2, 6.2 Hz, 1H), 5.11 (dtd, J = 17.1, 1.6, 1.6 

Hz, 1H), 5.08 (dtd, J = 10.2, 1.5, 1.5 Hz, 1H), 4.07 (s, 3H), 3.86 (dt, J = 6.2, 1.5 Hz, 2H).   

 

 

Ethyl 2-methyl-2,3-butadienoate (192). This compound was prepared from commercially 

available ethyl 2-(triphenylphosphoranylidene)propionate (241) according to published 

procedures.115 All spectral data was in agreement with that previously published.116 
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Tetrahydropyridine 193. To an oven-dried round bottom flask containing a magnetic stir bar 

was added powdered 4 Å molecular sieves (0.100 g, 100 wt% of imine being used in this 

reaction), a glass vacuum adaptor was attached to the flask, which was then placed under Ar (g). 

The molecular sieves were then activated using the following procedure: The flask was placed 

under vacuum and then flame dried, after which it was then placed back under Ar (g) as it cooled 

back to room temperature. This activation procedure was carried out for a total of three cycles. 

After the third and final cycle, when the flask had reached room temperature, the glass vacuum 

adaptor was quickly replaced with a rubber septum. To the flask was then added sulfonyl imine 

183a (0.100 g, 0.26 mmol), and dry dichloromethane (5.2 mL), which was then followed by the 

addition of tri-n-butylphosphine (20 µL, 0.08 mmol) via syringe. To this stirring mixture was 

then added ethyl 2-methyl-2,3-butadienoate (192) (0.040 g, 0.32 mmol) dropwise via syringe at 

room temperature. The reaction was then stirred for 20 hours at room temperature, at which point 

complete consumption of imine 183a was observed via TLC. As such, the reaction was then 

concentrated under reduced pressure and the resulting crude material was purified by flash 

column chromatography (100% Hexanes to 5% EtOAc/Hexanes to 10% EtOAc/Hexanes to 15% 

EtOAc/Hexanes to 20% EtOAc/Hexanes to finally 25% EtOAc/Hexanes) to afford 

tetrahydropyridine 193 (0.120 g, 90%) as a yellow solid. It should be noted that when the 

reaction was scaled up to 3.0 mmol of imine 183a, the isolated yield of tetrahydropyridine 193 

decreased to 80%. IR (ν, cm–1) 3069, 2980, 2927, 2849, 1710, 1659, 1543, 1471, 1438, 1371, 
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1263, 1164, 820, 748, 736; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.55 (dd, J = 8.0, 1.2 Hz, 1H), 

7.51 (d, J = 7.9 Hz, 1H), 7.47 (td, J = 7.7, 1.3 Hz, 1H), 7.24 (dd, J = 8.1, 2.1 Hz, 1H), 7.21 (ddd, 

J = 8.1, 7.1, 1.1 Hz, 1H), 7.09 (td, J = 7.5, 0.8 Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 7.06–7.04 (m, 

1H), 6.98 (td, J = 7.7, 1.1 Hz, 1H), 5.95 (dddd, J = 17.0, 10.3, 5.5, 5.5 Hz, 1H), 5.33 (t, J = 6.2 

Hz, 1H), 4.97 (dtd, J = 10.1, 1.7, 1.7 Hz, 1H), 4.98 (dtd, J = 17.1, 1.8, 1.8 Hz, 1H), 4.55 (d, J = 

18.3 Hz, 1H), 4.26 (qd, J = 7.1, 2.9 Hz, 2H), 4.16 (dtd, J = 18.2, 2.3, 2.3 Hz, 1H), 3.63–3.59 (m, 

1H), 3.58 (s, 3H), 3.49 (ddt, J =  17.1, 5.5, 1.8 Hz, 1H), 3.15–3.08 (m, 1H), 2.92–2.85 (m, 1H), 

1.32 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm) 164.6, 147.6, 137.4, 137.1, 136.9, 

133.2, 132.8, 131.1, 130.7, 130.3, 129.0, 127.6, 123.8, 122.8, 119.4, 119.3, 115.1, 113.3, 109.2, 

61.0, 50.0, 42.8, 30.0, 28.6, 28.5, 14.3; HRMS (ESI) calcd for C26H27N3O6SNa [M + Na]+ m/z 

509.1621, found 532.0839. 

 

Example cross metathesis procedure 

 An example procedure describing the cross metathesis reaction between 

tetrahydropyridine 193 and methyl acrylate 194 in the presence of the Stewart–Grubbs catalyst is 

described below. It is important to note that the exact same procedure was utilized in the 

presence of Grubbs 2nd generation catalyst. 

 

Tricyclic diester 195. To an oven-dried 4 mL glass vial containing a magnetic stir bar was 

added dichloro[1,3-bis(2-methylphenyl)-2-imidazolidinylidene](2-isopropoxyphenylmethylene)-

ruthenium (II), the Stewart–Grubbs catalyst, (1 mg, 0.002 mmol). A rubber septum was then 
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placed on the vial, which was then raised slightly above the neck of the vial while maintaining a 

high positive pressure of Ar (g) into the flask as tetrahydropyridine 193 (20 mg, 0.039 mmol) 

was added to the vial. The septum was then reattached to the vial, and dry dichloromethane (400 

µL) was added. To the stirring solution was then added freshly distilled methyl acrylate (28 µL, 

0.314 mmol) via syringe. The septum was then quickly removed, and the vial was flushed with 

Ar (g) before a Teflon cap was placed onto the vial. A layer of Teflon tape was then wrapped 

around the joint where the cap meets the vial, followed by a layer of parafilm. The vial was then 

placed in a 45 ˚C oil bath, and the solution was allowed to stir for 22 hours at this temperature. 

At this point the vial was removed from the bath and allowed to cool completely to room 

temperature. Once cooled, the cap was removed and TLC of the reaction was performed. This 

analysis indicated complete consumption of the tetrahydropyridine starting material. The entire 

crude solution was then placed directly onto a silica gel column (the vial was rinsed with 

dichloromethane to ensure all the material was added to the column) and purified by flash 

column chromatography (100% Hexanes to 10% EtOAc/Hexanes to 15% EtOAc/Hexanes to 

20% EtOAc/Hexanes to 25% EtOAc/Hexanes to 30% EtOAc/Hexanes to finally 40% 

EtOAc/Hexanes) to afford tricyclic diester 195 (22 mg, 99%, 95:5 E:Z) as a yellow solid. IR (ν, 

cm–1) 3061, 2988, 2926, 2850, 1712, 1654, 1542, 1471, 1435, 1371, 1265, 1163, 959, 852, 749, 

736; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.60 (dd, J = 8.0, 1.3 Hz, 1H), 7.53 (dd, J = 7.4, 1.3 

Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.26 (dt, J = 8.0, 1.6 Hz, 2H), 7.20–7.15 (m, 2H), 7.14–7.11 

(m, 1H), 7.10–7.06 (m, 1H), 7.05–6.99 (m, 1H), 5.65 (dt, J = 15.6, 1.8 Hz, 1H), 5.34 (t, J = 6.2 

Hz, 1H), 4.58 (d, J = 18.4 Hz, 1H), 4.33–4.26 (m, 2H), 4.24–4.15 (m, 1H), 3.83–3.80 (m, 1H), 

3.79–3.64 (m, 1H), 3.70 (s, 3H), 3.62 (s, 3H), 3.16–3.09 (m, 1H), 2.95–2.85 (m, 1H), 1.37 (t, J = 

7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 166.8, 164.4, 147.8, 147.6, 137.0, 136.9, 
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133.4, 132.7, 131.1, 130.6, 130.5, 129.2, 127.3, 123.9, 123.1, 121.5, 119.8, 118.9, 111.1, 109.3, 

61.1, 51.4, 50.0, 42.9, 30.0, 28.5, 27.3, 14.2; HRMS (ESI) calcd for C28H29N3O8SNa [M + Na]+ 

m/z 567.1675, found 590.0837. 

 

 

Tetracycle 196. To an oven-dried 4 mL glass vial containing a magnetic stir bar was added 

tricyclic diester 195 (11 mg, 0.019 mmol), followed by dry acetonitrile (200 µL). To this stirring 

solution was added potassium thiophenoxide (3 mg, 0.020 mmol). The brown solution was then 

allowed to stir at room temperature for 4 hours, at which point TLC indicated that starting 

material was still present in the mixture. As a result, an additional potassium thiophenoxide (3 

mg, 0.020 mmol) was added to the solution, which was then allowed to stir for two more hours at 

room temperature. Complete consumption of starting material was observed by TLC at this time. 

The reaction was then quenched upon the addition of saturated aqueous solution of ammonium 

chloride (2 mL). To this solution was then added EtOAc, (2 mL). The layers were then separated 

and the organic layer was washed with distilled H2O (2 x 5 mL). The combined aqueous layers 

were then extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with 

brine (5 mL), dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

The crude material was then purified via flash column chromatography (100% Hexanes to 5% 

EtOAc/Hexanes to 10% EtOAc/Hexanes to 15% EtOAc/Hexanes to 20% EtOAc/Hexanes to 

finally 25% EtOAc/Hexanes) to afford tetracycle (196) (5 mg, 70%) as a thin film. IR (ν, cm–1) 

2979, 2918, 1730, 1709, 1629, 1535, 1470, 1437, 1369, 1254, 1095, 737; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 7.49 (d, J = 7.7 Hz, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.21 (d, J = 7.2 Hz, 1H), 7.11 
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(td, J = 7.4, 0.8 Hz, 1H), 7.03–6.99 (m, 1H), 4.24 (qd, J = 7.1, 1.5 Hz, 2H), 3.84–3.72 (m, 2H), 

3.72–3.53 (m, 2H), 3.68 (s, 3H), 3.62 (s, 3H), 3.22–3.13 (m, 1H), 2.89 (d, J = 15.9 Hz, 1H), 2.78 

(d, J = 15.3 Hz, 1H), 2.66 (d, J = 15.1 Hz, 1H), 2.46–2.36 (m, 1H), 2.35–2.27 (m, 1H), 1.31 (t, J 

= 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm) 173.3, 165.5, 138.1, 136.1, 134.1, 129.8, 

127.1, 121.5, 119.2, 118.4, 108.8, 106.2, 60.6, 54.8, 51.7, 49.8, 33.0, 31.9, 31.1, 26.8, 22.7, 14.3; 

HRMS (ESI) calcd for C22H27N2O4 [M + H]+ m/z 382.1893, found 383.1851. 

 

 

Diethyl 2-methylenepropanedioate (197). This compound was prepared from diethyl malonate 

(242) according to a published procedure.117 All spectral data was in agreement with that 

previously published.94 

 

Example cross metathesis procedure employing methylidene malonate 

 An example procedure describing the cross metathesis reaction between 

tetrahydropyridine 193 and diethyl 2-methylenepropanedioate (197) in the presence of the 

Hoveyda–Grubbs 2nd generation catalyst is described below. It is important to note that the exact 

same procedure was utilized in the reactions that employed either the Grubbs 2nd generation 

catalyst or the Stewart–Grubbs catalyst. 

CO2EtEtO2C
paraformaldehyde

Cu(OAc)2•H2O
KOAc
AcOH

100 ˚C, 3 h
49%

CO2Et

CO2Et
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Bisindole (199). To an oven-dried 4 mL glass vial containing a magnetic stir bar was added the 

Hoveyda–Grubbs 2nd generation catalyst (3 mg, 0.0048 mmol). A rubber septum was then placed 

on the vial, which was then raised slightly above the neck of the vial while maintaining a high 

positive pressure of Ar (g) into the flask as tetrahydropyridine 193 (20 mg, 0.039 mmol) was 

added to the vial. The septum was then reattached to the vial, and dry dichloromethane (400 µL) 

was added. To the stirring solution was then added freshly prepared diethyl 2-

methylenepropanedioate (197) (68 mg, 0.39 mmol) via syringe. The septum was then quickly 

removed, and the vial was flushed with Ar (g) before a Teflon cap was placed onto the vial. A 

layer of Teflon tape was then wrapped around the joint where the cap meets the vial, followed by 

a layer of parafilm. The vial was then placed in a 45 ˚C oil bath, and the solution was allowed to 

stir for 46 hours at this temperature. At this point the vial was removed from the bath and 

allowed to cool completely to room temperature. Once cooled, the entire crude solution was then 

placed directly onto a silica gel column (the vial was rinsed with dichloromethane to ensure all 

the material was added to the column) and purified by flash column chromatography (100% 

Hexanes to 10% EtOAc/Hexanes to 15% EtOAc/Hexanes to 20% EtOAc/Hexanes to 25% 

EtOAc/Hexanes to 30% EtOAc/Hexanes to 40% EtOAc/Hexanes to finally 45% 

EtOAc/Hexanes) to afford bisindole 199 (15.9 mg, 82%) as a thin film. IR (ν, cm–1) 2978, 2922, 

2852, 1709, 1542, 1470, 1438, 1369, 1262, 1163, 970, 743; 1H NMR (500 MHz, CDCl3) δ (ppm) 

5.29 (dd, J = 7.7, 2.2 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.40 (dd, J = 12.5, 7.2 Hz, 1H), 7.16 (t, J 
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= 7.5 Hz, 1H), 7.05 (ddd, J = 16.3, 7.9, 7.9 Hz, 2H), 6.99 (d, J = 7.7 Hz, 1H), 6.92–6.87 (m, 1H), 

6.83 (dd, J = 16.4, 8.1 Hz, 1H), 5.50 (d, J = 2.5 Hz, 1H), 5.23–5.20 (m, 1H), 4.50 (d, J = 18.0 

Hz, 1H), 4.27–4.18 (m, 2H), 4.19–4.11 (m, 1H), 3.54–3.39 (m, 2H), 3.49 (s, 3H), 3.00 (d, J = 

19.0 Hz, 1H), 2.67 (td, J = 14.7, 5.0 Hz, 1H), 1.35 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ (ppm) 164.5, 164.5, 147.5, 147.4, 137.5, 137.4, 136.8, 136.8, 135.2, 133.1, 133.1, 

132.7, 131.0, 131.0, 130.7, 130.6, 130.2, 130.1, 129.5, 129.5, 129.0, 129.0, 127.4, 125.0, 123.7, 

122.7, 122.7, 119.2, 119.2, 113.8, 113.8, 109.1, 109.1, 61.0, 61.0, 50.1, 50.1, 43.0, 43.0, 32.2, 

32.1, 30.0, 29.9, 27.2, 27.1, 14.3, 14.3; HRMS (ESI) calcd for C50H51N6O12S2 [M + H]+ m/z 

990.2928, found 991.3162. 

 

 

Ethyl 2-(hydroxymethyl)acrylate (200). This compound was prepared from paraformaldehyde 

according to a published procedure.95b All spectral data was in agreement with that previously 

published.95a 

 

Example cross metathesis procedure employing ethyl 2-(hydroxymethyl)acrylate (200) 
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 The cross metathesis reactions between tetrahydropyridine 193 and ethyl 2-

(hydroxymethyl)acrylate (200) were carried out exactly as presented for the reaction described 

above that employed methylidene malonate 197 as the cross metathesis partner. For the reactions 

performed at 45 ˚C, ethyl 2-(hydroxymethyl)acrylate (200) (41 mg, 0.32 mmol) was utilized, but 

at 110 ˚C, the amount of this reagent was increased to (51 mg, 0.39 mmol). Otherwise, all the 

amounts of reagents employed were kept the same as presented above (as such, the scale of 

reactions carried out was identical to those above). This procedure was utilized for both the 

Grubbs 2nd generation catalyst and the Stewart–Grubbs catalyst at both temperatures examined. 

In all cases, the major product from each reaction was bisindole (199), afforded in the yields 

presented in Table 1.5.16.  

 

 

Tricyclic diol 204. To an oven-dried round bottom flask containing a magnetic stir bar was 

sequentially added tetrahydropyridine 193 (40 mg, 0.08 mmol), acetone (530 µL), and distilled 

H2O (95 µL). The flask was then cooled to 0 ˚C by placing it into an ice bath. Once cooled, a 

solution of N-methylmorpholine N-oxide (950 µL, 0.08 mmol, solution prepared by dissolving 

20 mg of NMO in 2 mL of acetone) was added via syringe. The solution was allowed to stir for 5 

minutes, at which point a solution of osmium tetroxide (50 µL, 0.004 mmol, solution prepared by 

dissolving 1 g of OsO4 in 50 mL of distilled H2O) was added to the solution at 0 ˚C via syringe. 

The solution was allowed to stir at 0 ˚C for 30 minutes, after which the flask was then removed 

from the ice bath and allowed to warm to room temperature, where it was then stirred for 6.5 
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hours. At this point, TLC unveiled that starting material was still present in the reaction. As such, 

the solution was cooled back down to 0 ˚C, and additional osmium tetroxide (50 µL, 0.004 

mmol, solution prepared by dissolving 1 g of OsO4 in 50 mL of distilled H2O) was added via 

syringe. The reaction was then stirred at 0 ˚C for 45 minutes, at which point the flask was 

removed from the bath and the solution was then allowed to warm to room temperature and 

stirred overnight (14.25 hours). Based on TLC analysis, starting material was still observed to be 

present at this time. Therefore, the solution was cooled to 0 ˚C and additional N-

methylmorpholine N-oxide (250 µL, 0.02 mmol, solution prepared by dissolving 20 mg of NMO 

in 2 mL of acetone) was added via syringe. The solution was removed from the ice bath and 

stirred at room temperature for 9.5 hours. At this point, starting material was still observed, and 

as a result, additional N-methylmorpholine N-oxide (250 µL, 0.02 mmol, solution prepared by 

dissolving 20 mg of NMO in 2 mL of acetone) was added via syringe and the solution was 

stirred for 5 minutes. Additional osmium tetroxide (50 µL, 0.004 mmol, solution prepared by 

dissolving 1 g of OsO4 in 50 mL of distilled H2O) was added via syringe, and the solution was 

stirred at this temperature for 30 minutes. At this point, the flask was removed from the bath and 

allowed to warm to room temperature where it was then stirred overnight (16 hours). At this 

point, complete consumption of starting material was observed by TLC, and the reaction was 

subsequently quenched upon the addition of distilled H2O (10 mL), followed by the addition of 

brine (20 mL). The aqueous solution was then extracted with EtOAc (3 x 20 mL). The combined 

organic layers were then washed with brine (30 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 10% EtOAc/Hexanes to 20% EtOAc/Hexanes to 30% 

EtOAc/Hexanes to 40% EtOAc/Hexanes to finally 50% EtOAc/Hexanes) to afford tricyclic diol 
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204 (8.6 mg, 20%) as a thin film. IR (ν, cm–1) 3500, 3049, 2924, 2852, 1543, 1469, 1368, 1263, 

1160, 1062, 856, 743; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.51 (dd, J = 7.9, 1.1 Hz, 1H), 7.44 

(d, J = 7.8 Hz, 1H), 7.23 (td, J = 7.8, 1.4 Hz, 1H), 7.14 (ddd, J = 8.2, 7.1, 1.1 Hz, 1H), 7.06 (td, J 

= 7.4, 0.8 Hz, 1H), 6.91 (d, J = 7.9 Hz, 1H), 6.55 (dd, J = 8.0, 1.2 Hz, 1H), 6.35 (td, J = 7.8, 1.1 

Hz, 1H), 5.96 (ddt, J = 16.7, 10.3, 6.2 Hz, 1H), 5.29 (dd, J = 13.4, 3.4 Hz, 1H), 5.03 (dtd, J = 

16.8, 1.7, 1.7 Hz, 1H), 5.00 (dtd, J = 10.2, 1.6, 1.6 Hz, 1H), 4.45–4.34 (m, 2H), 4.33–4.29 (m, 

1H), 4.10 (d, J = 14.3 Hz, 1H), 4.00–3.89 (brs, 1H), 3.82 (d, J = 14.3 Hz, 1H), 3.67–3.60 (m, 

1H), 3.40 (s, 3H), 3.38–3.33 (m, 1H), 3.32–3.21 (brs, 1H), 2.74 (td, J = 14.3, 4.4 Hz, 1H), 2.09–

2.04 (m, 1H), 1.40 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm) 172.8, 146.8, 137.2, 

136.7, 133.4, 132.3, 131.5, 131.0, 130.9, 127.1, 123.4, 122.3, 119.4, 119.3, 115.1, 113.2, 108.9, 

72.8, 66.5, 63.5, 49.4, 47.1, 36.2, 31.9, 28.4, 14.1; HRMS (ESI) calcd for C26H29N3O8SNa [M + 

Na]+ m/z 543.1675, found 566.1677. 

 

 

Methyl 2-(1-methylindol-3-yl)ethanoate (244). This compound was prepared from indole-3-

acetic acid (243) according to a published procedure.118  

 

 

2-(1-Methylindol-3-yl)ethyl 2,2-dimethylpropanoate (208). The two-step procedure to convert 

the ester functionality of 244 to the pivalate was performed as follows: To an oven-dried round 
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bottom flask containing a magnetic stir bar was added methyl 2-(1-methylindol-3-yl)ethanoate 

(244) (6.17 g, 30.4 mmol) followed by dry tetrahydrofuran (200 mL). The flask was then cooled 

to –78 ˚C by placing it into an acetone/dry ice bath. Once cooled, diisobutylaluminum hydride 

(75.9 mL, 91.1 mmol, 1.2 M solution in toluene) was added dropwise via syringe over 15 

minutes to the solution at –78 ˚C. The reaction was allowed to warm up to room temperature 

over 4.5 hours, at which point the flask was removed from the acetone bath solution and then 

stirred at room temperature for an additional 3 hours.  At this point, complete consumption of 

starting material was observed by TLC. The reaction was subsequently cooled to 0 ˚C in an ice 

bath, and once cooled, a saturated aqueous solution of sodium potassium tartrate (Rochelle’s 

salt) (180 mL) was added over 30 minutes. The cloudy white solution was then allowed to warm 

to room temperature and was then stirred overnight to allow the formation of distinct layers (a 

total of 17 hours). At this point, the clearly formed layers were then separated. The aqueous layer 

was then extracted with EtOAc (3 x 100 mL). The combined organic layers were then washed 

with distilled H2O (100 mL), washed with brine (100 mL), dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure to provide crude 2-(1-methylindol-3-yl)ethanol 

(207) (5.4 g, quantitative yield) as a light yellow oil. All spectral data was in agreement with that 

previously published.103 Furthermore, the spectral data indicated that the compound was pure, 

and as a result was used directly in the next reaction without any further purification. Prior to 

beginning the next reaction, benzene (40 mL) was added to the material and was then 

subsequently removed under reduced pressure to remove any water from the material via an 

azeotrope, and this process was repeated 2 additional times.  

 To the flask containing crude 2-(1-methylindol-3-yl)ethanol (207) was sequentially added 

an oven-dried magnetic stir bar, dry dichloromethane (75 mL), and 4-dimethylaminopyridine 
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(0.371 g, 3.04 mmol). The solution was then cooled to 0 ˚C by placing the flask into an ice bath. 

Once in the bath, freshly distilled triethylamine (12.7 mL, 91.1 mmol) was added via syringe, 

and the solution was then allowed to stir for 20 minutes. To this stirring solution was added 

trimethylacetyl chloride (4.5 mL, 36.5 mmol) dropwise via syringe. The solution was then stirred 

at 0 ˚C for 2 hours, at which point TLC analysis unveiled complete consumption of the starting 

material. The reaction was then quenched upon the addition of distilled H2O (50 mL) to the 

mixture while at 0 ˚C.  The solution was then removed from the ice bath and allowed to stir for 

ten minutes. The layers were then separated, and the aqueous layer was then extracted with 

dichloromethane (3 x 50 mL). The combined organic layers were then washed with 2 M HCl (2 x 

50 mL), followed by brine (50 mL), dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was then purified via flash column chromatography 

(100% Hexanes to 1% EtOAc/Hexanes to 2.5% EtOAc/Hexanes to 5% EtOAc/Hexanes to 

finally 10% EtOAc/Hexanes) to afford 2-(1-methylindol-3-yl)ethyl 2,2-dimethylpropanoate 

(208) (7.9 g, quantitative) as a yellow oil. IR (ν, cm–1) 3053, 2967, 2933, 2870, 1720, 1616, 

1475, 1439, 1396, 1374, 1327, 1283, 1148, 834, 737; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.70 

(dd, J = 7.9, 0.8 Hz, 1H), 7.35 (dd, J = 7.3, 0.8 Hz, 1H), 7.29 (td, J = 7.5, 1.1 Hz, 1H), 7.18 (td, J 

= 7.9, 1.2 Hz, 1H), 6.95 (s, 1H), 4.38 (t, J = 7.3 Hz, 2H), 3.80 (s, 3H), 3.14 (t, J = 7.3 Hz, 2H), 

1.26 (s, 9H); 13C NMR (125 MHz, CDCl3) δ (ppm) 178.7, 137.0, 128.0, 126.9, 121.7, 119.0, 

118.9, 110.6, 109.2, 64.7, 38.8, 32.6, 27.3, 24.7; HRMS (ESI) calcd for C16H21NO2Na [M + Na]+ 

m/z 259.1572, found 282.1123. 
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2-(2-Formyl-1-methylindol-3-yl)ethyl 2,2-dimethylpropanoate (209). To an oven-dried round 

bottom flask containing a magnetic stir bar was added anhydrous N,N-dimethylformamide (5 

mL), which was then cooled to 0 ˚C by placing the flask in an ice bath. Upon cooling, 

phosphorous oxychloride (0.7 mL, 7.49 mmol) was added via syringe. The solution was then 

removed from the ice bath and allowed to warm to room temperature, where it was allowed to 

stir for one hour. At this point, the solution was cooled back down to 0 ˚C by placing it in an ice 

bath. Once cooled, anhydrous N,N-dimethylformamide (30 mL) was added to the stirring 

solution. A solution of 2-(1-methylindol-3-yl)ethyl 2,2-dimethylpropanoate (208) (1.59 g, 6.13 

mol) in anhydrous N,N-dimethylformamide (10 mL) was then added to the stirring solution via 

syringe, and the flask which had previously held the 2-(1-methylindol-3-yl)ethyl 2,2-

dimethylpropanoate (208) was rinsed with additional anhydrous N,N-dimethylformamide (5 mL) 

and subsequently added to the reaction via syringe. The solution was removed from the ice bath 

and allowed to warm to room temperature over 20 minutes. An oven-dried reflux condenser was 

then attached to the flask, which was then placed into an oil bath warmed to 60 ˚C. The solution 

was then stirred at this temperature for 14 hours. TLC analysis revealed that the reaction was not 

yet complete and as a result a new batch of the Vilsmeier reagent was then prepared in an 

identical manner to that described above. While the reagent was forming, the flask was placed 

back into an ice bath to cool the solution to 0 ˚C. Once active reagent was ready, half of the 

solution (2.9 mL, containing 3.7 mmol of active reagent) was added via syringe to the mixture 

stirring at 0 ˚C. The flask was then placed back into the oil bath and heated at 60 ˚C for 2 hours. 

The reaction was still deemed to incomplete so the remainder of the Vilsmeier reagent that had 
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been prepared (2.8 mL, 3.6 mmol of active reagent) was then added to the solution via syringe 

while at room temperature. The mixture was then heated at 60 ˚C for an additional 4 hours, at 

which point complete consumption of starting material was observed by TLC. At this point, the 

solution was removed from the oil bath and allowed to cool to room temperature. The reaction 

was then quenched by pouring it into a saturated aqueous solution of sodium carbonate (100 mL) 

that had been cooled to 0 ˚C. Diethyl ether (100 mL) was then added to this solution, and 

allowed to stir for 5 minutes. The layers were then separated and the aqueous layer was further 

extracted with diethyl ether (2 x 75 mL). The combined organic layers were then washed with 

distilled H2O (50 mL), followed by brine (50 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 3% 

EtOAc/Hexanes to 4% EtOAc/Hexanes to 6% EtOAc/Hexanes to finally 10% EtOAc/Hexanes) 

to afford 2-(2-formyl-1-methylindol-3-yl)ethyl 2,2-dimethylpropanoate (209) (1.19 g, 67%) as a 

yellow oil. IR (ν, cm–1) 3056, 2971, 2817, 2792, 1659, 1613, 1472, 1450, 1385, 1369, 1353, 

1281, 1146, 885, 742; 1H NMR (500 MHz, CDCl3) δ (ppm) 10.16 (s, 1H), 7.75 (d, J = 8.1 Hz, 

1H), 7.42 (t, J = 7.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.17 (t, J = 7.5 Hz, 1H), 4.31 (t, J = 6.9 

Hz, 2H), 4.05 (s, 3H), 3.41 (t, J = 6.9 Hz, 2H), 1.13 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 

(ppm) 181.6, 178.5, 139.7, 131.7, 127.3, 126.2, 125.8, 121.2, 120.6, 110.4, 64.6, 38.7, 31.6, 27.2, 

23.3; HRMS (ESI) calcd for C17H21NO3Na [M + Na]+ m/z 287.1521, found 310.1230. 
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N-Nosyl imine 206. To an oven-dried round bottom flask containing a magnetic stir bar was 

sequentially added 2-(2-formyl-1-methylindol-3-yl)ethyl 2,2-dimethylpropanoate (209) (0.565 g, 

2.05 mmol), dry dichloromethane (8.5 mL), and 2-nitrobenzenesulfonamide (0.415 g, 2.05 

mmol). The flask was then placed in an ice bath at 0 ˚C, and once the solution had cooled, 2,6-

lutidine (0.96 mL, 8.24 mmol) was added via syringe. The solution was then allowed to stir for 

20 minutes at 0 ˚C, at which point titanium(IV) chloride (1.70 mL, 1.7 mmol, 1.0 M solution in 

dichloromethane) was added over one hour via syringe pump to the stirring solution at 0 ˚C. The 

resulting brown slurry was then removed from the ice bath and allowed to warm to room 

temperature, where it was allowed to stir for 15 hours. Complete consumption of starting 

material was determined by crude 1H-NMR analysis of the reaction, which was based on the 

disappearance of the aldehyde signal. The solution was now cloudy white with brown precipitate 

present. At this point, the reaction mixture was then filtered over a pad of Celite, which was then 

washed with dichloromethane to elute the product, and this solution was subsequently 

concentrated under reduced pressure. Toluene was added to this resulting dark red oil to generate 

a new slurry, which was then filtered over a new pad of Celite that was washed with toluene to 

elute the product (full elution from the Celite determine by TLC). The solution was then 

concentrated under reduced pressure and the process repeated once more with toluene as solvent. 

Following this second cycle, the material was concentrated under reduced pressure to afford 

sulfonyl imine 206 (0.944 g, 98%) as a yellow-orange foam (which can be crushed to fluffy 

solid). At this point, the material was determined to be pure by NMR and was used as is in the 

next step without any further purification. IR (ν, cm–1) 3091, 2976, 2923, 2874, 1724, 1573, 
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1542, 1367, 1339, 1327, 1159, 1122, 748; 1H NMR (500 MHz, CDCl3) δ (ppm) 9.17 (s, 1H), 

8.35 (d, J = 6.1 Hz, 1H), 7.81–7.71 (m, 4H), 7.44 (t, J = 7.5 Hz, 1H), 7.33 (t, J = 8.4 Hz, 1H), 

7.16 (t, J = 7.4 Hz, 1H), 4.31 (t, J = 6.8 Hz, 2H), 4.05 (s, 3H), 3.43 (t, J = 6.5 Hz, 2H), 1.10 (s, 

9H); 13C NMR (125 MHz, CDCl3) δ (ppm) 178.4, 160.4, 148.2, 141.8, 134.2, 134.2, 132.4, 

131.3, 131.0, 128.8, 128.2, 126.8, 124.5, 121.6, 120.9, 110.5, 64.3, 38.5, 32.3, 27.0, 24.0; HRMS 

(ESI) calcd for C23H35N3O6SNa [M + Na]+ m/z 494.1362, found 494.1340. 

 

 

Tetrahydropyridine 205. To an oven-dried round bottom flask containing a magnetic stir bar 

was added powdered 4 Å molecular sieves (0.200 g, 100 wt% of imine being used in this 

reaction), a glass vacuum adaptor was attached to the flask, which was then placed under Ar (g). 

The molecular sieves were then activated using the following procedure: The flask was placed 

under vacuum and then flame dried, after which it was then placed back under Ar (g) as it cooled 

back to room temperature. This activation procedure was carried out for a total of three cycles. 

After the third and final cycle, when the flask had reached room temperature, the glass vacuum 

adaptor was quickly replaced with a rubber septum. To the flask was then added sulfonyl imine 

206 (0.200 g, 0.42 mmol) and dry dichloromethane (8.5 mL), which was then followed by the 

addition of tri-n-butylphosphine (32 µL, 0.13 mmol) via syringe. To this stirring mixture was 

then added ethyl 2-methyl-2,3-butadienoate (192) (0.070 g, 0.55 mmol) dropwise via syringe at 

room temperature. The reaction was then stirred for 15 hours at room temperature, at which point 

the presence of starting material was still observed in the mixture by TLC. As a result, additional 
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tri-n-butylphosphine (22 µL, 0.09 mmol) was added to the solution via syringe, immediately 

followed by additional α-methyl allenoate 192 (0.030 g, 0.24 mmol) dropwise via syringe at 

room temperature. The solution was then stirred at room temperature for an additional 8 hours, at 

which point, complete consumption of imine 206 was observed via TLC. As such, the reaction 

was then concentrated under reduced pressure and the resulting crude material was purified by 

flash column chromatography (100% Hexanes to 5% EtOAc/Hexanes to 10% EtOAc/Hexanes to 

15% EtOAc/Hexanes to 20% EtOAc/Hexanes to finally 25% EtOAc/Hexanes) to afford 

tetrahydropyridine 205 (0.14 g, 55%) as a yellow solid. IR (ν, cm–1) 2958, 2929, 1721, 1661, 

1543, 1474, 1397, 1367, 1327, 1251, 1151, 840, 737; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.66 

(d, J = 7.9 Hz, 1H), 7.54 (dd, J = 8.0, 1.1 Hz, 1H), 7.42 (td, J = 7.7, 1.2 Hz, 1H), 7.20 (td, J = 

7.1, 1.1 Hz, 1H), 7.13–7.09 (m, 3H), 7.01 (d, J = 8.2 Hz, 1H), 6.86 (td, J = 8.3, 1.0 Hz, 1H), 5.26 

(t, J = 6.6 Hz, 1H), 4.55 (d, J = 18.1 Hz, 1H), 4.31–4.22 (m, 4H), 4.21–4.12 (m, 1H), 3.51 (s, 

3H), 3.33–3.25 (m, 1H), 3.23–3.17 (m, 1H), 3.13–3.06 (m, 1H), 2.95–2.89 (m, 1H), 1.32 (t, J = 

7.2 Hz, 3H), 1.18 (s, 9H); 13C NMR (125 MHz, CDCl3) δ (ppm) 178.7, 164.5, 147.5, 137.5, 

136.8, 133.1, 132.7, 131.0, 130.7, 130.6, 129.1, 127.6, 123.8, 122.9, 119.6, 119.2, 111.2, 109.2, 

64.4, 61.0, 50.5, 43.4, 38.7, 30.0, 28.9, 27.2, 24.3, 14.3; HRMS (ESI) calcd for C30H35N3O8SNa 

[M + Na]+ m/z 597.2145, found 620.2030. 

 

 

Tricyclic diol 211. To an oven-dried round bottom flask containing a magnetic stir bar was 

added tetrahydropyridine 205 (0.050 g, 0.084 mmol) followed by dry tetrahydrofuran (1 mL). 
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The flask was then cooled to –78 ˚C by placing it into an acetone/dry ice bath. Once cooled, 

diisobutylaluminum hydride (350 µL, 0.42 mmol, 1.2 M solution in toluene) was added dropwise 

via syringe over 1 minute to the solution at –78 ˚C. The reaction was allowed to gradually warm 

up to room temperature overnight (a total of 13 hours), and then stirred at room temperature for 

an additional 2 hours after being removed from the acetone bath, at which point the complete 

consumption of starting material was observed by TLC. The reaction was then cooled to 0 ˚C in 

an ice bath, and upon cooling, a saturated aqueous solution of sodium potassium tartrate 

(Rochelle’s salt) (2 mL) was added over 20 minutes. The cloudy white solution was then allowed 

to warm to room temperature and was then allowed to stir until the formation of distinct layers 

was observed (a total of 4 hours). At this point, the clearly formed layers were then separated. 

The aqueous layer was diluted with distilled H2O (10 mL) and was then extracted with EtOAc (3 

x 20 mL). The combined organic layers were then washed with distilled H2O (10 mL), followed 

by brine (50 mL), dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The crude material was then purified via flash column chromatography (100% EtOAc) 

to afford tricyclic diol 211 (21 mg, 55%) as a thin film. IR (ν, cm–1) 3422, 2923, 2853, 1617, 

1541, 1471, 1439, 1371, 1346, 1162, 1041, 853, 742;1H NMR (500 MHz, CDCl3) δ (ppm) 7.53 

(t, J = 8.9 Hz, 2H), 7.42 (t, J = 7.5 Hz, 1H), 7.19 (t, J = 7.5 Hz, 1H), 7.14 (d, J = 7.8 Hz, 1H), 

7.09 (t, J = 7.3 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 6.91 (t, J = 7.7 Hz, 1H), 5.92 (s, 1H), 5.35 (t, J 

= 6.5 Hz, 1H), 4.24 (d, J = 17.3 Hz, 1H), 4.16 (dd, J = 17.4, 14.0 Hz, 2H), 4.07 (d, J = 17.3 Hz, 

1H), 3.92–3.88 (m, 1H), 3.80–3.77 (m, 1H), 3.54 (s, 3H), 3.19–3.13 (m, 1H), 3.04–2.99 (m, 1H), 

2.92–2.83 (m, 1H), 2.77–2.68 (m, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm) 147.6, 136.9, 

136.5, 133.1, 132.8, 132.6, 131.1, 130.8, 127.4, 123.6, 122.6, 121.5, 119.4, 119.1, 111.5, 109.2, 
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64.4, 63.2, 50.4, 44.4, 30.2, 28.7, 28.0; HRMS (ESI) calcd for C23H26N3O6S [M + H]+ m/z 

471.1464, found 472.1544. 

 

3-[2-(tert-Butyldimethylsilyloxy)ethyl]-1-methylindole (212a). To an oven-dried round bottom 

flask containing a magnetic stir bar was sequentially added 2-(1-methylindol-3-yl)ethanol (207) 

(0.170 g, 0.97 mmol), dry dichloromethane (6.5 mL), and tert-butyldimethylsilyl chloride (0.175 

g, 1.16 mmol). The flask was then placed into an ice bath, and the solution was allowed to cool 

to 0 ˚C. Upon cooling, distilled triethylamine (0.20 mL, 1.43 mmol) was added dropwise to the 

stirring solution via syringe. The solution was then removed from the bath and allowed to warm 

to room temperature, where it was stirred for 16 hours. At this point it was determined that the 

reaction had not reached completion due to the observance of starting material by TLC. 

Therefore, the solution was once again cooled to 0 ˚C by placing the flask in an ice bath, and 

additional tert-butyldimethylsilyl chloride (0.088 g, 0.58 mmol), as well as additional distilled 

triethylamine (0.10 mL, 0.72 mmol) were added to the stirring solution. The flask was removed 

from the bath and the solution was allowed to warm to room temperature, where it was then 

stirred for an additional 6 hours. TLC analysis unveiled complete consumption of starting 

material at this time. The reaction was then halted upon addition of a saturated aqueous solution 

of ammonium chloride (15 mL). The layers were then separated, and the aqueous layer was then 

extracted with dichloromethane (3 x 15 mL). The combined organic layers were then washed 

with distilled H2O (10 mL), followed by brine (15 mL), dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes to 5% 
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EtOAc/Hexanes to finally 10% EtOAc/Hexanes) to afford 3-(2-(tert-

butyldimethylsilyloxy)ethyl)-1-methylindole (212a) (0.214 g, 77%) as a colorless oil. All 

spectral data was in agreement with that previously published.119  

 

 

3-[2-(Triisopropylsilyloxy)ethyl]-1-methylindole (212b). To an oven-dried round bottom flask 

containing a magnetic stir bar was added 2-(1-methylindol-3-yl)ethanol (207) (200 mg, 1.14 

mmol), followed by dry dichloromethane (7.6 mL). The flask was then placed into an ice bath, 

and the solution was allowed to cool to 0 ˚C. Upon cooling, triisopropylsilyl chloride (300 µL, 

1.40 mmol) was added to the mixture via syringe, followed by the dropwise addition of distilled 

triethylamine (240 µL, 1.72 mmol) to the stirring solution via syringe. The solution was then 

removed from the bath and allowed to warm to room temperature, where it was stirred for 16 

hours. At this point it was determined that the reaction was not progressing as only starting 

material was observed by TLC. Therefore, 4-dimethylaminopyridine (14 mg, 0.11 mmol) was 

added to the reaction, and the mixture was allowed to stir at room temperature for an additional 

9.5 hours. At this point, the reaction was found to have progressed, but was not yet complete. As 

such, the solution was once again cooled to 0 ˚C by placing the flask in an ice bath, and 

additional triisopropylsilyl chloride (150 µL, 0.70 mmol), as well as additional distilled 

triethylamine (120 µL, 0.86 mmol) were added to the stirring solution. The flask was removed 

from the bath and the solution was allowed to warm to room temperature, where it was then 

stirred for an additional 15 hours. TLC analysis unveiled complete consumption of starting 
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material at this time. The reaction was then halted upon addition of a saturated aqueous solution 

of ammonium chloride (15 mL). The layers were then separated, and the aqueous layer was then 

extracted with dichloromethane (3 x 15 mL). The combined organic layers were then washed 

with distilled H2O (10 mL), followed by brine (15 mL), dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure. The crude material was then purified via flash column 

chromatography (100% Hexanes to 1% EtOAc/Hexanes to finally 2% EtOAc/Hexanes) to afford 

3-(2-(triisopropylsilyloxy)ethyl)-1-methylindole (212b) (0.284 g, 75%) as a colorless oil. All 

spectral data was in agreement with that previously published.120  

 

 

3-[2-(tert-Butyldiphenylsilyloxy)ethyl]-1-methylindole (212c). To an oven-dried round bottom 

flask containing a magnetic stir bar was sequentially added 2-(1-methylindol-3-yl)ethanol (207) 

(200 mg, 1.14 mmol), dry dichloromethane (7.6 mL), and 4-dimethylaminopyridine (14 mg, 0.11 

mmol). The flask was then placed into an ice bath, and the solution was allowed to cool to 0 ˚C. 

Upon cooling, tert-butyldiphenylsilyl chloride (360 µL, 1.38 mmol) was added to the mixture via 

syringe, followed by the dropwise addition of distilled triethylamine (240 µL, 1.72 mmol) to the 

stirring solution via syringe. The solution was then removed from the bath and allowed to warm 

to room temperature, where it was stirred for 19 hours. TLC analysis revealed complete 

consumption of starting material at this time. The reaction was then halted upon addition of a 

saturated aqueous solution of ammonium chloride (15 mL). The layers were then separated, and 

the aqueous layer was then extracted with dichloromethane (3 x 15 mL). The combined organic 
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layers were then washed with distilled H2O (10 mL), followed by brine (15 mL), dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude material was 

then purified via flash column chromatography (100% Hexanes to 1% EtOAc/Hexanes to finally 

2% EtOAc/Hexanes) to afford 3-(2-(tert-butyldiphenylsilyloxy)ethyl)-1-methylindole (212c) 

(0.381 g, 81%) as a colorless oil. IR (ν, cm–1) 3050, 2931, 2857, 1472, 1427, 1387, 1360, 1265, 

1250, 1109, 823, 736; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.65–7.63 (m, 4H), 7.40 (tt, J = 7.4, 

1.8 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 1.3 Hz, 1H), 7.25 (d, J = 6.5 Hz, 2H), 7.18 

(ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.02 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.82 (s, 1H), 3.90 (t, J = 7.4 

Hz, 2H), 3.67 (s, 3H), 3.01 (td, J = 7.4, 0.5 Hz, 2H), 1.06 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 

(ppm) 136.8, 135.6, 134.0, 129.5, 128.0, 127.6, 127.0, 121.4, 119.0, 118.6, 111.3, 109.0, 64.7, 

32.5, 28.6, 26.9, 19.2; HRMS (ESI) calcd for C27H32NOSi [M + H]+ m/z 413.2175, found 

414.2181. 

 

Example procedure employed to carry out formylation of the silyl ethers 

 As the formylation reaction performed on the aforementioned silyl ethers was identical in 

each case and the same product was obtained from each reaction, only one procedure will be 

presented below as an example. The isolated product yield from each reaction is presented in 

Table 1.5.20. 

 

 

3-(2-Chloroethyl)-1-methylindole-2-carboxaldehyde (213). To an oven-dried round bottom 

flask containing a magnetic stir bar was added anhydrous N,N-dimethylformamide (1 mL), 
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which was then cooled to 0 ˚C by placing the flask in an ice bath. Upon cooling, phosphorous 

oxychloride (110 µL, 1.18 mmol) was added via syringe. The solution was then removed from 

the ice bath and allowed to warm to room temperature, where it was allowed to stir for one hour. 

At this point, the solution was cooled back down to 0 ˚C by placing it in an ice bath. Once 

cooled, a solution of 3-(2-(tert-butyldiphenylsilyloxy)ethyl)-1-methylindole (212c) (190 mg, 

0.46 mmol) in anhydrous N,N-dimethylformamide (3 mL) was then added to the stirring solution 

via syringe, and the flask which had previously held 3-(2-(tert-butyldiphenylsilyloxy)ethyl)-1-

methylindole (212c) was then rinsed with additional anhydrous N,N-dimethylformamide (1 mL) 

and subsequently added to the reaction via syringe. The solution was removed from the ice bath 

and allowed to warm to room temperature over 20 minutes. An oven-dried reflux condenser was 

then attached to the flask, which was then placed into an oil bath warmed to 60 ˚C. The solution 

was then stirred at this temperature for 15 hours. TLC analysis revealed that the reaction was not 

yet complete and as a result a new batch of the Vilsmeier reagent was then prepared in an 

identical manner to that described above. While the reagent was forming, the flask was placed 

back into an ice bath to cool the solution to 0 ˚C. Once active reagent was ready, it (1.1 mL, 

containing 1.18 mmol of active reagent) was added via syringe to the mixture stirring at 0 ˚C. 

The flask was then placed back into the oil bath and the mixture was then stirred at 60 ˚C for an 

additional 26 hours, at which point complete consumption of starting material was observed by 

TLC. At this point, the solution was removed from the oil bath and allowed to cool to room 

temperature, and then subsequently cooled even further to 0 ˚C. The reaction was then quenched 

by pouring it into a saturated aqueous solution of sodium carbonate (25 mL) that had been cooled 

to 0 ˚C, and the formation of solid material was observed. Diethyl ether (25 mL) was then added 

to this solution, and allowed to stir for 5 minutes. The layers were then separated and the 
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aqueous layer was further extracted with diethyl ether (2 x 25 mL). The combined organic layers 

were then washed with distilled H2O (20 mL), followed by brine (20 mL), dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. The crude material was then purified 

via flash column chromatography (100% Hexanes to 1% EtOAc/Hexanes to 2% EtOAc/Hexanes 

to 5% EtOAc/Hexanes to 7.5% EtOAc/Hexanes to finally 10% EtOAc/Hexanes) to afford 3-(2-

chloroethyl)-1-methylindole-2-carboxaldehyde (213) (0.180 g, 89%) as a yellow oil. IR (ν, cm–1) 

2931, 2889, 2858, 2805, 2744, 1650, 1612, 1471, 1428, 1384, 1372, 1289, 1209, 1112, 743, 700; 

1H NMR (300 MHz, CDCl3) δ (ppm) 10.2 (s, 1H), 7.75 (dt, J = 8.2, 0.9 Hz, 1H), 7.48–7.44 (m, 

1H), 7.43–7.39 (m, 1H), 7.24 (ddd, J = 8.1, 6.7, 1.3 Hz, 1H), 4.13 (s, 3H), 3.84 (t, J = 7.2 Hz, 

2H), 3.60 (t, J = 7.1 Hz, 2H); HRMS (ESI) calcd for C12H13NOCl [M + H]+ m/z 221.0607, found 

222.0707. 
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Section 2.1 Phosphine-Catalyzed Syntheses of 1,2,3-Trisubstituted 3-Pyrroline-3-
Carboxylates from Unsaturated Esters and Aldimines 
 

 Over the last two decades rapid access to a diverse array of highly functionalized 3-

pyrrolines has been facilitated through the development and utilization of numerous phosphine-

catalyzed annulations. Originally, it was Xiyan Lu's groundbreaking discovery of the phosphine-

catalyzed [3+2] annulation between allenes and imines in 1997 that opened the floodgates for 

chemists to construct this heterocycle by way nucleophilic phosphine catalysis.1,2 To be more 

specific, Lu found that subjecting methyl 2,3-butadienoate and N-toluenesulfonyl (N-tosyl) 

benzaldimines to 10 mol% triphenylphosphine (PPh3) in dry benzene at room temperature 

effected a [3+2] annulation, which provided 2-aryl substituted-3-pyrrolines in 53–98% yields 

(Scheme 2.1.1).1,3 The reaction was found to work well with aryl imines containing either an 

electron-donating group or an electron-withdrawing group on the phenyl ring. For example, 

employing both a para-methoxyphenyl and a para-nitrophenyl substituted imine in the reaction 

provided the corresponding 3-pyrrolines in 98% and 88% yields, respectively. However, only a 

trace amount of the desired 3-pyrroline was obtained when an aliphatic N-tosyl imine, with or 

without an α-proton, was exposed to the reactions conditions.1,3 It was suggested that this result 

was likely due to the poor reactivity of this imine.  

 

Scheme 2.1.1 Lu’s phosphine-catalyzed [3+2] annulation between methyl 2,3-butadienoate and 
N-tosyl imines 
 
 
 Lu proposed that the reaction begins upon an initial conjugate addition of PPh3 to methyl 

2,3-butadienoate to generate an intermediate phosphonium dienolate, which undergoes α-
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addition to N-tosyl imine to provide an amide anion (Scheme 2.1.2).1,3 Subsequent 

intramolecular 5-endo cyclization onto the γ-carbon then delivers a phosphorous ylide. The 

desired 3-pyrroline is then obtained following proton transfer to construct a zwitterion, which 

subsequently loses PPh3, thus freeing the phosphine to re-enter into the catalytic cycle.  

 

Scheme 2.1.2 Lu’s mechanistic proposal for the phosphine-catalyzed [3+2] annulation between 
methyl 2,3-butadienoate and N-tosyl imines 
 

 Lu envisioned establishing the phosphonium dienolate as a new type of three carbon 

synthon, and as a result set out to improve upon his original methodology. The first aspect of the 

methodology that was investigated involved varying the protecting group on nitrogen. As such, 

in place of the originally utilized tosyl imine, Lu subjected imines protected with 

diphenylphosphinyl (DPP), para-nitrobenzenesulfonyl (p-Ns), and 2-

(trimethylsilyl)ethanesulfonyl (SES) groups to the optimal reaction conditions described above 

(Scheme 2.1.3).3 Pleasingly, the reaction was found to successfully provide the desired 3-

pyrroline in each case. However, the N-DPP benzaldimine was found to result in the least 

efficient conversion to 3-pyrroline, as the yield was only 26%. The SES protected benzaldimines, 

on the other hand, were discovered to enable highly efficient conversion to the coveted 3-

pyrroline in up to 97% yields. This was an important finding because this protecting group was 
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more easily removed from the nitrogen than the corresponding tosyl group. Lu also attempted to 

utilize N-ethoxycarbonyl benzaldimine in the reaction, but unfortunately this substrate was found 

not to provide the wanted cyclized product. As such, it had been determined that tosyl and SES 

protected benzaldimines were the best substrates for the [3+2] annulation.  

  

Scheme 2.1.3 Lu’s investigation into various benzaldimines that could be employed in the 
phosphine-catalyzed [3+2] annulation 
 
 
 In an effort to explore alternate modes of generating the phosphonium dienolate, Lu 

envisioned utilizing ethyl 2-butynoate as a potential substrate to produce the 3-pyrroline-3-

carboxylate.3 The belief was that upon addition of the phosphine to the alkynoate, a resonance 

delocalized zwitterionic intermediate would be obtained that could then facilitate the desired 

annulation by way of α-addition into the sulfonyl imine (Scheme 2.1.4). Disappointingly, no 

reaction was observed when subjected to either the optimum reaction conditions, or when the 

solution was heated to 110 ˚C for 57 hours. From this outcome, Lu proposed that perhaps PPh3 

was not nucleophilic enough to facilitate this transformation. Thus, an analogous reaction 

between the butynoate and the imine was attempted in the presence of the much more 

nucleophilic tributylphosphine (PBu3). Pleasingly, the desired 3-pyrroline was obtained in 96% 

yield from this reaction. This revised annulation was found to be amenable to a slightly broader 

range of sulfonyl imines. To be more specific, while the reaction was found to be highly efficient 

in the presence of aryl imines in accord with the original transformation, this updated annulation 

was also discovered to provide the desired 3-pyrroline when aliphatic imines were utilized, albeit 
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with poor efficiency.3 These results demonstrated that by increasing the nucleophilicity of the 

phosphine employed, one could effectively harness previously unreactive substrates in the 

annulation. However, the aliphatic imines that were employed in the reaction lacked an α-proton, 

suggesting that only non-enolizable aldehydes could be employed to prepare the requisite imines. 

Additionally, only three examples of aliphatic imines were disclosed, those containing either a 

tert-butyl, a 1,3-dithianyl, or a butenyl group, each of which only provided the 3-pyrroline in a 

57%, a 47%, or a 14% yield, respectively. As such, overall, the [3+2] reaction still possessed a 

very limited substrate scope of aryl, heteroaryl, styryl, or aliphatic imines without an α-proton.  

 

Scheme 2.1.4 Lu’s phosphine-catalyzed [3+2] annulation between 2-butynoates and N-tosyl 
imines 
 
 
 Guo expanded the aldimine substrate scope in 2013 when he demonstrated the successful 

application of sulfamate-derived cyclic benzaldimines in the [3+2] annulation.4 This entailed 

subjecting a rather large assortment of cyclic benzaldimines featuring substitution of the arene 

ring to various allenoates in the presence of 20 mol% PPh3 in toluene at room temperature, 

which afforded sulfamate-fused 3-pyrroline-3-carboxylates in fair to excellent yields of 56–99% 

(Scheme 2.1.5). The reaction was found to be tolerant of arene rings containing either electron-

withdrawing or electron-donating groups. Variation of the alkyl group present within the ester 

functionality was found to have little effect on the reaction as the desired products were obtained 

in 86–92% yields. Interestingly, the reaction was also found to be highly efficient in 

dichloromethane and methanol. Additionally, it was reported that the catalyst loading could be 
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reduced from 20 mol% to as little as 5 mol% without causing a dramatic decrease in yield (the 

reported difference in the product yield was only 2% less with the lower catalyst loading), but 

required a drastic increase in reaction time from six to 48 hours.  

 

Scheme 2.1.5 Guo’s phosphine-catalyzed [3+2] annulation between allenoates and sulfamate-
derived cyclic benzaldimines 
 
 
Section 2.2 Phosphine-Catalyzed Syntheses of 1,2,3,5-Tetrasubstituted-3-Pyrroline-3-
Carboxylates from Unsaturated Esters and Aryl Aldimines 
 
Phosphine-catalyzed approaches toward 1,2,3,5-tetrasubstituted-3-pyrroline-3-
carboxylates through phosphonium dienolates 
 

 Shortly after his original publications, Lu desired to employ 4-substituted-2-butynoates in 

an attempt to increase the level of complexity that could be generated from the [3+2] annulation. 

Successful employment of these compounds would allow the construction of 1,2,3,5-

tetrasubstituted-3-pyrrolines. For this reason, a variety of γ-substituted butynoates, such as ethyl 

2-heptynoate, were then reacted with either aryl or heteroaryl sulfonyl imines in the presence of 

20 mol% PBu3 in dry benzene at room temperature and the desired tetrasubstituted 3-pyrrolines 

were delivered in 33–75% yields (Scheme 2.2.1).5 However, only four tetrasubstituted 3-

pyrrolines were produced by way of this annulative process, and as such the substrate scope was 

not well defined. Additionally, although the obtained products were presented as syn 

diastereomers, there was no discussion of the stereoselectivity of the annulation within the 

publication.  
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Scheme 2.2.1 Lu’s phosphine-catalyzed [3+2] annulation between and 4-substituted-2-
butynoates and N-tosyl imines  
 
 
 Six years following Lu’s report detailing the construction of tetrasubstituted 3-pyrroline 

3-carboxylates both Kwon6 and Shi7 independently reported a modification of the methodology 

involving the employment of 2,3-butadienoates. Both groups foresaw that upon conjugate 

addition of phosphine to γ-substituted allenoates an identical phosphonium dienolate 

intermediate would be obtained compared to that prepared following phosphine addition to 2-

butynoate. As such, it was reasoned that this unsaturated ester should be amenable to the [3+2] 

annulation.  

 Shi disclosed his findings as part of an investigation regarding the reactivity of ethyl 2,3-

pentadienoate in aza-Morita–Baylis–Hillman reactions with N-tosylated benzaldimines. During 

this study, Shi discovered that upon subjecting ethyl 2,3-pentadienoate and the N-tosyl imine 

derived from benzaldehyde to 10 mol% dimethylphenylphosphine (PPhMe2) in dichloromethane 

(CH2Cl2) that the 1,2,3,5-tetrasubstituted-3-pyrroline was delivered in 95% yield, with a 13:1 

ratio of syn:anti.7 In an attempt to expand the substrate scope of this reaction, Shi explored a 

variety of N-tosyl benzaldimines containing either an electron-donating or an electron-

withdrawing group on the phenyl ring. Upon subjecting benzaldimines containing an electron-

withdrawing group to the optimum reaction conditions, the desired 3-pyrrolines were 

successfully produced in low to moderate yields of 38–78%, with a diastereomeric ratio of 8:1–

25:1 favoring the syn stereoisomer (Scheme 2.2.2). However, performing analogous reactions 
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with benzaldimines containing electron-donating groups provided the 3-pyrrolines in only 28–

41% yields. Thus, as the reaction conditions were not general, the reaction had to be reoptimized 

in order to employ this class of benzaldimines. Ultimately, the yields of the coveted 3-pyrrolines 

were increased to a modest 57–76% upon exposure of the electron-rich benzaldimines and ethyl 

2,3-pentadienoate to PPhMe2 in tetrahydrofuran (THF). However, the diastereoselectivity 

obtained from employing these substrates was not reported. 

 

Scheme 2.2.2 Shi’s phosphine-catalyzed [3+2] annulation between ethyl 2,3-pentadienoate and 
the N-tosyl imines 
 
 
 Several months prior to Shi’s report, Kwon disclosed findings that more completely 

expanded upon Lu’s original methodology to produce tetrasubstituted 3-pyrroline-3-

carboxylates. In this case, Kwon reacted a multitude of γ-substituted allenoates with an array of 

N-tosyl benzaldimines in the presence of PBu3 in dry benzene, which provided the coveted 

1,2,3,5-tetrasubstituted 3-pyrrolines in 89–99% yields (Scheme 2.2.3).6 Whereas Shi employed 

solely ethyl 2,3-pentadienoate (γ-methyl allenoate) in his reaction, Kwon triumphantly utilized 

not only the γ-methyl allenoate, but also γ-ethyl, γ-propyl, γ-isopropyl, γ-tert-butyl, and γ-phenyl 

allenoates in her methodology, thus tremendously expanding the substrate scope of the reaction. 

In accord with both Lu’s and Shi’s work the diastereoselectivity of this reaction was found to 

strongly favor the syn product with a range that varied from 91:9 to exclusively providing the 

syn diastereomer. The stereoselectivity was found to improve as the size of the γ-substituent was 

increased, and thus the exclusive production of syn stereoisomer was observed when γ-isopropyl, 

γ-tert-butyl, or γ-phenyl allenoates were employed under the reaction conditions. The reaction 
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was found to be amenable to imines possessing either electron-rich or electron-poor arenes. 

Thus, in contrast to Shi’s modification of Lu’s methodology that afforded low to moderate yields 

and was discovered to require alternate conditions to utilize differently substituted 

benzaldimines, Kwon’s discovery provided very general reaction conditions that delivered nearly 

quantitative yields of desired 3-pyrroline products. In addition, Kwon disclosed that the reaction 

conditions were amenable to alternate protecting group on the imine, as the employment of 

imines protected as the p-Ns and the SES group successfully yielded the respective 3-pyrrolines 

in nearly quantitative yield and exclusive syn diastereoselectivity when reacted with γ-tert-butyl 

allenoate. 

 

Scheme 2.2.3 Kwon’s phosphine-catalyzed [3+2] annulation between γ-substituted allenoates 
and the N-tosyl benzaldimines 
 
 
 Due to the fact that it was incredibly difficult to deprotect the N-tosyl, N-nosyl, or N-SES 

protected 3-pyrroline-3-carboxylates without concomitantly facilitating aromatization of the 

pyrroline ring to the pyrrole, Professor He then set out to discover a protecting group that upon 

removal would deliver the free amine 3-pyrroline-3-carboxylates.8,9 He decided that the 

traditionally utilized N-tosyl protecting group on the imines would be replaced by a N-

thiophosphoryl group, based on the knowledge that the P–N was reported to be susceptible to 

acidic hydrolysis. As such, ethyl 2,3-butadienoate and ethyl 2,3-pentadienoate were then reacted 

with a variety of N-(O,O-diethyl)thiophosphoryl benzaldimines in an attempt to facilitate the 

desired [3+2] annulation (Scheme 2.2.4).9 During this investigation it was discovered that one 
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general condition would not accommodate both allenoate substrates. Particularly, He discovered 

that employment of the more reactive ethyl 2,3-butadienoate necessitated usage of PPh3 in 

dichloromethane to achieve formation of the wanted 3-pyrrolines in fair to moderate yields of 

41–76%. However, attempting to utilize the less reactive γ-methyl allenoate in the reaction 

required the use of the more nucleophilic 1,3,5-triaza-7-phosphaadamantane (PTA) catalyst to 

facilitate the [3+2] annulation.10 This modification resulted in the production of the 1,2,3,5-

tetrasubstituted-3-pyrrolines in modest to great yields of 53–99%, which in agreement with the 

preceding methodologies, provided the cis diastereomer as the major isomer.9 The 

diastereoselectivities obtained by way of this transformation varied from 6:1–46:1. While a 

general reaction condition was not discovered, it was found that imines containing either an 

electron-rich or an electron-poor arene were suitable substrates. Professor He also demonstrated 

the application of the N-phosphoryl imine analog with both ethyl 2,3-butadienoate and ethyl 2,3-

pentadienoate under their respective optimal reaction conditions, and observed successful 

conversion to the 3-pyrroline in 40% and 54% yields, respectively.9 Pleasingly, upon subjection 

of the thiophosphoryl protected 3-pyrrolines to a refluxing methanolic hydrogen chloride 

solution, the desired 1-H-3-pyrroline-3-carboxylates were obtained in 38–86% yields.9 

Interestingly, in the case of the tetrasubstituted 3-pyrrolines, only the cis diastereomer underwent 

deprotection, while the trans disposed substrate only underwent transesterification, but not 

cleavage of the P–N bond. However, both diastereomers of the more acid labile phosphoryl 

variant were converted to the free amine upon exposure to the same reaction conditions. He 

proposed that this deprotection condition was recalcitrant toward aromatization due to the likely 

formation of an ammonium salt that prohibited the lone pair of electrons on nitrogen from 

partaking in delocalization.  
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Scheme 2.2.4 He’s phosphine-catalyzed [3+2] annulation between allenoates and N-
thiophosphoryl or N-phosphoryl benzaldimines 
 
 
 An interesting variation was made to the traditional [3+2] annulation by Shi in 2009 to 

allow for the construction of 1,2,3,5-tetrasubstituted-3-pyrrolines. Shi now envisioned utilizing 

ethyl-5,5-diaryl-2,3,4-pentatrienoates as the precursor to the 3-pyrrolines. Accordingly, trienoate 

was reacted with N-tosyl benzaldimines in the presence of 50 mol% of PBu3 in toluene at 80 ˚C, 

which delivered the 3-pyrrolines in fair to good yields of 48–77% (Scheme 2.2.5).11 Shi also 

reported one example employing substituted arene rings on the trienoate, which provided a 57% 

yield when reacted with the sulfonyl imine derived from benzaldehyde. Employment of these 

substrates was intriguing, as it could have potentially resulted in a previously unexplored 

reaction pathway due the presence of the extra unit of unsaturation in the cumulated structure 

compared to that contained in the butadienoates. However, the phosphine-catalyzed reaction of 

trienoate proceeded through the identical mechanism utilized by both alkynoates and allenoates 

to provide 3-pyrrolines as the sole product. Shi reported that imines containing aryl, heteroaryl, 

and styryl functionalities were amenable to the reaction conditions. Furthermore, it was disclosed 

that either electron-donating or electron-withdrawing functional groups could be present on the 

phenyl ring of the benzaldimines, as the employment of either compound led to the successful 

formation of the 3-pyrroline. When attempting to employ aliphatic imines in the reaction, the 

only isolated product from the reaction was reported to be that of a diene obtained following 

conjugate addition of toluenesulfonamide anion to the trienoate. Thus, it was proposed that the 
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aliphatic imines decomposed under the reaction conditions to the parents compounds, which then 

led to the formation of the α,β,γ,δ-unsaturated ester. Perhaps the most interesting aspect of this 

reaction is the fact that unlike the previous reactions, which only provided aryl substituents on 

the 5-position of the 3-pyrroline, this reaction provided an exocyclic arylidene moiety. This is 

important since this functional group can readily be converted into other functional groups 

through any of a myriad of oxidation or reduction reactions. 

 

Scheme 2.2.5 Shi’s phosphine-catalyzed [3+2] annulation between ethyl-5,5-diaryl-2,3,4-
pentatrienoates and N-tosyl benzaldimines 
 
 
 In contrast to the work carried out by Lu that employed 4-substituted-2-butynoates as 

precursors to the 1,2,3,5-tetrasubstituted-3-pyrrolines, Loh proposed utilizing 4-substituted-3-

butynoates as substrates to accomplish the same goal.12 This was an incredibly intriguing choice 

of starting material, as Lu’s methodology relied on the fact that the butynoate served as a 

Michael acceptor for the phosphine, while the substrate that Loh envisioned employing was not 

amenable to the conjugate addition. However, Loh reasoned that since there was literature 

precedent pertaining to the isomerization of 3-butynoates to the corresponding 2,3-butadienoates, 

that this process should be able to be accomplished in situ prior to facilitating the desired [3+2] 

annulation. Traditionally, this isomerization was known to be an amine base-mediated process13, 

although prior to this report by Loh, he had disclosed data involving successful isomerization of 

a 3-alkynoate to the coveted allenoate with PBu3.14 With this knowledge Loh strongly believed 

that this isomerization process could be utilized en route to the preparation of the 3-pyrrolines. 
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As such, this entailed subjecting an assortment of 3-butynoates to an array of N-tosyl 

benzaldimines in the presence of 20 mol% trimethylphosphine (PMe3) in toluene, which 

delivered the 1,2,3,5-tetrasubstituted-3-pyrroline-3-carboxylates (and one example of a 1,2,3-

trisubstituted variant) in moderate to good yields of 54–89% (Scheme 2.2.6).12 It was reported 

that the 3-pyrrolines were obtained with exclusive diastereoselectivity favoring the cis 

stereoisomers. Loh proposed that the reaction was facilitated upon initial phosphine-catalyzed 

isomerization to the allenoate (although he does not propose the mechanism for this process), 

which then reacted with phosphine and the imine according to Lu’s [3+2] annulation mechanism. 

Upon exploring substitution of the 4-position on the 3-butynoate Loh discovered that benzene 

rings containing either an electron-withdrawing or an electron-donating group, heteroaryl 

functionalities, hydrogen, and an ester moiety were amenable to this [3+2] annulation (although 

Loh does not talk about this fact, it is rather odd to include the diester substituted butynoate, as 

this substrate is actually a 2-alkynoate, which will react by way of the normal [3+2] annulation 

mechanism, rather than first undergoing the in situ isomerization of the alkynoate to the 

allenoate; perhaps this fact accounts for the poor reaction efficiency, 55% yield of the 3-

pyrroline, when this substrate was employed, as the conditions were actually optimized for a 

different reaction mechanism than the one that transpired). Additionally, Loh discovered that 

imines comprised of an arene ring containing either an electron-donating or an electron-

withdrawing group, or heteroaryl groups were suitable for the reaction. Interestingly, Loh also 

disclosed that he was able to employ a wide range of aliphatic sulfonyl aldimines in this 

annulation (vide infra). 
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Scheme 2.2.6 Loh’s phosphine-catalyzed [3+2] annulation between 3-butynoates and N-tosyl 
aldimines 
 

  Loh then expanded the scope of the N-protecting groups that can be employed in this 

annulation by subjecting a variety of N-methanesulfonyl (N-mesyl) benzaldimines to ethyl 4-

phenyl-3-butynoate in the presence of PMe3 in toluene, which afforded the 3-pyrrolines in fair to 

good yields of 47–89%, again as a single cis diastereomers (Scheme 2.2.7).12 It was found that 

imines comprised of arene rings containing either an electron-donating or an electron-

withdrawing group were suitable substrates for the reaction. However, it was reported that the 

imine derived from para-nitrobenzaldehyde decomposed during the reaction conditions, thus 

leading to a poor 47% yield of the 3-pyrroline. 

 

Scheme 2.2.7 Loh’s phosphine-catalyzed [3+2] annulation between 3-butynoates and N-mesyl 
aldimines 
 
 
Phosphine-catalyzed approaches toward 1,2,3,5-tetrasubstituted-3-pyrrolines through 
alternative 3-carbon synthons 
  
 
 Rather than accessing the tetrasubstituted 3-pyrroline-3-carboxylates from the 

traditionally employed γ-substituted allenoates or 4-substituted alkynoates, Lu disclosed a 

methodology in 2008 that arrived at these nitrogen heterocycles from Morita–Baylis–Hillman 

derivatives. Specifically, this reaction involved subjecting acrylates possessing a tert-butyl 
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carbonate at the βʹ′ position to N-tosyl benzaldimines in the presence of PPh3 in refluxing 

toluene, which afforded the 3-pyrroline-3-carboxylates in 38–99% yields with exclusive cis 

diastereoselectivity (Scheme 2.2.8).15 It is important to note, that the 3-pyrrolines generated from 

this reaction, although bearing a similar tetrasubstituted pattern to those previously prepared are 

actually constructed quite differently. Whereas the aryl group of the sulfonyl imine resides on the 

2-position of the 3-pyrroline in all the previous examples, in this case it is now located at the 5-

position. The reaction was found to be amenable to imines containing either electron-donating 

groups or electron-withdrawing groups on the arene ring. However, employment of imines 

possessing very strongly electron-donating substituents, such as a methoxy group, resulted in 

very lower reaction efficiency (38% yield). Upon exploring the substitution that might be 

allowed on the βʹ′ position of the acrylates, Lu discovered that electron-rich and electron-poor 

benzene rings were both suitable substrates. Additionally, Lu found that allylic tert-butyl 

carbonates substituted with alkyl groups at the βʹ′ position could successfully lead to the 

formation of the desired 3-pyrrolines, albeit with very poor efficiency (vide infra).  

 

Scheme 2.2.8 Lu’s phosphine-catalyzed [3+2] annulation between allylic tert-butyl carbonates 
and N-tosyl imines 
 
 
 The manner in which the three-carbon synthon is generated in this methodology is what 

separates this reaction from the previous examples. Whereas the prior reactions had proceeded 
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formation of a phosphorous ylide. As such, Lu proposed that phosphine initially undergoes a 
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SN2ʹ′ addition to the allyl tert-butyl carbonate, resulting in the loss of the tert-butyl carbonate, 

which subsequently decomposes into carbon dioxide and tert-butoxide (Scheme 2.2.9).15 The 

newly generated tert-butoxide then deprotonates the carbon alpha to the phosphonium to 

generate the phosphorous ylide, which immediately undergoes addition to the sulfonyl imine to 

generate a sulfonamide anion. The 3-pyrroline is ultimately delivered following intramolecular 

conjugate addition of the amide anion to the unsaturated ester, and elimination of the phosphine. 

As a result of this annulation, Lu has expanded the substrate scope of unsaturated esters capable 

of participating in phosphine-catalyzed [3+2] annulations with imines. Furthermore, Lu has 

demonstrated that there are alternative means to generate phosphine containing three carbons 

synthons capable of preparing 3-pyrroline-3-carboxylates. Ultimately, Lu has firmly established 

the allylic phosphorous ylide as a viable synthon that chemists can add to the toolbox alongside 

the traditionally employed phosphonium dienolate obtained upon addition of phosphine to 

allenoates or butynoates.  

 

Scheme 2.2.9 Lu’s mechanism for the annulation between allylic tert-butyl carbonates and N-
tosyl imines 
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 In 2009, Marinetti expanded even further upon the substrates that could provide access to 

the desired tetrasubstituted 3-pyrroline-3-carboxylates when she disclosed a route proceeding 

through conjugated dienes. This entailed subjecting various dienic enone-esters to N-tosyl 

benzaldimines in the presence of either 30 mol% of PBu3 or methyldiphenylphosphine (PMePh2) 

in toluene, which provided the 3-pyrrolines in 22-92% yield (Scheme 2.2.10).16 Unfortunately, a 

general reaction condition was not discovered, which not only required Marinetti to switch 

between employing either PBu3 or PMePh2 in the reaction, but also necessitated performing the 

reactions at varying temperatures, either 50 ˚C or 120 ˚C. The major diastereomer was reported 

to be the cis stereoisomer, with stereoselectivities ranging from 80:20–99:1. The stereoselectivity 

was not found to be dependent on the E/Z isomer ratios of the starting conjugated dienes. 

Marinetti found that a wide range of functional groups could be tolerated as part of the ketones 

within the dienic enone-esters, including arene rings containing either electron-withdrawing or 

electron-donating functional groups, heteroaryl, and alkyl groups. It was reported that both the 

stereoselectivity and the reaction efficiency were good to excellent for secondary and tertiary 

alkyl groups, respectively, but were found to be poor in the case of primary alkyl groups. Upon, 

exploring alternate imines that could be used in the reaction, it was discovered that imines 

comprised of aryl rings possessing either electron-donating or electron-withdrawing groups and 

heteroaryl groups were suitable substrates. Surprisingly, Marinetti disclosed the first example of 

an alkyl imine that was successfully employed in a phosphine-catalyzed [3+2] annulation to 

deliver the desired 3-pyrroline (vide infra). 
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Scheme 2.2.10 Marinetti’s phosphine-catalyzed [3+2] annulation between conjugated dienic 
enone-esters and N-tosyl imines 
 
 
 Marinetti proposed that the reaction proceeded by formally combining an aza-Morita–

Baylis–Hillman reaction and an intramolecular Rauhut–Currier reaction.16 This involved initial 

addition of phosphine to the unsaturated ester to generate a zwitterionic phosphonium enolate 

species that then added to the N-tosyl imine and generated the intermediate sulfonamide anion 

(Scheme 2.2.11). Marinetti states that this pathway was possible due the short distance between 

the electron poor olefins, which resulted in the unfavorable direct conjugate addition of the 

enolate anion into the enone. It was then suggested that the nitrogen anion then underwent an 

intramolecular conjugate addition to the enone, thus generating an intermediate enolate. The 3-

pyrroline was then generated following proton transfer events and elimination of the phosphine. 

Marinetti mentions that this reaction provided an intriguing outcome that contrasted with 

literature precedent, as intramolecular Rauhut–Currier reactions of dienic enone-esters normally 

proceeded with the opposite regiochemistry.17 Ultimately, Marinetti’s expansion of the substrates 

capable of partaking in the [3+2] annulation has provided access to a new class of 3-pyrrolines, 

those containing a carbonylmethyl functionality on the 5-position. Additionally, Marinetti has 

established that conjugated dienes can successfully be utilized as a three-carbon synthon to react 

with imines en route to the preparation of the desired 3-pyrrolines.16 As a result, the synthetic 
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toolbox now includes phosphonium dienolates, the allylic phosphorous ylides, and phosphonium 

enolates as viable approaches toward the production of 3-pyrroline-3-carboxylates.  

 

 

Scheme 2.2.11 Marinetti’s mechanism for the phosphine-catalyzed [3+2] annulation between 
conjugated dienic enone-esters and N-tosyl imines 
 

Section 2.3 Application of Phosphine-Catalyzed [3+2] Annulation Between Allenoates and 
Benzaldimines in Total Synthesis 
  

 With the wide variation in 3-pyrroline scaffolds available by way of phosphine-catalyzed 

annulations between unsaturated esters and aryl imines, one would expect that these 

methodologies would have been applied toward the construction of a multitude of natural 

products. However, this is not the case. In actuality, there have only been two instances 

involving the preparation of a natural product through the employment of a phosphine-catalyzed 

[3+2] annulation.  

 A year following the initial discovery of the [3+2] annulation, Lu became the first 

chemist to employ the reaction in a total synthesis setting when he succeeded in the preparation 

of the marine antibiotic pentabromopseudilin.3 Lu accomplished this feat upon initially 
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in the presence of PPh3, which provided the desired 2-aryl substituted 3-pyrroline in 96% yield 

(Scheme 2.3.1). It was also reported that Lu obtained the desired 3-pyrroline in 77% yield 

following an analogous reaction that involved the employment of the tautomeric methyl 2-

butynoate and PBu3 in place of the originally utilized allenoate and PPh3 (Scheme 2.3.1). The 

newly generated 3-pyrroline was then triumphantly converted into pentabromopseudilin over the 

course of 5 steps, which proceeded in 16% overall yield from the 3-pyrroline.3 

 

Scheme 2.3.1 Lu’s total synthesis of pentabromopseudilin 

 
 Fourteen years would pass before this reaction would be employed in a total synthesis 

once more. Specifically, it was not until 2012 that Kwon reported the total synthesis of (+)-

ibophyllidine by way of the phosphine-catalyzed [3+2] annulation.18 However, in this case, the 

total synthesis relied on the application of Kwon’s modification to Lu’s original [3+2] 

annulation, as it required the employment of γ-ethyl allenoate to construct a tetrasubstituted 3-

pyrroline. Furthermore, the [3+2] annulation was carried out in an enantioselective fashion 

through the utilization of Kwon’s own P-chiral bicyclic phosphine.18 As such, the synthesis 

began upon exposure of γ-ethyl allenoate to the readily available N-tosyl indole-3-

carboxaldimine in the presence of bicyclic phosphine in benzene, to deliver the desired 2-indole 

substituted-3-pyrroline in 93% yield and 99% ee (Scheme 2.3.2). The asymmetric total synthesis 
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this venture succeeded in completing the first total synthesis to employ an asymmetric 

phosphine-catalyzed [3+2] annulation between an allenoate and a benzaldimine.  

 

Scheme 2.3.2 Kwon’s asymmetric total synthesis of (+)-ibophyllidine 

 
 Upon considering the dramatic expansion that the scope of the original [3+2] annulation 

has undergone since its initial discovery, along with the knowledge that 3-pyrrolines can rapidly 

be transformed to pyrrolidines19 via a reduction or to pyrroles1,2h,3,7 or pyrollidinones20 following 

an oxidation, it is readily apparent that this transformation provides access to an incredibly 

diverse array of 5-membered nitrogen heterocycles. As such, one would expect that this 

chemistry should have been applied to the preparation of more natural products than solely the 

aforementioned syntheses by Lu and Kwon (when referring strictly to the reaction between 

allene and benzaldimine). Since this has not been the case, it is believed that the reason behind 

the startling lack of total synthetic ventures is that Lu’s [3+2] annulation suffers from one serious 

limitation, which is that only imines bereft of an α-proton can be successfully employed in the 

transformation. This requires that precursors to the aldimines can arise only from those 

aldehydes that are non-enolizable. This has greatly limited the utility of this methodology in the 

field of natural product total synthesis, as synthetic chemists have been restricted to the 

preparation of natural products that can arise from 2-aryl substituted 3-pyrrolines. Thus, it is 

readily apparent that access to 2-alkyl-substituted 3-pyrrolines would greatly expand the range of 
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pyrrolines. It is for this reason, that most of the current research involving the [3+2] annulation 

has been focused on the preparation of 2-alkyl substituted-3-pyrrolines.  

 
Section 2.4 Preparation of 2-Alkyl Substituted-3-Pyrroline-3-Carboxylates through 
Phosphine Catalysis 
 

 As mentioned above, Lu disclosed the first example of successfully constructing 2-alkyl 

substituted-3-pyrroline-3-carboxylates (referring specifically to 2-alkyl substituents possessing 

an α-hydrogen) by way of a phosphine-catalyzed reaction between acrylates possessing a tert-

butyl carbonate functionality at the βʹ′ position and N-tosyl benzaldimines in the presence of PPh3 

(Scheme 2.4.1).15 In order to prepare the 2-alkyl substituted variants, allylic tert-butyl carbonates 

comprised of alkyl substituents at the βʹ′ position were reacted with the N-tosyl imine derived 

from benzaldehyde. However, Lu only prepared two 2-alkyl substituted-3-pyrrolines from this 

annulation, which were those that possessed either a 2-methyl or a 2-propyl functionality.15 

Furthermore, the preparation of these two compounds was highly inefficient as the 2-methyl 

derivative was obtained in 39% yield, and the 2-propyl variant was only produced in 26% yield 

(each product exclusively obtained as the cis diastereomer). Additionally, this reaction also 

possesses limited utility in terms of a total synthetic setting, as the 5-position of the 3-pyrroline 

now contains an aryl group, instead of the 2-position as before. This is a direct result of the fact 

that this reaction required the employment of solely benzaldimines, and was not reported to 

proceed in the presence of aliphatic imines. As such, this methodology does not provide a 

solution to the challenging problem of overcoming the necessity of utilizing imines derived from 

only non-enolizable aldehydes. Ultimately, the challenge now became how could one prepare a 

3-pyrroline that did not contain an aryl substituent on either of the 2- or 5- positions, while 

successfully installing an alkyl moiety at one or both of those positions.  
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Scheme 2.4.1 Lu’s preparation of 2-alkyl-substituted-3-pyrrolines 

 
 The following year, Marinetti disclosed the first potential solution to this problem as she 

succeeded in employing a N-tosyl imine derived from an enolizable aldehyde in a phosphine-

catalyzed [3+2] annulation.16 This breakthrough was discovered during Marinetti’s investigation 

into the reaction of various dienic enone-esters with N-tosyl benzaldimines in the presence of 

either PBu3 or PMePh2 to deliver 1,2,3,5-tetrasubstituted-3-pyrrolines. Marinetti reported that the 

N-tosyl imine derived from isobutyraldehyde could be employed in this annulation to provide the 

2-alkyl substituted-3-pyrrolines (Scheme 2.4.2).16 However, only two instances involving this 

substrate were divulged within this report, which simply involved variation of the functionality 

present on the ketone moiety of the dienic enone-esters. In one example, a phenyl ketone was 

utilized, in the other, a tert-butyl ketone was used, which upon reaction with the aldimine 

provided the desired 3-pyrroline-3-carboxylates in 68% and 69% yields, respectively (and each 

compound was obtained with nearly complete diastereoselectivity favoring the cis stereoisomer). 

As a result, not only was this the first example of employing aliphatic sulfonyl imines possessing 

an acidic α-proton, but it was also the first to afford these compounds in synthetically useful 

yields. Additionally, as these reactions delivered 2,5-dialkyl substituted-3-pyrrolines for the first 

time, the potential to access natural products not containing an aryl ring through a phosphine-

catalyzed [3+2] annulation finally appeared feasible. Furthermore, since the final product is 

comprised of a carbonylmethyl functionality it is apparent that this material should be elaborated 

quite readily. However, the fact that this annulation did not proceed efficiently in the presence of 

R CO2Et
OBoc

Ph

N N

CO2Et

RPhPPh3 (10 mol%)
toluene, reflux

R = Me, n-Pr R = Me = 39%
     n-Pr = 26%

H

Ts
Ts



	   219 

primary alkyl ketones could hinder its employment toward the synthesis of a natural product. 

Also, although the utilization of an alkyl imine with an α-proton suggests that similar 

compounds may be employed in this transformation, this fact has yet to be demonstrated in 

practice. Ultimately, while Marinetti’s work did provide a means of employing an imine derived 

from an enolizable aldehyde, the aforementioned limitations are likely to limit the use of this 

modification in a total synthetic setting.  

 

Scheme 2.4.2 Marinetti’s synthesis of 2-alkyl substituted-3-pyrrolines from N-tosyl imines 
derived from isobutyraldehyde 
 
 
 In 2011, Loh successfully employed an array of aliphatic N-sulfonyl aldimines in a 

phosphine-catalyzed process. This feat was accomplished within Loh’s report of the phosphine-

catalyzed [3+2] annulation between 3-butynoates and sulfonyl imines.12 Specifically, Loh 

subjected either ethyl 4-phenyl-3-butynoate or a tetrahydropyranyl (THP) protected hydroxy 3-

hexynoate to a variety of aliphatic N-tosyl aldimines in the presence of 20 mol% PMe3 to provide 

tetrasubstituted 3-pyrrolines containing a 2-alkyl substituent in modest to excellent yields of 70–

90% (Scheme 2.4.3).12 Sulfonyl imines comprised of either linear or branched alkyl chains, and 

cycloalkyl groups were found to be amenable to the reaction conditions. A single cis 

diastereomer was obtained when ethyl 4-phenyl-3-butynoate was employed in the reaction, 

however when the THP ether protected 3-hexynoate was used the reaction provided a 1.2:1 ratio 

of cis:trans diastereomers. There was no explanation for this observed reduction in 

diastereoselectivity for this substrate. Although this example afforded very poor diastereocontrol, 
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the reaction delivered the first 3-pyrroline constructed though phosphine catalysis to be 

substituted on both the 2- and 5-positions with alkyl groups possessing the potential to be 

elaborated to more complex materials. To elaborate, the imine utilized was procured from an 

aldehyde containing a benzyl ether moiety, while the alkynoate possessed a THP ether, which 

suggested that either the functionality on the 2- or 5-positions could be selectivity functionalized 

in the presence of the other. As such, for the first time, a phosphine-catalyzed methodology 

possessed tremendous potential for being applied toward the synthesis of a natural product 

derived from a 2,5-dialkyl substituted pyrroline scaffold, such as members of either the 

Securinega21 or the Manzamine22 families of alkaloids. 

 

Scheme 2.4.3 Loh’s phosphine-catalyzed [3+2] annulation between 3-butynoates and aliphatic 
N-tosyl aldimines  
   

 One year after Loh’s work, Lu disclosed an alternative approach to address the challenge 

of preparing 2-alkyl substituted-3-pyrrolines by directly employing 2,3-butadienoates. Lu argued 

that the lack of success with aliphatic aldimines might actually be attributed to the poor 

nucleophilicity of the phosphine catalyst. For this reason, he proposed that the dipeptide-based 

bifunctional phosphine catalysts, developed within his laboratory, should be employed in this 

reaction, as they were known to be highly reactive species.2g Employing these catalysts allowed 

Lu to carry out the annulation in an enantioselective manner, to provide the first optically active 
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were used in hopes of obtaining stereocontrol assisted by hydrogen-bonding in the transition 

state.23 As such, Lu subjected tert-butyl 2,3-butadienoate to an assortment of aliphatic aldimines 

in the presence of a dipeptide-based bifunctional catalyst to prepare the desired 2-alkyl 

substituted-3-pyrrolines (Scheme 2.4.4).2g The optimal reaction conditions involved 5 mol% of a 

catalyst comprised of modified threonine (Thr) and leucine (Leu)—O-TBDPS-D-Thr-L-tert-Leu 

diphenyl phosphine—in diethyl ether (Et2O) at 0 ˚C in the presence of 5 Å molecular sieves. It 

was reported that these reactions were completed in only 30 minutes. The reaction was found to 

successfully deliver the coveted 3-pyrrolines in good to excellent yields of 75–90%, with high 

enantioselectivities that ranged from 95–99% ee. A wide range of alkyl groups were found to be 

suitable for this annulative process, including linear and branched alkyl chains of varying 

lengths, cycloalkyl groups, and styryl functionalities. Lu did not report any attempt of utilizing γ-

substituted allenoates in this methodology, thus limiting his reaction to the preparation of 1,2,3-

trisubstituted-3-pyrroline-3-carboxylates. However, these 2-alkyl substituted-3-pyrrolines could 

serve as precursors to other classes of natural products, including the indolizidine alkaloids.24 

Ultimately, Lu successfully prepared 2-alkyl-substituted-3-pyrroline-3-carboxylates as single 

enantiomers, which allows asymmetric synthesis of natural products. 

 

Scheme 2.4.4 Lu’s asymmetric phosphine-catalyzed [3+2] annulation between allenoates and 
aliphatic N-diphenylphosphinoyl aldimines  
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Section 2.5 Application of Phosphine-Catalyzed [3+2] Annulation Between Allenoates and 
Aliphatic Aldimines in Total Synthesis 
 

 As expected, the triumphant employment of aliphatic imines containing an α-proton in 

the phosphine-catalyzed [3+2] annulation has made this transformation more applicable to the 

field of natural product total synthesis. In the event, Loh demonstrated the first application of a 

phosphine-catalyzed [3+2] annulation employing an aliphatic N-tosyl aldimine in a total 

synthetic setting in 2011, when he reported the formal synthesis of the Securinega alkaloid (±)-

allosecurinine.12 This synthetic endeavor was achieved upon employment of Loh’s [3+2] 

annulation between 3-butynoates and sulfonyl imines. Specifically, Loh began synthesis of 

allosecurinine by subjection of ethyl 6-hydroxy-3-hexynoate to N-tosyl imine derived from 5-(4-

methoxybenzyloxy)pentanal in the presence of PMe3 which delivered the tetrasubstituted 3-

pyrroline-3-carboxylate containing alkyl substituents on both the 2- and 5-positions in 82% yield 

with exclusive cis diastereoselectivity (Scheme 2.5.1). This was a very interesting result as a it 

stood in stark contrast to the previously produced 2,5-dialkyl substituted-3-pyrroline produced by 

Loh, discussed earlier, which was produced with almost no diastereocontrol.12 Thus, apparently 

removing the THP protecting group and performing the reaction in the presence of the free 

alcohol provided an incredible benefit to the reaction. Loh then successfully converted the 

tetrasubstituted 3-pyrroline into an advanced intermediate employed in Kerr’s total synthesis of 

allosecurinine over nine steps, thus completing the formal synthesis of this molecule.25 Six 

additional steps are required to complete the total synthesis from this intermediate, making his 

route one step longer than that of Kerr’s original approach. 
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Scheme 2.5.1 Loh’s formal synthesis of (±)-allosecurinine  

 
 One year after Loh’s formal synthesis, Lu completed the first asymmetric phosphine-

catalyzed synthesis of a natural product derived from a 2-alkyl substituted-3-pyrroline-3-

carboxylate, when he disclosed a formal synthesis of the pyrrolizidine alkaloid (+)-

trachelanthamidine.2g This achievement was accomplished upon employment of Lu’s recently 

developed asymmetric phosphine-catalyzed [3+2] annulation between allenoates and aliphatic 

aldimines. As such, this synthetic venture commenced upon subjection of tert-butyl 2,3-allenoate 

to the N-DPP imine derived from 4-(tert-butyldiphenylsilyloxy)butanal in the presence of 5 

mol% of Lu’s dipeptide-based bifunctional phosphine catalyst, which provided the coveted 2-

alkyl substituted-3-pyrroline-3-carboxylate in 82% yield and 96% ee (Scheme 2.5.2).2g This 

demonstrated that alkyl groups containing other functionalities could be employed in this [3+2] 

annulation. Lu then converted this 3-pyrroline to an intermediate in Kamimura’s synthesis of (–)-

trachelanthamidine, which itself was a formal synthesis, over the course of two steps.26 From this 

advanced intermediate, an additional five steps were then required to complete the synthesis of 

this natural product. Thus, Lu ultimately needed seven steps in order to convert the 3-pyrroline 

into the coveted alkaloid. As such, Lu’s work is the first example of an asymmetric total 

synthesis utilizing the phosphine-catalyzed [3+2] annulation between an allenoate and an 

aliphatic aldimine.  
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Scheme 2.5.2 Lu’s asymmetric formal synthesis of (+)-trachelanthamidine 

 
Section 2.6 Our Synthesis of 2-Alkyl Substituted-3-Pyrroline-3-Carboxylates through a 
Phosphine-Catalyzed [4+1] Annulative Rearrangement 
 

Our discovery of the phosphine-catalyzed [4+1] annulation 

 At this point, it is necessary to return to a fascinating result that was obtained during our 

investigation into the total synthesis of ajmaline (Section 1.5 of this thesis). In particular, the 

interesting result in question was that obtained following the reaction of ethyl 2-[(tert-
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had had not been a means to access this particular 3-pyrroline through phosphine catalysis prior 

to this discovery.   

 

Scheme 2.6.1 Reaction between TBS protected allenylic alcohol 1a and sulfonyl imine 2 
 

 Since at this time this was the first example of preparing 3-pyrroline 4a by way of a 

phosphine-catalyzed reaction, we decided to investigate what may have allowed this 

transformation to occur. Our initial hypothesis involved hydrolysis of sulfonyl imine 2, which 

generated free para-toluenesulfonamide (TsNH2) in situ that subsequently underwent a reaction 

with TBS protected allenylic alcohol 1a to deliver 3-pyrroline 4a. Now the question became how 

exactly did the two compounds react with one another to provide the isolated product. To explain 

this outcome, we proposed that the phosphine underwent initial SN2ʹ′ addition to the protected 
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intermediate 5a served as a 4-carbon synthon en route to 3-pyrrolines. This is in contrast to each 

of the previously described methodologies, which all relied upon the employment of 3-carbon 

synthons to access these 5-membered heterocycles.  

 

 

Scheme 2.6.2 Reaction between TBS protected allenylic alcohol 1a and para-
toluenesulfonamide 
 

 At this point it was realized that perhaps this newly discovered [4+1] annulation could be 

utilized to prepare 2-alkyl substituted 3-pyrroline-3-carboxylates, which have traditionally been 

challenging substrates to construct by way of a phosphine-catalyzed annulation. It was believed 

that this could be achieved by installing the desired alkyl functionality onto the TBS protected 

allenylic alcohol prior to the annulative process. In order to explore this possibility, the 

preparation of an allenylic alcohol with an alkyl substituent at the βʹ′-position was required. As 

such, this was accomplished through a modification of the Morita–Baylis–Hillman reaction 

presented in Chapter 1 of this thesis, which involved subjecting ethyl 2,3-butadienoate (7) to 

acetaldehyde in the presence of 20 mol% of 3-hydroxyquinuclidine in diethyl ether (Et2O) at –15 

˚C to provide allenylic alcohol 8b in 79% yield (Scheme 2.6.3). The hydroxyl group was then 

immediately converted to the TBS ether 1b in 59% yield following exposure to tert-

butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) in the presence of 2,6-lutidine at –78 ˚C. 

Exposure of newly generated protected allenylic alcohol 1b to 20 mol% PBu3, pleasingly 

delivered 2-alkyl substituted-3-pyrroline 4b in 38% yield.  
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Scheme 2.6.3 Three step preparation of 2-methyl-3-pyrroline 4b from ethyl 2,3-butadienoate (7) 
 
 
 Following the success of this transformation it was realized that perhaps this annulation 

could be developed into a methodology designed to construct a wide variety of 2-alkyl 

substituted 3-pyrrolines. However, in order to realize this possibility, the current transformation 

needed to first be optimized such that the 3-pyrrolines could be obtained in synthetically useful 

yields. The interest in the success of this transformation lay in the fact that this could potentially 

be the first phosphine-catalyzed reaction that would allow the preparation of a wide assortment 

of 2-alkyl substituted-3-pyrroline-3-carboxylates without having to rely on the employment of 

alkyl aldimines. Additionally, this work would provide the first route to the construction of 3-

pyrrolines by way of the intermediate phosphonium diene 5. At the time this reaction was 

initially discovered, there was no literature precedent to suggest the existence of this reactive 

intermediate. However, there have since been reports that have proposed the generation of a 

phosphonium diene intermediate, which served to further support the mechanism proposed for 

the newly discovered reaction of TBS protected allenylic alcohols 1a,b. As the publications are 

extremely relevant to the chemistry under investigation they will now be briefly discussed.  

 
Previous phosphine-catalyzed [4+1] annulations proceeding through a proposed 
phosphonium diene intermediate 
 

 In 2010, Tong disclosed the first report of a phosphonium diene, where this species was 

proposed to serve as the reactive intermediate en route to the construction of cyclopentenes 

through a phosphine-catalyzed [4+1] annulation.27 Allenylic acetates 9 were subjected to a 
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variety of activated methylenes 10 (as bisnucleophiles) in the presence of 20 mol% PPh3 and 

cesium carbonate (Cs2CO3) to afford cyclopentenes 11 in modest to excellent yields of 53–97% 

(Scheme 2.6.4). Most of the examples presented in Tong’s work employed benzyl 2-

(acetoxymethyl)-2,3-butadienoate (9a), however he reported one example of utilizing a 

compound containing an ethyl substituent on the βʹ′-carbon, which provided a 78% yield of the 

cyclopentene product. Additionally, the reaction was amenable to variations in the ester 

functionality of the 2,3-butadienoate portion of allenylic acetate 9. In terms of the activated 

methylene compounds 10, Tong divulged that the reaction worked well in the presence of β-

ketonitriles, acyclic and cyclic 1,3-diketones, cyclic malonic esters, cyanoacetates, and 

nitroacetates.  The synthesis of one 1,3-disubstituted-3-pyrroline-3-carboxylate in 22% yield was 

also reported through the utilization of this methodology, where toluenesulfonamide was used as 

the dinucleophile.27 

 

Scheme 2.6.4 Tong’s phosphine-catalyzed [4+1] annulation to prepare cyclopentenes 11 

 
 Tong proposed that the reaction proceeded upon initial addition of phosphine to allenylic 

acetate 9a, which generated intermediate phosphonium dienolate 12 (Scheme 2.6.5).27 This 

compound was then thought to undergo a 1,2-elimination of the acetate to deliver phosphonium 

diene 13. Following deprotonation of the activated methylene compound 10a by Cs2CO3, the 

newly generated carbanion was suggested to undergo addition to the γ-carbon of the 

phosphonium diene to generate phosphorous ylide 14. While Tong does mention that he was 
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unable to completely rule out addition of the nucleophile to the βʹ′-carbon, it is stated that he 

believes the triphenylphosphonium’s electron-withdrawing effect should be stronger than that of 

the carboxylate and as a result favor nucleophilic addition to the γ-carbon.27 Cyclopentene 11a is 

then produced following a proton transfer to generate enolate 15, which subsequently undergoes 

an intramolecular SN2ʹ′ addition, which results in the ejection of the phosphine allowing it to re-

enter the catalytic cycle. 

 

 

Scheme 2.6.5 Tong’s proposed [4+1] annulation mechanism proceeding through phosphonium 
diene 13  
 

 More recently, in 2014, Lu expanded upon Tong’s original discovery when he disclosed 

an asymmetric phosphine-catalyzed [4+1] annulation to produce spiropyrazolones that was also 

proposed to proceed through a phosphonium diene intermediate.28 Specifically, the reaction 

involved exposing allenylic acetate 9a to a variety of 3-substituted-5-pyrazolones 16 in the 

presence of cesium carbonate and 20 mol% of an amino acid-derived diphenylphosphine catalyst 

17 (developed within Lu’s laboratory), which provided 4-spiro-5-pyrazolones 18 in moderate to 

good yields of 57–88% with enantioselectivities reported to range from 69% to 92% ee (Scheme 
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2.6.6). The phosphine catalyst 17 that was found to facilitate this reaction most efficiently was 

derived from L-threonine. Lu proposed that the mechanism of this annulation proceeded in an 

identical fashion to that previously suggested by Tong (above in Scheme 2.6.5).28 Ultimately, Lu 

had succeeded in becoming the first chemist to develop an asymmetric version of Tong’s [4+1] 

annulation, which constructed cyclopentenes, in the form of 4-spiro-5-pyrazolones 18, with high 

enantioselectivities and in good yields.   

 

Scheme 2.6.6 Lu’s asymmetric phosphine-catalyzed [4+1] annulation between allenylic acetate 
9a and substituted 5-pyrazolones 16  
 

Substrate modifications in attempt to improve the efficiency of our newly discovered [4+1] 
annulation 
 

 With the knowledge that the phosphonium diene has been successfully employed to 

construct cyclopentenes and spiropyrazolones it was strongly believed that this intermediate 

should be able to be harnessed more effectively to construct 3-pyrrolines. It was rationalized that 

the current reaction was not proceeding with high efficiency due to that fact that the siloxide 

anion was not basic enough to deprotonate adequate amounts of the sulfonamide, and as a result 

a much stronger base was then sought. Thus, upon drawing inspiration from Lu’s chemistry 

employing allylic tert-butyl carbonates, a second generation substrate was envisaged where the 
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allenylic alcohol was now protected as a carbonate (compound 19). The hope was that following 

addition of the phosphine to this compound the carbonate functionality would be eliminated, thus 

generating the phosphonium diene 20, and would then decompose into carbon dioxide and an 

alkoxide anion that should be a strong enough base to effect the deprotonation of the 

sulfonamide to generate anion 6 (Scheme 2.6.7). However, with the knowledge gained from 

installing the TBS protecting group, it was understood that this would likely be a different task to 

achieve. This is based on the fact that unless the allenylic alcohol’s hydroxyl group proceeded 

through an oxonium, it was incredibly difficult to successfully deliver the desired protected 

product with high conversion. Nevertheless, the preparation of these compounds was still 

attempted in the hopes that their utilization in the reaction would improve the transformation’s 

efficiency.  

 

Scheme 2.6.7 Proposed production of 3-pyrrolines 4 from allenylic carbonate 19 

 
 Of particular interest were ethyl 2-[(ethoxycarbonyloxy)methyl]-2,3-butadienoate (19a) 

and ethyl 2-[(tert-butoxycarbonyloxy)methyl]-2,3-butadienoate (19b). Allenylic carbonates 

19a,b were prepared from allenylic alcohol 8a following exposure to tert-butyllithium in the 

presence of the appropriate electrophile at –78 ˚C (Table 2.6.1). Specifically, allenylic carbonate 

19a was produced in 35% yield upon treatment of the anion with ethyl chloroformate (ClCO2Et). 

Alternatively, exposure of the anion to di-tert-butyl-dicarbonate (Boc2O) provided allenylic 

carbonate 19b in 18% yield. Both reactions also produced a large amount of decomposition of 

the starting allenylic alcohol, which was thought to have been facilitated upon addition of the 
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alkoxide anion in a Michael fashion to another equivalent of the allenoate (either to another 

anionic species or to the newly generated protected variant). With allenylic carbonates 19a,b in 

hand, they were each immediately reacted with toluenesulfonamide in the presence of 20 mol% 

PBu3. Unfortunately, both of these reactions resulted in extremely messy reactions, where a 

single product could not be identified. Thus, it appeared that an allenylic carbonate would not be 

the ideal substrate to improve upon the currently employed TBS protected allenylic alcohols 

1a,b. As such, an alternate approach was then sought.  

 
Table 2.6.1 Preparation of allenylic carbonate 19a,b and subsequent reaction with PBu3 to 
provide 3-pyrroline 4a 
 

 

entry electrophile R allenylic carbonate 
yield (%) 

3-pyrroline 
yield (%) 

1 ClCO2Et Et 19a (35) 0 
2 Boc2O t-Bu 19b (18) 0 

 

 Upon analyzing the [4+1] annulation, it was reasoned that it might not be feasible to 

introduce a strong enough base into the reaction through the decomposition of an appropriately 

protected allenylic alcohol. However, we quickly realized that perhaps a base would not even be 

required to accomplish this transformation if the substrate utilized in the reaction was that of an 

allenylic carbamate 21 instead of allenylic carbonate 19. The idea was that en route to the 

formation of the intermediate phosphonium diene 20, the carbamate moiety would be ejected and 

would subsequently decompose to carbon dioxide and toluenesulfonamide anion 6 (Scheme 

2.6.8). Thus, employment of this substrate would allow the direct in situ generation of the 
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sulfonamide anion 6, rather than having to rely on an in situ produced base to achieve this same 

task. Furthermore, this alteration would eliminate the need for any additional additives, such as 

added external toluenesulfonamide, as the only necessary reagent would be obtained in situ. 

Ultimately, the new goal that was imagined was to access the 3-pyrroline-3-carboxylates 4 

through a phosphine-catalyzed [4+1] annulative rearrangement of allenylic carbamates 21.  

 

Scheme 2.6.8 Proposed production of 3-pyrrolines 4 from allenylic carbamates 21 

 
 In order to explore the potential of this postulated annulative rearrangement, the first task 

at hand became the preparation of allenylic carbamate 21a. This was readily accomplished 

following exposure of allenylic alcohol 8a to para-toluenesulfonyl isocyanate (tosyl isocyanate, 

TsNCO), which delivered allenylic carbamate 21a in 92% yield (Scheme 2.6.9).29 At this point, 

our idea was tested by subjecting allenylic carbamate 21a to PBu3 in dichloromethane (CH2Cl2), 

and 3-pyrroline 4a was pleasingly obtained, albeit in only 6% yield, thus validating our proposed 

reaction pathway. While the reaction provided an extremely low product yield, it was strongly 

believed that the process could be optimized. This was based on the fact that the reaction 

proceeded cleanly such that only one spot was observed by thin-layer chromatography (TLC). 

The rest of the material was found to be present on the baseline of the TLC plate as decomposed 

starting material.  
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Scheme 2.6.9 Preparation of 3-pyrroline 4a from allenylic alcohol 8a by way of allenylic 
carbamate 21a 
 

Reaction optimization  

Reaction optimization was then performed and a sampling of the reaction conditions 

attempted is shown in Table 2.6.2.30 Employing a less nucleophilic catalyst, PPh3, resulting in a 

substantial increase in yield of 3-pyrroline 4a to 19% (entry 2). These first two reactions were 

performed by adding the phosphine in one portion to a solution of allenylic carbamate 21a. It 

was thought that perhaps adding allenylic carbamate 21a slowly to the phosphine would reduce 

the possibility of the substrate undergoing decomposition during the reaction.31 As such, 

allenylic carbamate 21a was then added to a solution of PPh3 over three hours, and an additional 

increase in the yield of 4a to 32% was observed (entry 3). It was then decided that allenylic 

carbamate 21a should be added over an extended period of time, and upon adding the substrate 

over 24 hours the yield of 4a was found to increase even further to 47% (entry 4). Switching the 

solvent to acetonitrile (CH3CN) and doubling the addition time to 48 hours resulted in a dramatic 

increase in yield of 4a to 69% (entry 5). This reaction was also performed in the presence of 4 Å 

molecular sieves, as it was believed that the reaction might be water sensitive, based on the 

assumption that any water present might quench the in situ generated toluenesulfonamide anion 

6. Attempting to explore the electronics of the phosphine catalyst, an electron-rich as well as an 

electron-poor triarylphosphines were employed, and surprisingly both reactions provided 4a in 

the lowered yield of 48% (entries 6–7). In an attempt to examine the effect of temperature on the 

reaction, it was then performed at 40 ˚C, which resulted in a decrease in the yield of 4a to 51% 
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(entry 8). Further exploring this idea, the reaction was then performed at 0 ˚C, where it was 

unexpectedly found to not proceed at all (entry 9). In an effort to facilitate the transformation, the 

reaction was then removed from the ice bath and allowed to warm to room temperature, where 

successfully product formation was observed, although only a 32% yield of 4a was obtained. It is 

important to note that this yield is identical to that obtained upon adding allenylic carbamate 21a 

to PPh3 over three hours, and it is believed that the low yield was due to the fact that all of the 

carbamate was present in the flask at once, thus leading to excessive decomposition. As a result 

of these last two reactions, it was determined that the ambient room temperature was the best 

condition to perform the reaction at. It was then discovered that a 69% yield of 3-pyrroline 4a 

could also be obtained in the absence of molecular sieves while employing a reduced addition 

time of 24 hours (entry 10), thus suggesting that the reaction was not actually sensitive to 

adventitious water. It was then of interest to employ the more nucleophilic PBu3 under these 

newly discovered reaction conditions and a yield of 29% was obtained (entry 11). This indicated 

that this substrate was highly reactive and required the utilization of the less nucleophilic PPh3, 

based on the observation that PBu3 lead to more significant decomposition of the starting 

material than did PPh3. A solvent screen was then carried out by performing the reaction in either 

dimethylformamide (DMF), tetrahydrofuran (THF), toluene, benzene, ethyl acetate (EtOAc), 

dichloroethane (ClCH2CH2Cl, DCE), or chloroform (CHCl3) (entries 12–18). Ultimately, it was 

found that the reaction did not perform better in any of these solvents, but rather provided much 

lower yields of product. Thus, the optimal condition for performing the [4+1] annulative 

rearrangement was discovered to include PPh3 in acetonitrile.  
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Table 2.6.2 Optimization of the phosphine-catalyzed [4+1] annulation of allenylic carbamate 
21aa 

 

entry phosphine carbamate addition 
time (h) 

solvent additive yield 
(%) 

1b PBu3 0 CH2Cl2 -- 6 
2b Ph3P 0 CH2Cl2 -- 19 
3 Ph3P 3 CH2Cl2 -- 32 
4 Ph3P 24 CH2Cl2 -- 47 
5 Ph3P 48 CH3CN 4 Å MS 69 
6 (p-CH3C6H4)3P 48 CH3CN 4 Å MS 48 
7 (p-CF3C6H4)3P 48 CH3CN 4 Å MS 48 
8c Ph3P 48 CH3CN 4 Å MS 51 
9d Ph3P 4 CH3CN 4 Å MS 32 
10 Ph3P 24 CH3CN -- 69 
11 PBu3 24 CH3CN -- 29 
12 Ph3P 48 DMF -- No rxn 
13 Ph3P 48 THF -- 14 
14e Ph3P 30 toluene -- 5 
15 Ph3P 30 benzene -- 16 
16 Ph3P 30 EtOAc -- 6 
17 Ph3P 30 ClCH2CH2Cl -- 51 
18 Ph3P 48 CHCl3 -- 34 

a The reactions were performed by adding a solution of  allenylic carbamate 21a over the indicated time to a solution 
of phosphine (1.0 equiv) and was then stirred for an additional 4 h. b The allenylic carbamate 21a was added to the 
phosphine in one portion. c Reaction run at 40 ˚C. d Reaction run at 0 ˚C, but no product formed at this temperature, 
so the solution was allowed to warm to rt. e Allenylic carbamate 21a did not fully dissolve.  
 

 With this newly optimized condition in hand, it was then of interest to explore the 

potential substrate scope of the reaction. As such, allenylic alcohol 8b was converted to allenylic 

carbamate 21b in 94% yield following exposure to tosyl isocyanate, and this newly generated 

carbamate was subsequently added to a solution of PPh3 in acetonitrile over the course of 24 

hours (Scheme 2.6.10). Surprisingly, the desired 3-pyrroline 4b was afforded in only 17% yield. 

It was apparent that the inclusion of additional substitution on the βʹ′-carbon had an adverse 
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effect on the reaction efficiency. However, as this was still the only product produced from the 

reaction, it was believed that this reaction could once again be optimized. 

 

Scheme 2.6.10 Two step synthesis of 3-pyrroline 4b from allenylic alcohol 8b by way of 
allenylic carbamate 21b 
 
 
 The conditions attempted to optimize the reaction involving the conversion of allenylic 

carbamate 21b to 2-methyl-3-pyrroline 4b are shown in Table 2.6.3. Firstly, the reaction was 

performed in an alternative solvent, CH2Cl2, which resulted in a slight decrease in the yield of 4b 

to 16% (entry 2). It was then thought that perhaps allenylic carbamate 21b was less reactive than 

the unsubstituted variant 21a, and for this reason the nucleophilicity of the catalyst was increased 

slightly by utilizing PMePh2. Pleasingly, this affected a nearly two-fold increase in the yield of 

4b to 33% (entry 3). However, attempting to even further increase the nucleophilicity of the 

catalyst by utilizing PMe3 and hexamethylphosphorous triamide  (HMPT) resulted in delivering 

only trace product and mainly decomposition of allenylic carbamate 21b (entries 4–5). 

Employment of other trialkylphosphines with reduced nucleophilicity relative to that of PMe3, 

triethylphosphine (PEt3) and PBu3, resulted in a dramatic increase in yield of 4b to 55% in both 

cases (entries 6–7). However, employment of tricyclohexylphosphine (PCy3), yielded 3-pyrroline 

4b in only 14%, presumably due to the increased steric hindrance of this catalyst (entry 8). At 

this point, it was clear that PEt3 and PBu3 were the best catalysts for this transformation and as a 

result the remainder of the experiments were carried out using them. A solvent screen was then 

conducted. Reactions utilizing either PEt3 or PBu3 were performed in CH2Cl2, resulting in a 

slight increase in the yield of 4b to 59% in both trials (entries 9–10). Since both catalysts were 
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behaving similarly, the following reactions were performed in the presence of solely PBu3. 

Changing solvents to either ClCH2CH2Cl or benzene resulted in a decrease in the yield of 4b to 

41% and 34%, respectively (entries 11–12). Further optimization was then performed by 

exploring the effects of concentration on the reaction. Additionally, as the reaction appeared to 

be performing equally well in either CH2Cl2 or CH3CN the following reactions were performed 

by employing both solvents. As such, increasing the concentration from 0.035 M to 0.07 M 

resulted in decomposition of allenylic carbamate 21b in the presence of either solvent, and 

ultimately provided extremely messy reactions with no desired product formation (entries 13–

14). Decreasing the concentration of the reaction from 0.035 M to 0.018 M resulted in an 

increase in yield of 4b in both experiments, providing a large increase to 69% of 3-pyrroline 4b 

when run in CH2Cl2 (entry 15), while only a slight increase to 66% yield of 4b when carried out 

in CH3CN (entry 16). However, when employing PEt3 in an analogous reaction under these new 

conditions, only trace product was generated (entry 17). When lowering the concentration of the 

reaction in CH2Cl2 even further to 0.007 M in the presence of PBu3, shockingly no reaction was 

observed (entry 18). However, when an analogous reaction was performed in CH3CN, the 

reaction was found to proceed, albeit with lowered efficiency, as a 51% yield of 4b was 

obtained. Thus, it was determined that the optimal concentration for this reaction was 0.018 M. 

In an attempt to further optimize the process, the reaction was then performed in either degassed 

CH2Cl2 or CH3CN in an effort to reduce oxidation of the phosphine catalyst over the extended 

addition time of the allenylic carbamate to the reaction. Unfortunately, this delivered a slight 

decrease in yield of 4b to 65% when performed in degassed CH2Cl2 (entry 20). However, quite 

pleasingly, when the reaction was run in the degassed CH3CN, a very significant increase in 

yield of 4b to 74% was obtained (entry 21). In an effort to examine the catalyst one last time, an 
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analogous reaction was then performed in the presence of PEt3, which afforded a lowered yield 

of 70% of 4b (entry 22). 

 
Table 2.6.3 Optimization of the phosphine-catalyzed [4+1] annulation of allenylic carbamate 
21ba 
 

 

Entry Catalyst Solvent Concentration 
(M) 

Yield 
(%) 

1 PPh3 CH3CN 0.035 17 
2 PPh3 CH2Cl2 0.035 16 
3 PMePh2 CH3CN 0.035 33 
4 PMe3 CH3CN 0.035 trace 
5 HMPT CH3CN 0.035 trace 
6 PEt3 CH3CN 0.035 55 
7 PBu3 CH3CN 0.035 55 
8 PCy3 CH3CN 0.035 14 
9 PEt3 CH2Cl2 0.035 59 
10 PBu3 CH2Cl2 0.035 59 
11 PBu3 ClCH2CH2Cl 0.035 41 
12 PBu3 benzene 0.035 34 
13 PBu3 CH2Cl2 0.070 Messy 
14 PBu3 CH3CN 0.070 Messy 
15 PBu3 CH2Cl2 0.018 69 
16 PBu3 CH3CN 0.018 66 
17 PEt3 CH2Cl2 0.018 trace 
18 PBu3 CH2Cl2 0.007 trace 
19 PBu3 CH3CN 0.007 51 
20b PBu3 CH2Cl2 0.018 65 
21b PBu3 CH3CN 0.018 74 
22b PEt3 CH3CN 0.018 70 

a The reactions were performed by adding a solution of allenylic carbamate 21b over 24 h to a solution of phosphine 
(1.0 equiv) and stirring for an additional 4 h. b The solvent was degassed by bubbling Ar (g) for 1.5 h. 

 

Over the course of the optimization, it was discovered that the reaction behaved well in 

the presence of either PBu3 or PEt3. However, PBu3 was ultimately discovered to be the optimal 

• CO2Et

OCONHTs catalyst N
Ts

CO2Et
solvent

concentration
rt

21b 4b



	   240 

catalyst. While the reaction was observed to transpire in both CH2Cl2 and CH3CN, the annulative 

rearrangement proceeded more reliably in CH3CN than when performed in CH2Cl2. The results 

were reproducible when utilizing CH3CN as solvent, but were often hard to duplicate when 

CH2Cl2 was employed. In addition, the reaction did not provide product in dilute solutions of 

CH2Cl2. For these reasons, it was decided that CH3CN was the superior solvent to perform these 

reactions in. To summarize, the final reaction protocol was determined to include the 

employment of PBu3 in degassed CH3CN at a concentration of 0.018 M.  

In an effort to further optimize the reaction, we then explored an array of sulfonamide 

nucleophiles. Thus, four additional allenylic carbamates, 21ba–bd, were prepared by reacting 

allenylic alcohol 8b with various sulfonyl isocyanates (Table 2.6.4).32 When employed in the 

reaction, the para-nitrobenzenesulfonyl-substituted carbamate 21ba resulted in the lowest yield 

of the corresponding pyrroline 4ba, 37%, presumably due to decreased nucleophilicity of the 

sulfonamide anion (entry 1). Less electron-poor meta-trifluoromethylbenzenesulfonyl variant 

21bb resulted in an improved yield of the respective 3-pyrroline 4bb to 45% (entry 2). Using the 

benzenesulfonyl group 21bc resulted in an increase in the yield to 58% of the 3-pyrroline 4bc 

(entry 3). The previously obtained 74% yield of 4b from the electron-rich para-toluenesulfonyl 

variant 21b was likely due to the anion’s increased nucleophilicity (entry 4). However, when 

using the electron-richer para-methoxybenzenesulfonyl group 21bd the yield of 3-pyrroline 4bd 

decreased slightly to 72%, probably due to the reduced acidity of the sulfonamide (entry 5). As a 

result, the initially employed para-toluenesulfonyl-substituted carbamates 21 were chosen for 

further study. 
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Table 2.6.4 Study performed in an attempt to further optimize the reactiona 

 

 

entry R1 R2 carbamate yield 21 
(%) 

3-pyrroline yield 4 
(%) 

1 NO2 H 21ba 99 4ba 37 
2 H CF3 21bb 79b 4bb 45 
3 H H 21bc 99 4bc 58 
4 Me H 21b 94 4b 74 
5 OMe H 21bd 96 4bd 72 

a The reactions were performed by adding a solution of allenylic carbamate 21 to a solution of phosphine (1.0 equiv) 
over 24 h using solvent degassed with Ar (g) for 1.5 h, followed by stirring for an additional 4 h. b This yield is 
BRSM, isolated yield is 22%. 
 
 
Exploration of the substrate scope 

 Following the discovery of both the optimum reaction conditions and the ideal 

nucleophile for the [4+1] annulative rearrangement, the substrate scope of the reaction could now 

be investigated. In order to accomplish this goal, the first requirement involved preparation of an 

array of allenylic alcohols 8 featuring various substitution of the βʹ′-carbon. The task was initially 

attempted by employing the previously utilized Morita–Baylis–Hillman reaction. However, 

while this reaction was found to be successful in constructing allenylic alcohols 8a,b, it 

unfortunately failed to provide useful yields of more elaborate substrates. For this reason, a 

tin(II)-mediated allenylation of aldehydes with propargyl bromide 22, developed by Ma, was 

then exploited to synthesize allenylic alcohols 8c–m.33 Through the employment of this 

methodology, allenylic alcohols were prepared that contained ethyl, propyl, cyclopropyl, 

cyclohexyl, phenyl, as well as more elaborate alkyl chains featuring additional functional groups 
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on the chain’s terminus including an acetylene, a benzene ring, a siloxy motif, and ester 

functionalities (Table 2.6.5).34 Subsequently, these allenylic alcohols were converted to allenylic 

carbamates 21c–m in good to excellent yields of 69–95% yields following exposure to tosyl 

isocyanate at 0 ˚C (entries 1–11). The newly prepared substrates were then subjected to the 

optimized reaction conditions to yield 3-pyrrolines 4c–m. Allenylic carbamates containing 

unfunctionalized linear alkyl chains of varying lengths produced the respective 3-pyrrolines 4c–d 

in moderate to good yields of 55–62% (entries 1–2). Substrates with cycloalkyl groups of 

varying size produced the pyrrolines 4e–g successfully, albeit with lower reaction efficiencies of 

28–37% (entries 3–5). Thus, there appears to be a correlation between increased steric hindrance 

at the βʹ′-carbon and decreased efficiency of the reaction. The presence of a phenyl ring or 

unsaturation in the alkyl chain was well tolerated in the reaction, as the pyrrolines 4h–j were 

produced in moderate to good yields of 52–66% (entries 6–8). The reaction was found to be 

forbearing of siloxy and ester functionalities, as the respective pyrrolines 4k–m were produced in 

moderate to good yields of 48–56% (entries 9–11), which is notable as these three compounds 

can potentially serve as direct precursors for the synthesis of natural products (vide infra). 

 
Table 2.6.5 Synthesis of allenylic alcohols 8, allenylic carbamates 21, and 3-pyrrolines 4a  

 

 
 

entry allenylic alcohol 8 yield of 8 (%) yield of 21 (%) 3-pyrroline yield of 4 (%) 
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2 

 

 
8d (55) 

 
21d, (69) 

 

 
4d (55) 

 
3 

 

 
8e (59) 

 
21e, (88) 

 

 
4e (28) 

 
4 

 

 
8f (48) 

 
21f (86) 

 

 
4f (37) 

 
5 

 

 
8g (60) 

 
21g (88) 

 

 
4g (30) 

 
6 

 

 
8h (47) 

 
21h (88) 

 

 
4h (66) 

 
7 

 

 
8i (29) 

 
21i (89) 

 

 
4i (52) 

 
8 

 

 
8j (67) 

 
21j (72) 

 

 
4j (52) 

 
9b 

 

 
8k (44) 

 
21k (72) 

 

 
4k (48) 

 
10 

 

 
8l (61) 

 
21l (92) 

 

 
4l (56) 

 
11 

 

 
8m (72) 

 
21m (95) 

 

 
4m (55) 

a The reactions were performed by adding a solution of allenylic carbamate 21 to a solution of phosphine (1.0 equiv) 
over 24 h, using solvent degassed with Ar (g) for 1.5 h, followed by stirring for an additional 4 h. b Solvent was not 
degassed for this reaction. 
 
 

We surmised that the mechanism of this transformation involves initial displacement of 

the carbamate by phosphine, thus decomposing 21 into phosphonium diene 20, CO2, and 

toluenesulfonamide anion 6, which serves as the nucleophile in the reaction to construct 3-

pyrrolines 4 (Scheme 2.6.11). However, there arose a point of contention when considering how 
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the reaction progresses from phosphonium diene 20 to 3-pyrroline 4 as it seemed feasible that 6 

could potentially add to either the βʹ′- or the γ-carbon of phosphonium diene 20.35–37 

 

Scheme 2.6.11 Conversion of allenylic carbamate 21 to phosphonium diene 20 and 3-pyrroline 4 

 
For Tong’s [4+1] reaction, it was proposed that the nucleophile initially added to the γ-

carbon of suggested intermediate 13 (Scheme 2.6.5), by arguing for the stronger electron-

withdrawing effect of triphenylphosphonium over the carboxylate group.27 While this scenario is 

not unreasonable, we felt that experimental evidence to support this proposal was lacking. In 

addition, contrary to this idea, Tong later published a reaction between allenylic acetate 9a and 

butyl toluenesulfonamide in the presence of catalytic PPh3, which produced an allenoate 

analogous to 26a (see Table 2.6.6) in 76% yield.38 Consequently, an in-depth investigation was 

designed between allenylic acetate 23 and nitrogen- and carbon-centered nucleophiles 24 capable 

of undergoing only monoaddition to the proposed phosphonium diene 20. As such, if the 

mononucleophile were to add to the γ-carbon first, a phosphorous ylide would be generated (path 

A in Scheme 2.6.11). Conversely, initial addition to the βʹ′-carbon would lead to the formation of 

an allenoate upon elimination of the phosphine (path B in Scheme 2.6.11). 

Mechanistic investigation 

The mechanistic investigation of the [4+1] reaction began by employing allenylic acetate 

23 in a series of reactions with benzyl toluenesulfonamide 24a (Table 2.6.6). In an effort to 

determine whether a carbon mononucleophile would exhibit similar reactivity to 24a, a series of 
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reactions were then performed employing 3-methyl-2,4-pentanedione (24b) as the 

pronucleophile (Table 2.6.7). A second carbon mononucleophile, benzoyl propionitrile 24c, was 

then employed in the reactions to determine whether different carbon nucleophiles demonstrate 

similar reactivity to one another (Table 2.6.8).  

 
Table 2.6.6 Study conducted between allenylic acetate 23 and 24aa  

 

entry PPh3 
(mol%) 

Cs2CO3 
(mol%) 

NaOAc 
(mol%) 

yield 
25a 
(%) 

yield 
26a 
(%) 

yield 
27ab 

(%) 

yield 
23 
(%) 

1 20 130 -- 77 0 0 0 
2 -- 130 -- 81 0 0 0 
3 20 -- -- 0 20 15 6 
4 110 -- -- 0 0 14 0 
5 20 -- 130 0 19 14 6 
6 -- -- 130 0 0 0 100 

a The reactions were performed by adding a solution of allenylic acetate 23 to a solution of the rest of the reactants 
over 6 h and stirring for an additional 1 h. b Allylic acetate 27a was isolated as a mixture of isomers, where the ratio 
was found to range between 1.11:1 and 1.19:1 (Z:E).  
 
 
 
 
Table 2.6.7 Study performed between allenylic acetate 23 and 24ba 

 

entry PPh3 
(mol%) 

Cs2CO3 
(mol%) 

NaOAc 
(mol%) 

yield 
25b 
(%) 

yield 
26b 
(%) 

yield 
27bb 

(%) 

yield 
23 
(%) 

1 20 130 -- 0 42 19 0 
2 -- 130 -- 8 74 0 0 
3 20 -- -- 0 34 19 9 
4 110 -- -- 0 0 23 0 
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5 20 -- 130 0 34 18 7 
6 110 -- 130 0 0 24 0 
7 -- -- 130 0 0 0 100 

a The reactions were performed by adding a solution of allenylic acetate 23 to a solution of the rest of the reactants 
over 1 h and stirring for an additional 5 h. b Allylic acetate 27b was isolated as a mixture of isomers, where the ratio 
was found to range between 1.05:1 and 1.18:1 (E:Z). 
 

Table 2.6.8 Study carried out between allenylic acetate 23 and 24ca 

 

entry PPh3 
(mol%) 

Cs2CO3 
(mol%) 

yield 
25c 
(%) 

yield 
26c 
(%) 

yield 
27cb 

(%) 

yield 
23 
(%) 

1 20 130 18 26 0 5 
2 -- 130 28 44 0 2 
3 20 -- 0 7 0 2 
4 110 -- 0 0 20 0 

a The reactions were performed by adding a solution of allenylic acetate 23 to a solution of the rest of the reactants 
over 1 h and stirring for an additional period of time. b Allylic acetate 27c was isolated as a mixture of isomers, 
where the ratio was found to be 1.08:1 (E:Z). 
 

The product distributions for the reactions employing either pronucleophile 24a or 24b in 

the presence of both PPh3 and Cs2CO3 were vastly different from one another (Tables 2.6.6 & 

2.6.7, entry 1). It is thought that diene 25a was produced by a SN2ʹ′ addition of the sulfonamide 

anion of 24a to allenylic acetate 23. Whereas, allenoate 26b was likely formed through either the 

direct SN2 displacement of the acetate of 23 by the enolate of 24b or by the βʹ′-addition of the 

enolate to phosphonium diene 20 (vide infra). Allylic acetate 27b, however, was likely formed 

either through the γ-umpolung addition of the enolate of 24b to allenylic acetate 23 or by the 

sequential γ−addition of the enolate of 24b and βʹ′-addition of acetate onto phosphonium diene 

20. 

Performing the reaction in the absence of PPh3 verified the idea that the sulfonamide 
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anion of 24a underwent a SN2ʹ′ addition to allenylic acetate 23 to generate diene 25a (Table 2.6.6, 

entry 2). Subsequently employing nucleophile 24b in an analogous reaction demonstrated that 

the production of allenoate 26b was most likely by way of simple SN2 displacement of the 

acetate of allenylic acetate 23 by the enolate of 24b (Table 2.6.7, entry 2). More importantly, this 

result implies that it is not necessary to pass through phosphonium diene 20 en route to preparing 

allenoate 26b. With the assumption that phosphonium diene 20 is not likely generated in these 

reactions, the reactivity difference between the nitrogen- and carbon-centered nucleophiles in the 

presence of both PPh3 and Cs2CO3 can still be explained upon considering the involvement of 

PPh3. When 24a was employed, its anion presumably reacts faster with allenylic acetate 23 in an 

SN2ʹ′ fashion to form 25a than PPh3 can add via a conjugate addition, thus inhibiting production 

of allylic acetate 27a. Conversely, compared to the anion of 24a, the enolate of 24b likely 

undergoes SN2 displacement of the acetate at a slower rate, allowing conjugate addition of PPh3 

to allenylic acetate 23, which leads to the formation of allylic acetate 27b. 

A second carbon nucleophile, 24c, was then employed in the reaction to determine 

whether it would demonstrate similar reactivity to 24b (Table 2.6.8, entry 1). Unexpectedly, the 

reactivity of 24c was found to be similar in certain aspects to both pronucleophiles 24a and 24b, 

as both diene 25c and allenoate 26c were produced from the reaction. In analogy to the above 

discussion, this outcome implies that the enolate of 24c reacts with allenylic acetate 23 faster 

than PPh3. This result suggests that in contrast to the enolate of 24b, the enolate of 24c readily 

undergoes both SN2 and SN2ʹ′ reactions on allenylic acetate 23, with the SN2 pathway being the 

slightly favored mode of reactivity. 

When catalytic PPh3 was employed in reactions using nucleophiles 24a and 24b, the 

isolated products were allenoates 26a,b and allylic acetates 27a,b (Tables 2.6.6 and 2.6.7, entry 
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3). In contrast, when 24c was employed, the only product isolated was allenoate 26c (Table 

2.6.8, entry 3). When all three nucleophiles 24a–c were subjected to excess PPh3 the only 

product generated in each reaction was the respective allylic acetate 27a–c (Tables 2.6.6–2.6.8, 

entry 4). It is possible, however, that allenoates 26a–c were produced during these reactions, but 

were subsequently consumed by the excess PPh3 present.39 Nevertheless, it appears that the 

nitrogen and carbon nucleophiles behave comparably to one another when exposed to solely 

PPh3. 

In order to rationalize the construction of products 26 and 27 in the absence of Cs2CO3, 

the possibility of phosphonium diene formation was again considered. Generation of this 

intermediate would result in the liberation of acetate into the reaction mixture. As such, it was of 

interest to probe whether acetate was acting as the base in the reaction en route to constructing 

allenoates 26 and allylic acetates 27. Thus, a series of reactions were performed employing PPh3 

and excess NaOAc (Table 2.6.6, entry 5 and Table 2.6.7, entries 5 and 6). The results were 

nearly identical to those observed in the absence of NaOAc (Table 2.6.6, entry 3 and Table 2.6.7, 

entries 3 and 4). Subsequently, two experiments were then carried out in the sole presence of 

NaOAc and no reaction occurred in either case (Table 2.6.6, entry 6 and Table 2.6.7, entry 7), 

allowing the conclusion that the acetate ion was not acting as a base during the reactions. 

Ultimately, this data suggests that in the absence of an appropriate external base, phosphonium 

dienolate 28, generated upon Michael addition of phosphine to allenylic acetate 23, is likely 

fulfilling the role of a Brönsted base (vide infra).40 

Upon this realization, a potential pathway to allenoates 26a–c, in the absence of external 

base, can be proposed to proceed through phosphonium dienolate 28 as shown in Scheme 

2.6.12.41 The monopronucleophiles 24a–c are subsequently deprotonated by 28, yielding 
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phosphonium 29. At this point, the newly formed anion of nucleophile 24 undergoes a SN2 

reaction on the acetate of 29 to produce phosphonium 30. Deprotonation of the α-carbon of 30 

generates new phosphonium dienolate 31, which then eliminates phosphine to produce allenoate 

26.  

 

Scheme 2.6.12 Mechanistic rationale for the formation of allenoate 26 from allenylic acetate 23 

 
While our proposed mechanisms are more consistent with the observed product 

distribution, we cannot unequivocally exclude the possibility of phosphonium diene 5b as a 

reactive intermediate in the formation of allenoates 26a–c and allylic acetates 27a–c. A route 

proceeding through phosphonium diene 5b, however, is only possible if it is employing 

phosphonium 29 as well, otherwise there would be no means of introducing the nucleophile to 

the reaction in the absence of external base. Therefore, instead of suggesting that 26 and 27 are 

produced by way of a complex system of mechanisms employing multiple reactive intermediates 

working in tandem, we feel it best to propose a much simpler mechanistic understanding of this 

process, which involves phosphonium 29 as a common intermediate and does not require 

formation of phosphonium diene 5b.42  
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Mechanism Proposal 

Based on the data obtained from the investigation employing mononucleophiles, it is 

likely that the mechanism proposed by Tong for the phosphine catalyzed [4+1] reaction of 

allenylic acetates 9 does not adequately describe the actual events. The most important 

observation is that this reaction does not have to pass through phosphonium diene 13 en route to 

the formation of the cyclopentene products 11. The data suggests a series of alternative 

mechanisms working in concert to produce the cyclopentene compounds. The first plausible 

mechanism based on our findings is presented in Scheme 2.6.13. The addition of PPh3 to 

allenylic acetate 9a generates phosphonium dienolate 12, which then undergoes protonation to 

yield phosphonium 32. At this point, the enolate of 10a could displace the acetate, yielding 

intermediate 33. Following deprotonation of 33, the zwitterionic intermediate 34 undergoes an 

intramolecular γ-umpolung cyclization to produce phosphorous ylide 35, which subsequently 

undergoes proton transfer to 36 and then elimination of the phosphine to yield cyclopentene 

11a.43 

 

Scheme 2.6.13 Plausible mechanism for Tong’s [4+1] reaction 
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An alternate pathway can be proposed, which begins in the same manner as just 

discussed. However, the pathways diverge upon construction of phosphonium 32. Instead of 

adding to the βʹ′-carbon, the reaction could initially proceed via a γ-umpolung addition of the 

nucleophile to phosphonium 32, generating phosphorous ylide 37 (Scheme 2.6.14). Following 

proton transfer, the anion of intermediate 38 undergoes an intramolecular SN2 reaction, thus 

displacing the acetate to form phosphonium 39. Cyclopentene 11a would then be produced 

following deprotonation of the α-carbon of 39 and subsequent elimination of the phosphine from 

36.  

 

Scheme 2.6.14 Alternate mechanism for Tong’s [4+1] reaction 

 

Lastly, a third potential mechanism can be proposed. Considering that the majority of 

benzoyl acetonitrile 10a has likely been converted to the enolate in the presence of excess 

Cs2CO3, upon addition of allenylic acetate 9a to the mixture it is mostly converted to allenoate 

40 via a SN2 displacement of the acetate of 9a (Scheme 2.6.15). Allenoate 40 then undergoes a 
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40, generating phosphonium dienolate 41.42 Following subsequent proton transfer, intermediate 

34 is obtained, and cyclopentene 11a is ultimately produced as shown in Scheme 2.6.13. 

 
 

 

Scheme 2.6.15 An alternate pathway for the production of intermediate 34 

 

Since the major products obtained when Cs2CO3 was employed in the reactions with 

carbon-centered nucleophiles 24b,c was allenoates 26b,c, it is likely that the predominant 

pathway in operation during Tong’s reaction involves the intramolecular γ-umpolung cyclization, 

presented in Scheme 2.6.13 or Scheme 2.6.15. This argument is further buttressed by the fact that 

when catalytic PPh3 was employed in the reactions, formation of the βʹ′-addition products 26 

were favored over those produced by γ-umpolung addition. The route shown in Scheme 2.6.14 

cannot be discounted completely, but it is likely that this route only constitutes a minor pathway 

if at all.  

In an effort to obtain further evidence to support this proposal, a reaction was run 

between allenylic acetate 23 and benzoyl acetonitrile 10a in the presence of Cs2CO3 (Scheme 

2.6.16), and allenoate 42, 4H-pyran 43, and 2H-pyran 44, were isolated in 19%, 27%, and 12% 

yield, respectively.44 Allenoate 42 was likely formed via a SN2 reaction of the enolate of 10a on 

allenylic acetate 23. The presence of this product is important as it provides evidence for the 
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by an intramolecular oxa-Michael addition.45 In contrast, 2H-pyran 44 probably arises by a SN2ʹ′ 

addition of the enolate of 10a to allenylic acetate 23, and subsequent intramolecular oxa-Michael 

addition to the βʹ′-carbon.45 As such, the total yield of products constructed via the SN2 pathway 

was 46%, whereas the yield obtained from the SN2ʹ′ pathway was only 12%. This observation 

ultimately suggests the mechanism presented in Scheme 2.6.15 is the major pathway in the 

formation of cyclopentene 11a. 

 

Scheme 2.6.16 Reaction between allenylic acetate 23 and 10a in the presence of Cs2CO3 

 
Based on the knowledge gathered from the studies conducted with the mononucleophiles, 

it is now apparent that our [4+1] reaction likely begins with phosphine addition to allenylic 

carbamate 21 to form phosphonium dienolate 45 (Scheme 2.6.17). This intermediate 

subsequently undergoes β-elimination of the carbamate, generating phosphonium diene 20, 

toluenesulfonamide anion 6, and CO2. At this point, we returned to the initially posed question of 

which carbon of phosphonium diene 20 the anion 6 adds to first. As the investigation conducted 

between allenylic acetate 23 and monopronucleophiles 24a–c unveiled that a phosphonium diene 

is not likely generated from 23, the initial site of attack of sulfonamide anion 6 on phosphonium 

diene 20 was therefore unable to be elucidated. While we cannot conclusively state that addition 

to the γ-carbon was not proceeding first, it is believed that 6 is most likely adding to the βʹ′-

carbon of phosphonium diene 20 first. This site of addition would help serve to explain the 

lowered reaction efficiency observed when the steric hindrance of the alkyl substituent was 
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increased. Following this addition to the βʹ′-carbon, the intermediate phosphonium dienolate 46 is 

obtained. It should be noted that intermediate 46 could potentially eliminate the phosphine to 

generate allenoate 47, instead of undergoing proton transfer to generate the next intermediate in 

the catalytic cycle. This is important, as a ready intramolecular γ-umpolung cyclization of 

compounds similar to 47 was recently disclosed by our laboratory.29 These studies also serve to 

provide support that 6 adds to the βʹ′-carbon of phosphonium diene 20 as the subsequent 

cyclization was shown to be facile. From 46, the conversion to 3-pyrroline 4 begins upon proton 

transfer to construct zwitterion 48, which subsequently undergoes an intramolecular γ-umpolung 

cyclization to yield phosphorous ylide 49. The 3-pyrroline 4 is then realized following proton 

transfer to form 50 and subsequent elimination of the phosphine.  

 

Scheme 2.6.17 Mechanism for our phosphine-catalyzed [4+1] reaction 
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An alternative mechanism, which produces 6 via a direct SN2 displacement of the 

carbamate or addition to the carbonyl by phosphine, was considered. In an attempt to invalidate 

this alternate pathway, benzyl tosyl carbamate 51 was subjected to both catalytic and 

stoichiometric PPh3 (Scheme 2.6.18). If PPh3 was able to facilitate the displacement of the 

carbamate or addition to the carbonyl, it would generate benzyl phosphonium or 

benzyloxycarbonyl phosphonium and sulfonamide anion 6. From this point, 6 might be able to 

undergo a subsequent SN2 reaction, thus generating benzyl toluenesulfonamide 24a. Much to our 

delight, there was no reaction observed between PPh3 and benzyl tosyl carbamate 51, suggesting 

that the sulfonamide anion 6 is not generated through a SN2 displacement of the carbamate from 

21 by PPh3. Consequently, our reaction must be proceeding by way of a SN2ʹ′ reaction, generating 

phosphonium diene 20, and toluenesulfonamide anion 6. As such, this is the first example of a 

reaction that unequivocally proceeds through a phosphonium diene as a reactive intermediate. 

This conclusion can be reached as it is now clear that the methodology developed by Tong is 

unlikely to proceed through phosphonium diene 13, whereas our methodology clearly must 

proceed through phosphonium diene 20 in order to arrive at 3-pyrrolines 4.  

 

Scheme 2.6.18 Reaction of benzyl tosyl carbamate 51 with PPh3 

 
Application in total synthesis 

 The pyrrolizidine alkaloids are a class of natural products that have attracted the interest 
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O NHTs

O

No Reaction

PPh3
(20 or 100 mol%)

51
CH3CN
rt, 24 h



	   256 

often highly oxygenated structures provide challenging testing grounds for new synthetic 

methodologies.47 Thus, in an effort to demonstrate the synthetic utility of our newly discovered 

phosphine-catalyzed [4+1] annulative rearrangement, it was determined that this methodology 

would be applied toward the total synthesis of two members of the pyrrolizidine alkaloid family, 

(±)-trachelanthamidine (52) and (±)-supinidine (54) (Figure 2.6.1).  

 

Figure 2.6.1. Representative pyrrolizidine alkaloids 

 
 A formal synthesis of (±)-trachelanthamidine (52) was achieved by treating pyrroline 4l 

with magnesium in methanol in a sonicator, which effected detosylation, lactamization, 

diastereoselective 1,4-reduction of the α,β-unsaturated ester, and transesterification to yield 

lactam 56 in 86% yield (Scheme 2.6.19).48,49 The fact that our formal synthesis was completed in 

only one step from 3-pyrroline 4l establishes this synthetic route as the most concise and most 

efficient approach toward this natural product by way of phosphine catalysis to date. This is 

easily understood upon considering that the synthetic route employed by Lu to complete a formal 

synthesis of the identical natural product required six steps, achieved with a 33% overall yield, to 

access lactam 56 from the 2-alkyl substituted-3-pyrroline generated through Lu’s methodology. 

The difference in step count is partly due to the fact that Lu had to undergo a deprotection (of a 

diphenylphosphinyl moiety) and subsequent reprotection sequence (forming an N-tosyl protected 

compound) to access a common synthetic intermediate. However, Lu does succeed in preparing 

the 3-pyrroline in an enantioselective fashion, thus allowing for an asymmetric formal synthesis 

of the natural product. Nevertheless, the fact that our completed formal synthesis is five steps 

N

H
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shorter and proceeds with nearly a 50% higher yield from the respective 3-pyrroline, establishes 

our route as the premier approach to construct this natural product by way of a phosphine-

catalyzed annulation. 

 

Scheme 2.6.19 Formal synthesis of (±)-trachelanthamidine (52) from 3-pyrroline 4l 

 
 The formal synthesis of (±)-supinidine (54) commenced with acidic cleavage of the tert-

butyl ester of 3-pyrroline 4m using trifluoroacetic acid (TFA) in dichloromethane, which 

afforded carboxylic acid 57 in 95% yield. The acid 57 was then treated with ethyl chloroformate 

(ClCO2Et) in the presence of triethylamine (Et3N) to afford the mixed anhydride, which was 

immediately reduced upon exposure to sodium borohydride (NaBH4) to provide allylic alcohol 

58 in 73% yield over the two steps. The compound was then detosylated by employing 

magnesium in methanol under sonicating conditions. Concomitant in situ lactamization formed 

lactam 59 in 72% yield, thus completing a formal synthesis of (±)-supinidine in four steps from 

pyrroline 4m in 50% overall yield.50 

 

Scheme 2.6.20 Formal synthesis of (±)-supinidine (54) from 3-pyrroline 4m  
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Conclusion 

 In summary, we have developed a novel phosphine-catalyzed [4+1] annulative 

rearrangement of allenylic carbamates 21 to form 3-pyrrolines 4. The reaction was used to 

prepare an array of 1,3-disubstituted and 1,2,3-trisubstituted 3-pyrrolines in moderate to good 

yield, focusing on the 2-alkyl-substituted variants that have traditionally been difficult to 

synthesize through phosphine catalysis. We propose that the reaction involves the stepwise 

displacement of the carbamate by phosphine, generating phosphonium diene 20, CO2, and 

toluenesulfonamide anion 6. It is believed that the reaction proceeds via initial addition of the 

sulfonamide anion to the βʹ′-carbon of phosphonium diene 20 followed by an intramolecular γ-

umpolung cyclization to form 3-pyrroline 4. In an attempt to experimentally discern which 

carbon of phosphonium diene 20 the sulfonamide anion 6 adds to first, an investigation was 

carried out between allenylic acetate 23 and mononucleophiles 24. The results from this study 

unexpectedly revealed that Tong’s phosphine-catalyzed [4+1] reaction to construct 

cyclopentenes 11 is unlikely to proceed through a phosphonium diene as proposed, and instead 

appears to utilize multiple mechanisms working in parallel. Of these, we propose that the major 

pathway that Tong’s reaction is likely to travel through, is a phosphine-catalyzed intramolecular 

γ-umpolung cyclization. Consequently, our newly developed [4+1] reaction is the first example 

of a phosphine-catalyzed reaction that must unequivocally pass through a phosphonium diene 

intermediate. The newly developed methodology was applied to the concise formal syntheses of 

the pyrrolizidine natural products (±)-trachelanthamidine (52) and (±)-supinidine (54). 
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Section 2.7 Experimental 

 
General Information 

All reactions were performed under an Ar (g) atmosphere with dry solvents in oven-dried 

round bottom flasks containing stir bars unless otherwise noted. Dichloromethane, acetonitrile, 

and triethylamine were freshly distilled from CaH2; tetrahydrofuran, diethyl ether, toluene, and 

benzene were distilled from Na with benzophenone indicator. All other reagents were obtained 

commercially and used without further purification unless otherwise stated. Reactions were 

monitored using thin layer chromatography (TLC), performed on 0.25-mm Silicycle Glass-

Backed Extra-Hard-Layer, 60-Å silica gel plates (TLG-R10011B-323) and visualized under UV 

light or through permanganate and iodine staining. Flash column chromatography was performed 

using Silicycle SiliaFlash® P60 (230–400 mesh, R12030B) and compressed air. IR spectra were 

recorded using either a Thermo Nicolet Avatar 370 FT-IR spectrometer or a JASCO FT/IR-4100 

spectrometer with an ATR-PRO 450-S accessory. NMR spectra were recorded using Bruker 

ARX-500, DRX-500, AV-500, or AV-300 instruments calibrated to CH(D)Cl3 as an internal 

reference (7.26 and 77.00 ppm for 1H and 13C NMR spectra, respectively). Spectral data for 1H 

NMR spectra are reported as follows: chemical shift (δ, ppm), multiplicity, coupling constant 

(Hz), and integration. Spectral data for 13C NMR spectra are reported in terms of chemical shift 

(δ, ppm), followed by multiplicity and coupling constant in the case of C–F coupling. The 

following abbreviations are used to denote the multiplicities: s = singlet; d = doublet; dd = 

doublet of doublets; dt = doublet of triplets; dq = doublet of quartets; ddd = doublet of doublet of 

doublets; t = triplet; td = triplet of doublets; tt = triplet of triplets; q = quartet; qd = quartet of 

doublets; m = multiplet. Mass spectra were recorded using an Applied Biosystems Voyager-DE 

STR MALDI-TOF spectrometer in a reflector mode, under positive polarity. The matrix used 
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was 2,5-dihydroxybenzoic acid, which was also employed as an internal calibrant. Data were 

analyzed using the instrument software. One compound’s mass was determined using an Agilent 

6890-5975 GC-MS. The sample was dissolved in chloroform. Some samples were also analyzed 

using an Agilent ESI mass spectrometry system, and the data were analyzed using the instrument 

software.  

 

Synthesis of Allenylic Alcohols 8 

Synthesis of Propargyl Bromides 22a and 22b 

Ethyl 4-bromo-2-butynoate (22a) was prepared following literature procedures, and the synthetic 

route is presented in Scheme 2.7.1.51 The synthesis of the propargyl bromide 22a began by 

protecting propargyl alcohol (60) as the THP ether 61. This compound was then homologated by 

deprotonating the alkyne with n-BuLi and reacting the resulting acetylide with ethyl 

chloroformate (ClCO2Et). This intermediate was subsequently subjected to THP removal with 

PPTS to generate alkynoate 62. The alcohol of 62 was then mesylated and subsequently 

displaced with LiBr to produce propargyl bromide 22a.  

 

Scheme 2.7.1 Synthetic route to propargyl bromide 22a from propargyl alcohol 60 

 

tert-Butyl 4-bromo-2-butynoate (22b) was prepared in a similar fashion to propargyl bromide 

22a (Scheme 2.7.2). The synthesis began by protecting propargyl alcohol (60) as the THP ether, 

deprotonating the resulting compound, and reacting the resulting acetylide with BOC anhydride 

to yield alkynoate 63.52 The THP protecting group was then removed to produce propargyl 
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alcohol 64. This alcohol was subsequently mesylated and displaced using LiBr to obtain the 

desired propargyl bromide 22b.  

 

Scheme 2.7.2 Synthetic route to propargyl bromide 22b from propargyl alcohol 60 

tert-Butyl 4-hydroxy-2-butynoate (64). To an oven-dried round bottom flask containing a 

magnetic stir bar was added 3,4-dihydro-2H-pyran (14.9 mL, 159.5 mmol) and propargyl alcohol 

(60) (8.65 mL, 145 mmol) and the flask was then cooled to 0 ˚C using an ice water bath. Once 

cooled, p-toluenesulfonic acid (0.276 g, 1.45 mmol) was added to the mixture, and the reaction 

was stirred at 0 ˚C for 10 min. At this point the solution was removed from the bath and allowed 

to warm to room temperature. The solution was stirred for 2 h at room temperature, at which 

point dry tetrahydrofuran was added (230 mL) and the solution was cooled to –78 ˚C. Once 

cooled, n-BuLi (a 1.6 M solution in hexanes, 99.7 mL, 159.5 mmol) was added slowly to the 

reaction mixture. The reaction was then stirred for 1.5 h at –78 ˚C. A solution of di-tert-butyl 

dicarbonate (39.50 g, 181 mmol) in dry tetrahydrofuran (35 mL) was then prepared and added 

slowly in 20 mL portions to the reaction mixture over 20 min. The reaction was then stirred at –

78 ˚C for 1 h, and subsequently removed from this bath and placed in a 0 ˚C bath where it was 

allowed to stir for 30 min. The reaction was quenched with a saturated aqueous solution of 

ammonium chloride (450 mL), and the layers were separated. The aqueous layer was extracted 

with EtOAc (3 x 150 mL). The combined organic layers were washed with brine (100 mL), dried 

over sodium sulfate, filtered, and concentrated to yield 43.29 g of crude 63. This material was 

subjected to the subsequent reaction without further purification. The crude product was 

dissolved in absolute ethanol (570 mL), and to this solution was added pyridinium para-
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toluenesulfonate (3.718 g, 14.5 mmol). The reaction mixture was then heated to 55 ˚C and stirred 

at that temperature for 2 h. After this time, the reaction was quenched with a saturated aqueous 

solution of sodium bicarbonate (500 mL) and the solution was concentrated under reduced 

pressure to remove the ethanol. The aqueous slurry was extracted with diethyl ether (5 x 100 

mL). The combined organic layers were washed with brine, dried over sodium sulfate, and 

concentrated under reduced pressure. The crude reaction mixture was purified by flash column 

chromatography (100% hexanes to 5% EtOAc/Hex to 10% EtOAc/Hex and finally 15% 

EtOAc/Hex) to yield tert-butyl 4-hydroxy-2-butynoate (64) (18.654 g, 82% over the three steps) 

as an oil. The spectral data was in agreement with those previously published in the literature.52 

 

tert-Butyl 4-bromo-2-butynoate (22b). To an oven-dried round bottom flask containing a stir 

bar was added tert-butyl 4-hydroxy-2-butynoate (64) (11.33 g, 72.56 mmol), dry 

dichloromethane (400 mL), and dry triethylamine (11 mL, 76.19 mmol), and the solution was 

cooled to 0 ˚C using a ice water bath. Once cooled, to this solution was added methanesulfonyl 

chloride (6.2 mL, 79.81 mmol) dropwise. The solution was allowed to stir at 0 ˚C for 1 h, at 

which point, distilled water (200 mL) was added to stop the reaction. The aqueous layer was 

removed, and the organic layer was washed with 2 M HCl (3 x 250 mL), followed by saturated 

aqueous sodium bicarbonate (2 x 250 mL), then washed with brine (250 mL), dried over sodium 

sulfate, filtered and concentrated under reduced pressure to yield 16.26 g of crude propargylic 

mesylate. To an oven-dried round bottom flask containing a magnetic stir bar was added 

anhydrous lithium bromide (reagent stored in the glovebox, 23.0 g, 26.48 mmol), and freshly 

distilled acetone (460 mL). To this solution was added the crude propargylic mesylate as a 

solution in freshly distilled acetone (20 mL). The reaction mixture was refluxed for 1.75 h, after 
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which it was removed from the bath and allowed to cool to room temperature. The formed 

precipitate was filtered over celite using a glass fritted funnel. The filter cake was thoroughly 

washed with acetone, and the resulting solution was concentrated under reduced pressure. To the 

crude material was added distilled water (300 mL) and hexanes (200 mL), and the layers were 

separated. The aqueous layer was extracted with hexanes (2 x 200 mL), dried over sodium 

sulfate, filtered, and concentrated under reduced pressure. The crude material was purified by 

flash column chromatography (100% hexanes to 10% EtOAc/Hex) to yield tert-butyl 4-bromo-2-

butynoate (22b) (12.64 g, 80% over the two steps) as a light yellow oil. IR (ν, cm-1) 3006, 2982, 

2971, 2941, 1738, 1708, 1369, 1278, 1256, 1216, 1152, 1082, 840, 751, 712; 1H NMR (300 

MHz, CDCl3) δ (ppm) 3.94 (s, 2H), 1.50 (s, 9H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 151.7, 

84.0, 78.9, 78.4, 27.8, 11.9; MS (GCMS) calcd for C4H3BrO2 [M – t-butyl group]+ 161.9, found 

161.9. 

 
Synthesis of Allenylic Alcohols 8a and 8b 

 

Ethyl 2-(hydroxymethyl)-2,3-butadienoate (8a).53 To a flame-dried round-bottom flask 

containing a magnetic stir bar was added paraformaldehyde (2.819 g, 89.18 mmol) and the flask 

was placed under vacuum and immersed in a 55 ˚C oil bath for 1 h to remove water. The flask 

was then removed from the oil bath and allowed to cool to room temperature. Once cooled, 

tetrahydrofuran (50 mL) was added to the flask, which was then placed in a –15 ˚C bath 

(obtained using ice and NaCl). A solution of 3-hydroxyquinuclidine (472 mg, 3.57 mmol, in 25 

mL tetrahydrofuran) was then added dropwise over 5 min to the suspension of 

paraformaldehyde. Ethyl 2,3-butadienoate (7) (2.007 g, 17.90 mmol) was then added as a 

• CO2Et

OH
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solution in THF (25 mL) dropwise to the suspension of paraformaldehyde and 3-

hydroxyquinuclidine over 5 min. The reaction was stirred at –15 ˚C for 1 h, at which point the 

flask was removed from the bath and allowed to warm to room temperature and stir for an 

additional 3.75 h. The reaction was quenched with saturated aqueous NH4Cl solution (50 mL), 

and extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed with brine 

(50 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

material was purified by flash column chromatography (15% EtOAc/Hex) to yield allenylic 

alcohol 8a (1.666 g, 66% yield) as a thick, slightly yellow oil. All spectral data was in agreement 

with that previously published.54 

 

Ethyl 2-(1-hydroxyethyl)-2,3-butadienoate (8b).55 To a flame-dried round bottom flask 

containing a magnetic stir bar and 3-hydroxyquinuclidine (460 mg, 3.55 mmol) was added dry 

ether (10 mL). The solution was then cooled to –15 ˚C using an ice/NaCl bath. To this chilled 

solution was then added ethyl 2,3-butadienoate (7) (2.026 g, 18.07 mmol) dropwise over 5 min, 

followed by acetaldehyde (2 mL, 35.78 mmol) dropwise over a minute (On a side note, the bottle 

of acetaldehyde was cooled to –78˚C and kept under Ar (g) prior to use, to ensure the compound 

remained as a liquid). The reaction was stirred at –15 ˚C for 50 min, when it was deemed 

complete by TLC. The reaction was then quenched with saturated aqueous ammonium chloride 

(10 mL), and extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with 

H2O (10 mL), brine (10 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (10% EtOAc/Hex) to 

yield allenylic alcohol 8b (2.201 g, 79% yield) as a thick, slightly yellow oil. IR (ν, cm-1) 3433, 

2982, 2935, 2907, 1966, 1708, 1266, 1059; 1H NMR (300 MHz, CDCl3) δ 5.19 (d, J = 2.2 Hz, 

• CO2Et

OH
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2H), 4.62–4.51 (m, 1H), 4.17 (d, J = 7.1 Hz, 1H), 4.12 (d, J = 7.1 Hz, 1H), 3.30 (d, J = 4.0 Hz, 

1H), 1.25 (d, J = 6.4 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 212.0, 

167.1, 104.3, 80.8, 64.7, 61.1, 21.0, 14.1; MS (MALDI) calculated for C8H12O3Na [M + Na]+ 

179.07, found 179.04. 

 

Synthesis of TBS protected allenylic alcohol 1b 

 

Ethyl 2-[(tert-butyldimethylsilyloxy)ethyl]-2,3-butadienoate (1b). To a stirring solution of 

allenoate 8b (45.1 mg, 0.29 mmol) and 2,6-lutidine (75 µL, 0.64 mmol) in dichloromethane (2.0 

mL) at –78 ˚C was added dropwise tert-butyldimethylsilyl trifluoromethanesulfonate (110 µL, 

0.48 mmol). After 20 min, the solution was warm to room temperature over 1.25 h. At this point, 

the reaction was diluted with dichloromethane (5 mL) and then quenched with saturated aqueous 

NaHCO3 (4 mL). The mixture was then stirred vigorously for 5 min. The aqueous layer was then 

extracted with dichloromethane (3 x 10 mL). Combined organic layers were washed with 

distilled H2O (10 mL), saturated aqueous NaCl (10 mL), dried over anhydrous Na2SO4, filtered, 

and then the solvent was removed under reduced pressure.  Crude reaction mixture was purified 

via flash column chromatography (3% EtOAc/Hexanes) to afford 1b as a light yellow oil (46.3 

mg, 59%): IR (CH2Cl2, cm-1) 2954, 2929, 2851, 1964, 1934, 1711, 1248, 1103, 961, 837; 1H 

NMR (300 MHz, CDCl3) δ (ppm) 5.23 (d, J = 2.3 Hz, 2H), 4.73–4.65 (m, 1H), 4.25–4.14 (m, 

2H), 1.31 (d, J = 6.2 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), 0.04 (s, 3H); 

13C NMR (75.5 MHz, CDCl3) δ (ppm) 212.7, 166.1, 106.6, 81.1, 65.2, 60.9, 25.8, 23.7, 18.2, 

14.2; MS (ESI-TOF) calcd for C14H27O3Si+ [M + H]+ 271.1724, found 271.1706. 

• CO2Et

OTBS
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Synthesis of allenylic carbonates 19a and 19b 

 

Ethyl 2-[(ethoxycarbonyloxy)methyl]2,3-butadienoate (19a). To a solution of tert-

butyllithium (0.250 mL, 0.425 mmol, 1.7 M in Hexanes) in tetrahydrofuran (2.0 mL) at –78 ˚C 

was added dropwise over 10 min to a solution of ethyl chloroformate (70 µL, 0.73 mmol) and 

allenoate 8a (53.3 mg, 0.37 mmol) in tetrahydrofuran (1.0 mL). The reaction mixture was stirred 

at –78 ˚C for 2.5 h, then removed from the bath and allowed to warm to room temperature for 1 

h. The reaction was diluted with pentane (5 mL) and then quenched with saturated aqueous 

NH4Cl (5 mL). The aqueous layer was extracted with pentane (3 x 5 mL). Combined organic 

layers were washed with distilled H2O (5 mL) and saturated aqueous NaCl (5 mL), dried over 

anhydrous Na2SO4, filtered, and the solvent was removed under reduced pressure. Crude reaction 

mixture was purified via flash column chromatography (0% to 3% EtOAc/Hexanes) to afford 

19a as a light yellow oil (28.3 mg, 35%): IR (CH2Cl2, cm-1) 2909, 2846, 1966, 1748, 1713, 1462, 

1375, 1247, 1126, 1982, 1010; 1H NMR (300 MHz, CDCl3) δ (ppm) 5.31 (t, J = 2.1 Hz, 2H), 

4.83 (t, J = 2.2 Hz, 2H), 4.25 (q, J = 7.2 Hz, 2H), 4.19 (q, J = 7.2 Hz, 2H), 1.29 (t, J = 7.1 Hz, 

3H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 214.7, 165.1, 154.7, 96.7, 

80.6, 64.2, 64.0, 61.4, 14.2, 14.1; MS (ESI-TOF) calcd for C10H14O5Na+ [M + Na]+ 237.0733, 

found 237.0728. 

 

Ethyl 2-[(tert-butoxycarbonyloxy)methyl]-2,3-butadienoate (19b). To a solution of allenoate 

8a (53.9 mg, 0.38 mmol) and di-tert-butyl dicarbonate (160.3 mg, 0.73 mmol) in tetrahydrofuran 

(3.0 mL) at –78 ˚C was added tert-butyllithium (0.250 mL, 0.425 mmol, 1.7 M in Hexanes). The 

• CO2Et

OCO2Et

• CO2Et
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reaction mixture was stirred at –78 ˚C for 2.5 h, then removed from the bath and allowed to 

warm to room temperature for one hour. The reaction was diluted with pentane (5 mL) and 

quenched with saturated aqueous NH4Cl (5 mL). The aqueous layer was extracted with pentane 

(3 x 5 mL). Combined organic layers were washed with distilled H2O (5 mL) and saturated 

aqueous NaCl (5 mL), dried over anhydrous Na2SO4, filtered, and the solvent was removed 

under reduced pressure. Crude reaction mixture was purified via flash column chromatography 

(0% to 2% EtOAc/Hexanes) to afford 19b as a light yellow oil (16.3 mg, 18%): IR (CH2Cl2, cm-

1) 2978, 2917, 2843, 1968, 1738, 1716, 1365, 1266, 1248, 1157, 1075; 1H NMR (300 MHz, 

CDCl3) δ (ppm) 5.30 (t, J = 2.2 Hz, 2H), 4.78 (t, J = 2.2 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 1.48 

(s, 9H), 1.28 (t, J = 7.1 Hz, 3H); MS (ESI-TOF) calcd for C12H18O5Na+ [M + Na]+ 265.1046, 

found 265.1044. 

 
Synthesis of Aldehydes 

4-(tert-Butyldimethylsilyloxy)butanal56 and 4-pentynal57 were prepared following literature 

procedures. 

 

 

Ethyl 4-oxobutanoate (65).58 To an oven-dried round bottom flask containing a magnetic stir 

bar was added freshly distilled N-methyl pyrrolidinone (8 mL) followed by ethyl succinyl 

chloride (1.14 mL, 8.0 mmol), and the mixture was then cooled to 0 ˚C using an ice water bath. 

Once cooled, tri-n-butyltin hydride (2.30 mL, 8.40 mmol) was added dropwise over 5 min to the 

solution and the reaction was stirred for 30 min at 0 ˚C. The reaction was then removed from the 

bath and allowed to warm to room temperature. Once removed from the ice bath, the reaction 

was stirred for another 45 min, at which point it was determined to be complete via TLC 

EtO2C H

O
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(staining with 2,4-dinitrophenylhydrazine produces a yellow spot to show the presence of 

aldehyde). The reaction was then quenched with distilled water (20 mL) and diluted with EtOAc 

(40 mL) and the layers were separated. The aqueous layer was extracted with EtOAc (3 x 40 

mL). The combined organic layers were washed with a saturated aqueous solution of ammonium 

chloride (3 x 40 mL) to ensure removal of NMP from the organic layer. The organic layers were 

subsequently washed with brine (20 mL), dried over sodium sulfate, filtered, and concentrated 

under reduced pressure. The crude reaction mixture was distilled under reduced pressure (100–

110 ˚C head temperature, with bath temperature at 150 ˚C) to yield ethyl 4-oxobutanoate (65) 

(0.602 g, 69%) as a colorless oil. The spectral properties were in agreement with those 

previously published.59 

 

Synthesis of Allenylic Alcohols 8c–m33 

 
 
Allenylic alcohols 8d–8g and 8i–8m were prepared according to the procedure described below 

for allenylic alcohol 8c. Allenylic alcohol 8h was prepared according to the procedure described 

in the literature.54 

 

Ethyl 3-hydroxy-2-vinylidenepentanoate (8c). Prepared by a slight modification of the 

procedure reported by Ma.33 To an oven-dried round bottom flask containing a stir bar was added 

propargyl bromide 22a (1.000 g, 5.24 mmol), and DMPU (8 mL). To this solution was then 

added SnCl2 (1.191 g, 6.28 mmol), and NaI (0.942 g, 6.28 mmol) sequentially and each in one 

portion. The flask was wrapped in aluminum foil and the hood light turned off to protect the 

reaction from light, and the reaction was stirred at room temperature for 7–8 h. The reaction 

• CO2Et

OH
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mixture was then cooled to 0 ˚C using an ice water bath. To the cooled reaction mixture was 

added the aldehyde, in this case, propionaldehyde (0.30 mL, 4.19 mmol) as a solution in DMPU 

(4 mL) over 15 min. The reaction was stirred at 0 ˚C for another 2 h and then removed from the 

ice bath and allowed to warm to room temperature. The reaction was stirred for 18–24 h at room 

temperature while still wrapped in aluminum foil. At this point, the reaction was cooled to 0 ˚C 

using an ice water bath. Once cooled, the reaction was diluted with diethyl ether (15 mL) and 

quenched with a saturated aqueous solution of ammonium chloride (15 mL). The layers were 

separated and the aqueous layer was extracted with diethyl ether (4 x 15 mL). The combined 

organic layers were washed with brine (15 mL), dried over sodium sulfate, filtered and 

concentrated under reduced pressure. The crude reaction mixture was purified by flash column 

chromatography (5% EtOAc/Hex to 10% EtOAc/Hex) to yield 8c (373 mg, 52%) as a light 

yellow oil. IR (ν, cm-1) 3435, 2978, 2937, 1964, 1708, 1262, 1067; 1H NMR (400 MHz, CDCl3) 

δ 5.22 (d, J = 1.8 Hz, 2H), 4.31 (br s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.04 (br s, 1H), 1.65 (p, J = 

7.2 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H), 0.93 (t, J = 7.4 Hz); 13C NMR (100 MHz, CDCl3) δ 212.4, 

167.1, 102.9, 80.5, 70.7, 61.2, 28.3, 14.2, 10.2; MS (MALDI) calculated for C9H14O3Na [M + 

Na]+ 193.08, found 193.09. 

 

Ethyl 3-hydroxy-2-vinylidenehexanoate (8d). Light yellow oil isolated in 55% yield. All 

spectral data was in agreement with that previously published.54 
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Ethyl 2-[cyclopropyl(hydroxy)methyl]-2,3-butadienoate (8e). Light yellow oil, isolated in 

65% yield. IR (ν, cm-1) 3465, 2986, 1963, 1710, 1256, 1208; 1H NMR (500 MHz, CDCl3) δ 5.25 

(d, J = 1.9, 2H), 4.23 (q, J = 7.2, 2H), 3.73 (d, J = 7.9 Hz, 1H), 3.12 (d, J = 3.4 Hz, 1H), 1.28 (t, J 

= 7.2 Hz, 3H), 1.18–1.10 (m, 1H), 0.63–0.56 (m, 1H), 0.52–0.40 (m, 2H), 0.27–0.21 (m, 1H); 

13C NMR (125 MHz, CDCl3) δ 212.7, 167.0, 102.9, 80.2, 73.7, 15.8, 14.0, 3.5, 2.6; MS 

(MALDI) calculated for C10H14O3Na [M + Na]+ 205.08, found 205.08.  

 
 

 
 
Ethyl 2-[cyclopentyl(hydroxy)methyl]-2,3-butadienoate (8f). Isolated in 62% yield. IR (ν, cm-

1) 3479, 2955, 2869, 1964, 1704, 1255, 1071, 1030; 1H NMR (500 MHz, CDCl3) δ 5.19 (s, 2H), 

4.18 (q, J = 7.1 Hz, 2H), 3.19 (br s, 1H), 2.17 (sext, J = 8.1 Hz, 1H), 1.88–1.76 (m, 1H), 1.67–

1.41 (m, 7H), 1.25 (t, J = 4.8 Hz, 3H), 1.18–1.10 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 212.9, 

167.1, 102.6, 80.0, 74.1, 61.1, 44.2, 29.44, 29.11, 25.6, 25.5, 14.0; MS (MALDI) calculated for 

C12H18O3Na [M + Na]+ 233.12, found 233.12.  

 

 
 

Ethyl 2-[cyclohexyl(hydroxy)methyl]-2,3-butadienoate (8g). Light yellow oil, isolated in 80% 

yield. IR (ν, cm-1) 3478, 2982, 2927, 2852, 1964, 1710, 1255, 1067; 1H NMR (500 MHz, CDCl3) 

δ 5.19 (d, J = 1.0 Hz, 2H), 4.19 (q, J = 7.1 Hz, 2H), 2.96 (br s, 1H), 1.97 (d, J = 12.8 Hz, 1H), 

1.76–1.54 (m, 6H), 1.26 (t, J = 7.1 Hz, 3H), 1.22–1.09 (m, 3H), 1.02–0.93 (m, 2H); 13C NMR 
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(125 MHz, CDCl3) δ 212.8, 166.9, 101.5, 79.8, 74.7, 61.0, 42.5, 29.7, 28.4, 26.3, 25.9, 25.7, 

14.0; MS (MALDI) calculated for C13H20O3Na [M + Na]+ 247.13, found 247.12.  

 

 

Ethyl 3-hydroxy-2-vinylidenehept-6-ynoate (8i). Thick light yellow oil, isolated in 29% yield. 

IR (ν, cm-1) 3604–3334, 3289, 3063, 2981, 2961, 2929, 2117, 1963, 1939, 1699, 1367, 1268, 

1102, 1070, 1050, 852; 1H NMR (300 MHz, CDCl3) δ (ppm) 5.27 (d, J = 2.0 Hz, 2H), 4.61–4.51 

(m, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.11 (d, J = 5.2 Hz, 1H), 2.35 (td, J = 7.2, 2.6 Hz, 2H), 1.95 (t, 

J = 2.7 Hz, 1H), 1.86 (q, J = 7.0 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) 

δ (ppm) 212.1, 166.9, 102.6, 83.6, 80.9, 686, 67.7, 61.3, 33.7, 14.9, 14.1; MS (MALDI) calcd for 

C11H14O3Na [M + Na]+ 217.08, found 217.07. 

 

 

Ethyl 3-hydroxy-5-phenyl-2-vinylidenepentanoate (8j). Thick light yellow oil, isolated in 67% 

yield. IR (ν, cm-1) 3609–3293, 3059, 3023, 2982, 2928, 1962, 1933, 1703, 1495, 1456, 1391, 

1366, 1259, 1097, 1067; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.31–7.26 (m, 2H), 7.22–7.16 (m, 

3H), 5.27 (d, J = 2.0 Hz, 2H), 4.50–4.39 (m, 1H), 4.24 (q, J = 7.1 Hz, 2H), 2.89–2.80 (m, 1H), 

2.76–2.66 (m, 1H), 2.02–1.93 (m, 2H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 

(ppm) 212.2, 167.1, 141.7, 128.4, 128.3, 125.8, 102.9, 80.8, 68.4, 61.2, 36.7, 31.9, 14.1; MS 

(MALDI) calcd for C15H18O3Na [M + Na]+ 269.12, found 269.12.  
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Ethyl 6-(tert-butyldimethylsilyloxy)-3-hydroxy-2-vinylidenehexanoate (8k). Thick light 

yellow oil, isolated in 44% yield. IR (ν, cm-1) 3580–3253, 2953, 2923, 2889, 2858, 1965, 1939, 

1711, 1255, 1097, 1061, 832; 1H NMR (300 MHz, CDCl3) δ (ppm) 5.25 (d, J = 1.9 Hz, 2H), 

4.5–4.39 (br s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.67–3.63 (m, 2H), 365 (td, J = 5.8, 1.3 Hz, 1H), 

1.78–1.58 (m, 4H), 1.28 (t, J = 7.1 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 6H); 13C NMR (75.5 MHz, 

CDCl3) δ (ppm) 212.4, 166.9, 103.3, 80.6, 68.9, 63.0, 61.1, 32.2, 29.0, 25.8, 18.2, 14.1, -5.4; MS 

(MALDI) calcd for C16H30O4SiNa [M + Na]+ 337.18, found 337.17.  

 

Diethyl 3-hydroxy-2-vinylidenehexanedioate (8l). Thick light yellow oil, isolated in 61% 

yield. IR (ν, cm-1) 3644–3248, 2984, 2935, 2905, 1965, 1940, 1737, 1709, 1367, 1253, 1176, 

1070; 1H NMR (300 MHz, CDCl3) δ (ppm) 5.26 (d, J = 2.0 Hz, 2H), 4.49–4.38 (br s, 1H), 4.20 

(q, J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.24–3.14 (br s, 1H), 2.54–2.36 (m, 2H), 2.01–1.88 

(m, 2H), 1.26 (t, J = 7.1 Hz, 3H), 1.22 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 

212.1, 173.5, 166.8, 102.7, 81.0, 68.2, 61.2, 60.3, 30.5, 30.1, 14.1, 14.1; MS (MALDI) calcd for 

C12H18O5Na [M + Na]+ 265.11, found 265.11.  

 

 

1-tert-Butyl 6-ethyl 3-hydroxy-2-vinylidenehexanedioate (8m). The same procedure described 

above was used to prepare this compound, except propargyl bromide 22b was used in this 

reaction. Thick light yellow oil, isolated in 72% yield. IR (ν, cm-1) 3585–3318, 2981, 2935, 
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1963, 1941, 1734, 1702, 1367, 1296, 1249, 1168, 846; 1H NMR (300 MHz, CDCl3) δ (ppm) 5.19 

(d, J = 2.0 Hz, 2H), 4.44–4.38 (m, 1H), 4.13 ppm (q, J = 7.1 Hz, 2H), 3.19 (d, J = 5.7 Hz, 1H), 

2.56–2.38 (m, 2H), 2.0–1.92 (m, 2H), 1.48 (s, 9H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 

MHz, CDCl3) δ (ppm) 211.9, 173.5, 166.1, 103.8, 81.8, 80.4, 68.3, 60.3, 30.5, 30.2, 27.9, 14.1; 

MS (MALDI) calcd for C14H22O5Na [M + Na]+ 293.14, found 293.14.  

 

Synthesis of Allenylic Carbamates 21 

Synthesis of Sulfonyl Isocyanates 

para-Toluenesulfonyl isocyanate and benzenesulfonyl isocyanate were purchased from Aldrich 

and used without further purification. para-Methoxybenzenesulfonyl isocyanate (66) and para-

nitrobenzenesulfonyl isocyanate (67) were prepared from the corresponding sulfonamide and 

triphosgene according to the procedure below. meta-Trifluoromethylbenzenesulfonyl isocyanate 

(68) was prepared in situ according to the procedure described in the synthesis of the allenylic 

carbamate 21bb. 

 

 
 

para-Methoxybenzenesulfonyl isocyanate (66). The synthesis was carried out by following a 

literature procedure for a similar compound.60 To an oven-dried round bottom flask containing a 

magnetic stir bar was added para-methoxybenzenesulfonamide (11.00 g, 58.75 mmol), dry 1,2-

dichlorobenzene (30 mL), and isopropyl isocyanate (0.550 mL, 5.60 mmol), and the solution was 

then heated to 150 ˚C. To this solution was added a solution of triphosgene (5.876 g, 19.80 

mmol) in dry 1,2-dichlorobenzene (30 mL) over 4.5 h via syringe pump. Upon completion of the 

triphosgene addition, the reaction was then heated to 180 ˚C for 2 h. At this point, the reaction 
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was removed from the oil bath and allowed to cool to room temperature where it continued to 

stir for 12 h. The crude reaction mixture was then distilled under reduced pressure to remove the 

solvent and isopropyl isocyanate (bath temp 155 ˚C, head temp was 120 ˚C) prior to the 

collection of the sulfonyl isocyanate. The remaining thick black solution was then further 

distilled under reduced pressure to yield para-methoxybenzenesulfonyl isocyanate (66) (7.09 g, 

57% yield, collected at bath temp 200 ˚C and head temp 160–165 ˚C) as a clear liquid. However, 

upon cooling the product solidified and existed as a low melting white solid. The solid was 

stored under Ar (g) in a –20 ˚C fridge. The spectral data was in agreement with that previously 

reported.60b 

 

para-Nitrobenzenesulfonyl isocyanate (67). This compound was prepared in an analogous 

fashion to that presented above for para-methoxybenzenesulfonyl isocyanate (66) except that n-

butyl isocyanate was employed instead of isopropyl isocyanate. To an oven-dried round bottom 

flask containing a magnetic stir bar was added para-nitrobenzenesulfonamide (5.50 g, 27.20 

mmol), dry 1,2-dichlorobenzene (25 mL), and n-butyl isocyanate (1.21 mL, 10.86 mmol), and 

the solution was refluxed until the solution became clear yellow. To this solution was added a 

solution of triphosgene (3.30 g, 11.12 mmol) in dry 1,2-dichlorobenzene (20 mL) over 3.5 h via 

syringe pump. Upon completion of the triphosgene addition, the reaction was then refluxed for 

another 2 h. At this point, the reaction was removed from the oil bath and allowed to cool to 

room temperature where it continued to stir for 12 h. The crude reaction mixture was then 

distilled under reduced pressure to remove the solvent and n-butyl isocyanate prior to the 

collection of the sulfonyl isocyanate. The remaining thick black solution was then further 

distilled by Kugelrohr distillation to yield para-nitrobenzenesulfonyl isocyanate (67) as a light 
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yellow solid (0.3155 g, 5%). The solid was stored under Ar (g) in a –20 ˚C fridge. The spectral 

data was in agreement with that previously reported.61 

 

Synthesis of the Allenylic Carbamates 21a–m and 21ba–bd 

Allenylic carbamate 21a was prepared according to the procedure immediately below, while 

allenylic carbamates 21b–m, 21ba, 21bc, and 21bd were synthesized according to the procedure 

shown below for 21b. Allenylic carbamate 21bb was prepared according to the procedure shown 

below. 

 

Ethyl 2-[(tosylcarbamoyloxy)methyl]-2,3-butadienoate (21a). To a flame-dried round bottom 

flask containing a magnetic stir bar was added allenylic alcohol 8a (0.500 g, 3.52 mmol), 

followed by dry dichloromethane (8.8 mL). para-Toluenesulfonyl isocyanate (0.590 mL, 3.71 

mmol) was then added quickly dropwise to the solution at room temperature. The reaction was 

allowed to stir for 1.5 h at room temperature, at which point, the reaction was concentrated under 

reduced pressure and the resulting crude material was purified by flash column chromatography 

(gradient column ran using 10% EtOAc/Hex to 20% EtOAc/Hex to finally 30% EtOAc/Hex) to 

yield allenylic carbamate 21a (1.099 g, 92% yield) as a thick oil that solidified into a white 

crystalline solid upon standing in the freezer (–20 ˚C). Isolated in 82% yield as a white 

crystalline solid. This compound could also be recrystallized from EtOAc/hexanes. M.p. 111–

114 ˚C; IR (ν, cm-1) 3224, 2985, 1966, 1752, 1711, 1448, 1160; 1H NMR (300 MHz, CDCl3) δ 

8.26 (s, 1H), 7.90 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 5.18 (t, J = 2.1 Hz, 2H), 4.76 (t, J 

= 2.1 Hz, 2H), 4.16 (q, J = 7.1 Hz, 2H), 2.42 (s, 1H), 1.22 (t, J = 7.1 Hz, 3H): 13C NMR (75 

MHz, CDCl3) δ 214.6, 165.1, 150.2, 145.0, 135.5, 129.6, 128.5, 96.3, 81.0, 62.9, 61.5, 21.7, 
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14.1; MS (MALDI) calculated for C15H17NO6SNa [M + Na]+ 362.07, found 362.06. 

 

 
 
Ethyl 2-[1-(tosylcarbamoyloxy)ethyl]-2,3-butadienoate (21b). To a flame-dried round bottom 

flask containing a magnetic stir bar was added allenylic alcohol 8b (0.400 g, 2.56 mmol), 

followed by dry dichloromethane (6.4 mL). The solution was then cooled to 0 ˚C, by placing the 

flask in an ice water bath. Once cooled, para-toluenesulfonyl isocyanate (0.430 mL, 2.70 mmol) 

was added dropwise to the solution. The reaction was allowed to stir for 1 h at 0 ˚C, at which 

point it was removed from the bath and allowed to warm to room temperature. After 30 min, the 

reaction was concentrated under reduced pressure, and the resulting crude material was purified 

by flash column chromatography (gradient column ran using 5% EtOAc/Hex to 10% EtOAc/Hex 

to 15% EtOAc/Hex to finally 20% EtOAc/Hex) to yield allenylic carbamate 21b (0.846 g, 94% 

yield) as a thick colorless oil. IR (ν, cm-1) 3232, 2988, 1967, 1750, 1717, 1450, 1357, 1286, 

1224, 1162; 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 

5.53–5.48 (m, 1H), 5.20 (dd, J = 14.7, 2.1 Hz, 1H), 5.15 (dd, J = 14.6, 2.1 Hz, 1H), 4.04 (q, J = 

7.1 Hz, 2H), 2.35 (s, 3H), 1.28 (d, J = 6.5 Hz, 3H), 1.11 (t, J = 7.1 Hz); 13C NMR (125 MHz, 

CDCl3) δ 212.8, 164.7, 149.8, 144.7, 135.6, 129.3, 128.2, 101.8, 82.2, 69.4, 61.2, 60.4, 21.4, 

18.9, 14.0, 13.8; MS (MALDI) calculated for C16H19NO6SNa [M + Na]+ 376.08, found 376.04. 

 

 

Ethyl 3-(tosylcarbamoyloxy)-2-vinylidenepentanoate (21c). Isolated in 84% yield as a thick 

colorless oil. IR (ν, cm-1) 3231, 2981, 2938, 1970, 1750, 1717, 1447, 1162; 1H NMR (500 MHz, 
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CDCl3) δ 7.89 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 5.38–5.35 (m, 1H), 5.20, (dd, J = 

14.6, 1.9 Hz, 1H), 5.15 (dd, J = 14.6, 2.0 Hz, 1H), 4.11 (q, J = 7.1, 2H), 2.42 (s, 3H), 1.79–1.63 

(m, 2H), 1.19 (t, J = 7.2 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 213.0, 

164.7, 149.7, 144.8, 135.6, 129.4, 128.3, 100.6, 81.7, 74.2, 61.2, 26.3, 21.5, 13.9, 9.3. MS 

(MALDI) calculated for C17H21NO6SNa [(M + Na)+] 390.41, found 390.21. 

 

 

Ethyl 3-(tosylcarbamoyloxy)-2-vinylidenehexanoate (21d). Thick light yellow oil, isolated in 

69% yield. IR (ν, cm-1) 3432–3088, 2962, 2934, 2873, 1965, 1933, 1751, 1709, 1598, 1496, 

1446, 1349, 1284, 1255, 1218, 1160, 1091, 885, 862; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.89 

(d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 5.47–5.39 (m, 1H), 5.23 (dd, J = 14.5, 1.8 Hz, 1H), 

5.16 (dd, J = 14.5, 1.9 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.43 (s, 3H), 1.71–1.61 (m, 2H), 1.29–

1.18 (m, 5H), 0.85 (t, J = 7.3 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 213.0, 164.7, 

149.7, 144.8, 135.6, 129.4, 128.3, 101.0, 81.8, 73.0, 61.2, 35.3, 21.5, 18.3, 14.0, 13.5; MS 

(MALDI) calcd for C18H23NO6SNa [M + Na]+ 404.11, found 404.11. 

 

 

Ethyl 2-[cyclopropyl(tosylcarbamoyloxy)methyl]-2,3-butadienoate (21e). Isolated in 88% 

yield as a thick oil. IR (ν, cm-1) 3230, 2985, 1964, 1715, 1448, 1353, 1161; 1H NMR (400 MHz, 

CDCl3) δ 7.88 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 5.27 (dd, J = 14.6, 1.4 Hz, 1H), 5.23 

(dd, J = 14.6, 1.3 Hz, 1H), 4.88 (d, J = 9.0 Hz, 1H), 4.07 (q, J = 7.1 Hz, 2H), 2.40 (s, 3H), 1.28–

1.21 (m, 1H), 1.15 (t, J = 7.1 Hz, 3H), 0.52–0.40 (m, 3H), 0.32–0.28 (m, 1H); 13C NMR (100.6 
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MHz, CDCl3) δ 213.7, 164.7, 150.0, 144.6, 135.7, 129.3, 128.2, 100.9, 81.6, 77.2, 61.2, 60.4, 

21.5, 14.0, 13.9, 3.9, 2.9; MS (MALDI) calculated for C18H21NO6SNa [M + Na]+ 402.10, found 

402.11. 

 

Ethyl 2-[cyclopentyl(tosylcarbamoyloxy)methyl]-2,3-butadienoate (21f). Isolated in 86% 

yield as a thick oil. IR (ν, cm-1) 3229, 2958, 2868, 1964, 1750, 1701, 1447, 1162; 1H NMR (500 

MHz, CDCl3) δ 7.87 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 5.32 (dt, J = 8.1, 1.4 Hz, 1H), 

5.19 (dd, J =14.6, 1.5 Hz, 1H), 5.13 (dd, J = 14.5, 1.5 Hz 1H), 4.09 (q, J = 7.1 Hz, 2H), 2.40 (s, 

3H), 2.25 (sext, J = 8.0 Hz, 1H), 1.61–1.34 (m, 6H), 1.26–1.14 (m, 2H), 1.17 (t, J = 7.1 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ 213.7, 164.9, 150.0, 144.6, 135.7, 129.3, 128.2, 100.8, 81.5, 76.4, 

61.1, 42.8, 28.6, 28.3, 25.2, 25.2, 21.5, 13.9; MS (MALDI) calculated for C20H25NO6SNa [M + 

Na]+ 430.13, found 429.95. 

 
 
Ethyl 2-[cyclohexyl(tosylcarbamoyloxy)methyl]-2,3-butadienoate (21g). Isolated in 88% 

yield as a thick oil. IR (ν, cm-1) 3231, 2929, 2854, 1718, 1448, 1161, 1091; 1H NMR (500 MHz, 

CDCl3) δ 7.90 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 5.23 (dt, J = 7.0, 1.6 Hz, 1H), 5.19 

(dd, J = 14.5, 1.3 Hz, 1H), 5.13 (dd, J = 14.5, 1.6 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 2.43 (s, 3H), 

1.73–1.58 (m, 4H), 1.53 (d, J = 11.9 Hz, 2H), 1.22 (t, J = 7.1 Hz, 3H), 1.19–1.03 (m, 3H), 1.00–

0.82 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 213.5, 164.9, 149.9, 144.9, 135.7, 129.5, 128.4, 

99.9, 81.5, 77.3, 61.3, 40.8, 29.0, 27.7, 26.1, 25.8, 25.7, 21.7, 14.1; MS (MALDI) calculated for 

C21H27NO6SNa [M + Na]+ 444.15, found 444.16. 
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Ethyl 2-[phenyl(tosylcarbamoyloxy)methyl]-2,3-butadienoate (21h). White foam, 88% yield. 

IR (ν, cm-1) 3226, 2985, 2922, 1967, 1750, 1706, 1598, 1496, 1443, 1345, 1259, 1222, 1185, 

1155, 1089, 869; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.88 (dt, J = 8.6, 1.8 Hz, 2H), 7.31–7.26 

(m, 7H), 6.44 (t, J = 2.4 Hz, 1H), 5.24 (dd, J = 14.7, 2.3 Hz, 1H), 5.19 (dd, J = 14.7, 2.4 Hz, 1H), 

4.17–4.02 (m, 2H), 2.43 (s, 3H), 1.17 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 

213.1, 164.4, 149.2, 145.0, 136.7, 135.4, 129.5, 128.7, 128.4, 128.3, 127.2, 102.0, 82.6, 74.3, 

61.4, 21.6, 14.0; MS (MALDI) calcd for C21H21NO6SNa [M + Na]+ 438.10, found 438.09. 

 

 

Ethyl 3-(tosylcarbamoyloxy)-2-vinylidenehept-6-ynoate (21i). Thick light yellow oil, isolated 

in 89% yield. IR (ν, cm-1) 3447–3066, 2987, 2928, 1962, 1936, 1752, 1707, 1595, 1447, 1351, 

1276, 1226, 1162, 1085, 862; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.89 (d, J = 8.3 Hz, 2H), 

7.32 (d, J = 8.0 Hz, 2H), 5.54–5.46 (m, 1H), 5.23 (dd, J = 14.7, 1.8 Hz, 1H), 5.16 (dd, J = 14.7, 

2.0 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 2.43 (s, 3H), 2.17–2.08 (m, 2H), 2.04–1.87 (m, 3H), 1.21 

(t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 212.8, 164.5, 149.6, 144.9, 135.5, 

129.5, 128.3, 100.4, 82.4, 82.2, 72.1, 69.1, 61.3, 32.1, 21.6, 14.6, 14.0; MS (MALDI) calcd for 

C19H21NO6SNa [M + Na]+ 414.10, found 414.10. 
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Ethyl 5-phenyl-3-(tosylcarbamoyloxy)-2-vinylidenepentanoate (21j). Thick light yellow oil, 

isolated in 72% yield. IR (ν, cm-1) 3366–3107, 3064, 3024, 2988, 2924, 1964, 1932, 1752, 1707, 

1599, 1444, 1355, 1287, 1217, 1167, 1088, 1017, 860; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.92 

(d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.27–7.21 (m, 2H), 7.20–7.13 (m, 1H), 7.11–7.05 

(m, 2H), 5.52–5.45 (m, 1H), 5.23 (dd, J = 14.6, 1.8 Hz, 1H), 5.17 (dd, J = 14.6, 1.9 Hz, 1H), 4.14 

(q, J = 7.1 Hz, 2H), 2.56 (t, J = 7.9 Hz, 2H), 2.42 (s, 3H), 2.13–1.93 (m, 2H), 1.21 (t, J = 7.1 Hz, 

3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 213.0, 164.6, 149.6, 144.9, 140.7, 135.6, 129.5, 

128.3, 128.3, 128.2, 126.0, 100.8, 82.0, 72.8, 61.3, 34.9, 31.4, 21.6, 14.0; MS (MALDI) calcd for 

C23H25NO6SNa [M + Na]+ 466.13, found 466.13. 

 

 

Ethyl 6-(tert-butyldimethylsilyloxy)-3-(tosylcarbamoyloxy)-2-vinylidenehexanoate (21k). 

Thick light yellow oil, isolated in 72% yield. IR (ν, cm-1) 3223, 2953, 2925, 2858, 1963, 1934, 

1752, 1718, 1443, 1360, 1258, 1219, 1162, 1091, 839; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.89 

(d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 5.48–5.40 (m, 1H), 5.22 (dd, J = 14.6, 1.7 Hz, 1H), 

5.16 (dd, J = 14.6, 1.9 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.60–3.49 (m, 2H), 2.42 (s, 3H), 1.88–

1.64 (m, 2H), 1.51–1.38 (m, 2H), 1.20 (t, J = 7.1 Hz, 3H), 0.85 (s, 9H), 0.00 (s, 6H); 13C NMR 

(75.5 MHz, CDCl3) δ (ppm) 213.0, 164.7, 149.7, 144.8, 135.6, 129.4, 128.3, 100.9, 81.9, 73.0, 

62.3, 61.2, 29.7, 28.2, 25.8, 21.5, 18.2, 14.0, –5.4; MS (MALDI) calcd for C24H37NO7SSiNa [M 

+ Na]+ 534.20, found 534.20. 
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Diethyl 3-(tosylcarbamoyloxy)-2-vinylidenehexanedioate (21l). Thick light yellow oil, 

isolated in 92% yield. IR (ν, cm-1) 2988, 2970, 2940, 1967, 1737, 1722, 1444, 1365, 1257, 1217, 

1156, 858; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.89 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 

2H), 5.48–5.43 (m, 1H), 5.24 (dd, J = 14.6, 1.8 Hz, 1H), 5.17 (dd, J = 14.6, 2.0 Hz, 1H), 4.13 (q, 

J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.44 (s, 3H), 2.28 (t, J = 7.7 Hz, 2H), 2.13–1.98 (m, 

2H), 1.23 (t, J = 7.1 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 

212.7, 172.6, 164.5, 149.9, 144.7, 135.7, 129.4, 128.2, 100.5, 82.2, 72.0, 61.3, 60.6, 29.8, 28.4, 

21.5, 14.1, 14.0; MS (ESI) calcd for C20H25NO8SNa [M + Na]+ 462.12, found 462.0. 

 

 

1-tert-Butyl 6-ethyl 3-(tosylcarbamoyloxy)-2-vinylidenehexanedioate (21m). Thick light 

yellow oil, isolated in 95% yield. IR (ν, cm-1) 2981, 2933, 1967, 1732, 1704, 1443, 1367, 1288, 

1220, 1153, 1089, 847; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.88 (d, J = 8.4 Hz, 2H), 7.31 (d, J 

= 8.1 Hz, 2H), 5.43–5.40 (m, 1H), 5.17 (dd, J = 14.4, 2.0 Hz, 1H), 5.11 (dd, J = 14.4, 2.2 Hz, 

1H), 4.08 (q, J = 7.1 Hz, 2H), 2.41 (s, 3H), 2.25 (t, J = 7.7 Hz, 2H), 2.07–1.95 (m, 2H), 1.38 (s, 

9H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 212.5, 172.6, 163.6, 149.6, 

144.8, 135.6, 129.5, 128.3, 101.8, 81.9, 81.9, 72.1, 60.6, 29.9, 28.4, 27.8, 21.5, 14.1; MS (ESI) 

calcd for C22H29NO8SNa [M + Na]+ 490.15, found 490.0. 
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Ethyl 2-[1-(4-nitrophenylsulfonylcarbamoyloxy)ethyl]-2,3-butadienoate (21ba). This 

compound was prepared as described above, except para-nitrobenzenesulfonyl isocyanate (67) 

was employed in the reaction. Thick light yellow oil, isolated in 99% yield. IR (ν, cm-1) 3210, 

3002, 2970, 2943, 1967, 1739, 1722, 1531, 1437, 1365, 1352, 1159, 1059, 912, 854; 1H NMR 

(500 MHz, CDCl3) δ (ppm) 8.37 (d, J = 8.9 Hz, 2H), 8.23 (d, J = 8.9 Hz, 2H), 5.62–5.56 (m, 

1H), 5.34 (dd, J = 14.7, 1.9 Hz, 1H), 5.30 (dd, J = 14.7, 1.9 Hz, 1H), 4.18–4.06 (m, 2H), 1.37 (d, 

J = 6.5 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 213.2, 164.8, 

150.7, 149.4, 144.0, 129.8, 124.1, 101.4, 82.3, 70.5, 61.4, 18.8, 14.0; MS (ESI) calcd for 

C15H17N2O8S [M + H]+ 385.1, found 385.0. 

 

 

Ethyl 2-[1-(phenylsulfonylcarbamoyloxy)ethyl]-2,3-butadienoate (21bc). This compound was 

prepared as described above, except benzenesulfonyl isocyanate was employed in the reaction. 

Thick light yellow oil, isolated in 99% yield. IR (ν, cm-1) 3219, 2989, 2970, 2940, 1967, 1741, 

1717, 1449, 1364, 1276, 1259, 1217, 1156, 1090, 1060, 911, 845; 1H NMR (300 MHz, CDCl3) δ 

(ppm) 8.05–7.99 (m, 2H), 7.66–7.59 (m, 1H), 7.56–7.48 (m, 2H), 5.62–5.51 (m, 1H), 5.27 (dd, J 

= 14.6, 2.1 Hz, 1H), 5.20 (dd, J = 14.6, 2.1 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 1.34 (d, J = 6.5 Hz, 

3H), 1.18 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 212.8, 164.7, 149.6, 138.5, 

133.7, 128.8, 128.2, 101.8, 82.2, 69.7, 61.2, 18.9, 13.9; MS (ESI) calcd for C15H18NO6S [M + 
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H]+ 340.1, found 340.0. 

 

Ethyl 2-[1-(4-methoxyphenylsulfonylcarbamoyloxy)ethyl]-2,3-butadienoate (21bd). This 

compound was prepared as described above, except para-methoxybenzenesulfonyl isocyanate 

(66) was employed in the reaction. Thick light yellow oil, isolated in 96% yield. IR (ν, cm-1) 

3160, 3072, 2979, 1967, 1703, 1597, 1579, 1499, 1466, 1443, 1418, 1362, 1342, 1305, 1265, 

1160, 1061, 1023, 846; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.95 (d, J = 8.9 Hz, 2H), 6.97 (d, J 

= 8.9 Hz, 2H), 5.59–5.52 (m, 1H), 5.28 (dd, J = 14.6, 1.9 Hz, 1H), 5.24 (dd, J = 14.6, 1.9 Hz, 

1H), 4.11 (q, J = 7.1 Hz, 2H), 3.86 (s, 3H), 1.35 (d, J = 6.5 Hz, 3H), 1.9 (t, J = 7.1 Hz, 3H); 13C 

NMR (125.8 MHz, CDCl3) δ (ppm) 212.9, 164.7, 163.8, 149.7, 130.6, 130.0, 114.0, 102.0, 82.2, 

69.6, 61.3, 55.6, 19.0, 14.0; MS (MALDI) calcd for C16H19NO7SNa [M + Na]+ 392.08, found 

392.07. 

 

 

Ethyl 2-{1-[3-(trifluoromethyl)phenylsulfonylcarbamoyloxy]ethyl}-2,3-butadienoate 

(21bb). This compound was prepared following a literature procedure to generate sulfonyl 

isocyanates in situ.32b To an oven-dried round bottom flask containing a magnetic stir bar was 

added (3-trifluoromethylphenyl)tributyltin62 (0.587 g, 1.35 mmol), freshly distilled 

chlorobenzene (2 mL), and chlorosulfonyl isocyanate (0.120 mL, 1.35 mmol). The reaction 

mixture was subsequently refluxed for 15.5 h. The flask was then removed from the oil bath, 
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allowed to cool to room temperature, and subsequently cooled to 0 ˚C in an ice water bath. Once 

cooled, allenylic alcohol 8b (0.200 g, 1.28 mmol) was added dropwise to the reaction mixture. 

However, there appeared to be a solubility problem and thus dry dichloromethane (2 mL) was 

added to the reaction after 10 min. The reaction was then stirred at 0 ˚C for 30 min, removed 

from the ice bath, and stirred at room temperature for another 30 min. The reaction was 

quenched by adding distilled water (20 mL) and diluted by adding dichloromethane (20 mL). 

The layers were separated and the organic layer was washed with distilled water (3 x 20 mL). 

The aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined organic 

layers were washed with brine (20 mL), dried over sodium sulfate, and concentrated under 

reduced pressure. The crude reaction material as a solution in chlorobenzene was purified by 

flash column chromatography (100% hexanes to wash away chlorobenzene then to 5% 

EtOAc/Hex to 10% EtOAc/Hex to 15% EtOAc/Hex to finally 20% EtOAc/Hex) to yield 

allenylic carbamate 21bb (113.7 mg, 22% isolated; 144.8 mg of allenylic alcohol was re-

isolated, and the yield is thus 79% based on recovered starting material) as a think slightly 

yellow oil. IR (ν, cm-1) 3224, 2989, 1968, 1934, 1751, 1712, 1440, 1363, 1326, 1281, 1160, 

1131, 1103, 1068, 913, 845; 1H NMR (300 MHz, CDCl3) δ (ppm) 8.31–8.22 (m, 2H), 8.18–8.02 

(br s, 1H), 7.90 (d, J = 7.9 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 5.64–5.54 (m, 1H), 5.31 (dd, J = 

14.8, 2.1 Hz, 1H), 5.26 (dd, J = 14.8, 2.2 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 1.36 (d, J = 6.5 Hz, 

3H), 1.19 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 213.1, 164.7, 149.4, 139.7, 

131.8, 131.6 (q, JC–F = 33.7 Hz), 130.4 (q, JC–F = 3.4 Hz), 129.8, 125.4 (q, JC–F = 3.9 Hz), 123.1 

(q, JC–F = 273.0 Hz), 101.6, 82.2, 70.3, 61.4, 18.8, 14.0; MS (ESI) calcd for C16H17F3NO6S [M + 

H]+ 408.1, found 408.0 
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Synthesis of 3-Pyrrolines 4 

Optimization for the Synthesis of 3-Pyrroline 4a 

Further optimization was attempted to synthesize 3-pyrroline 4a, which was not 

presented in Table 2.6.2, and as such is shown in Table 2.7.1. The effect of added base and 

external sulfonamide was then studied employing a variety of bases (entries 1–3). It was thought 

that there might be difficulty in a proton transfer step or that the nucleophile was quenched 

during the reaction. However, none of the additives resulted in an improved yield, suggesting 

that the aforementioned issues were not contributing to the reaction efficiency. It was believed 

that NaOH (entry 1) was creating anhydrous conditions for the reaction to proceed, and the yield 

in its presence was nearly identical to the previously obtained result of 69%. To ease the strain of 

studying the reactions, it was determined that further attempts to optimize the reaction would be 

carried out using a 6 h addition time. A reaction was run in the presence of 4 Å MS using the 6 h 

addition time and it provided a 59% yield (entry 4). The effect of added base and external 

sulfonamide was then further studied by employing a wide array of bases in the reaction (entries 

5–14). However, no combination of external base and sulfonamide resulted in better reaction 

efficiency than the best result obtained previously. As such, the best condition remained 

performing the reaction in CH3CN and adding the allenylic carbamate over 24 h, as was 

presented in Table 2.6.2. 
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Table 2.7.1 Optimization reactions performed on allenylic carbamate 21a 

 

Entry Phosphine Allene addition 
time (hr) 

Solvent Base or 
Additive 

TsNH2 Yield 
(%) 

1 Ph3P 24 CH3CN NaOH -- 68 
2 Ph3P 24 CH2Cl2 K2CO3 1.0 equiv 19 
3 Ph3P 24 CH2Cl2 Cs2CO3 1.0 equiv 34 
4 Ph3P 6 CH3CN 4 Å MS -- 59 
5 dppp 6 CH3CN -- -- 33 
6 Ph3P 6 CH2Cl2 K2CO3 -- 37 
7 Ph3P 6 CH3CN NaH 1.0 equiv 52 
8a Ph3P 6 CH3CN n-BuLi 1.0 equiv 51 
9 Ph3P 6 CH3CN KH 1.0 equiv 43 
10 Ph3P 6 CH3CN DBU 1.0 equiv 27 
11 Ph3P 6 CH3CN proton 

sponge 
1.0 equiv 44 

12 Ph3P 6 CH3CN i-Pr2NEt 1.0 equiv 40 
13 Ph3P 6 CH3CN t-BuOK 1.0 equiv 40 
14 Ph3P 6 CH3CN NaOAc -- 51 

a The n-BuLi was used to form the sulfonamide anion prior to the reaction. This anion was then added to the 
solution of phosphine, and the carbamate was then subsequently added to this mixture.  
 
 

Synthesis of 3-Pyrrolines 4a–m and 4ba–bd 

3-Pyrroline 4a was prepared according to the procedure immediately below, while 3-pyrrolines 

4b–m and 4ba–bd were synthesized according to the procedure shown below for 4b.  

 

Ethyl 1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4a). To an oven dried round bottom 

flask was added triphenylphosphine (38.6 mg, 0.1472 mmol) and dry acetonitrile (2 mL). To this 

solution was added allenylic carbamate 21a (50 mg, 0.1473 mmol) as a solution in dry 

acetonitrile (2 mL) over 24 h via syringe pump. The needle was fastened to the syringe by 
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wrapping the joint with Teflon tape and parafilm to prevent evaporation of the solvent. Once the 

addition was complete, the reaction was allowed to stir for another 4 h. At this point, the solvent 

was removed under reduced pressure. The crude reaction mixture was purified by flash column 

chromatography (10% EtOAc/Hex) to yield 3-pyrroline 4a (29.9 mg, 69%) as a colorless thick 

oil. The spectral data was in agreement with that previously reported in the literature.63 

 
 

 
 
Ethyl 2-methyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4b). Dry acetonitrile was 

added to an oven-dried round bottom flask and degassed by bubbling Ar (g) through the solution 

for 1.5 h to prepare a degassed stock solution of acetonitrile. To a second oven-dried round 

bottom flask was added allenylic carbamate 21b (50 mg, 0.1415 mmol) and acetonitrile (5–6 

mL). This solution of allenylic carbamate was then degassed by bubbling Ar (g) through it for 

1.5 h. A third oven-dried round bottom flask containing a magnetic stir bar was then fitted with a 

rubber septum and the septum was covered with Teflon tape and parafilm. The flask was then 

placed under vacuum for 5 min and then backfilled with Ar (g), and this process was repeated 

twice. To this flask was added the degassed acetonitrile (4 mL) followed by tri-n-butylphosphine 

(0.035 mL, 0.1415 mmol). The solution of degassed carbamate and acetonitrile was then 

removed from the flask using a syringe. The flask was rinsed with acetonitrile from the degassed 

stock solution (usually around 2 mL). Then the flask was rinsed with more degassed acetonitrile 

until the syringe had a volume of 4 mL of solution within it. The syringe was then placed in a 

syringe pump and the carbamate solution was added to the solution of phosphine over 24 h at 

room temperature. Upon completion of the addition, the reaction was allowed to stir at room 

N
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temperature for another 4 h. At this point, the reaction was stopped and the solvent was removed 

under reduced pressure. The crude reaction mixture was purified by flash column 

chromatography (10% EtOAc/Hex) to yield 3-pyrroline 4b (32.3 mg, 74%) as a colorless thick 

oil. IR (ν, cm-1) 2985, 2926, 2862, 1717, 1347, 1267, 1164; 1H NMR (500 MHz, CDCl3) δ 7.11 

(d, J = 8.1 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 6.53 (s, 1H), 4.78–4.67 (m, 1H), 4.41–4.26 (m, 1H), 

4.26–4.12 (m, 3H), 2.41 (s, 3H), 1.53 (t, J = 6.3 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 162.1, 143.5, 136.5, 135.1, 134.6, 129.7, 127.3, 62.0, 60.7, 54.4, 22.1, 21.4, 

14.0; MS (MALDI) calculated for C15H19NO4SNa [M + Na]+ 332.09, found 332.16. 

 

 
 
Ethyl 2-ethyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4c). Isolated in 62% yield as a 

thick oil. IR (ν, cm-1) 2972, 1718, 1347, 1249, 1164, 1083, 1040; 1H NMR (500 MHz, CDCl3) δ 

7.70 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 6.59–6.57 (m, 1H), 4.81–4.79 (m, 1H), 4.24–

4.22 (m, 2H), 4.19–4.13 (m, 2H), 2.41 (s, 3H), 2.08–2.00 (m, 1H), 1.94–1.87 (m, 1H), 1.25 (t, J 

= 7.1, 3H), 0.83 (t, J = 7.4, 3H); 13C NMR (125 MHz, CDCl3) δ 162.1, 143, 136.2, 134.6, 134.3, 

129.7, 127.2, 66.6, 60.7, 55.3, 26.6, 21.4, 14.0, 7.4; MS (MALDI) calculated for C16H21NO4SNa 

[M + Na]+ 346.11, found 346.13.  

 

 

Ethyl 2-propyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4d). Thick light yellow oil, 

isolated in 55% yield. IR (ν, cm-1) 2959, 2932, 2872, 1715, 1645, 1598, 1494, 1458, 1342, 1262, 
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1243, 1160, 1085, 1044, 1017, 816; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.70 (d, J = 8.3 Hz, 

2H), 7.29 (d, J = 8.0 Hz, 2H), 6.53 (dd, J = 3.8, 2.1 Hz, 1H), 4.82–4.76 (m, 1H), 4.26–4.20 (m, 

2H), 4.20–4.11 (m, 2H), 2.41 (s, 3H), 1.97–1.88 (m, 1H), 1.86–1.78 (m, 1H), 1.44–1.35 (m, 1H), 

1.30–1.18 (m, 4H), 0.89 (t, J = 7.4 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 162.3, 

143.6, 136.0, 135.1, 134.7, 129.8, 127.3, 66.1, 60.8, 55.2, 36.1, 21.5, 16.9, 14.1, 14.0; MS 

(MALDI) calcd for C17H24NO4S [M + H]+ 338.14, found 338.14. 

 

 
 

Ethyl 2-cyclopropyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4e). Isolated in 28% 

yield as a thick oil. IR (ν, cm-1) 3078, 2979, 2916, 2852, 1717, 1346, 1261, 1163; 1H NMR (300 

MHz, CDCl3) δ 7.68 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.3, 2H), 6.52–6.50 (m, 1H), 4.54 (t, J = 

5.2 Hz), 4.28–4.12 (m, 4H), 2.40 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.12–1.01 (m, 1H), 0.81–0.71 

(m, 1H), 0.60–0.37 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 162.4, 143.5, 136.5, 135.5, 135.0, 

129.6, 127.3, 28.3, 60.7, 54.9, 21.4, 16.0, 14.1, 3.4, 2.4; MS (GCMS) calculated for C17H21NO4S 

[M]+ 335.1, found 335.1.  

 
 

Ethyl 2-cyclopentyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4f). Isolated in 37% yield 

as a thick oil. IR (ν, cm-1) 2955, 2870, 1717, 1345, 1257, 1163, 1091; 1H NMR (500 MHz, 

CDCl3) δ 7.67 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 7.6 Hz, 2H), 6.45–6.40 (m, 1H), 4.92, (t, J = 4.1 

Hz, 1H), 4.21 (dd, J = 18.4, 2.6 Hz, 1H), 4.18–4.09 (m, 3H), 2.39 (s, 3H), 2.31–2.24 (m, 1H), 

1.74–1.66 (m, 3H), 1.63–1.45 (m, 4H), 1.33–1.26 (m, 1H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR 
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(125 MHz, CDCl3) δ 162.5, 143.5, 136.4, 135.9, 134.4, 129.6, 127.4, 68.5, 60.6, 55.7, 45.0, 28.5, 

27.4, 25.0, 24.4, 21.4, 14.0; MS (MALDI) calculated for C19H25NO4SNa [M + Na]+ 386.14, 

found 386.17. 

 
 

Ethyl 2-cyclohexyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4g). Isolated in 30% yield 

as a thick oil. IR (ν, cm-1) 2985, 2928, 2854, 1717, 1449, 1373, 1345, 1256, 1164; 1H NMR (500 

MHz, CDCl3) δ 7.66 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 6.46–6.45 (m, 1H), 4.70 (t, J = 

3.4, 1H), 4.20 (dd, J = 18.4, 2.7 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 4.07 (ddd, J = 18.4, 4.3, 1.7 

Hz, 1H), 2.39 (s, 3H), 1.81–1.68 (m, 4H), 1.66–1.56 (m, 2H), 1.41 (dq, J = 12.5, 3.1 Hz, 1H), 

1.23 (t, J = 7.1 Hz, 3H), 1.26–1.01 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 162.6, 143.6, 136.5, 

135.2, 134.4, 129.6, 127.4, 71.0, 60.7, 55.9, 42.9, 30.1, 27.2, 26.4, 26.3, 26.2, 21.5, 14.0; MS 

(MALDI) calculated for C20H27NO4SNa [M + Na]+ 400.16, found 400.16.  

 

 
 

Ethyl 2-phenyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4h). Isolated in 66% yield. 

The spectral data was in agreement with that previously reported in the literature.63 

 

 

Ethyl 2-(but-3-ynyl)-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4i). Thick light yellow 

oil, isolated in 52% yield. IR (ν, cm-1) 3282, 2979, 2924, 2868, 1715, 1681, 1644, 1597, 1446, 
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1375, 1341, 1267, 1244, 1161, 1091, 1052, 816; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.70 (d, J 

= 8.3 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.56 (dd, J = 3.8, 2.0 Hz, 1H), 4.84–4.76 (m, 1H), 4.33–

4.21 (m, 2H), 4.17 (q, J = 7.1 Hz, 2H), 2.41 (s, 3H), 2.38–2.07 (m, 4H), 1.91 (t, J = 2.4 Hz, 1H), 

1.26 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 162.0, 143.9, 136.6, 134.5, 

134.2, 129.9, 127.4, 84.0, 68.6, 65.3, 60.9, 55.3, 32.9, 21.5, 14.1, 13.4; MS (MALDI) calcd for 

C18H22NO4S [M + H]+ 348.13, found 348.12. 

 

 

Ethyl 2-phenethyl-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4j). Thick light yellow oil, 

isolated in 52% yield. IR (ν, cm-1) 3028, 2979, 2936, 2929, 2861, 1716, 1692, 1647, 1598, 1495, 

1455, 1345, 1265, 1243, 1162, 1092, 1051, 815; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.72 (d, J 

= 8.2 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 7.27–7.23 (m, 2H), 7.18–7.13 (m, 3H), 6.57 (dd, J = 3.6, 

1.9 Hz, 1H), 4.89–4.82 (m, 1H), 4.32–4.24 (m, 2H), 4.20–4.10 (m, 2H), 2.77–2.67 (m, 1H), 

2.59–2.51 (m, 1H), 2.42 (s, 3H), 2.37–2.28 (m, 1H), 2.24–2.15 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H); 

13C NMR (125.8 MHz, CDCl3) δ (ppm) 162.1, 143.8, 141.7, 136.4, 134.7, 134.6, 129.9, 128.5, 

128.2, 127.4, 125.7, 65.8, 60.9, 55.4, 35.4, 30.0, 21.5, 14.1; MS (MALDI) calcd for C22H26NO4S 

[M + H]+ 400.16, found 400.16. 

 

 

Ethyl 2-[3-(tert-butyldimethylsilyloxy)propyl]-1-tosyl-2,5-dihydro-1H-pyrrole-3-

carboxylate (4k). The same procedure was followed as described above, except the solvent and 

N

Ts

CO2Et

Ph

N

Ts

CO2Et

OTBS



	   292 

carbamate were not degassed prior to the reaction. Thick light yellow oil, isolated in 48% yield. 

IR (ν, cm-1) 2953, 2928, 2856, 1718, 1647, 1598, 1553, 1494, 1463, 1349, 1257, 1163, 1090, 

834; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.70 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 

6.55 (dd, J = 3.6, 2.0 Hz, 1H), 4.87–4.79 (m, 1H), 4.27–4.18 (m, 2H), 4.15 (qd, J = 7.1, 1.0 Hz, 

2H), 3.65–3.59 (m, 1H), 3.58–3.52 (m, 1H), 2.41 (s, 3H), 2.02–1.88 (m, 2H), 1.64–1.56 (m, 1H), 

1.47–1.38 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H), 0.88 (s, 9H), 0.03 (s, 3H), 0.03 (s, 3H); 13C NMR 

(125.8 MHz, CDCl3) δ (ppm) 162.1, 143.7, 136.2, 134.9, 134.7, 129.8, 127.4, 65.9, 63.0, 60.8, 

55.2, 30.2, 26.9, 25.9, 21.5, 18.3, 14.1, –5.3, –5.3; MS (MALDI) calcd for C23H37NO5SSiNa [M 

+ Na]+ 490.21, found 490.21. 

 

 

Ethyl 2-(3-ethoxy-3-oxopropyl)-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4l). Thick 

light yellow oil, isolated in 56% yield. IR (ν, cm-1) 2981, 2927, 2868, 1715, 1652, 1644, 1598, 

1448, 1344, 1262, 1244, 1161, 1091, 816; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.69 (d, J = 8.3 

Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 6.54 (dd, J = 3.5, 1.9 Hz, 1H), 4.86–4.78 (m,1H), 4.24–4.18 

(m, 2H), 4.18–4.05 (m, 4H), 2.44–2.29 (m, 6H), 2.25–2.10 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H), 

1.24 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 173.2, 161.9, 143.8, 136.6, 

134.4, 134.1, 129.8, 127.3, 65.2, 60.9, 60.3, 55.1, 29.1, 29.0, 21.4 14.1, 14.0; MS (ESI) calcd for 

C19H26NO6S [M + H]+ 396.1, found 396.2. 
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tert-Butyl 2-(3-ethoxy-3-oxopropyl)-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4m). 

Thick light yellow oil, isolated in 55% yield. IR (ν, cm-1) 2982, 2924, 2862, 1732, 1713, 1655, 

1596, 1456, 1373, 1342, 1285, 1245, 1159, 1094; 1H NMR (300 MHz, CDCl3) δ (ppm) 7.68 (d, J 

= 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 6.44 (dd, J = 3.6, 2.0 Hz, 1H), 4.81–4.74 (m,1H), 4.24–

4.15 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.40 (s, 3H), 2.39–2.27 (m, 3H), 2.22–2.07 (m, 1H), 1.44 

(s, 9H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 173.2, 161.2, 143.7, 

135.9, 135.7, 134.2, 129.8, 127.4, 81.7, 65.2, 60.3, 54.9, 29.1, 29.0, 27.9, 21.4, 14.1; MS 

(MALDI) calcd for C21H29NO6SNa [M + Na]+ 446.16, found 446.19. 

 

 

Ethyl 2-methyl-1-(4-nitrophenylsulfonyl)-2,5-dihydro-1H-pyrrole-3-carboxylate (4ba). 

Thick light yellow oil, isolated in 37% yield. IR (ν, cm-1) 3107, 2983, 2934, 2872, 1715, 1647, 

1606, 1529, 1457, 1400, 1348, 1308, 1266, 1243, 1164, 1092, 1072, 856; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 8.37 (dt, J = 9.1, 2.1 Hz, 2H), 8.03 (dt, J = 9.1, 2.1 Hz, 2H), 6.57 (dd, J = 3.8, 

1.9 Hz, 1H), 4.77–4.69 (m, 1H), 4.36 (ddd, J = 17.3, 5.4, 2.0 Hz, 1H), 4.24 (dt, J = 17.3, 2.3 Hz, 

1H), 4.22–4.13 (m, 2H), 1.55 (d, J = 6.3 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 

MHz, CDCl3) δ (ppm) 161.8, 150.2, 143.7, 136.7, 134.6, 128.4, 124.5, 62.5, 61.1, 54.6, 22.0, 

14.1; MS (ESI) calcd for C14H17N2O6S [M + H]+ 341.1, found 341.0. 
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Ethyl 2-methyl-1-[3-(trifluoromethyl)phenylsulfonyl]-2,5-dihydro-1H-pyrrole-3-

carboxylate (4bb). Thick light yellow oil, isolated in 45% yield. IR (ν, cm-1) 3082, 2930, 1714, 

1642, 1606, 1542, 1489, 1461, 1428, 1349, 1322, 1308, 1271, 1245, 1165, 1117, 1066, 814; 1H 

NMR (500 MHz, CDCl3) δ (ppm) 8.10 (s, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 7.8 Hz, 

1H), 7.68 (d, J = 7.9 Hz, 1H), 6.57 (dd, J = 3.8, 2.0 Hz, 1H), 4.78–4.71 (m, 1H), 4.34 (ddd, J = 

17.3, 5.4, 2.0 Hz, 1H), 4.23 (dt, J = 17.4, 2.4 Hz, 1H), 4.21–4.13 (m, 2H), 1.55 (d, J = 6.4 Hz, 

3H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 162.0, 139.2, 136.7, 134.9, 

131.9 (q, JC-F = 33.5 Hz), 130.4, 130.1, 129.5 (q, JC-F = 3.6 Hz), 124.3 (q, JC-F = 3.7 Hz), 123.2 

(q, JC-F = 272.9 Hz), 62.4, 61.0, 54.5, 22.0, 14.1; MS (ESI) calcd for C15H17F3NO4S [M + H]+ 

364.1, found 364.0. 

 

 

Ethyl 2-methyl-1-(phenylsulfonyl)-2,5-dihydro-1H-pyrrole-3-carboxylate (4bc). Thick light 

yellow oil, isolated in 58% yield. IR (ν, cm-1) 2982, 2934, 2872, 1714, 1644, 1586, 1560, 1446, 

1375, 1343, 1265, 1242, 1163, 1092, 1067, 843, 755; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.85–

7.81 (m, 2H), 7.59 (tt, J = 7.5, 1.5 Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H), 6.54 (dd, J = 3.7, 1.9 Hz, 

1H), 4.76–4.69 (m, 1H), 4.31 (ddd, J = 17.4, 5.4, 2.0 Hz, 1H), 4.22 (dt, J = 17.5, 2.5 Hz, 1H), 
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4.19–4.12 (m, 2H), 1.54 (d, J = 6.4 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, 

CDCl3) δ (ppm) 162.2, 137.7, 136.6, 135.1, 132.8, 129.2, 127.3, 62.2, 60.8, 54.5, 22.1, 14.1; MS 

(ESI) calcd for C14H18NO4S [M + H]+ 296.1, found 296.0. 

 

 

Ethyl 1-(4-methoxyphenylsulfonyl)-2-methyl-2,5-dihydro-1H-pyrrole-3-carboxylate (4bd). 

Thick light yellow oil, isolated in 72% yield. IR (ν, cm-1) 2981, 2935, 2873, 1715, 1647, 1595, 

1577, 1497, 1460, 1376, 1342, 1305, 1259, 1093, 1064, 1021, 835, 804; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 7.76 (dt, J = 9.5, 2.5 Hz, 2H), 6.97 (dt, J = 9.5, 2.5 Hz, 2H), 6.53 (dd, J = 3.8, 

2.0 Hz, 1H), 4.71–4.64 (m, 1H), 4.28 (ddd, J = 17.5, 5.4, 2.0 Hz, 1H), 4.18 (dt, J = 17.4, 2.4 Hz, 

1H), 4.19–4.11 (m, 2H), 3.85 (s, 3H), 1.53 (d, J = 6.3 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H); 13C 

NMR (125.8 MHz, CDCl3) δ (ppm) 163.0, 162.2, 136.6, 135.3, 129.4, 129.3, 114.4, 62.1, 60.8, 

55.6, 54.5, 22.2, 14.1; MS (ESI) calcd for C15H20NO5S [M + H]+ 326.1, found 326.1. 

 

Mechanistic Investigation 

Synthesis of Allenylic Acetates 23 and 23-D 

 

Ethyl 2-(ethanoyloxymethyl)-2,3-butadienoate (23). To an oven-dried round bottom flask 

containing a magnetic stir bar was added allenylic alcohol 8a (0.200 g, 1.41 mmol), followed by 

dry dichloromethane (10 mL). The solution was then cooled to 0 ˚C by placing the flask in an ice 
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water bath. Once cooled, 2,6-lutidine (265 µL, 2.28 mmol) was added dropwise, and the solution 

was stirred at 0 ˚C for 5 min. At this point, acetyl chloride (225 µL, 3.10 mmol) was added 

dropwise to the stirring solution. After stirring at 0 ˚C for 1 h, the reaction was removed from the 

ice bath and allowed to warm to room temperature, where it was stirred for an additional 17 h. 

The reaction was then quenched by adding 2 M HCl (10 mL) to remove the excess 2,6-lutidine 

from the reaction mixture. The layers were then separated and the aqueous layer was extracted 

with CH2Cl2 (2 x 5 mL) and then with Et2O (3 x 5 mL). Each set of organic layers was washed 

with brine (10 mL). The organic layers were combined and dried over sodium sulfate, filtered 

and concentrated under reduced pressure. The crude reaction mixture was purified by flash 

column chromatography (100% Hex to 2.5% EtOAc/Hex to 5% EtOAc/Hex to finally 10% 

EtOAc/Hex) to yield 23 (219 mg, 85%) as a colorless oil. IR (ν, cm-1) 2888, 1969, 1942, 1742, 

1709, 1447, 1368, 1264, 1219, 1126, 1044, 1024, 857; 1H NMR (300 MHz, CDCl3) δ 5.25 (t, J = 

2.2 Hz, 2H), 4.73 (t, J = 2.2 Hz, 2H), 4.18 (q, J = 7.1, 2H), 2.02 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H); 

13C NMR (75.5 MHz, CDCl3) δ 214.4, 170.3, 165.1, 96.8, 80.3, 61.2, 60.8, 20.7, 14.1; MS 

(MALDI) calculated for C9H12O4Na [M + Na]+ 207.06, found 207.05. 

 

 

Ethyl 2-(ethanoyloxymethyl)-2,3-butadienoate-d3 (23-D). Prepared according to the procedure 

used for 9 employing CD3COCl (99 atom % D). Product 23-D was obtained as a colorless oil 

(184 mg, 78%). IR (ν, cm-1) 3067, 2986, 2916, 2849, 2917, 2849, 1970, 1739, 1710, 1449, 1368, 

1241, 1128, 1072, 1024, 979, 858; 1H NMR (500 MHz, CDCl3) δ 5.28 (t, J = 2.2 Hz, 2H), 4.77 

(t, J = 2.2 Hz, 2H), 4.22 (q, J = 7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 214.6, 170.6, 165.3, 117.3, 97.0, 80.4, 61.4, 60.9, 20.2 (septet, J = 19.7 Hz), 14.2; MS 

• CO2Et

OCOCD3
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(MALDI) calculated for C9H9D3O4Na [M + Na]+ 210.08, found 210.08. 

 

Reactions between Allenylic Acetate 23 and Monopronucleophiles 24a–c 

General procedure for the reactions of allenylic acetate 23 with benzyl toluenesulfonamide 
24a64  
 

To an oven-dried round bottom flask containing a magnetic stir bar was added N-benzyl-

4-methylbenzenesulfonamide (24a) (1.2 equiv) and the following reagents were subsequently 

added to the flask if required for the reaction shown in a specific entry of Table 2.6.6: 

triphenylphosphine (either 0.2 equiv or 1.1 equiv), cesium carbonate (1.3 equiv), or sodium 

acetate (1.3 equiv); followed by dry acetonitrile (2.8 mL). To this solution was added allenylic 

acetate 13 (0.190 mmol, 1.0 equiv) as a solution in dry acetonitrile (2.8 mL) over 6 h via a 

syringe pump. Once the addition was complete, the reaction was allowed to stir for another 1–1.5 

h. At this point the reaction was stopped and the solvent was removed under reduced pressure. 

The crude reaction mixture was purified by flash column chromatography (100% Hex to 5% 

EtOAc/Hex to 7.5% EtOAc/Hex to 10% EtOAc/Hex to 15% EtOAc/Hex to finally 30% 

EtOAc/Hex) to yield the products displayed in Table 2.6.6. Diene 25a would elute from the 

column between 7.5% EtOAc/Hex and 10% EtOAc/Hex. Allenoate 26a would elute between 

10% EtOAc/Hex and 15% EtOAc/Hex. Lastly, allylic acetate 27a would elute during the 30% 

EtOAc/Hex. The characterization of products 25a, 26a, and 27a are provided below. 

 

The allylic acetates 27a–c were isolated from the reactions as a mixture of (E) and (Z) isomers, 

where the ratio was found to range between 1.11:1 and 1.19:1 (Z:E) for 27a (see Table 2.6.6, 

entries 3–5), 1.05:1 and 1.18:1 (E:Z) for 27b (see Table 2.6.7, entries 1 and 3–6), and 1.08:1 

(E:Z) for 27c (see Table 2.6.8, entry 4) (see below for the synthesis of allylic acetates 27b,c). For 
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characterization purposes the compounds were subjected to preparatory TLC (silica gel), where 

they were separated from one another. As such, each isomer was fully characterized and the data 

are presented below. The structure of the (E) and (Z) isomers of 27b were assigned based on 

NOE experiments. The (E) isomer will be referred to as allylic acetate 27ba, while the (Z) isomer 

will be known as allylic acetate 27bb. The isomers of allylic acetates 27a,c were then assigned 

based on analogy to the isomers of allylic acetate 27b, and the (E) isomers will be referred to as 

allylic acetate 27aa or 27ca, while the (Z) isomer will be known as allylic acetate 27ab or 27cb. 

 

 

Ethyl 3-(N-benzyl-4-methylphenylsulfonamido)-2-methylene-3-butenoate (25a). Isolated as a 

colorless thin film. IR (ν, cm-1) 3033, 2995, 2970, 2925, 1739, 1704, 1626, 1586, 1473, 1455, 

1360, 1345, 1232, 1165, 1141, 1092, 1022, 920; 1H NMR (300 MHz, CDCl3) δ 7.71 (dt, J = 8.4, 

1.8 Hz, 2H), 7.33–7.23 (m, 7H), 6.09 (s, 1H), 5.81 (d, J = 0.8 Hz, 1H), 5.62 (s, 1H), 4.86 (s, 1H), 

4.52 (s, 2H), 4.15 (q, J = 7.1, 2H), 2.43 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (100.6 MHz, 

CDCl3) δ 165.7, 143.6, 140.7, 138.0, 135.8, 135.5, 129.5, 129.2, 128.4, 128.0, 127.9, 127.9, 

118.0, 61.0, 54.1, 21.6, 14.1; MS (MALDI) calculated for C21H23NO4SNa [M + Na]+ 408.12, 

found 408.10. 

 

 

Ethyl 2-[(N-benzyl-4-methylphenylsulfonamido)methyl]-2,3-butadienoate (26a). Isolated as 

a colorless thin film. IR (ν, cm-1) 2925, 2854, 1967, 1706, 1453, 1338, 1258, 1157, 1092, 1055, 

912; 1H NMR (300 MHz, CDCl3) δ 7.72 (dt, J = 8.2, 1.9 Hz, 2H), 7.33–7.21 (m, 7H), 5.01 (t, J = 

CO2EtNBn
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2.9 Hz, 2H), 4.43 (s, 2H), 4.08 (q, J = 7.1, 2H), 4.04 (t, J = 2.8 Hz, 2H), 2.43 (s, 3H), 1.20 (t, J = 

7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 214.2, 165.8, 143.2, 137.8, 136.1, 129.6, 128.5, 

127.8, 127.3, 97.1, 81.0, 61.2, 51.9, 45.4, 21.5, 14.1; MS (MALDI) calculated for 

C21H23NO4SNa [M + Na]+ 408.12, found 408.13. 

 

 

 (E)-Ethyl 4-(N-benzyl-4-methylphenylsulfonamido)-2-(ethanoyloxymethyl)but-2-enoate 

(27aa). Isolated as a thin film. IR (ν, cm-1) 2979, 2958, 2924, 2852, 1738, 1715, 1457, 1341, 

1243, 1160, 1093, 1028, 935, 737; 1H NMR (500 MHz, CDCl3) δ 7.76–7.72 (m, 2H), 7.35 (d, J = 

8.0 Hz, 2H), 7.31–7.27 (m, 3H), 7.25–7.23 (m, 2H), 6.61 (t, J = 6.7 Hz, 1H), 4.56 (s, 2H), 4.32 

(s, 2H), 4.14 (q, J = 7.1 Hz, 2H), 3.99 (d, J = 6.7 Hz, 2H), 2.45 (s, 3H), 1.96 (s, 3H), 1.24 (t, J = 

7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 170.6, 165.3, 143.8, 142.7, 136.4, 135.3, 130.0, 

128.7, 128.7, 128.6, 128.2, 127.3, 61.1, 57.5, 52.2, 45.2, 21.6, 20.8, 14.1; MS (MALDI) 

calculated for C23H27NO6SNa [M + Na]+ 468.15, found 468.10. 

 

  

 (Z)-Ethyl 4-(N-benzyl-4-methylphenylsulfonamido)-2-(ethanoyloxymethyl)but-2-enoate 

(27ab). Isolated as a thin film. IR (ν, cm-1) 2979, 2959, 2925, 2852, 1747, 1714, 1457, 1339, 

1243, 1224, 1161, 1095, 1043, 1028, 740; 1H NMR (500 MHz, CDCl3) δ 7.75–7.70 (m, 2H), 

7.36–7.32 (m, 2H), 7.31–7.26 (m, 4H), 7.25–7.23 (m, 1H), 5.99 (t, J = 5.7 Hz, 1H), 4.50 (d, J = 

1.0 Hz, 2H), 4.29 (s, 2H), 4.25 (d, J = 5.8 Hz, 2H), 4.11 (q, J = 7.2 Hz, 2H), 2.45 (s, 3H), 2.00 (s, 

3H), 1.20 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 170.3, 164.9, 143.7, 143.6, 136.3, 
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135.7, 129.9, 128.7, 128.6, 128.0, 127.4, 127.3, 63.8, 60.8, 52.9, 47.2, 21.6, 20.9, 14.1; MS 

(MALDI) calculated for C23H27NO6SNa [M + Na]+ 468.15, found 468.12. 

 

General procedure for the reactions of allenylic acetate 23 with 24b or 24c 

To an oven-dried round bottom flask containing a magnetic stir bar was added the 

following reagents if they were required for the reaction shown in a specific entry of either Table 

2.6.7 or Table 2.6.8: triphenylphosphine (either 0.2 equiv or 1.1 equiv), cesium carbonate (1.3 

equiv), or sodium acetate (1.3 equiv); followed by dry benzene (2.8 mL) and the respective 

monopronucleophile (1.2 equiv of freshly distilled material of either 3-methyl-2,4-pentanedione 

(24b) or benzoyl propionitrile (24c)65). To this solution was added allenylic acetate 23 (0.190 

mmol, 1.0 equiv) as a solution in dry benzene (2.8 mL) over 1 h via a syringe pump. Once the 

addition was complete, the reaction was allowed to stir for another 5–5.5 h (this is true only for 

24b; when 24c was used, the reaction times were 8.5, 29, 72, and 9 h for entries 1–4, 

respectively). At this point the reaction was stopped and the solvent was removed under reduced 

pressure. The crude reaction mixture was purified by flash column chromatography (100% Hex 

to 5% EtOAc/Hex to 7.5% EtOAc/Hex to 10% EtOAc/Hex to 15% EtOAc/Hex to finally 25% 

EtOAc/Hex) to yield the products displayed in Tables 2.6.7 and 2.6.8. Diene 25b or 25c would 

elute from the column between 5% EtOAc/Hex and 7.5% EtOAc/Hex. Allenoate 26b or 26c 

would elute between 10% EtOAc/Hex and 15% EtOAc/Hex. Lastly, allylic acetate 27b or 27c 

would elute during the 25% EtOAc/Hex portion. The characterization of products 25b/c, 26b/c, 

and 27b/c are provided below. 
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Ethyl 4-ethanoyl-4-methyl-2,3-dimethylene-5-oxohexanoate (25b). Isolated as a thin film. IR 

(ν, cm-1) 2983, 2957, 2925, 2852, 1718, 1704, 1553, 1542, 1458, 1355, 1320, 1232, 1208, 1144, 

1091; 1H NMR (500 MHz, CDCl3) δ 6.29 (d, J = 1.5 Hz, 1H), 5.72 (d, J = 1.5 Hz, 1H), 5.50 (s, 

1H), 5.18 (s, 1H), 4.17 (q, J = 7.2 Hz, 2H), 2.24 (s, 6H), 1.38 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ 206.5, 165.8, 145.0, 141.3, 128.7, 122.0, 70.0, 61.4, 26.8, 19.0, 

14.0; MS (MALDI) calculated for C13H18O4Na [M + Na]+ 261.11, found 261.13. 

 

 

Ethyl 4-ethanoyl-4-methyl-5-oxo-2-vinylidenehexanoate (26b). Isolated as a colorless oil. IR 

(ν, cm-1) 2985, 2935, 1966, 1943, 1698, 1447, 1424, 1359, 1259, 1214, 1116, 1068, 857; 1H 

NMR (300 MHz, CDCl3) δ 5.10 (t, J = 2.4 Hz, 2H), 4.16 (q, J = 7.1, 2H), 2.87 (t, J = 2.4 Hz, 

2H), 2.12 (s, 6H), 1.31 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 214.6, 

206.3, 166.9, 95.7, 79.9, 66.5, 61.4, 31.6, 26.7, 17.7, 14.2; MS (MALDI) calculated for 

C13H18O4Na [M + Na]+ 261.11, found 261.09. 

 

 

 (E)-Ethyl 5-ethanoyl-2-(ethanoyloxymethyl)-5-methyl-6-oxohept-2-enoate (27ba). Isolated 

as a thin film. IR (ν, cm-1) 2979, 2960, 2921, 2851, 1710, 1698, 1552, 1462, 1362, 1247, 1223, 
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1175, 1095, 1070, 1026, 964; 1H NMR (500 MHz, CDCl3) δ 6.77 (t, J = 7.6 Hz, 1H), 4.85 (s, 

2H), 4.21 (q, J = 7.1 Hz, 2H), 2.85 (d, J = 7.7 Hz, 2H), 2.13 (s, 6H), 2.04 (s, 3H), 1.37 (s, 3H), 

1.28 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 205.9, 170.7, 165.8, 142.2, 130.3, 66.0, 

61.1, 57.8, 33.1, 26.5, 20.9, 18.4, 14.2; MS (MALDI) calculated for C15H22O6Na [M + Na]+ 

321.13, found 321.14. 

 

 

 (Z)-Ethyl 5-ethanoyl-2-(ethanoyloxymethyl)-5-methyl-6-oxohept-2-enoate (27bb). Isolated 

as a thin film. IR (ν, cm-1) 2957, 2924, 2852, 1716, 1701, 1555, 1463, 1389, 1246, 1183, 1095, 

1028; 1H NMR (300 MHz, CDCl3) δ 6.05 (tt, J = 7.4, 1.0 Hz, 1H), 4.71 (d, J = 1.0 Hz, 2H), 4.24 

(q, J = 7.1 Hz, 2H), 3.15 (d, J = 7.4 Hz, 2H), 2.14 (s, 6H), 2.05 (s, 3H), 1.37 (s, 3H), 1.30 (t, J = 

7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 206.7, 170.5, 165.5, 141.3, 129.7, 66.0, 65.1, 60.8, 

33.4, 26.6, 20.9, 18.5, 14.2; MS (MALDI) calculated for C15H22O6Na [M + Na]+ 321.13, found 

321.17. 

 

Ethyl 4-cyano-4-methyl-2,3-dimethylene-5-oxo-5-phenylpentanoate (25c). Isolated as a thin 

film. IR (ν, cm-1) 2956, 2923, 2851, 2240, 1716, 1694, 1597, 1555, 1449, 1385, 1373, 1316, 

1287, 1229, 1134, 1105, 1024, 959; 1H NMR (500 MHz, CDCl3) δ 8.13–8.09 (m, 2H), 7.62–7.56 

(m, 1H), 7.49–7.43 (m, 2H), 6.42 (d, J = 1.2 Hz, 1H), 5.69 (d, J = 1.2 Hz, 1H), 5.52 (s, 1H), 5.42 

(s, 1H), 4.27–4.12 (m, 2H), 1.90 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 

191.0, 165.4, 142.7, 139.4, 133.9, 133.8, 130.8, 129.9, 128.4, 121.3, 120.3, 61.6, 51.5, 25.3, 
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14.0; MS (MALDI) calculated for C17H17NO3Na [M + Na]+ 306.11, found 306.10. 

 

Ethyl 4-cyano-4-methyl-5-oxo-5-phenyl-2-vinylidenepentanoate (26c). Isolated as a colorless 

oil. IR (ν, cm-1) 3065, 2986, 2925, 2851, 1965, 1938, 1709, 1689, 1597, 1448, 1367, 1304, 1258, 

1221, 1080, 972, 860; 1H NMR (500 MHz, CDCl3) δ 8.17–8.13 (m, 2H), 7.64–7.58 (m, 1H), 

7.53–7.48 (m, 2H), 5.24 (dt, J = 14.3, 2.7 Hz, 1H), 5.17 (dt, J = 14.3, 2.7 Hz, 1H), 4.21 (q, J = 

7.1 Hz, 2H), 3.26 (dt, J = 15.1, 3.0 Hz, 1H), 2.80 (dt, J = 15.1, 2.4 Hz, 1H), 1.76 (s, 3H), 1.28 (t, 

J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 214.8, 193.6, 166.4, 134.2, 133.8, 129.4, 128.7, 

121.4, 95.5, 81.9, 61.6, 45.6, 36.0, 24.4, 14.2; MS (MALDI) calculated for C17H17NO3Na [M + 

Na]+ 306.11, found 306.08. 

 

 

 (E)-Ethyl 5-cyano-2-(ethanoyloxymethyl)-5-methyl-6-oxo-6-phenylhex-2-enoate (27ca). 

Isolated as a thin film. IR (ν, cm-1) 2958, 2924, 2852, 2238, 1736, 1716, 1690, 1552, 1487, 1448, 

1384, 1371, 1241, 1173, 1160, 1092, 1081, 1027; 1H NMR (500 MHz, CDCl3) δ 8.17–8.13 (m, 

2H), 7.66–7.61 (m, 1H), 7.55–7.50 (m, 2H), 7.02 (dd, J = 8.0, 7.4 Hz, 1H), 4.92 (d, J = 12.1 Hz, 

1H), 4.87 (d, J = 12.1 Hz, 1H), 4.24 (q, J = 7.1 Hz, 2H), 3.19 (dd, J = 15.2, 7.2 Hz, 1H), 2.91 

(dd, J = 15.1, 8.1 Hz, 1H), 2.05 (s, 3H), 1.76 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 192.8, 170.7, 165.6, 139.9, 134.2, 133.5, 131.7, 129.4, 128.9, 120.9, 61.3, 57.8, 

45.1, 36.6, 24.3, 20.9, 14.2; MS (MALDI) calculated for C19H21NO5Na [M + Na]+ 366.13, found 

366.12. 
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 (Z)-Ethyl 5-cyano-2-(ethanoyloxymethyl)-5-methyl-6-oxo-6-phenylhex-2-enoate (27cb). 

Isolated as a thin film. IR (ν, cm-1) 2958, 2921, 2851, 2260, 1745, 1716, 1690, 1648, 1553, 1490, 

1457, 1450, 1377, 1234, 1179, 1096, 1027; 1H NMR (500 MHz, CDCl3) δ 8.17–8.14 (m, 2H), 

7.66–7.61 (m, 1H), 7.54–7.49 (m, 2H), 6.30–6.26 (m, 1H), 4.79 (dd, J = 13.1, 0.8 Hz, 1H), 4.75 

(dd, J = 13.1, 0.8 Hz, 1H), 4.24 (q, J = 7.1 Hz, 2H), 3.41 (dd, J = 15.7, 6.7 Hz, 1H), 3.30 (dd, J = 

15.7, 8.0 Hz, 1H), 2.07 (s, 3H), 1.73 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 193.2, 170.4, 165.1, 138.3, 134.0, 133.8, 131.2, 129.4, 128.8, 121.2, 64.5, 61.0, 45.4, 

36.8, 23.8, 20.9, 14.2; MS (MALDI) calculated for C19H21NO5Na [M + Na]+ 366.13, found 

366.14. 

 
Deuterium Labeling Studies 

While the phosphine-catalyzed γ-umpolung addition of nucleophiles 24a–c to allenylic 

acetate 23 can readily account for the formation of allylic acetates 27a–c, a pathway through the 

phosphonium diene 5b cannot be completely ruled out for the formation of 27a–c as it was 

possible to envision construction of these compounds by way of sequential addition of 24a–c to 

the γ-carbon and the acetate anion to the βʹ′-carbon of 5b. In order to discern if the acetate present 

on the allylic acetates 27a–c was in fact the same one from the starting material 23, a series of 

experiments involving trideuteroacetate were carried out (Tables 2.7.2 and 2.7.3). In the event of 

observed acetate exchange, we foresaw four possible scenarios that would explain the results. 

The first being that phosphonium diene 5b actually does form, and then preferentially undergoes 

γ-addition of nucleophile 24a–c and subsequent βʹ′-addition by the acetate anion. In another 

scenario, the starting allenylic acetate 23 can undergo an exchange of acetate. An alternate 
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possibility involves a pathway in which allenylic acetate 23 does not undergo an interchange of 

acetates itself, but phosphonium 29 (Scheme 2.6.12) does before it undergoes γ-addition of 24a–

c to form 27a–c. The last scenario is the exchange of acetates on the product allylic acetates 27a–

c themselves after their formation. 

Allenylic acetate 23 was first reacted with 24a in the presence of catalytic PPh3 and 

excess NaOAc-d3 (Table 2.7.2, entry 1). The reaction produced 17% of allenoate 26a, 10% of 

allylic acetate 27a and 9% of starting material 23. Allylic acetate 27a was found to have 

incorporated 8% deuterium, while there was no incorporation of deuterium in the recovered 

starting material. An analogous reaction was then performed employing deuterated allenylic 

acetate 23-D (acetate contains 99% deuterium) in the presence of excess NaOAc (Table 2.7.2, 

entry 2). The reaction produced 18% of allenoate 26a, 12% of allylic acetate 27a-D and 6% of 

starting material 23-D. It was found that there was a 5% loss of deuterium in allylic acetate 27a-

D, while there was no significant loss of deuterium observed in the recovered starting material 

from this reaction. 

 
Table 2.7.2 Deuterium study performed between allenylic acetates and 24aa 

 

entry R NaOAc 
(mol%) 

NaOAc-d3 
(mol%) 

yield 
26a 
(%) 

yield 
27a + 27a-D 

(%) 

ratio 
27a:27a-D 

yield 
23 + 23-D 

(%) 

ratio 
23:23-D 

1 CH3 -- 130 17 10b 11.5:1 9 >99:1 

2 CD3 130 -- 18 12c 1:15.67 6 1:99 
a The reactions were performed by adding a solution of allenylic acetate 23 or 23-D to a solution of the rest of the 
reactants over 6 h and stirring for an additional 1 h. b Isolated as a mixture of isomers with a ratio of 1.08:1 (Z:E). c 
Isolated as a mixture of isomers with a ratio of 1.01:1 (Z:E). 
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Allenylic acetate 23 was then employed in a reaction with 24b in the presence of catalytic 

PPh3 and excess NaOAc-d3, producing 31% of allenoate 26b, 17% of allylic acetate 27b and 

10% of starting material 23 (Table 2.7.3, entry 1). It was determined that allylic acetate 27b had 

incorporated 17% of deuterium, while there was no incorporation of deuterium in the recovered 

starting material. Deuterated allenylic acetate 23-D was then employed in an analogous reaction 

with excess NaOAc (Table 2.7.3, entry 2). The reaction produced 29% of allenoate 26b, 19% of 

allylic acetate 27b-D and 10% of starting material 23-D. It was found that there was a 24% loss 

of deuterium in 27b-D while there was no significant loss of deuterium in the reisolated starting 

material. 

 

Table 2.7.3 Deuterium study performed between allenylic acetates and 24ba 

 

entry R NaOAc 
(mol%) 

NaOAc-d3 
(mol%) 

yield 
26b 
(%) 

yield 
27b + 27b-D 

(%) 

ratio 
27b:27b-D 

yield 
23 + 23-D 

(%) 

ratio 
23:23-D 

1 CH3 -- 130 31 17b 4.88:1 10 >99:1 

2 CD3 130 -- 29 19c 1:3 10 1:99 
a The reactions were performed by adding a solution of allenylic acetate 23 or 23-D to a solution of the rest of the 
reactants over 1 h and stirring for an additional 5 h. b Isolated as a mixture of isomers with a ratio of 1.09:1 (E:Z). c 
Isolated as a mixture of isomers with a ratio of 1.18:1 (E:Z). 
 

These results indicated that the acetates were interchanging during each of the reactions, 

and that similar trends were observed for both nitrogen- and carbon-centered nucleophiles. The 

only difference was that the reactions performed with 24b resulted in a greater percentage 

incorporation or loss of deuterium in the allylic acetates than did the reactions employing 24a. 

• CO2Et

OCOR

PPh3 (20 mol%)
NaOAc or NaOAc-d3

PhH, rt

O O

• CO2Et

OO

OCOR

CO2Et

O
O

H

26b

23 or 23-D

23     : R = CH3 
23-D : R = CD3

27b     : R = CH3 
27b-D : R = CD3

24b



	   307 

Ultimately, the acetate swap was facilitated by one or the combination of the aforementioned 

possibilities but not via the acetate exchange in the starting allenylic acetate 23. 

To determine if the acetate exchange process could take place on the allylic acetate 27 via 

a SN2 pathway, two reactions were designed. These reactions involved reacting allylic acetates 

27b and 27b-D containing the acetate in isotopically pure form, with the opposite isotopic 

acetate to determine whether a crossover would be observed.  

In an attempt to obtain allylic acetate 27b-D with the acetate containing 99% deuterium, 

a reaction was performed between allenylic acetate 23-D and nucleophile 24b in the presence of 

110 mol% PPh3 (Scheme 2.7.3). However, upon obtaining the product from the reaction, it was 

unexpectedly found to have suffered a 4% loss of deuterium relative to the starting allenylic 

acetate 23-D. As there was no external source of non-deuterated acetate in the reaction, it is 

believed that the loss of deuterium observed in allylic acetate 27b-D was facilitated by 

deprotonation via phosphonium dienolate 28. This result is important in that it illuminates the 

fact that the deuterium erosion observed in Table 2.7.3 can be partially attributed to an event that 

was unexpected from the outset.  

 

Scheme 2.7.3  Formation of allylic acetate 27b-D with 95% deuterium content in the acetate 

 
With the desired allylic acetates in hand, the possibility of the acetate exchange process 

occurring via SN2 pathways was then explored (Scheme 2.7.4). The first reaction was carried out 

between allylic acetate 27b and NaOAc-d3 and upon isolation, the compound was determined to 

have incorporated 11% of the deuterated acetate. The second reaction involved subjecting allylic 
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acetate 27b-D, containing 95% deuterated acetate, to a reaction with excess NaOAc, and after 

the reaction the compound was observed to now have an overall loss of 8% deuterium. These 

results provide support for the observed exchange of acetates occurring by way of SN2 

displacement of the isotopic acetates on the product allylic acetates 27. So at this point, when 

specifically considering deuterium erosion, there is experimental evidence to account for a 

portion of the observed loss of deuterium. This includes the erosion of deuterium content over 

the course of the reaction itself by way of proton transfer events and the acetate exchange on 

allylic acetates 27 themselves after their formation. However, there is still a portion of the 

observed loss of deuterium that remains unaccounted for. But, the fact that we have established 

that there are means to facilitate the exchange of acetates that do not involve proceeding through 

phosphonium diene 5b at least allows one to consider the possibility that perhaps 5b did not ever 

form over the course of the reaction. This, along with the evidence gathered from the reactions in 

Tables 2.6.6–2.6.8, suggests that phosphonium diene 5b was not generated and the remainder of 

the deuterium loss is due to the SN2 displacement of the acetate of phosphonium 29 by the 

isotopic acetate (in an analogous fashion to the mechanism presented in Scheme 2.6.12 for the 

formation of allylic acetates 27a–c themselves). In conclusion, incorporation of deuterium 

content, or erosion of deuterium, relative to the starting allenylic acetates 23 and 23-D can 

rationally be explained by way of a variety of possibilities and thus does not need to be attributed 

to generation of phosphonium diene 5b. 
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Scheme 2.7.4 Investigation into acetate exchange on allylic acetates 27b and 27b-D 

 
General procedure for the reactions in Table 2.7.2 

To an oven-dried round bottom flask containing a magnetic stir bar was added N-benzyl-

4-methylbenzenesulfonamide (24a) (1.2 equiv), triphenylphosphine (0.2 equiv), and either 

NaOAc-d3 or NaOAc (1.3 equiv); followed by dry acetonitrile (2.8 mL). To this solution was 

added either allenylic acetate 23 or 23-D (0.190 mmol, 1.0 equiv) as a solution in dry acetonitrile 

(2.8 mL) over 6 h via a syringe pump (see Table 2.7.2 for the exact reagent combinations). Once 

the addition was complete, the reaction was allowed to stir for another hour. At this point the 

reaction was stopped and the solvent was removed under reduced pressure. The crude reaction 

mixture was purified by flash column chromatography (100% Hex to 2.5% EtOAc/Hex to 5% 

EtOAc/Hex to 7.5% EtOAc/Hex to 10% EtOAc/Hex to 15% EtOAc/Hex to finally 30% 

EtOAc/Hex) to yield the products shown in Table 2.7.2. Allenylic acetate 23 or 23-D eluted from 

the column during 5% EtOAc/Hex. Allenoate 26a eluted between 7.5% EtOAc/Hex and 10% 

EtOAc/Hex. Lastly, allylic acetate 27a or 27a-D would elute during the 15% EtOAc/Hex and 

30% EtOAc/Hex.  

Allylic acetate 27a obtained from the reaction presented in entry 1 of Table 2.7.2 was 

determined to have incorporated 8% deuterium, and was found to have an isomeric ratio of 
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1.08:1 (Z:E). Allylic acetate 27a-D obtained from the reaction presented in entry 2 of Table 2.7.2 

was found to have lost 5% deuterium relative to allenylic acetate 23-D and was found to have an 

isomeric ratio of 1.01:1 (Z:E). 

 
General procedure for the reactions in Table 2.7.3 

To an oven-dried round bottom flask containing a magnetic stir bar was added 

triphenylphosphine (0.2 equiv) and either NaOAc-d3 or NaOAc (1.3 equiv); followed by dry 

benzene (2.8 mL) and freshly distilled 3-methyl-2,4-pentanedione (24b) (1.2 equiv). To this 

solution was added either allenylic acetate 23 or 23-D (0.190 mmol, 1.0 equiv) as a solution in 

dry benzene (2.8 mL) over 1 h via a syringe pump (see Table 2.7.3 for the exact reagent 

combinations). Once the addition was complete, the reaction was allowed to stir for another 5 h. 

At this point the reaction was stopped and the solvent was removed under reduced pressure. The 

crude reaction mixture was purified by flash column chromatography (100% Hex to 5% 

EtOAc/Hex to 7.5% EtOAc/Hex to 10% EtOAc/Hex to 15% EtOAc/Hex to finally 25% 

EtOAc/Hex) to yield the products shown in Table 2.7.3. Allenylic acetate 23 or 23-D eluted from 

the column during 5% EtOAc/Hex. Allenoate 26b eluted between 7.5% EtOAc/Hex and 10% 

EtOAc/Hex. Lastly, allylic acetate 27b or 27b-D would elute during the 15% EtOAc/Hex and 

25% EtOAc/Hex.  

Allylic acetate 27b obtained from the reaction presented in entry 1 of Table 2.7.3 was 

determined to have incorporated 17% deuterium relative to allenylic acetate 23, and was found to 

have an isomeric ratio of 1.09:1 (E:Z). Allylic acetate 27b-D obtained from the reaction 

presented in entry 2 of Table 2.7.3 was found to have lost 24% deuterium relative to allenylic 

acetate 23-D and was found to have an isomeric ratio of 1.18:1 (E:Z). 
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Procedure for the preparation of allylic acetate 27b-D (Scheme 2.7.3)  

To an oven-dried round bottom flask containing a magnetic stir bar was added 

triphenylphosphine (31 mg, 0.118 mmol), dry benzene (1.5 mL) and 3-methyl-2,4-pentanedione 

(24b) (15 µL, 0.128 mmol). To this solution was added allenylic acetate 23-D (20 mg, 0.107 

mmol) as a solution in dry benzene (1.5 mL) over 1 h via a syringe pump. Once the addition was 

complete, the reaction was allowed to stir for another 5.5 h. At this point the reaction was 

stopped and the solvent was removed under reduced pressure. The crude reaction mixture was 

purified by flash column chromatography (100% Hex to 5% EtOAc/Hex to 7.5% EtOAc/Hex to 

10% EtOAc/Hex to 15% EtOAc/Hex to finally 25% EtOAc/Hex) allylic acetate 27b-D (7.9 mg, 

25%) as a thin film. Allylic acetate 27b-D was found to have lost 4% deuterium relative to 

allenylic acetate 23-D. The isomeric ratio of allylic acetate 27b-D produced in this reaction was 

determined to be 1.24:1 (E:Z). 

 
Procedure for the reaction of allylic acetate 27b with NaOAc-d3 (Scheme 2.7.4) 

 To an oven-dried round bottom flask containing a magnetic stir bar was added NaOAc-d3 

(21.0 mg, 0.247 mmol), followed by dry benzene (2.8 mL). To a vial containing a thin-film of 

allylic acetate 27b (7.0 mg, 0.023 mmol, as a mixture of both isomers) was added dry benzene (1 

mL), which was subsequently added to the flask via syringe. The vial was rinsed with dry 

benzene (1.8 mL) and this solution was added to the flask as well. The reaction was then allowed 

to stir for 7 h. At this point in time, the reaction mixture was filtered through a short pad of silica 

to remove the sodium acetate, and 100% EtOAc was used to elute the compound from the silica. 

The solvent was then removed under reduced pressure, to yield a quantitative recovery of the 

allylic acetate 27b. The percentage incorporation of deuterium was determined to be 11%. 

 



	   312 

Procedure for the reaction of allylic acetate 27b-D with NaOAc (Scheme 2.7.4) 

 To an oven-dried round bottom flask containing a magnetic stir bar was added NaOAc 

(11.5 mg, 0.140 mmol). To a vial containing a thin-film of allylic acetate 27b-D (already 

determined to have lost 4% deuterium relative to allenylic acetate 23-D) (6.0 mg, 0.002 mmol, as 

a mixture of both isomers) was added dry benzene (2 mL), which was then subsequently added 

to the flask via syringe. The vial was rinsed with dry benzene (1 mL) and this solution was added 

to the flask as well. The reaction was allowed to stir for 7 h. At this point in time, the reaction 

mixture was filtered through a short pad of silica to remove the sodium acetate, and 100% 

EtOAc was used to elute the compound from the silica. The solvent was then removed under 

reduced pressure, to yield a quantitative recovery of the allylic acetate 27b-D. The percentage 

loss of deuterium was determined to now be 8%. 

 
Reaction between Allenylic Acetate 23 and Benzoyl Acetonitrile 10a66 

 

To an oven-dried round bottom flask containing a magnetic stir bar was added cesium 

carbonate (80.5 mg, 0.247 mmol) and benzoyl acetonitrile 10a (33.1 mg, 0.228 mmol) followed 

by dry benzene (2.8 mL). To this solution was added allenylic acetate 23 (35 mg, 0.190 mmol) as 

a solution in dry benzene (2.8 mL) over 1 h via a syringe pump. Once the addition was complete, 

the reaction was allowed to stir for an additional 19 h. The reaction was then quenched by adding 

saturated aqueous NH4Cl solution (5 mL). The layers were then separated and the aqueous layer 

was extracted with Et2O (3 x 5 mL). The combined organic layers were washed with brine (10 
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mL), dried over sodium sulfate, filtered and concentrated under reduced pressure. The crude 

reaction mixture was purified by flash column chromatography (100% Hex to 2.5% EtOAc/Hex 

to 5% EtOAc/Hex to 7.5% EtOAc/Hex to finally 15% EtOAc/Hex) to yield allenoate 42 (9.8 mg, 

19%), and a co-eluted mixture of 4H pyran 43 and 2H pyran 44. In order to fully separate 43 

from 44, the mixture was subjected to preparatory TLC to yield 4H pyran 43 (13.8 mg, 27%), 

and 2H pyran 44 (5.9 mg, 12%). 

 

Ethyl 4-cyano-5-oxo-5-phenyl-2-vinylidenepentanoate (42). Isolated as a colorless oil. IR (ν, 

cm-1) 2982, 2958, 2922, 2851, 2209, 1967, 1733, 1671, 1625, 1446, 1354, 1270, 1251, 1168, 

1027, 863, 769; 1H NMR (500 MHz, CDCl3) δ 7.80–7.75 (m, 2H), 7.49–7.42 (m, 3H), 4.98 (d, J 

= 2.1 Hz, 1H), 4.55 (d, J = 2.1 Hz, 1H), 4.23 (qd, J = 7.1, 1.8 Hz, 2H), 3.59 (dd, J = 5.8, 5.0 Hz, 

1H), 2.93 (dd, J = 16.4, 4.8 Hz, 1H), 2.76 (dd, J = 16.4, 6.0 Hz, 1H), 1.28 (t, J = 7.1 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 169.6, 162.4, 151.0, 131.7, 131.0, 128.5, 127.8, 119.2, 97.0, 82.2, 

61.9, 40.9, 26.6, 14.1; MS (MALDI) calculated for C16H15NO3SNa [M + Na]+ 292.10, found 

292.08. 

 

Ethyl 5-cyano-2-methyl-6-phenyl-4H-pyran-3-carboxylate (43). Isolated as thin film. IR (ν, 

cm-1) 2954, 2919, 2850, 2210, 1715, 1672, 1631, 1447, 1382, 1368, 1245, 1211, 1173, 1154, 

1078, 770; 1H NMR (500 MHz, CDCl3) δ 7.79–7.75 (m, 2H), 7.51–7.43 (m, 3H), 4.23 (q, J = 7.1 

Hz, 2H), 3.28 (d, J = 1.3 Hz, 2H), 2.38 (apparent t, J = 1.3 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 166.2, 159.6, 159.3, 131.3, 130.8, 128.6, 127.5, 101.5, 85.1, 60.8, 
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24.6, 18.5, 14.3; MS (MALDI) calculated for C16H15NO3Na [M + Na]+ 292.10, found 292.06. 

 

 

Ethyl 5-cyano-4-methyl-6-phenyl-2H-pyran-3-carboxylate (44). Isolated as a thin film. IR (ν, 

cm-1) 2957, 2924, 2852, 2212, 1710, 1692, 1632, 1545, 1491, 1447, 1394, 1337, 1289, 1251, 

1176, 1058; 1H NMR (500 MHz, CDCl3) δ 7.94–7.90 (m, 2H), 7.58–7.53 (m, 1H), 7.51–7.46 (m, 

2H), 5.04 (d, J = 1.2 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 2.51 (apparent t, J = 1.2 Hz, 3H), 1.34 (t, 

J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 169.8, 164.3, 142.7, 132.7, 130.6, 129.5, 128.7, 

110.7, 92.2, 67.3, 60.8, 17.3, 14.3; MS (MALDI) calculated for C16H15NO3Na [M + Na]+ 292.10, 

found 292.06. 

 

Proposed Mechanisms for the Formation Pyrans 43 and 44 

Allenoate 42 was likely formed by an SN2 reaction of the enolate of benzoyl acetonitrile 

on allenylic acetate 23. The 4H pyran 43 is thought to be produced following construction of 

allenoate 42, which is subsequently converted to enolate 69 by deprotonation of the remaining α-

hydrogen (Scheme 2.7.5). The enolate then undergoes an intramolecular oxa-Michael addition to 

the β-carbon of the allenoate. The resulting dienolate  70 ↔ 71 undergoes γ-protonation to yield 

4H pyran 43. The formation of 2H pyran 44 is believed to occur in a similar manner, where the 

enolate of benzoyl acetonitrile adds to allenylic acetate 23 by an SN2ʹ′ reaction and generates 

diene 72 (Scheme 2.7.6). Deprotonation of this compound generates enolate 73, which undergoes 

an intramolecular oxa-Michael addition to construct intermediate 74. The 2H Pyran 44 is then 

obtained through protonation of 75. 

O
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Scheme 2.7.5 Proposed mechanism for formation of 4H pyran 43 

 

Scheme 2.7.6 Proposed mechanism for formation of 2H pyran 44 

 
Reactions between Benzyl Tosyl Carbamate 51 and PPh3 

To an oven-dried round bottom flask containing a magnetic stir bar was added benzyl 

tosyl carbamate 5167 (0.350 mmol, 1.0 equiv), and dry acetonitrile (10 mL). To this solution was 

added triphenylphosphine (0.2 or 1.0 equiv) and the reaction was allowed to stir at room 

temperature. The reaction was subsequently monitored by both TLC and crude 1H-NMR. After 

24 h it was determined that no reaction had occurred. A crude 1H-NMR at this time showed a 

very clean mixture of only benzyl tosyl carbamate 51 and triphenylphosphine. Furthermore, 31P-

NMR of this crude mixture showed only one signal, that of triphenylphosphine, indicating that 

there was no other form of phosphine present. As such, it was determined that that no reaction 

had occurred. 
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Formal Syntheses 

Formal Synthesis of (±)-Trachelanthamidine (52)48 
 

 
 

Methyl 5-oxohexahydro-1H-pyrrolizine-1-carboxylate (56). To an oven-dried round bottom 

flask was added pyrroline 4l (25 mg, 0.063 mmol), dry methanol (3.2 mL) and freshly crushed 

(using a hammer) magnesium turnings (38.4 mg, 1.58 mmol) under Ar (g). At this point, the 

reaction was placed under a balloon of Ar (g) and placed into a sonicator for 4.25 h. The reaction 

was then stopped by diluting it with dichloromethane (50 mL) and adding a saturated aqueous 

solution of ammonium chloride (30 mL). The layers were separated and the organic layer was 

further washed with a saturated aqueous solution of ammonium chloride (3 x 30 mL). The initial 

aqueous layer was then extracted with dichloromethane (3 x 15 mL). The combined organic 

layers were washed with brine (20 mL), dried over sodium sulfate and concentrated under 

reduced pressure. The crude material was purified by flash column chromatography (100% 

hexanes to 50% EtOAc/Hex to 80% EtOAc/Hex to finally 100% EtOAc; to visualize the product 

the TLC plates were stained in an iodine chamber) to yield lactam 56 (10 mg, 86% yield) as a 

light yellow oil. The spectroscopic data was in agreement with that previously reported in 

literature.26 

Formal Synthesis of (±)-Supinidine (54)50 

 

2-(3-Ethoxy-3-oxopropyl)-1-tosyl-2,5-dihydro-1H-pyrrole-3-carboxylic acid (57). To an 

oven-dried round bottom flask was added pyrroline 4m (53 mg, 0.13 mmol) and dry 
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dichloromethane (3.6 mL). To this solution was then added trifluoroacetic acid (0.63 mL) and 

the reaction was allowed to stir at room temperature for 3 h. At this point, the reaction was 

concentrated and purified by flash column chromatography (10% EtOAc/Hex to 20% 

EtOAc/Hex to 30% EtOAc/Hex and 1% AcOH) to yield carboxylic acid 57 (43.7 mg, 95% yield) 

as a colorless thin film. IR (ν, cm-1) 3624–3028, 2980, 2927, 1717, 1704, 1643, 1598, 1452, 

1398, 1377, 1343, 1268, 1233, 1160, 1092, 1067, 1039, 817; 1H NMR (500 MHz, CDCl3) δ 

(ppm) 8.66–7.86 ( br s, 1H), 7.67 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 6.63 (s, 1H), 

4.82–4.77 (br s, 1H), 4.28–4.17 (m, 2H), 4.09 (q, J = 7.1 Hz, 2H), 2.49–2.29 (m, 6H), 2.19–2.10 

(m, 1H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 173.8, 166.5, 144.1, 

139.2, 134.1, 134.0, 130.0, 127.4, 65.0, 60.7, 55.4, 29.1, 29.0, 21.6, 14.1; MS (MALDI) calcd for 

C17H21NO6SNa [M + Na]+ 390.10, found 390.09. 

 

 

Ethyl 3-[3-(hydroxymethyl)-1-tosyl-2,5-dihydro-1H-pyrrol-2-yl]propanoate (58). To an 

oven-dried conical vial containing a magnetic spin vane was added carboxylic acid 57 (21 mg, 

0.057 mmol) and dry tetrahydrofuran (500 µL) and the solution was cooled to 0 ˚C using an ice 

water bath. To the cooled solution was added triethylamine (16 µL, 0.114 mmol), followed by 

ethyl chloroformate (97%) (8 µL, 0.081 mmol) dropwise to the solution. The solution was 

removed from the ice bath and stirred at room temperature for 1.2 h. The reaction mixture was 

then filtered through a short pad of Celite, and the Celite was thoroughly washed with EtOAc. 

The filtrate was concentrated under reduced pressure and azeotropic removal of water was 

carried out using benzene. The crude material was then dissolved in dry methanol (1 mL) and 
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transferred to a new oven-dried conical vial containing a magnetic spin vane, and the solution 

was cooled to –78 ˚C. Once the solution was cooled, sodium borohydride (6 mg, 0.14 mmol) was 

added and the reaction was stirred for 30 min at –78 ˚C. A second portion of sodium borohydride 

(6 mg, 0.14 mmol) was added and the reaction was further stirred for 1 h at –78 ˚C. The reaction 

was then quenched by adding a saturated aqueous ammonium chloride solution (2 mL) and the 

mixture was slowly warmed to room temperature. The mixture was diluted with EtOAc (20 mL) 

and another portion of saturated aqueous ammonium chloride (10 mL) was added. 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 sodium sulfate, filtered, and 

concentrated under reduced pressure. The crude material was purified by flash column 

chromatography (100% Hex to 10% EtOAc/Hex to 30%EtOAc/Hex to 50% EtOAc/Hex finally 

to 60% EtOAc/Hex) to yield allylic alcohol 58 (14.7 mg, 73% yield) as a thin film. IR (ν, cm-1) 

3666–3194, 2981, 2927, 2870, 1727, 1598, 1494, 1448, 1396, 1377, 1337, 1305, 1288, 1259, 

1157, 1093, 1036, 814; 1H NMR (500 MHz, CDCl3) δ (ppm) 7.68 (d, J = 8.3 Hz, 2H), 7.28 (d, J 

= 8.2 Hz, 2H), 5.53–5.49 (m, 1H), 4.61–4.56 (m, 1H), 4.11 (q, J = 7.1 Hz, 2H), 4.15–4.00 (m, 

4H), 2.55–2.47 (m, 1H), 2.40 (s, 3H), 2.37–2.27 (m, 2H), 1.97–1.88 (m, 1H), 1.25 (t, J = 7.1 Hz, 

3H); 13C NMR (125.8 MHz, CDCl3) δ (ppm) 174.0, 143.7, 141.6, 134.3, 129.8, 127.4, 120.8, 

65.7, 60.6, 59.0, 55.1, 28.6, 28.6, 21.5, 14.2; MS (ESI) calcd for C17H24NO5S [M + H]+ 354.1, 

found 354.1. 

 

7-(Hydroxymethyl)-5,7a-dihydro-1H-pyrrolizin-3(2H)-one (59). To an oven-dried round 

bottom flask was added allylic alcohol 58 (14 mg, 0.040 mmol), dry methanol (2 mL) and 
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freshly crushed magnesium turnings (25 mg, 1.03 mmol) under Ar (g). At this point, the reaction 

was placed under a balloon of Ar (g) and placed into a sonicator for 1.5 h. At this point, a second 

portion of freshly crushed magnesium turnings (25 mg, 1.03 mmol) was added to the reaction 

and the reaction was sonicated for another 2 h (at this point, all the magnesium had dissolved). 

The reaction was then stopped by diluting it with dichloromethane (50 mL) and adding a 

saturated aqueous solution of ammonium chloride (30 mL). The layers were separated and the 

organic layer was further washed with a saturated aqueous solution of ammonium chloride (3 x 

30 mL). The initial aqueous layer was extracted with dichloromethane (3 x 15 mL). The 

combined organic layers were then washed with brine (20 mL), dried over sodium sulfate and 

concentrated under reduced pressure. The crude material was purified by flash column 

chromatography using a Pasteur pipette (100% hexanes to 50% EtOAc/Hex to 100% EtOAc to 

10% MeOH/EtOAc to 20% MeOH/EtOAc to finally 50% MeOH/EtOAc; to visualize the 

product the TLC plates were stained in an iodine chamber or stained with KMnO4) to yield 

lactam 59 (4.4 mg, 72% yield) as a light yellow oil. IR (ν, cm-1) 3556–3095, 2979, 2917, 2865, 

1672, 1643, 1529, 1461, 1406, 1328, 1307, 1281, 1222, 1169, 1054, 1010, 834; 1H NMR (300 

MHz, CDCl3) δ (ppm) 5.74 (dd, J = 3.6, 2.1 Hz, 1H), 4.75–4.63 (m, 1H), 4.46–4.35 (doublet of 

multiplets, J = 15.7 Hz, 1H ), 4.32–4.26 (m, 2H), 3.78–3.67 (doublet of multiplets, J = 15.9 Hz, 

1H ), 2.80–2.65 (m, 1H), 2.49–2.29 (m, 2H), 1.98–1.81 (m, 1H); 13C NMR (75.5 MHz, CDCl3) δ 

(ppm) 177.9, 143.6, 122.9, 67.3, 59.0, 49.5, 33.9, 29.2; MS (MALDI) calcd for C8H12NO2 [M + 

H]+ 154.09, found 154.08. 
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