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This dissertation encompasses several studies pertaining to natural product total 

synthesis, reaction methodology development, and organic materials. Given that natural product 

structures inspire the development of new agrochemicals and pharmaceuticals, their syntheses 

remain a worthwhile pursuit in organic chemistry. Furthermore, the successful completion of a 

total synthesis endeavor can confirm proposed molecular structures and biological activities, in 

addition to serving as a testing ground for new synthetic methods. Similarly, organic materials 

impact many areas of humanity, including technology, health, and energy conversion. Therefore, 

developing new reaction methodologies is crucial for expanding the architectures, and thereby 

properties, of organic materials. Specifically, photocatalysts and organic light-emitting diodes 
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(OLEDs) often rely on photophysical properties imparted by N-containing polycyclic aromatic 

hydrocarbon (PAH) ligands. As such, new methods that provide access to unique N-containing 

heterocyclic scaffolds are highly desirable. 

Chapter one offers a current perspective on the field of natural product total synthesis. 

Although historically viewed as a highly competitive field, several recent syntheses demonstrate 

a growing spirit of collaboration in total synthesis. By forming alliances with chemists in other 

fields, industries, or laboratories, total synthesis chemists have made many breakthroughs that 

would arguably not have been possible if working independently. 

Chapter two describes our laboratory’s total syntheses of several bioactive akuammiline 

alkaloids, including strictamine, 2(S)-cathafoline, akuammiline, Ψ-akuammigine, and 10-

demethoxyvincorine. Our strategic approach to the natural products focused on the use of a 

modern variant of a classic reaction, the Fischer indolization, to install several rings and the 

common quaternary center found in each target. This strategy allowed for the first total syntheses 

of akuammilines bearing a methanoquinolizidine core, as well as those that bear vicinal 

quaternary centers. In addition, rearrangements of the methanoquinolizidine core were developed 

that allowed us to access pyrrolidinoindoline-containing akuammilines. 

Chapter three describes synthetic studies of the reactive intermediates 2,3-pyridyne and 

4,5-pyrimidyne. Heterocycles bearing one or more nitrogen atom are privileged motifs in natural 

products and pharmaceuticals. Therefore, methodologies that decorate such heterocycles are of 

great interest to the synthetic and biological communities. Arynes are highly reactive, transient 

species that can efficiently build multiple bonds in a single transformation, and our lab is 

particularly interested in accessing new, heterocyclic arynes to study their reactivity. This study 
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demonstrates the synthetic utility of 2,3-pyridyne and the undesired reactivity of a 4,5-

pyrimidyne precursor. 

Chapter four describes synthetic studies toward the development of new methods to 

manipulate polypyridyl organometallic scaffolds. Ruthenium- and iridium-based polypyridyl 

organometallic complexes have been known for nearly a century and have broadly impacted the 

scientific community, including the areas of catalysis, bioimaging, and energy conversion. 

Despite decades of study, methods to synthesize polypyridyl ligands are limited to relatively few 

transformations, particularly when extending π-conjugation. We detail the use of arynes to 

extend the conjugation of polypyridyl ligands “on-the-complex,” thereby overcoming traditional 

limitations in ligand synthesis. We also disclose the first generation and trapping of a ligand-

bound aryne on an organometallic complex. 

 Chapter five describes the synthesis of a novel π-extended carbazole ligand for the study 

of structure-property relationships in two-coordinate metal complexes. Recently, linear two-

coordinate metal complexes of the general structure donor–metal–acceptor have been identified 

as promising dopants for OLEDs. Both the donor and acceptor ligand play a crucial role in 

tuning the photophysical properties of these complexes. However, donor ligands with extended 

π-conjugation have not been studied in this context. Our approach leverages heterocyclic arynes 

to synthesize π-extended donor ligands in a modular fashion, which can also apply to other 

PAHs. Subsequent photophysical studies of π-extended two-coordinate metal complexes identify 

a new dopant that displays up to 80% photoluminescence efficiency. 
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CHAPTER ONE 

 

Total Synthesis as a Vehicle for Collaboration 

 

Lucas A. Morrill, Robert B. Susick, Jason V. Chari, and Neil K. Garg. 

J. Am. Chem. Soc. 2019, 141, 12423–12443. 

 

1.1 Abstract 

“Collaboration” is not the first word most would associate with the field of total 

synthesis. In fact, the spirit of total synthesis is all-too-often reputed as being more competitive, 

rather than collaborative, sometimes even within individual laboratories. However, recent studies 

in total synthesis have inspired a number of collaborative efforts that strategically blend synthetic 

methodology, biocatalysis, biosynthesis, computational chemistry, and drug discovery with 

complex molecule synthesis. This chapter highlights select recent advances in these areas, 

including collaborative syntheses of chlorolissoclimide, nigelladine A, artemisinin, ingenol, 

hippolachnin A, communesin A, and citrinalin B. The legendary Woodward–Eschenmoser 

collaboration that led to the total synthesis of vitamin B12 is also discussed. 

 

1.2 Introduction 

One of the most stunning scientific achievements of the 20th century is the landmark total 

synthesis1 of vitamin B12 (1.1, Figure 1.1).2,3 Vitamin B12 (1.1) is the largest and most 

structurally complex vitamin known and is comprised of a number of structural challenges, 

including 63 carbons, 14 nitrogens, a cobalt center, and 14 stereocenters. The vitamin, which 
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plays a critical role in metabolism, was first isolated in pure form in 1948.4 Subsequently, Nobel 

Laureate Dorothy Hodgkin determined the structure of 1.1 using X-ray crystallography in 1956.5 

In turn, the remarkable structure of the natural product captivated the minds of the legendary 

synthetic chemists R. B. Woodward (Harvard, USA) and Albert Eschenmoser (ETH Zurich, 

Switzerland). The two would initially pursue the synthesis of 1.1 independently, but ultimately 

realized the difficulty was too great for either group to bear independently. Thus, an international 

collaboration was formed between the two laboratories in 1965.2  

 

 

Figure 1.1. The remarkable structure of vitamin B12 (1.1). 
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rings, which, in turn, was elaborated to cobalt derivative 1.5. The synthesis of 1.5, bearing much 

of the natural product’s core, constituted an amazing achievement toward the natural product. 

The second aspect of the highlighted chemistry reflects a somewhat tragic incident. 

Eschenmoser’s group had developed a new, high yielding set of conditions for adding a carbon 

to each of the one-carbon linkers between the A–B and C–D ring systems. This information was 

given to Woodward’s group, as they had significant quantities of 1.5 on hand, while the 

Eschenmoser group completed the characterization. Using IR spectroscopy, it was regrettably 

realized that the nitrile unit stemming off of the D ring had been unintentionally converted to a 

methyl ester, giving rise to 1.6. This marked a dead-end, as moving forward it would be 

impossible to differentiate the newly formed methyl ester from the other esters in 1.6. 

Eschenmoser tried to call Woodward immediately, but it was too late. One of Woodward’s 

postdoctoral scholars had come to the laboratory early (ca. 3:30 A.M.) to start the alkylation 

sequence. Almost all of the material was lost in the incident commonly referred to by the groups 

as “Black Friday” (July 9, 1971).3b 

Despite the “Black Friday” setback, the team ultimately persevered and developed an 

alternate protocol to give the desired alkylated product 1.7 by simply using ClCH2OBn in place 

of ClCH2OCH3.3b They would go on to complete the total synthesis of 1.1 in 1972, which 

remains the only total synthesis of vitamin B12 (1.1) to date.7 The total synthesis is said to have 

involved a remarkable team of 103 co-workers over the course of 12 years, representing 19 

countries. Overall the Woodward–Eschenmoser collaborative synthesis of 1.1 would be an 

incredible feat, even if accomplished today. 
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Figure 1.2. Woodward–Eschenmoser approach to vitamin B12 (1.1)  

and the infamous “Black Friday” loss of material. 
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In the modern era, “collaboration” is perhaps not the first word one would associate with 

the field of total synthesis. Even practioners like us might think of the field as being more 

competitive, rather than collaborative, in general. Who will make the molecule first? Whose 

synthesis is more elegant? Which synthesis is shorter or more efficient? Such questions are 

commonplace amongst total synthesis chemists, and the resulting discussions do ultimately 

prompt innovations and achievements. That being said, we admire the glory days of 

collaboration in total synthesis pioneered by Woodward and Eschenmoser. Although we may 

never see a collaboration of such magnitude within the field of total synthesis again, a number of 

striking collaborations surrounding total synthesis have been reported in recent years. We 

describe some of our favorite examples in this chapter that tie together synthetic methodology, 

biocatalysis, biosynthesis, computations, and pharmaceutical science with total synthesis. The 

specific targets described are chlorolissoclimide (1.8),8 nigelladine A (1.9),9 artemisinin (1.10),10 

ingenol (1.11),11 hippolachnin A (1.12),12 communesin A (1.13),13 and citrinalin B (1.14),14 as 

highlighted in Figure 1.3. 
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Figure 1.3. Natural products 1.8–1.14 synthesized via collaborations. 
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stereocenters is quaternary, whereas another is a secondary stereocenter bearing an alkyl 

chloride. The latter challenge provided an opportunity for the Alexanian and Vanderwal groups 

to join forces. Vanderwal’s group had already displayed an affinity for chlorinated natural 

products, which led to several completed total syntheses.18 Fortuitously, Alexanian’s team had 

established an innovative means to carry out site- and stereoselective halogenation of aliphatic 

carbons.19 A compelling example of Alexanian’s methodology is shown in Figure 1.4, where 

(+)-sclareolide (1.15) was treated with N-bromoamide 1.16 in the presence of visible light to 

yield bromide 1.17 in 67% yield.19 A chlorinative counterpart to this methodology did not exist 

at the time, but if available, could enable the synthesis of (+)-chlorolissoclimide (1.8). 

 

 

 

Figure 1.4. (+)-Chlorolissoclimide (1.8) and site-selective halogenation methodology. 
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 The success of the Vanderwal–Alexanian collaboration would hinge upon the 

development of a site-selective, stereocontrolled C–H chlorination reaction. Although highly 

predictable and chemoselective aliphatic C–H bromination reactions had been developed,19 

aliphatic C–H chlorination reactions remained challenging. Existing methods required the use of 

strongly acidic conditions or the presence of highly reactive reagents to enable such 

transformations.20  

Ultimately, the Alexanian group was able to identify suitable conditions using N-

chloroamide 1.18 to enable efficient C–H chlorination, which was evaluated on a range of 

substrates (Figure 1.5). Several products are shown (1.19–1.22), which reflect that the reaction 

primarily leads to monochlorination and is sensitive to sterics. It was envisioned that this strategy 

could be applied to (+)-sclareolide (1.15), which has become a popular testing ground as a 

substrate for C–H functionalization protocols that rely on radical intermediates.21 Impressively, 

applying their optimal chlorination reaction conditions to (+)-sclareolide (1.15) furnished 

chloride 1.23 in 82% yield. For gram-scale reactions, an alternate procedure was developed 

wherein benzoyl peroxide was used in place of visible light for radical initiation. This flexibility 

underscores the robustness of the Alexanian C–H functionalization protocol. 
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Figure 1.5. C–H chlorination methodology and gram-scale synthesis  

of (+)-2-chlorosclareolide (1.23). 
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Figure 1.6. A robust route to (+)-chlorolissoclimide (1.8). 
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1.4 Collaborative Total Synthesis of Nigelladine A  

The collaborative synthesis of nigelladine A (1.9) (Figure 1.7) by the Stoltz and Arnold 

laboratories presents a compelling example of synergy between biocatalysis and total synthesis.9 

The natural product, 1.9, a norditerpenoid alkaloid, was first isolated in 2014 from Nigella 

glandulifera and exhibits potent protein tyrosine phosphatase 1B (PTP1B) inhibitory activity.25 

Nigelladine A (1.9) bears a highly conjugated tricyclic skeleton and a quaternary stereocenter, 

thus offering an intriguing synthetic challenge. Moreover, the natural product possesses 

oxidation at C7, which the Stoltz group viewed as a potential testing ground for late-stage C–H 

oxidation protocols. Ultimately, this challenge proved to be a formidable one and could not be 

easily resolved using conventional synthetic chemistry. This difficulty was eventually resolved 

using a biocatalytic oxidation. 

 

 

Figure 1.7. Collaborative total synthesis of nigelladine A (1.9) by the Stoltz  

and Arnold laboratories. 
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quaternary stereocenter, an asymmetric allylic alkylation was performed.27 This furnished 

allylated product 1.32 in 96% yield and 87% ee. Enone 1.32 was further elaborated to vinyl 

bromide 1.33, which set the stage for a Suzuki–Miyaura cross-coupling. In the event, treatment 

of 1.33 with vinyl boronate 1.34 using palladium catalysis delivered triene 1.35.28 Lastly, the 

Boc group was removed using TFA (trifluoroacetic acid). Upon neutralization and exposure to 

SiO2, the amine underwent cyclization with subsequent olefin isomerization to provide iminium 

salt 1.29.  

 

 

Figure 1.8. Stoltz’s synthesis of tricycle 1.29. 
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 With 1.29 in hand, the Stoltz group was just an oxidation step away from completing the 

total synthesis of 1.9 (Figure 1.9). The group examined a number of conditions to effect the 

desired oxidation of neutral imine 1.29 to deliver the natural product nigelladine A (1.9).29 

Unfortunately, these efforts were hampered by low yields and poor site-selectivity. At best, 

nigelladine A (1.9) could be obtained in 10% yield using a Rh-catalyzed oxidation protocol. 

Faced with near defeat, the graduate student lead, Steven Loskot, approached the Arnold 

laboratory and connected with Dr. David Romney, who coincidentally performed research with 

Stoltz as an undergraduate student. Together, they envisioned carrying out the key oxidation step 

enzymatically.30 A select library of mutated cytochrome P450 enzymes was evaluated and, 

fortunately, several delivered the desired secondary alcohol. P450 8C7 was identified as the 

enzyme of choice. In their optimal sequence, the enzymatic oxidation was followed directly by a 

Dess–Martin oxidation to give nigelladine A (1.9) in 21% yield (43% based on recovered 

starting material 1.29). This result not only allowed for the completed total synthesis, but also 

provides a persuasive example of how biocatalysis can be used to effect a challenging late-stage 

transformation in target-oriented synthesis. 
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Figure 1.9. The crucial site-selective, late-stage oxidation of tricycle 1.29 was achieved using an 

enzymatic oxidation and allowed for the total synthesis of nigelladine A (1.9). 
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1.5 Collaborative Total Synthesis of Artemisinin 

 One of the most exciting collaborations reported in recent years involves the Keasling 

laboratory and the pharmaceutical giant Sanofi, who came together to develop a semisynthetic 

route to artemisinin (1.10) (Figure 1.10).10 Artemisinin (1.10) is a naturally occurring small 

molecule first isolated in 1971 in an effort to boost anti-malarial medicinal abilities during the 

Vietnam War.32 Artemisinin (1.10) and its derivatives display exceptional potency, showing low 

nanomolar EC50 values with regard to their inhibition of the parasitic cause of malaria 

Plasmodium falciparum.33 Although the development of resistance has historically made malaria 

difficult to treat, the discovery of artemisinin (1.10) and derivatives, such as artesunate (1.36) 

and artemether (1.37), has been a tremendous breakthrough for humanity. These compounds 

function through a novel mode of action relative to previously used anti-malarial drugs.34 Thus, 

therapies involving the combination of 1.36 or 1.37 alongside drugs with separate modes of 

action, termed artemisinin-based combination therapy (ACT), have revolutionized modern 

malarial treatments. ACTs have led to reduced treatment times, diminished parasite recurrence, 

and lower resistance development. The impact of these therapies cannot be understated, and was 

recognized by the awarding of the 2015 Nobel Prize in Physiology or Medicine to Youyou Tu 

“for her discoveries concerning a novel therapy against malaria.”35 Despite these remarkable 

advances, malaria continues to be a deadly threat to people, especially children, in the 

developing world. 
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Figure 1.10. Artemisinin (1.10) accessed through a collaboration between the Keasling 

laboratory and Sanofi–Aventis, in addition to unnatural derivatives 1.36 and 1.37. 
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a cost-efficient synthesis of 1.10. However, an approach that utilizes both synthetic chemistry 

and synthetic biology in a synergistic fashion had tremendous potential to unlock a low-cost 

production route. 

 The tag-team approach taken by Keasling and Sanofi involved a strategic blend of 

engineered biosynthesis and organic synthesis. First, the Keasling laboratory and Amyris41 

developed the conversion of glucose (1.38) to artemisinic acid (1.42) (Figure 1.11). After initial 

optimization studies performed in E. Coli yielded high titres of key intermediate amorphadiene 

(1.41, 25 g/L), the Keasling lab made a pivotal discovery in performing the engineered 

biosynthesis in a less common strain (CEN.PK2) of S. cerevisiae. This switch, driven by the 

need to express downstream enzymes, allowed for the entire engineered biosynthesis to take 

place in a single organism. In the final process, glucose (1.38) was used as a precursor to acetyl-

CoA (1.39), which provided an entryway into terpene biosynthesis. A variety of different 

enzymes then transform acetyl-CoA into amorphadiene (1.41) via intermediate farnesyl 

pyrophosphate (1.40). After extensive optimization, the Keasling lab was able to obtain 

amorphadiene (1.41) in a remarkable 40 g/L titre. Further downstream enzymatic oxidations, 

performed by enzymes characterized in A. annua and expressed in yeast, provided artemisinic 

acid (1.42) in an overall isolation of 25 g/L.  
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Figure 1.11. Keasling’s contribution: an efficient biosynthetic route to artemisinic acid (1.42). 
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Figure 1.12. The finishing touches by Sanofi: industrial scale conversion of  

artemisinic acid (1.42) to artemisinin (1.10). 
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will vary annually and may even be negligible at times,46 having a scalable route offers long-

term stability to the artemisinin supply problem.  

 

1.6 Total Synthesis of Ingenol 

Another exciting collaboration between the pharmaceutical industry and academia is 

presented in the efficient total synthesis of (+)-ingenol (1.11) in 2013 via a partnership between 

the Baran and Cravatt laboratories and LEO Pharma (Figure 1.13).11 (+)-Ingenol (1.11) was first 

isolated from Euphorbia ingens in 1968,47 and its derivatives have since been employed as 

effective treatments for the precancerous skin condition actinic keratosis. The potent analog, 

ingenol mebutate (1.46), marketed as Picato® by LEO Pharma, is an FDA-approved topical 

treatment for the disease, whereas isoxazole derivative ingenol disoxate (1.47) is currently 

undergoing clinical trials for the same ailment.48 The preparation of these therapeutic agents 

presented a major obstacle for LEO Pharma, as only 275 milligrams of ingenol (1.11) can be 

isolated per kilogram of plant material.11 Artemisinin, in comparison, can be accessed in 

recovery yields of about 5 grams per kilogram.49 In addition to this crucial isolation problem, 

previous synthetic approaches50 were lengthy due to the complex architecture of the molecule 

that contains four interconnected rings including an in/out-[4.4.1]bicycloundecane core and eight 

stereocenters, one of which is quaternary and five of which are contiguous. Further, structure–

activity relationships were not fully understood, and structural analogs could only be accessed 

through derivatization of (+)-ingenol (1.11) itself.11 To address these challenges, LEO Pharma 

partnered with the Baran laboratory to devise a concise, enantioselective total synthesis of (+)-

ingenol (1.11).  
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Figure 1.13. (–)-Ingenol (1.11) and medicinally important derivatives. 
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Figure 1.14. Expedient total synthesis of (+)-ingenol (1.11). 
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route described above,11 by treatment with MsCl, followed by TBACl and LiN3, to provide azide 

1.55 in 60% yield over two steps. Further elaboration generated “azido-ingenol” (1.56), which, in 

turn, underwent a copper-catalyzed click reaction54 with bis(alkyne) 1.57 to furnish clickable 

probe 1.53 in 37% yield. Empowered with the ingenol-based probe, Cravatt and co-workers 

employed quantitative mass spectrometry-based proteomics to discover a new protein target for 

ingenol mebutate (1.46).55 Specifically, the mitochondrial carnitine/acylcarnitine carrier protein 

SLC25A20 was identified as a highly ligandable site for 1.46 and 1.53. Further studies revealed 

that ingenol mebutate (1.46) inhibits SLC25A20, thereby perturbing mitochondrial function and 

leading to necrotic cell death in a pathway independent of that known via protein kinase C 

agonism. 

 

 

Figure 1.15. Synthesis of ingenol derivative 1.53 bearing a photoaffinity probe. 
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The partnership between the Baran laboratory, the Cravatt laboratory, and LEO Pharma 

illustrates the effectiveness of leveraging academic resources to solve critical problems in the 

pharmaceutical industry. The concise total synthesis of (+)-ingenol (1.11) delivered an attractive 

solution to access valuable material.11 Additionally, the synthetic route enabled further biological 

studies by the Cravatt laboratory to elucidate the molecular targets of ingenol derivatives, 

including that of the FDA-approved drug ingenol mebutate (1.46). In turn, this effort led to the 

elucidation of a novel mechanism of action. The Baran–LEO Pharma team subsequently 

synthesized the classic target (+)-phorbol, where LEO Pharma provided large quantities of 1.50, 

a common intermediate from their synthesis of (+)-ingenol (1.11).56 The total syntheses of 

several other terpene targets have also been achieved as a result of this collaboration.57 

 

1.7 Total Synthesis of Hippolachnin A 

Collaboration between two total synthesis groups is rare today, despite the precedent set 

by Eschenmoser and Woodward decades earlier. Nonetheless, the Wood and Brown laboratories 

reported a particularly successful example with their total synthesis of hippolachnin A (1.12) 

described in 2016 (Figure 1.16).12,58 The natural product was first isolated in 2013 from 

Hippospongia lachne. Hippolachnin A (1.12) bears a densely functionalized polycyclic core, 

which presents a challenge for chemical synthesis. Notably, 1.12 possesses six contiguous 

stereocenters, one of which is quaternary, and a structurally unique, highly congested tricyclic 

skeleton. In addition to its unique structure, 1.12 was initially reported to display potent 

antifungal activity against several pathogenic fungi, in particular Cryptococcus neoformans.59 

Thus, developing a synthetic strategy to access the scaffold of 1.12 was highly desirable. 
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Figure 1.16. Collaborative total synthesis of hippolachnin A (1.12). 
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Figure 1.17. Shared retrosynthetic analysis of hippolachnin A (1.12). 
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Caenorhabditis elegans was observed. This clarification of the biological activity of 

hippolachnin A (1.12) and derivatives underscores the utility of total synthesis in enabling 

bioactivity studies. 

 

 

Figure 1.18. Collaborative route to achieve the total synthesis of hippolachnin A (1.12). 
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collaborating and finding advantageous portions of each route, the team was able to establish a 

six-step route to 1.12. The final synthesis featured impressive [2+2+2] cycloaddition chemistry 

using quadricyclane (Brown laboratory) in combination with an elegant C–H oxidation and 

subsequent elaboration (Wood laboratory). Moreover, the joint effort provided students with 

many opportunities to exchange ideas beyond the confines of their individual institutions. 

Although collaborations of this nature between total synthesis groups remain rare, the elegant 

Brown and Wood synthesis of 1.12 underscores the value of such partnerships. 

 

1.8 Biosynthesis of Natural and Unnatural Communesin Scaffolds 

 Understanding the biosynthetic origins of highly intricate natural product scaffolds can 

require collaboration across synthetic, computational, and enzymatic chemists. A compelling 

example of this cooperation that was borne out of a total synthesis endeavour is exemplified by 

the investigation of the communesin alkaloid biosynthesis recently reported by the Houk and 

Tang laboratories, together with our laboratory.13 The communesins possess daunting chemical 

structures and promising biological activities, and have therefore been popular targets for 

synthetic chemists.66 With regard to their structural features, the communesin scaffold 1.68 

(Figure 1.19) bears four nitrogen atoms and a multitude of stereocenters embedded in a 

heptacyclic framework. The vicinal quaternary centers at C3 and C3’ are particularly challenging 

to install.  

The nature of how this particular collaboration arose deserves special mention. Garg had 

studied in two laboratories where the communesin alkaloids were being pursued.67 In addition, 

his own laboratory had devised a synthetic route to the communesin scaffold using the so-called 

interrupted Fischer indolization methodology.68 When this synthetic methodology failed to 
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generate scaffolds containing vicinal quaternary stereocenters, over a casual lunch meeting, 

Professors Tang and Garg decided the problem should be investigated biosynthetically. Tang 

procured the necessary fungus and a joint student was able to isolate communesin alkaloids in a 

matter of weeks. Both research groups became fascinated by the remarkable ability of Nature to 

generate vicinal quaternary stereocenters and the challenging communesin framework.  

The Tang group went on to identify the biosynthetic gene cluster for quaternary 

stereocenter formation.69 However, the exact mechanism of formation of these quaternary 

centers remained elusive (1.66 + 1.67 → 1.68, R=H, Figure 1.19). Thus, the Houk laboratory 

was also recruited and together, the team performed a combination of feeding studies, 

computations, and mechanism of action studies that ultimately led to new insights and access to a 

novel communesin scaffold (i.e., 1.69). 

 

 

Figure 1.19. Biosynthetic studies of the heterodimeric scaffolds of communesin indole alkaloids. 
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To determine the order of bond forming steps, the Tang laboratory engineered yeast to 

express the cytochrome P450 oxidoreductase. Concurrently, the Garg laboratory synthesized 

substrate analogs for feeding studies. Several key results are depicted in Figure 1.20. For 

example, when N10’ methylated tryptamine derivative 1.70 was employed in the enzymatic 

coupling with aurantioclavine (1.67), a new oxidatively coupled product was obtained. This 

compound, 1.69, bears a new scaffold that was termed “isocommunesin”. An analogous outcome 

was seen when tryptophol (1.71) was utilized, which gave rise to “isocommunesin” 1.72. 

Interestingly, isocommunesins were obtained when ω-N-dimethyl-tryptamine (1.73) and 3-(2-

azidoethyl)-indole (1.74) were used, whereas no product was seen if N1 and N1’ methylated 

derivatives of tryptamine or aurantioclavine were employed (1.75 or 1.76, respectively). The 

latter results indicate that the indole hydrogens are essential for coupling and supports previous 

hypotheses.70,71 Overall, the fact that a new communesin-type framework could be accessed 

through the use of natural enzymes showcases the power of this strategy for accessing new 

chemical space. 
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Figure 1.20. Feeding studies of P450 oxidoreductase with analogs. 
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two possible intramolecular aminal formations can occur that lead to either the communesin or 

isocommunesin scaffold. It was found that aminal formation between N10’ and C2 is more 

energetically favored, leading to the unnatural isocommunesin scaffold 1.80. The competing 

process involving aminal formation between N10’ and C2’ (leading to the natural communesin 

scaffold 1.81) is actually less energetically favorable. Thus, it is thought that elaboration to the 

communesin scaffold 1.82 requires the CnsC enzyme to override the inherent thermodynamic 

preference of the system. As observed in the feeding studies, the enzyme’s substrate specificity 

about N10’ is limited to R=H. 
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Figure 1.21. Mechanistic studies on communesin scaffold formation by the Houk laboratory. 
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1.9 Total Synthesis of Cyclopiamine B and Biogenetic Studies 

The final collaboration we discuss involves research performed by four teams pertaining 

to the citrinalin and cyclopiamine natural products. Here, Sarpong, Tantillo, Miller, and 

Berlinck14 demonstrated the interplay between total synthesis, computational tools, peptide 

catalysis, and natural product biosynthesis. Ultimately, these efforts led to a natural product 

structural revision, seminal total syntheses, discoveries in peptide-based catalysis, and insights 

into natural product biosynthesis.  

The specific targets accessed in this endeavour using total synthesis are the indole 

alkaloids citrinalin B (1.14) and cyclopiamine B (1.85) (Figure 1.22).72 Both the originally 

assigned structure 1.83 and the revised structure for citrinalin B (1.14) are depicted. Citrinalin B 

(1.14) was first isolated in 2010 from Penicillium citrinum73 and cyclopiamine B (1.85) was 

isolated from a toxinogenic strain of Penicillium cyclopium in 1979.74 The natural products have 

six rings, and each bears four stereocenters, including one quaternary stereocenter as part of the 

spirooxindole framework. In addition, citrinalin B (1.14) and cyclopiamine B (1.85) each possess 

three distinct nitrogen substituents. One of the substituents is an alkyl nitro group, which is rarely 

seen in natural products.75 From a biosynthetic perspective, 1.14 and 1.85 are curiosities because 

they lack the typical bicyclo[2.2.2]diazaoctane moiety present in many congeners,76 such as 

citrinalin C (1.84). 
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Figure 1.22. Reported structures of natural products 1.83–1.85 and  

revised structure of citrinalin B (1.14). 
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underscore the value of computations in the determination and revision of natural product 

structures.78  

The early stages of Sarpong’s synthetic sequence are shown in Figure 1.23. D-Proline 

(1.86) was first elaborated to vinyl iodide 1.87 over a series of transformations. Next, vinyl 

iodide 1.87 underwent Suzuki–Miyaura cross-coupling with known boronic ester 1.8879 to give 

adduct 1.89 in 95% yield. 1.89 was converted to the fused indole 1.90 using two sequential 

reductions, setting the stage for spirooxindole formation. Face-selective oxygenation of a C2–

C3-fused indole to the hydroxyindolenine, followed by spirooxindole formation is well 

established.80 It was envisioned that the carbamate would direct oxidation to the alpha face of the 

indole. However, attempts to employ typical heteroatom-directed oxygenation using Davis’ 

oxaziridines81 did not provide the desired stereoselectivity. Instead, hydroxyindolenine 1.91 was 

typically observed as the major product, with only trace amounts of the desired 

hydroxyindolenine 1.92, as well as undesired spirooxindole 1.93. 
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Figure 1.23. Overview of Sarpong’s synthesis of spirooxindole  

precursor 1.90 and unsuccessful oxidation attempts.  
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to achieve the stereoselective oxidation of substrate 1.90 (Figure 1.24).83 Ironically, the 

experimental effort was carried out by graduate student David Romney, who was mentioned 

earlier as a key player in the nigelladine A collaboration. After screening a library of peptide 

catalysts, it was found that desired hydroxyindolenine 1.92 could be obtained in 83% yield upon 

oxidation of fused indole 1.90 in the presence of peptide catalyst 1.94 and H2O2. With desired 

stereoisomer 1.92 in hand, attempted formation of the spirooxindole was pursued. However, 

attempts to perform the rearrangement led only to intermediate pseudoindoxyl 1.95, which did 

not undergo further rearrangement to oxindole 1.96.84 The failure of 1.95 to rearrange was 

posited to be the result of a stabilizing hydrogen bond between the carbonyl of the 

pseudoindoxyl and carbamate N–H (calculated to be 2.24 Å apart). Although the peptide-based 

catalysis would ultimately not be used to achieve the total syntheses at hand, the collaboration 

with the Miller laboratory demonstrated the high selectivity of peptide catalysts in an 

extraordinarily complex environment. Moreover, the failed conversion of 1.95 to 1.96 informed 

the Sarpong laboratory’s efforts and prompted them to design a more viable substrate for 

attempted spirooxindole formation. 
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Figure 1.24. Successful oxidation to give 1.92 using Miller’s peptide catalyst  

and challenges encountered in attempted rearrangement toward 1.96. 
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in 56% yield to give 1.98 as a mixture of diastereomers in a 4:1 ratio favoring the desired 

compound. To complete the synthesis of ent-citrinalin B (ent-1.14), the group performed a 

selective two-step reduction of the tertiary amide.87 Spectral data for ent-1.14 matched those of 

the isolated material,73 but with the opposite sign of optical rotation. Moreover, ent-1.14 was 

unambiguously characterized by X-ray crystallographic analysis. ent-Citrinalin B (ent-1.14) was 

then converted to cyclopiamine B (1.85) in 78% yield over two additional steps involving 

chromanone rearrangement. The completed syntheses of ent-citrinalin B (ent-1.14) and 

cyclopiamine B (1.85) provided unambiguous structural confirmation of these natural products, 

while also lending support to the notion that the cyclopiamines may arise from the citrinalin 

family of alkaloids. 
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Figure 1.25. Successful spirooxindole formation and total syntheses  

of ent-citrinalin B (ent-1.14) and cyclopiamine B (1.85). 
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proline in the biosynthesis of the citrinalins, despite proline being a known biosynthetic 

derivative of ornithine. Lastly, and perhaps most importantly, the isolation of citrinalin C (1.84) 

among congeners like 17-hydroxycitrinalin B (1.103)88 provides support for the notion that 1.102 

and other family members may arise from biosynthetic precursors that contain 

bicyclo[2.2.2]diazaoctane units.89 

 

 

Figure 1.26. Results of feeding studies of P. citrinum F53 with 13C labeled precursors. 
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completed total syntheses of two indole alkaloids using a late-stage stereoselective 

spirooxindole-forming reaction (Sarpong), and insight into the biosynthetic origins of the 

targeted natural products (Berlinck). Overall, these collective studies beautifully intertwine the 

expertise of four laboratories, leading to new knowledge and achievements, in addition to the 

interdisciplinary training of many talented coworkers.  

 

1.10 Conclusion 

We have described a collection of recent total synthesis-related efforts that were 

performed in highly collaborative manners. These efforts showcase how collaborations in areas 

such as synthetic methodology, biocatalysis, biosynthesis, computations, and pharmaceutical 

research can lead to new insights and ultimately facilitate our ability to access intricate chemical 

structures. Moreover, such collaborations allow for students and postdoctoral scholars to be 

exposed to new areas of science, while benefiting from interactions with scientists from other 

groups and institutions. We hope this perspective will help to prompt synthetic chemists to 

further build a growing spirit of collaboration in the future. 
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CHAPTER TWO 

 

Enantioselective Total Syntheses of Methanoquinolizidine-Containing Akuammiline 

Alkaloids and Related Studies 

 

Elias Picazo,† Lucas A. Morrill,† Robert B. Susick,  

Jesus Moreno, Joel M. Smith, and Neil K. Garg. 

J. Am. Chem. Soc. 2018, 140, 6483–6492. 

 

2.1 Abstract 

The akuammiline alkaloids are a structurally diverse class of bioactive natural products 

isolated from plants found in various parts of the world. A particularly challenging subset of 

akuammiline alkaloids are those that contain a methanoquinolizidine core. We describe a 

synthetic approach to these compounds that has enabled the first total syntheses of (+)-

strictamine, (–)-2(S)-cathafoline, (+)-akuammiline, and (–)-Ψ-akuammigine. Our strategy relies 

on the development of the reductive interrupted Fischer indolization reaction to construct a 

common pentacyclic intermediate bearing five contiguous stereocenters, in addition to late-stage 

formation of the methanoquinolizidine framework using a deprotection–cyclization cascade. The 

total syntheses of (–)-Ψ-akuammigine and (+)-akuammiline mark the first preparations of 

akuammiline alkaloids containing both a methanoquinolizidine core and vicinal quaternary 

centers. Lastly, we describe the bioinspired reductive rearrangements of (+)-strictamine and (+)-

akuammiline to ultimately provide (–)-10-demethoxyvincorine and a new analogue thereof.  
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2.2 Introduction 

The akuammiline alkaloids are an important class of natural products isolated from plants 

found in India, Africa, and Southeast Asia. These alkaloids, thought to be the active ingredients in 

traditional medicines used to treat a multitude of ailments in humans and livestock,1 have been the 

subject of intense investigations spanning structural elucidation, biosynthesis, biological 

evaluation, and chemical synthesis.2 More than 75 akuammilines have now been unambiguously 

characterized,3 many of which display exciting biological profiles, and all of which possess 

provocative chemical structures. Despite their enticing characteristics and biosynthetic relation to 

the popular Strychnos alkaloids,4 the akuammiline family has been comparatively less studied by 

synthetic chemists relative to the Strychnos alkaloids. It was not until recently that the synthetic 

community launched efforts toward the akuammiline alkaloids, which have now culminated in 

total syntheses of several subclasses.5 This is particularly noteworthy, as even the simplest 

akuammilines contain at least five interconnected rings, a multitude of stereocenters, and one or 

more basic nitrogen atoms. 

We became interested in a subset of the akuammiline alkaloids that possess a 

methanoquinolizidine core. This cage-like scaffold and several methanoquinolizidine-containing 

akuammilines are shown in Figure 2.1 (i.e., 2.1–2.4).6 (+)-Strictamine (2.1)7 features an 

indolenine and four stereocenters, whereas (–)-2(S)-cathafoline (2.2)8 has an indoline core 

resulting in five contiguous stereocenters. (+)-Akuammiline (2.3) and (–)-Ψ-akuammigine (2.4)9 

display an additional layer of complexity with vicinal quaternary centers at C7 and C16. 

Moreover, (–)-Ψ-akuammigine (2.4) also bears a furoindoline motif, leading to six interconnected 

rings and five contiguous stereocenters, thereby rendering it the most complex member of this 

akuammiline subclass. 
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The complexity of 2.1–2.4, coupled with attractive biological activities (vide infra), have 

prompted numerous synthetic efforts. Following seminal studies by Dolby,10 Bosch and 

Bennasar,11 and Sakai12 beginning more than four decades ago, the laboratories of Cook,13 

Tokuyama,14 and Matsuo15 have more recently described promising synthetic approaches. 

However, a total synthesis of any methanoquinolizidine-containing akuammiline alkaloid had 

proven elusive.16 Moreover, to date, no total syntheses of methanoquinolizidine-containing 

akuammilines that also bear vicinal quaternary centers (e.g., 2.3 and 2.4) have been reported. 

 

 

Figure 2.1. Representative methanoquinolizidine-containing akuammiline alkaloids. 

 

Herein, we describe a full account of our enantioselective approach to several 

methanoquinolizidine-containing akuammilines and subsequent biomimetic manipulations. Key 

to the success of these studies is the development of the reductive interrupted Fischer indolization 

reaction17,18,19 to construct a complex pentacyclic intermediate, as well as the late-stage formation 

of the methanoquinolizidine framework using a deprotection–cyclization cascade. These studies 

result in the first total syntheses of (+)-strictamine (2.1) and (–)-2(S)-cathafoline (2.2), which we 
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(+)-akuammiline (2.3) and (–)-Ψ-akuammigine (2.4), each of which bear vicinal quaternary 

stereocenters embedded in their methanoquinolizidine cores. Lastly, we describe late-stage 

reductive rearrangements of (+)-strictamine (2.1) and (+)-akuammiline (2.3), inspired by the 

proposed biosynthesis of akuammiline alkaloids20 to give pyrrolidinoindoline scaffolds. 

 

2.3 (+)-Strictamine and (–)-2(S)-Cathafoline: Background and Retrosynthetic Analysis 

(+)-Strictamine (2.1) and (–)-2(S)-cathafoline (2.2) were selected as our initial synthetic 

targets. (+)-Strictamine (2.1) was isolated in 19667 from the plant Rhazya stricta, whereas (–)-

2(S)-cathafoline (2.2) was extracted from Alstonia macrophylla in 2014.8 (+)-Strictamine (2.1) 

inhibits the transcription factor NF-κB,21 and may therefore serve as a lead compound for the 

discovery of new drugs for the treatment of cancer or inflammatory diseases. (–)-2(S)-Cathafoline 

(2.2) shows moderate activity in overturning drug resistance in vincristine-resistant KB cells.8 

Despite the aforementioned synthetic pursuits, neither 2.1 nor 2.2 had succumbed to total 

synthesis. In the case of (+)-strictamine (2.1), this is especially noteworthy given that the 

compound had been known for more than 50 years. 

Our retrosynthetic analysis of (+)-strictamine (2.1) and (–)-2(S)-cathafoline (2.2) is shown 

in Scheme 2.1. We envisioned forming the methanoquinolizidine scaffold by late-stage 

construction of the C5–N4 bond. Thus, 2.1 and 2.2 would be accessed from primary alkyl 

chloride 2.5 through a tandem deprotection–cyclization reaction, followed by manipulation of the 

indoline ring system. Chloride 2.5 would derive from indoline lactone 2.6 through methanolysis 

and halide formation. In a key retrosynthetic disconnection, we envisaged indoline lactone 2.6 

arising from ketolactone 2.9 and phenylhydrazine (2.8) via a reductive interrupted Fischer 

indolization reaction.16 If successful, this transformation would introduce two new rings. 
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Moreover, two stereogenic centers would be generated, including the C2 stereocenter seen in 

2(S)-cathafoline (2.2) (via transition structure 2.7) and the challenging C7 quaternary center 

common to all akuammilines. Ketolactone 2.9 would ultimately be obtained from enone 2.10, 

which, in turn, would arise from a gold-catalyzed cyclization of silyl enol ether 2.11.22 Finally, 

2.11 would be accessed in enantioenriched fashion from sulfonamide 2.12 and dibenzoate 2.13 

via a Pd-catalyzed desymmetrization and subsequent manipulations.23 

 

 

Scheme 2.1. Retrosynthetic analysis of (+)-strictamine (2.1) and (–)-2(S)-cathafoline (2.2). 
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2.4 Enantioselective Synthesis of the Fischer Indolization Substrate 

To initiate our forward synthetic studies, we sought to prepare enone 2.16 in 

enantioenriched form, as this could serve as a precursor for later construction of the necessary 

[3.3.1]-azabicycle (Scheme 2.2). Although we initially examined several possible routes, 

including enzymatic desymmetrization24 and the use of Koga bases,25 we found a Pd-catalyzed 

Trost desymmetrization22 was ultimately most successful. Upon treatment of dibenzoate 2.13 and 

sulfonamide 2.12 with a suitable Pd precatalyst and (R,R)-DACH-phenyl Trost ligand 2.14, the 

desired desymmetrization took place. Direct saponification of the product furnished alcohol 2.15 

in 89% yield. Subsequent PCC-mediated oxidation of the resultant secondary alcohol delivered 

enone 2.16 in excellent yield. Enone 2.16 could be crystallized at the interface of EtOAc and 

heptane; X-ray diffraction studies confirmed the desired absolute stereochemistry had been 

obtained in the desymmetrization reaction.26 

 

 

Scheme 2.2. Trost desymmetrization and synthesis of enone 2.16. 
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Having synthesized enone 2.16, we sought to introduce the [3.3.1]-azabicycle of the 

natural product and perform further elaborations (Scheme 2.3). Upon treatment with TBDPSOTf 

and 2,6-lutidine, enone 2.16 was converted to silyl enol ether 2.11 in high yield. This set the stage 

for a pivotal gold-mediated cyclization, inspired by precedent from Li and coworkers.21 Using our 

optimized protocol, silyl enol ether 2.11 was treated with (PMe3)AuCl and AgOTf, followed by 

quenching with tosic acid hydrate in the same pot, to ultimately afford bicycle 2.10 as the major 

product. This sequence is thought to proceed by initial formation of oxocarbenium ion 

intermediate 2.17, which undergoes nucleophilic attack by t-BuOH to give silyl enol ether 2.18. 

In the presence of acid and water, 2.18 is hydrolyzed to give the desired enone 2.10. Chiral SFC 

analysis at this stage revealed that 2.10 had been prepared in 96% ee. It should also be noted that 

the key gold-mediated cyclization gave an undesired product, 2.19, in minor quantities. Although 

2.10 and 2.19 were inseparable, the mixture could be taken forward through an epoxidation and 

Wittig homologation.5h,k Aqueous workup of the Wittig product led to enol ether hydrolysis with 

epoxide fragmentation to cleanly deliver enal 2.20 as a single constitutional isomer in 49% yield 

from silyl enol ether 2.11. 
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Scheme 2.3. Gold-catalyzed construction of the [3.3.1]-azabicycle and elaboration to enal 2.20. 

 

Using the sequence shown in Scheme 2.4, enal 2.20 was elaborated to ketolactone 2.9, the 

substrate for our key reductive interrupted Fischer indolization reaction. One of the synthetic 

challenges we encountered was the introduction of a hydroxyethyl group on C7. Initial 

approaches using metal-mediated conjugate addition strategies were met without success, so 

instead we targeted Ueno–Stork cyclization methodology.27 En route to testing this approach, 

aldehyde 2.20 was converted to the corresponding methyl ester, 2.21, using an NIS-based 

oxidative esterification protocol.28 Next, 2.21 was treated with ethyl vinyl ether (2.22) and NIS to 

give a mixed iodoacetal intermediate. Subsequent reaction with tributyltin hydride and AIBN led 

to cyclization at C7 to deliver acetal 2.23 as an inconsequential mixture of diastereomers.27 Acid-

mediated hydrolysis of the acetal and reduction of the resultant lactol provided diol 2.24. Finally, 

lactonization, followed by alcohol oxidation, afforded the desired ketolactone 2.9. 
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Scheme 2.4. Synthesis of reductive Fischer indolization reaction substrate, ketolactone 2.9. 

 

2.5 Reductive Interrupted Fischer Indolization Reaction 

With ketolactone 2.9 in hand, we developed the key reductive interrupted Fischer 
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azabicycle during the charge-accelerated [3,3]-sigmatropic rearrangement (see transition structure 

2.25). 

 

Table 2.1. Fischer indolization reaction between ketolactone 2.9 and hydrazine 2.8. 

 

 

Our next objective was to further optimize the Fischer indolization reaction and develop 
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reactions reported in the literature.29 Interestingly, hydride approach from the more congested face 

of the [3.3.1]-azabicycle appears to be favorable (see transition structure 2.7). Although 

counterintuitive in some respects, the stereochemical outcome may be rationalized by the kinetic 

preference for the formation of a cis ring juncture between the pyrrolidine and cyclohexyl units. 

The stereochemical outcome is consistent with reports from the Strychnos alkaloid literature30 as 

well as a similar C2 reduction in akuammiline synthesis.5v 

 

 

Scheme 2.5. Reductive interrupted Fischer indolization reaction delivers 2.6. 
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directly in the subsequent step. Treatment under Appel-like conditions cleanly provided 2.29, 

which unfortunately possessed the undesired stereochemistry at C16. Despite a survey of 

alternative methanoloysis conditions prior to performing the chlorination, the undesired C16 

epimer, 2.29, was routinely formed as the major product. We surmise that C16 epimerization of 

2.27 occurs more favorably than methanolysis or hydrolysis of the lactone. Several workarounds 

were pursued, such as attempted lactone opening via amidation,31 Pd-catalyzed ring-opening,32 or 

SN2 displacements,33 none of which were successful. Additionally, efforts to epimerize C16 of 

2.29 and related compounds to provide the desired C16 epimer also proved fruitless. 

 

 

Scheme 2.6. Undesired C16 epimerization. 
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corresponding indolenine motif. Lastly, we pursued the key deprotection–cyclization step, 

analogous to that outlined in our retrosynthetic analysis (see Scheme 2.1). Exposure of the 

indolenine intermediate to solid-supported thiol resin 2.3234 and Cs2CO3 in acetonitrile at 65 °C 

delivered 16-epi-strictamine (2.34), presumably by way of transition structure 2.33. Analogous to 

our earlier study toward the total synthesis of picrinine,5h,k the use of 2.32 proved instrumental in 

facilitating purification of the basic tertiary amine product. More importantly, this sequence 

demonstrated that our overall approach involving a late-stage deprotection–cyclization could be 

used to access the challenging methanoquinolizidine framework. 

 

 

Scheme 2.7. Synthesis of 16-epi-strictamine (2.34). 
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the indoline, furnished the methanoquinolizidine-containing product 2.36 in 76% yield over two 

steps. Finally, a reductive amination involving the indoline nitrogen afforded 16-epi-2(S)-

cathafoline (2.35). The synthetic routes to 2.34 and 2.35 not only permitted access to unnatural 

analogs of strictamine and 2(S)-cathafoline, but also gave us critical experience in performing 

late-stage operations, particularly for introduction of the methanoquinolizidine unit and 

purification of polar natural product-like compounds. 

 

 

Figure 2.2. Synthetic routes to 16-epi-2(S)-cathafoline (2.35). 
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to open the lactone ring of 2.6 under non-basic reaction conditions, to hopefully avoid the 

undesired epimerization. To this end, indoline lactone 2.6 was treated with lithium borohydride to 

give the corresponding diol with the C16 stereochemistry unperturbed. Subsequent protection of 

the more accessible primary alcohol furnished silyl ether 2.37. Next, a straightforward three-step 

sequence was performed to elaborate the C16 hydroxymethyl group of 2.37 to the corresponding 

methyl ester, 2.38. From hydroxy ester 2.38, a two-step chlorination protocol gave alkyl chloride 

2.5,35 which proceeded in the presence of the free N–H of the indoline unit and set the stage for 

the final steps of the total syntheses. (+)-Strictamine (2.1) was accessed in quantitative yield from 

2.5 by indoline oxidation, followed by deprotection–cyclization. Similarly, the total synthesis of 

(–)-2(S)-cathafoline (2.2) was achieved by N-methylation of 2.5, followed by deprotection–

cyclization. In both cases, the pentacyclic methanoquinolizidine framework was established in the 

final step of the total synthesis. NMR spectra of synthetic (+)-2.1 and (–)-2.2 correlated with 

spectra of the natural samples. This synthetic effort marked the first total syntheses of 2.1 and 2.2, 

which was initially communicated concurrently with Zhu’s synthesis of 2.1.16 Other synthetic 

routes to 2.1 have subsequently been reported by the labs of Fujii and Ohno,5o Gaich,5p,t Snyder,5r 

Qin,5u,z and Zu.5v 
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Scheme 2.8. Total syntheses of (+)-strictamine (2.1) and (–)-2(S)-cathafoline (2.2). 
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syntheses of akuammiline alkaloids bearing this motif.5w–y Despite these triumphant efforts, 

akuammilines containing both the methanoquinolizidine and vicinal quaternary centers have yet 

to succumb to total synthesis.37 

Our initial retrosynthetic analysis of (–)-Ψ-akuammigine (2.4) is shown in Scheme 2.9. 

The natural product (2.4) was proposed to arise from late-stage intermediate 2.39, possessing a 

furoindoline motif and an alkyl chloride. In the forward sense, removal of the nosyl group was 

expected to enable C5–N4 bond formation and forge the methanoquinolizidine core, analogous to 

the strategy used to synthesize (+)-strictamine (2.1) and (–)-2(S)-cathafoline (2.2). Chloride 2.39 

would be synthesized from furoindoline 2.40 through oxidative esterification and elaboration of 

the silyl ether. In a key maneuver, furoindoline 2.40 would ultimately be derived from aldehyde 

2.42 through a sequence involving C16 hydroxymethylation, followed by N-methylation and 

cyclization (see transition structure 2.41). Although not depicted, it was envisioned that the 

namesake of the natural product family, (+)-akuammiline (2.3), could also be accessed from 2.42 

or derivatives thereof. Finally, aldehyde 2.42 was anticipated to be available from indoline 

lactone 2.6, the product of the reductive interrupted Fischer indolization reaction16 described 

above (see Scheme 2.5). 

 



 

 73 

 

Scheme 2.9. Retrosynthetic analysis of (–)-Ψ-akuammigine (2.4). 
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step sequence involving lactone reduction, selective alcohol protection, and simultaneous 

oxidation of the indoline and remaining alcohol afforded indolenine aldehyde 2.42. 

 

 

Scheme 2.10. Scalable preparation of aldehyde 2.42. 
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silyl ether group present in 2.45 failed to deliver the desired alcohol 2.47. Instead, we exclusively 

obtained an undesired isomer, furoindoline 2.46, in 67% yield using Ph3PBr2,40 and in high 

efficiencies under other conditions (e.g., acetic acid, TBAF). It is hypothesized that the presumed 

in situ structural rearrangement of furoindoline 2.47 to isomer 2.46 is thermodynamically driven, 

with 2.46 being significantly more stable.41 

 

 

Scheme 2.11. Introduction of the furoindoline motif and undesired isomerization to afford 2.46. 
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structural features were formed. Thus, we targeted epimeric esters 2.36 or 2.48 and derivatives 

thereof that contain the methanoquinolizidine core, but lack the vicinal quaternary centers and 

furoindoline, as potential precursors to (–)-Ψ-akuammigine (2.4).42 It should be noted that the 

C16 stereochemistry was considered inconsequential, as this stereocenter would be controlled 

during a subsequent alkylation step. However, the strategy would likely require the handling and 

purification of polar compounds due to the earlier installation of the tertiary amine. Given limited 

options, we pursued this revised strategy. 

 

 

Scheme 2.12. Reassessment of synthetic approach. 
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corresponding alcohol with concomitant borylation of the tertiary amine to give indoline alcohol 

2.50 in 69% yield.44 Although unintentional, the introduction of the amine-borane functional 

group proved beneficial, as it masked the basic tertiary amine and dramatically facilitated 

purification of late-stage intermediates. 

 

 

Scheme 2.13. Introduction of methanoquinolizidine framework and amine-borane complexation. 

 

The final steps to complete the total synthesis of (–)-Ψ-akuammigine (2.4) focused on 

installation of the C16 quaternary stereocenter and the furoindoline motif (Scheme 2.14). Double 

oxidation of indoline alcohol 2.50 with PCC yielded the corresponding indolenine aldehyde, 

which was a suitable substrate for C16 alkylation. Exposure of the indolenine aldehyde to 

paraformaldehyde (9 equivalents) and Cs2CO3 provided diol 2.51 in 43% yield over two steps. In 

a key ploy, we pursued furoindoline formation by exposing 2.51 to methyl iodide under basic 

conditions.39 This gave rise to the desired product, furoindoline alcohol 2.53, in 45% yield, with 

33% recovered 2.51. We presume the reaction proceeds through activated indoleninium 2.52 to 

deliver an intricate scaffold bearing both the methanoquinolizidine and the furoindoline motifs. 

Notably, if the reaction was allowed to proceed with higher conversion, borane removal and N4-
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methylation occured to give an undesired ammonium salt byproduct. Nonetheless, oxidation to 

the aldehyde, followed by oxidative esterification28 with borane removal,45 furnished (–)-Ψ-

akuammigine (2.4) in 86% yield over two steps. All spectral data for (–)-Ψ-akuammigine (2.4) 

were consistent with reported data and authentic samples.46 

 

 

Scheme 2.14. Total synthesis of (–)-Ψ-akuammigine (2.4). 
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Lastly with regard to the synthesis of methanoquinolizidine-containing akuammilines, we 

sought to prepare (+)-akuammiline (2.3, Scheme 2.15), the namesake of the natural product 
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been synthesized.9 (+)-Akuammiline (2.3) is structurally similar to (–)-Ψ-akuammigine (2.4), but 

possesses a C16 acetoxymethyl group, rather than a furoindoline unit.  

We were delighted to find that late-stage intermediate alcohol 2.50 served as a suitable 

precursor to (+)-akuammiline (2.3) (Scheme 2.15). Double oxidation of indoline alcohol 2.50 

provided borane-protected indolenine aldehyde 2.54. C16 alkylation of 2.54 proceeded smoothly 

to establish the vicinal quaternary centers and provide aldehyde 2.55.47 It was optimal to use only 

1.2 equivalents of paraformaldehyde to preserve the aldehyde moiety and avoid reduction to the 

corresponding diol as we had observed earlier (see 2.51, Scheme 2.14). To complete the total 

synthesis of (+)-akuammiline (2.3), aldehyde 2.55 was elaborated through a multistep protocol 

involving acetylation, conversion to the methyl ester, and borane removal.48 Synthetic (+)-

akuammiline (2.3) was spectroscopically comparable to an authentic sample of the natural 

product.49  

 

 

Scheme 2.15. Total synthesis of (+)-akuammiline (2.3). 
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2.12 Structural Rearrangement of Methanoquinolizidines to Pyrrolidinoindolines 

One interesting notion regarding the methanoquinolizidine-containing akuammiline 

alkaloids is that, biosynthetically, they serve as precursors to the pyrrolidinoindoline-containing 

akuammilines.19 As such, we wondered if structural rearrangements could efficiently be 

performed in the laboratory under mild reaction conditions. Exciting precedent for such 

conversions exist from the Zn/AcOH-mediated rearrangement of strictamine reported by Banerji 

and Chakrabarti in 1966, albeit without a reported yield.50 We were particularly enticed to attempt 

the rearrangement of the methanoquinolizidine-containing natural products (+)-strictamine (2.1) 

and (+)-akuammiline (2.3) using the mild reducing agent samarium diiodide51 (Figure 2.3). 

Samarium diiodide has been utilized to reductively cleave C–N bonds of α-amino carbonyls, even 

in the context of akuammiline chemistry.5v,52 However, there have been no previous examples of 

the corresponding reductive cleavage of C–N bonds with SmI2 using α-amino imine substrates. 

Given that previous reductive rearrangements of the methanoquinolizidine core have been low 

yielding,50 we viewed this as an opportunity to improve their efficiencies. 

The results of our rearrangement studies are shown in Figure 2.3. Upon treatment of (+)-

strictamine (2.1) with SmI2 in THF and methanol at 23 °C, the desired reductive rearrangement 

took place to furnish pyrrolidinoindoline compound 2.56. Subsequent methylation afforded (–)-

10-demethoxyvincorine (2.57), a bioactive natural product isolated in 20148 from Alstonia 

macrophylla, that had yet to be synthesized. Next, we applied the same reductive rearrangement 

conditions to (+)-akuammiline (2.3). To our delight, the rearrangement proceeded in quantitative 

yield to provide the unnatural akuammiline derivative 2.58. Of note, 2.58 bears a 

pyrrolidinoindoline core with vicinal quaternary stereocenters at C7 and C16, and is therefore 

reminiscent of complex akuammilines bearing those structural features.53 
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Figure 2.3. Structural rearrangement to access pyrrolidinoindolines. 

 

2.13 Conclusion 

We have completed the first enantioselective total syntheses of five akuammiline 
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alkylations. Additionally, in the case of (–)-Ψ-akuammigine (2.4), a means to install the 

furoindoline was crafted, while avoiding an undesired furoindoline isomerization that plagued our 

early approaches. Lastly, bioinspired reductive rearrangements of (+)-strictamine (2.1) and (+)-

akuammiline (2.3) provided (–)-10-demethoxyvincorine (2.57) and a C16 analogue thereof, by 

rearrangement of the methanoquinolizidine core to pyrrolidinoindoline scaffolds.  

These efforts mark the first total syntheses of some of the most complex akuammilines 

known, including those that possess both a methanoquinolizidine core and vicinal quaternary 

stereocenters. It is expected that our studies will enable biological investigations of akuammilines 

and unnatural analogs. Moreover, the lessons learned from our synthetic endeavors, including the 

delicate late-stage manipulations and various undesired setbacks, should inform synthetic forays 

toward akuammilines and other challenging natural products. 

 

2.14 Experimental Section 

2.14.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 

activated alumina columns). All commercially obtained reagents were used as received unless 

otherwise specified. Dess–Martin periodinane (DMP) was prepared following a literature 

procedure.54 N-Iodosuccinimide was purchased from Oakwood Chemical and recrystallized from 

dioxane–CCl4 prior to use. PhNHNH2 (2.8) was obtained from Sigma Aldrich and purified by 

flash chromatography (4:1 hexanes:EtOAc) prior to use. Methyl iodide was purchased from Alfa 

Aesar and distilled prior to use. Cs2CO3 Puratronic® 99.994% (metals basis) and 

paraformaldehyde were purchased from Alfa Aesar. K2CO3 was purchased from Alfa Aesar and 



 

 83 

ground prior to use. Solid supported thiol-resin, MetSThiol® (2.32), was obtained from SiliCycle 

(Product # R51030B). Et3SiH, TBSCl, TFA, and DMAP were obtained from Oakwood Chemical 

and used as received. NaClO2, Ph3PBr2, and (PhO)2POCl were purchased from Sigma Aldrich 

and used as received. 2-methyl-2-butene, PCC, imidazole, absolute ethanol, and LiBH4 were 

obtained from Acros Organics. NaH2PO4, 1,2-dichloroethane, Celite®, and acetyl chloride were 

used as received from Fisher Scientific. TMSCHN2 was used as received from TCI America. 

NaOH was purchased from EMD Millipore. Reaction temperatures were controlled using an 

IKAmag temperature modulator, and unless stated otherwise, reactions were performed at room 

temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) was conducted with 

EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV, 

anisaldehyde, iodine, phosphomolybdic acid and cerium (IV) sulfate in water with sulfuric acid 

(Seebach), and potassium permanganate staining. Silicycle P60 (particle size 0.040–0.063 mm) 

silica gel was used for flash column chromatography. 1H NMR spectra were recorded on Bruker 

spectrometers (at 500 MHz) and are reported relative to deuterated solvent signals (7.26 ppm for 

CDCl3, 7.16 ppm for C6D6). Data for 1H NMR spectra are reported as follows: chemical shift 

(δ ppm), multiplicity, coupling constant (Hz), and integration. 13C NMR spectra were recorded on 

Bruker spectrometers (at 125 MHz) and are reported relative to deuterated solvent signals (77.16 

ppm for CDCl3, 128.06 ppm for C6D6). Data for 13C NMR spectra are reported in terms of 

chemical shift, and when necessary, multiplicity, coupling constant (Hz) and carbon type. 11B 

NMR spectra were recorded on Bruker spectrometers (at 160 MHz) and are reported relative to an 

external standard (0.00 ppm for BF3•Et2O). Data for 11B NMR spectra are reported in terms of 

chemical shift. 31P NMR spectra were recorded on Bruker spectrometers (at 202 MHz) and are 

reported relative to an external standard (0.00 ppm for 85% H3PO4). Data for 31P NMR spectra 
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are reported in terms of chemical shift. IR spectra were recorded on a Perkin-Elmer 100 

spectrometer and are reported in terms of frequency of absorption (cm-1). DART-MS spectra were 

collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion 

source and a Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by 

Excalibur software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) 

using CHCl3 or CH2Cl2 as the solvent. Ionization was accomplished using UHP He plasma with 

no additional ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI 

(+) and (–) Ion calibration solutions (Thermo Fisher Scientific). Optical rotations were measured 

with a Rudolf Autopol III Automatic Polarimeter. Melting points were determined using a 

DigiMelt MPA160 melting point apparatus. 

 

2.14.2 Experimental Procedures 

Note: Experimental information for compounds 2.1, 2.2, 2.5, 2.6, 2.9, 2.10, 2.11, 2.12, 2.13, 2.15, 

2.16, 2.19, 2.20, 2.21, 2.23, 2.24, 2.37, and 2.38 have previously been reported.5l 
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Table 2.2 Interrupted Fischer Indolization Reaction Optimization.  

 

Indolenine lactone 2.26. General Procedure. To a solution of ketolactone 2.95l (5.0 mg, 0.012 

mmol, 1.0 equiv) in 1,2-dichloroethane (0.25 mL) was added TFA (5 µL, 0.059 mmol, 5.0 equiv) 

and PhNHNH2 (2.8) (3.5 µL, 0.036 mmol, 3.0 equiv). The resulting mixture was degassed via the 

freeze-pump-thaw method (3 cycles) using a –78 °C bath. After warming to 23 °C, the reaction 

was backfilled with N2 for 1 min and heated to 60 °C. After stirring for 6 h, the reaction was 

cooled to 23 °C, at which point it was quenched with sat. aq. NaHCO3 (1 mL). The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (3 x 1 mL). The organic layers were 

combined, dried over Na2SO4, and concentrated under reduced pressure. Yields were determined 

by 1H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. An analytically pure 

sample was obtained by combining the crude mixtures and purifying via flash chromatography 

(1:1 hexanes:EtOAc → 1:2 hexanes:EtOAc) to afford indolenine lactone 2.26 as a yellow oil. 

Indolenine lactone 2.26: Rf 0.30 (3:1 EtOAc:hexanes); 1H NMR (500 MHz, CDCl3): δ 8.24–8.18 

(m, 1H), 7.76–7.70 (m, 3H), 7.69–7.64 (m, 1H), 7.43 (td, J = 7.6, 1.2, 1H), 7.33 (d, J = 7.5, 1H), 

7.26 (td, J = 7.5, 1.0, 1H), 5.86 (q, J = 7.4, 1H), 5.02 (dd, J = 4.1, 2.3 1H), 4.77 (td, J = 12.2, 4.7, 
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1H), 4.66 (dd, J = 12.2, 7.1, 1H), 4.50 (d, J = 15.6, 1H), 4.17 (br d, J = 15.1, 1H), 3.69 (br s, 1H), 

3.20 (qd, J = 7.4, 4.3, 1H), 2.66 (dt, J = 14.5, 3.8, 1H), 2.45 (dd, J = 4.4, 1.8, 1H), 1.83 (dt, J = 

14.5, 2.6, 1H), 1.74 (dd, J = 7.4, 2.5, 3H), 1.34 (m, 1H); 13C NMR (125 MHz, CDCl3): δ 181.4, 

170.1, 153.5, 148.4, 142.3, 134.2, 132.5, 132.0, 131.5, 131.45, 129.3, 127.3, 126.5, 124.4, 122.8, 

122.2, 67.5, 55.2, 53.4, 51.4, 48.2, 34.3, 31.6, 25.9, 14.5; IR (film): 2923, 2854, 1733, 1544, 

1360, 1215, 1169 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C25H24N3O6S+, 493.1380; found 

494.1297; [α]22.7
D –8.67° (c = 0.1, CH2Cl2). 

 

 

Indoline lactone 2.27. To a solution of known lactone 2.65l (800 mg, 1.6 mmol, 1.0 equiv) in 

CH2Cl2 (120 mL) was added Boc2O (512 mg, 2.4 mmol, 1.5 equiv), and DMAP (191 mg, 1.6 

mmol, 1.0 equiv). The golden brown solution became bright yellow and was placed into a 

preheated oil bath set to 40 °C. Additional aliquots of Boc2O (512 mg, 2.4 mmol, 1.5 equiv) were 

added after the reaction had been stirring for 1, 13, 17 h. After stirring for 20 h total, the reaction 

was concentrated under reduced pressure and the crude mixture was purified by flash 

chromatography (1:1 hexanes:EtOAc) to afford indoline lactone 2.27 (900 mg, 94% yield) as a 

yellow oil. Indoline lactone 2.27: Rf 0.84 (7:3 EtOAc:hexanes); 1H NMR (500 MHz, CDCl3): δ 

8.10 (d, J = 7.2, 1H), 7.70–7.62 (m, 3H), 7.51 (br s, 1H), 7.21 (td, J = 7.6, 1.4, 1H), 7.10–7.07 (m, 

1H), 7.04 (td, J = 7.4, 0.9, 1H), 5.60 (q, J = 6.8, 1H), 4.63 (dt, J = 12.0, 2.4, 1H), 4.48 (br s, 1H), 

4.42 (dt, J = 12.2, 3.9, 1H), 4.34 (d, J = 15.9, 1H), 4.23 (br s, 1H), 3.86–3.79 (m, 2H), 3.70–3.64 

(m, 1H), 2.00 (dt, J = 14.9, 2.5, 1H), 2.91–1.84 (m, 2H), 1.68–1.62 (m, 4H), 1.49 (s, 9H); 13C 
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NMR (125 MHz, CDCl3): (27 of 28 signals observed) δ 170.5, 151.5, 148.1, 139.5, 139.3, 134.4, 

133.2, 131.6, 131.5, 128.8, 125.8, 124.3, 123.5, 121.9, 115.6, 82.6, 67.8, 65.3, 54.7, 47.9, 45.1, 

42.8, 37.3, 30.1, 29.7, 28.3, 12.7; IR (film): 2958, 2923, 2854, 1735, 1698, 1547, 1373 cm–1; 

HRMS–APCI (m/z) [M – C5H7O2]+ calcd for C25H26N3O6S+, 496.1537; found 496.1498; [α]25.4
D 

223.33° (c = 0.1, CH2Cl2). 

 

 
Indoline chloride 2.29. To a solution of lactone 2.27 (415 mg, 0.68 mmol, 1.0 equiv) in THF (34 

mL) was added 0.5 M aq. NaOH (34 mL). The yellow solution was stirred for 12 h at 23 °C. Then 

the mixture was quenched with sat. aq. NH4Cl (100 mL) and the layers were separated. The 

aqueous layer was extracted with EtOAc (3 x 100 mL) and the combined organic layers were 

dried over Na2SO4, and concentrated under reduced pressure. The residue was then resuspended 

in methanol (19 mL) and THF (52 mL). Trimethylsilyldiazomethane (0.6 M in hexanes, 0.81 

mmol, 1.2 equiv) was added to the solution and the reaction was stirred for 1 h at 23 °C. Then the 

mixture was diluted with sat. aq. NaCl (100 mL). The layers were separated and the aqueous layer 

was extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over Na2SO4, 

and concentrated under reduced pressure. The crude mixture was purified via column 

chromatography (7:3 hexanes:EtOAc) to afford alcohol 2.28 (270 mg, 62% yield) as a yellow oil. 

Note: Upon extensive purification, alcohol 2.28 decomposed to lactone intermediates such as 2.27 

and its presumed epimer.  

To a solution of alcohol 2.28 (270 mg, 0.42 mmol, 1.0 equiv) in CH2Cl2 (60 mL) was 

added triphenylphosphine (220 mg, 0.84 mmol, 2.0 equiv), 2,6-lutidine (0.10 mL, 0.84 mmol, 2.0 
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equiv), and trichloroacetonitrile (85 µL, 0.84 mmol, 2.0 equiv). The solution was stirred for 2 h at 

23 °C. Then the mixture was diluted with sat. aq. NaCl (100 mL). The layers were separated and 

the aqueous layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were 

dried over Na2SO4 and concentrated under reduced pressure. The crude mixture was purified via 

column chromatography (7:3 hexanes:EtOAc) to afford indoline chloride 2.29 (219 mg, 79% 

yield) as a yellow oil. Rf 0.50 (4:6 EtOAc:hexanes); 1H NMR (500 MHz, CDCl3): δ 8.60 (d, J = 

6.1, 1H), 7.74–7.67 (m, 2H), 7.62 (dd, J = 7.5, 1.6, 1H), 7.52 (d, J = 8.3, 1H), 7.22–7.17 (m, 2H), 

6.70 (t, J = 7.5, 1H), 5.31 (q, J = 6.7, 1H), 4.91 (br s, 1H), 4.22–4.14 (m, 2H), 3.92 (d, J = 15.0, 

1H), 3.76 (s, 3H), 3.50 (ddd, J = 16.6, 11.1, 5.3, 1H), 3.41 (t, J = 5.3 1H), 3.17–3.06 (m, 2H), 

2.24–2.15 (m, 1H), 2.15–2.05 (m, 1H), 1.74 (dd, J = 14.2, 4.5, 1H), 1.62 (s, 9H), 1.54–1.51 (m, 

4H); 13C NMR (125 MHz, CDCl3): δ 174.2, 152.2, 148.5, 142.2, 135.2, 133.8, 133.2, 131.4, 

131.1, 128.7, 124.1, 124.0, 123.0, 119.1, 115.2, 82.7, 66.5, 54.5, 52.4, 48.5, 48.2, 47.0, 45.3, 39.6, 

29.7, 29.2, 28.4, 23.0, 12.7 ; IR (film): 2957, 2922, 2857, 1736, 1699, 1547, 1371 cm–1; HRMS–

APCI (m/z) [M – C5H8ClO2]+ calcd for C26H28N3O6S+, 510.1693; found 510.1653; [α]22.7
D –

34.67° (c = 0.1, CH2Cl2). 

 

 
Alkyl chloride 2.31. To a solution of chloride 2.29 (30.0 mg, 0.045 mmol, 1.0 equiv) in CH2Cl2 

(2.3 mL) was added TFA (2.3 mL). The yellow solution was stirred for 5 min at 23 °C. Then the 

mixture was quenched with sat. aq. NaHCO3 (10 mL). The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over 

Na2SO4, and concentrated under reduced pressure. The crude mixture was purified via column 
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chromatography (9:1 hexanes:EtOAc) to afford alkyl chloride 2.31 (26 mg, quant. yield) as a 

yellow oil. Alkyl chloride 2.31: Rf 0.42 (3:2 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): � 

8.04–8.01 (m, 1H), 7.78–7.71 (m, 2H), 7.65–7.61 (m, 1H), 7.06–7.01 (m, 2H), 6.72 (td, J = 7.5, 

1.0, 1H), 6.63 (d, J = 7.8, 1H), 5.58 (q, J = 7.2, 1H), 4.26–4.21 (m, 1H), 4.16 (d, J = 13.8, 1H), 

4.04 (d, J = 1.8, 1H), 3.77 (dq, J = 13.9, 2.3, 1H), 3.55 (ddd, J = 16.1, 10.6, 5.7, 1H), 3.24–3.20 

(m, 1H), 3.19 (s, 3H), 3.05 (s, 1H), 2.97 (dt, J = 14.5, 2.8, 1H), 2.86 (d, J = 1.4, 1H), 2.66 (ddd, J 

= 17.9, 12.2, 5.8, 1H), 2.37–2.29 (m, 1H), 1.74–1.67 (m, 4H); 13C NMR (125 MHz, CDCl3): (25 

of 26 signals observed)� 173.6, 150.0, 134.9, 134.2, 131.8, 131.2, 130.94, 130.91, 128.9, 124.2, 

124.2, 123.4, 118.9, 110.1, 64.5, 54.1, 52.1, 51.4, 48.2, 46.5, 43.7, 40.8, 28.7, 19.8, 13.4; IR 

(film): 2925, 2853, 1729, 1545, 1374, 1165 cm–1; HRMS-APCI (m/z) [M – Cl]+ calcd for 

C26H28N3O6S+, 510.1693; found, 510.1625; [α]22.0
D 11.33° (c = 0.1, CH2Cl2). 

 

 
16-Epi-strictamine 2.34. To a solution of indoline 2.31 (13.0 mg, 0.023 mmol, 1.0 equiv) in 

CH2Cl2 (2.3 mL) was added PCC (10.0 mg, 0.046 mmol, 2.0 equiv). The solution was stirred for 

20 min at 23 °C. Then the mixture was filtered through a plug of basic alumina (2 g) and eluted 

with EtOAc (10 mL). The volatiles were removed under reduced pressure to afford the 

corresponding indolenine (13.0 mg, quant. yield) as a yellow oil, which was taken forward with 

no further purification. 

 To a solution of indolenine (13.0 mg, 0.023 mmol) in MeCN (3.2 mL) was added Cs2CO3 

(25.0 mg, 0.077 mmol, 3.0 equiv), and SiliaMetS Thiol® 2.32 (0.10 mmol, 4.0 equiv). The 

solution was then placed into a preheated aluminum block set at 65 °C and stirred for 9 h. Then 

1. PCC, CH2Cl2, 23 °C

2.

(67% yield, 2 steps)
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H
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the mixture was filtered through a plug of Celite® (1 g) and eluted with MeCN (10 mL). The 

volatiles were removed under reduced pressure and the crude material was purified by column 

chromatography (9:1 acetone:MeOH) to afford 16-epi-strictamine 2.34 (5.0 mg, 67% yield) as a 

colorless oil. 16-Epi-strictamine 2.34: Rf 0.20 (9:1 acetone:MeOH); 1H NMR (500 MHz, CDCl3): 

� 7.62 (dt, J = 7.0, 0.8, 1H), 7.32–7.27 (m, 2H), 7.15 (td, J = 7.4, 1.0, 1H), 5.48 (q, J = 7.0, 1H), 

4.74–4.70 (m, 1H), 4.10 (d, J = 16.4, 1H), 3.48 (s, 1H), 3.15–3.09 (m, 4H), 3.03–2.96 (m, 1H), 

2.77–2.71 (m, 2H), 2.48 (t, J = 2.5, 2H), 2.07–2.01 (m, 1H), 1.76 (dd, J = 7.0, 2.5, 3H), 1.72–1.65 

(m, 1H); 13C NMR (125 MHz, CDCl3): � 189.9, 171.8, 156.2, 145.4, 142.0, 128.1, 125.2, 122.0, 

120.9, 118.8, 58.4, 55.3, 54.0, 53.9, 51.8, 51.4, 41.8, 31.6, 31.1, 12.8; IR (film): 2928, 2863, 

1736, 1594, 1453, 1165 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H23N2O2
+, 323.1754; 

found, 323.1710; [α]22.6
D 141.33° (c = 0.1, CH2Cl2). 

 

 
16-Epi-2(S)-cathafoline 2.35. To a solution of indoline 2.31 (13.0 mg, 0.023 mmol, 1.0 equiv) in 

MeCN (2.3 mL) was added HCHO (37 wt. % in water, 0.40 mL), AcOH (0.23 mL), and 

NaBH3CN (4.4 mg, 0.069 mmol, 3.0 equiv). The solution was stirred for 10 min at 23 °C. Then 

the mixture was filtered through a plug of sodium sulfate (5 g) and eluted with EtOAc (10 mL). 

The volatiles were removed under reduced pressure. The resultant solution was suspended in sat. 

aq. NaHCO3 (5 mL) and EtOAc (5 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (3 x 5 mL). The organic layers were combined and dried over Na2SO4. The 

organic solvent was evaporated under reduced pressure to afford a crude residue, which was 

1. HCHO, NaBH3CN, AcOH, MeCN, 23 °C

2.

(10% yield, 2 steps)
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purified via column chromatography (9:1 hexanes:EtOAc) to afford the corresponding N-Me-

indoline (13.3 mg, quant. yield) as a yellow oil. 

 To a solution of the N-Me-indoline intermediate (13.3 mg, 0.023 mmol) in MeCN (2.9 

mL) was added Cs2CO3 (23.0 mg, 0.070 mmol, 3.0 equiv), and SiliaMetSThiol® (2.32) (0.093 

mmol, 4.0 equiv). The solution was then placed into a preheated aluminum block set at 65 °C and 

stirred for 9 h. Then the mixture was filtered over a plug of Celite® (1 g) and eluted with MeCN 

(10 mL). The volatiles were removed under reduced pressure and the crude material was purified 

by column chromatography (9:1 acetone:MeOH) to afford 16-epi-2(S)-cathafoline (2.35) (1.0 mg, 

10% yield) as a colorless oil. 16-Epi-2(S)-cathafoline (2.35): Rf 0.22 (9:1 acetone:MeOH); 1H 

NMR (500 MHz, CDCl3): � 7.13–7.05 (m, 2H), 6.81–6.73 (dt, J = 7.4, 0.9, 1H), 6.59 (d, J = 7.8, 

1H), 5.32 (q, J = 6.8, 1H), 4.0 (t, J = 5.0, 1H), 3.95 (d, J = 15.9, 1H), 3.55 (ddd, J = 18.6, 11.2, 

7.7, 1H), 3.34 (d, J = 4.6, 1H), 3.13 (s, 1H), 2.97 (s, 3H), 2.94 (d, J = 15.8, 1H), 2.76 (dd, J = 

13.8, 3.0, 1H), 2.67 (s, 3H), 2.64 (d, J = 7.2, 1H), 2.61 (s, 1H), 2.41–2.26 (m, 2H), 1.87–1.81 (m, 

1H), 1.58–1.55 (m, 3H); 13C NMR (125 MHz, CDCl3): � 175.0, 153.6, 142.9, 136.6, 128.0, 

123.8, 118.8, 117.5, 109.2, 70.2, 57.0, 56.7, 51.0, 48.7, 46.9, 42.9, 38.6, 34.3, 30.9, 20.6, 12.8; IR 

(film): 2947, 2925, 2856, 1738, 1465, 1158 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C21H27N2O2
+, 339.2067; found, 339.2022; [α]21.6

D – 204.67° (c = 0.1, CH2Cl2). 

 

 
Methanoquinolizidine 2.36. To a solution of indoline 2.29 (297 mg, 0.459 mmol, 1.0 equiv) in 

MeCN (15.0 mL) was added Cs2CO3 (299 mg, 0.918 mmol, 2.0 equiv), and SiliaMetSThiol® 

(2.32) (2.294 mmol, 5.0 equiv). The solution was then placed into a preheated aluminum block set 

1. MetSThiol®
    Cs2CO3, MeCN, 65 °C

2. TFA, CH2Cl2, 23 °C

(76% yield, 2 steps)
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at 65 °C and stirred for 17 h, at which point, the reaction mixture was cooled to 23 °C and a 

second addition of Cs2CO3 (299 mg, 0.918 mmol, 2.0 equiv), and SiliaMetSThiol® (2.32) (2.294 

mmol, 5.0 equiv) were added. The reaction was then placed into a preheated aluminum block set 

at 65 °C and stirred for 24 h. Then the mixture was filtered through a plug of Celite® (5 grams) 

and eluted with MeCN (40 mL). The volatiles were removed under reduced pressure. The crude 

oil was suspended in CH2Cl2 (20.0 mL) and TFA (10.0 mL) was added. The solution was then 

stirred at 23 °C for 1 h. The reaction was quenched with sat. aq. NaHCO3 (200 mL) and diluted 

with CH2Cl2 (40 mL). The layers were separated and the aqueous layer was extracted with 

CH2Cl2 (3 x 40 mL). The organic layers were combined and dried over Na2SO4. The volatiles 

were removed under reduced pressure to afford a crude mixture, which was purified via column 

chromatography (EtOAc → 1:4 MeOH:CHCl3) to afford methanoquinolizidine 2.36 (113.4 mg, 

76% yield, over two steps) as a colorless oil. Methanoquinolizidine 2.36: Rf 0.10 (3:7 

MeOH:EtOAc); 1H NMR (500 MHz, CDCl3): � 7.11 (d, J = 7.4, 1H), 7.04 (t, J = 7.8, 1H), 6.81 

(t, J = 7.5, 1H), 6.75 (d, J = 7.8, 1H), 5.34 (q, J = 6.8, 1H), 4.08 (d, J = 4.7, 1H), 3.92–4.02 (m, 

2H), 3.51–3.61 (m, 1H), 3.13 (br s, 1H), 2.99 (s, 3H), 2.86–2.96 (m, 2H), 2.60–2.68 (m, 2H), 

2.30–2.43 (m, 2H), 1.87 (d, J = 14.0, 1H), 1.58 (dd, J = 6.9, 1.7, 3H); 13C NMR (125 MHz, 

CDCl3): � 175.2, 150.8, 142.4, 136.8, 127.9, 124.3, 119.7, 117.9, 111.7, 63.9, 56.9, 56.6, 51.1, 

50.3, 46.9, 43.4, 38.8, 30.7, 20.6, 12.8; IR (film): 2947, 2918, 2856, 1733, 1612, 1462, 1249, 

1158 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H25N2O2
+, 325.1911; found, 325.1890; 

[α]24.5
D –75.3° (c = 0.1, CH2Cl2). 
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16-Epi-2(S)-cathafoline 2.35. To a solution of methanoquinolizidine 2.36 (4.0 mg, 0.012 mmol, 

1.0 equiv) in MeCN (1.2 mL) was added HCHO (37 wt. % in water, 0.22 mL), AcOH (0.12 mL), 

and NaBH3CN (2.3 mg, 0.037 mmol, 3.0 equiv). The solution was stirred for 10 min at 23 °C. 

Then the mixture was filtered through a plug of sodium sulfate (5 g) and eluted with EtOAc (10 

mL). The volatiles were removed under reduced pressure. The resultant solution was suspended in 

sat. aq. NaHCO3 (5 mL) and EtOAc (5 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (3 x 5 mL). The organic layers were combined and dried over Na2SO4. The 

volatiles were removed under reduced pressure to afford a crude residue, which was purified via 

column chromatography (9:1 acetone:MeOH) to afford 16-epi-2(S)-cathafoline 2.35 (2.0 mg, 48% 

yield) as a colorless oil. 16-Epi-2(S)-cathafoline 2.35 is characterized above, vide supra.  

 

 
Indoline lactone 2.6. To a solution of ketolactone 2.95l (1.00 g, 2.40 mmol, 1.0 equiv) in 1,2-

dichloroethane (120 mL) was added TFA (0.900 mL, 12.0 mmol, 5.0 equiv) and PhNHNH2 (2.8) 

(472 µL, 4.76 mmol, 2.0 equiv). The resulting mixture was degassed via the freeze-pump-thaw 

method (3 cycles) using a –78 °C bath. After warming to 23 °C, the reaction was backfilled with 

N2 for 1 min and heated to 40 °C. After stirring for 14 h, the reaction was cooled to 23 °C, at 

which point additional TFA (19.0 mL, 246 mmol, 103.0 equiv) and Et3SiH (19.0 mL, 119 mmol, 

(48% yield)
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50.0 equiv) were added. The reaction was flushed with N2 for 1 min and stirred at 23 °C. After 1 h 

of stirring, the reaction was quenched with sat. aq. NaHCO3 (400 mL) and diluted with CH2Cl2 

(200 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 200 

mL). The organic layers were combined, dried over Na2SO4, and concentrated under reduced 

pressure. The crude mixture was purified via flash chromatography (3:1 hexanes:EtOAc → 2:1 

hexanes:EtOAc) to afford indoline lactone 2.6 (1.10 g, 93% yield) as a yellow solid. Indoline 

lactone 2.6: mp: 135–137 °C; Rf 0.30 (1:1 EtOAc:hexanes); 1H NMR (500 MHz, CDCl3): δ 8.07–

8.03 (m, 1H), 7.78–7.70 (m, 2H), 7.68– 7.65 (m, 1H), 7.10–7.04 (m, 2H), 6.75 (dt, J = 7.5, 0.9, 

1H), 6.66 (d, J = 7.8, 1H), 5.62 (q, J = 7.2, 1H), 4.72–4.64 (m, 1H), 4.61–4.53 (m, 1H), 4.21 (s, 

1H), 4.18 (d, J = 2.4, 1H), 4.06 (d, J = 14.6, 1H), 3.95 (s, 1H), 3.82 (dt, J = 14.5, 1.3, 1H), 3.55–

3.49 (m, 1H), 3.08 (d, J = 6.4, 1H), 2.51–2.43 (m, 1H), 2.11 (dt, J = 13.9, 2.8, 1H), 2.07–1.98 (m, 

1H), 1.87 (dtd, J = 13.9, 3.8, 1.3, 1H), 1.68 (d, J = 7.1, 3H). The spectral data match those 

previously reported in the literature.5l 

 

 
Indolenine aldehyde 2.42. To a solution of indoline lactone 2.6 (255 mg, 0.499 mmol, 1.0 equiv) 

in THF (20 mL) was added LiBH4 (43.0 mg, 2.0 mmol, 4.0 equiv). The reaction was placed in a 

preheated oil bath at 40 °C. After stirring for 5 h, the reaction was cooled to 23 °C, poured into 

deionized water (25 mL), and diluted with EtOAc (20 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (3 x 20 mL). The organic layers were combined, dried 

over MgSO4, and evaporated under reduced pressure. The crude residue was purified via flash 

chromatography (3:7 hexanes:EtOAc) to afford the corresponding diol. 

1. LiBH4, THF, 70 °C

2. TBSCl, imid. 
    DMAP, CH2Cl2, 0 °C
3. PCC, CH2Cl2, 23 °C
(30% yield, 3 steps)

N

N
Me

H

H

Ns

O
O

H H

2.6

N

TBSO N
Me

H
CHO

H

Ns

2.42



 

 95 

To a solution of the diol in CH2Cl2 (10 mL) was added imidazole (28.5 mg, 0.418 mmol, 

1.2 equiv) and DMAP (43.0 mg, 0.350 mmol, 1.0 equiv). The reaction was cooled to 0 °C and 

stirred. After 1 min, TBSCl (74.0 mg, 0.500 mmol, 1.4 equiv) was added. The reaction was 

allowed to warm to 23 °C. After 1 h the reaction was poured into deionized water (12 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 12 mL). The organic 

layers were combined, dried over MgSO4, and evaporated under reduced pressure. The crude 

residue was purified via flash chromatography (4:1 hexanes:EtOAc → 3:1 hexanes:EtOAc) to 

afford the corresponding silyl ether. 

To a solution of the silyl ether in CH2Cl2 (30 mL) was added PCC (0.200 g, 0.800 mmol, 

2.5 equiv). After 45 min, Celite® (200 mg) was added to the reaction and the contents of the flask 

were filtered through a pad of Celite® (2 g) and basic alumina (4 g). The pad was eluted with 

EtOAc (100 mL) and the filtrate was concentrated under reduced pressure. The crude mixture was 

purified via flash chromatography (1:3 hexanes:EtOAc) to afford indolenine aldehyde 2.42 (99.7 

mg, 30% yield, 3 steps) as a colorless oil. Indolenine aldehyde 2.42: Rf 0.70 (1:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): �10.15 (d, J = 3.3, 1H), 8.21–8.15 (m, 1H), 

7.78–7.70 (m, 2H), 7.67–7.61 (m, 2H), 7.38–7.31 (m, 2H), 7.23 (td, J = 7.5, 1.1, 1H), 5.79 (q, J = 

7.4, 1H), 5.22 (dd, J = 4.1, 2.7, 1H), 4.47 (d, J = 15.0, 1H), 4.10–4.00 (m, 1H), 3.55–3.47 (m, 

1H), 3.41 (s, 1H), 2.94–2.84 (m, 1H), 2.69–2.59 (m, 2H), 2.47 (dd, J = 14.0, 3.7, 1H), 1.98 (t, J = 

3.5, 1H), 1.82 (dt, J = 14.1, 3.0, 1H), 1.69 (dd, J = 7.3, 2.4, 3H), 0.70 (s, 9H), –0.18 (s, 3H), –0.22 

(s, 3H); 13C NMR (125 MHz, CDCl3): � 201.8, 182.4, 153.6, 148.8, 143.6, 134.2, 132.0, 131.8, 

131.2, 131.0, 128.5, 126.4, 125.1, 124.4, 123.5, 121.5, 63.2, 59.1, 58.9, 54.5, 47.7, 35.5, 35.1, 

29.5, 26.1, 18.4, 15.0, –5.4, –5.5; IR (film): 2955, 2930, 2856, 1715, 1544, 1443, 1371, 1175, 
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1091 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C31H40N3O6SSi+, 610.2402; found, 610.2361; 

[α]23.2
D 16.00° (c = 0.1, CH2Cl2). 

 

 
Diol 2.43. To a solution of indolenine aldehyde 2.42 (47 mg, 0.077 mmol, 1.0 equiv) in THF (8 

mL) was added Cs2CO3 (250 mg, 0.77 mmol, 10.0 equiv) and paraformaldehyde (23 mg, 0.77 

mmol, 10.0 equiv). The reaction was heated to 60 °C. After stirring for 2.5 h, the reaction was 

cooled to 23 °C, filtered over Celite®(2 g), and evaporated under reduced pressure. The crude 

mixture was purified via preparative thin layer chromatography (3:2 benzene:MeCN) to afford 

diol 2.43 (28.7 mg, 58% yield) as a pale yellow oil. Diol 2.43: Rf 0.30 (1:3 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 8.19–8.12 (m, 1H), 7.76–7.71 (m, 2H), 7.70–7.66 (d, J = 7.7, 1H), 

7.65–7.60 (m, 1H), 7.53 (d, J = 7.4, 1H), 7.37 (td, J = 7.6, 1.3, 1H), 7.25 (td, J = 7.5, 1.1, 1H), 

5.79 (q, J = 7.4, 1H), 5.13 (t, J = 3.3, 1H), 4.45 (d, J = 15.2, 1H), 4.31 (dd, J = 10.6, 3.4, 1H), 4.21 

(dd, J = 10.5, 5.3, 1H), 4.06 (dt, J = 15.1, 2.5, 1H), 3.47 (ddd, J = 10.0, 9.1, 5.9, 1H), 3.34 (s, 1H), 

3.07 (dd, J = 12.0, 2.7, 1H), 2.69–2.58 (m, 2H), 2.45 (dd, J = 5.6, 3.8, 1H), 2.37 (td, J = 9.8, 4.6, 

1H), 2.10 (dt, J = 14.6, 3.3, 1H), 2.03 (ddd, J = 13.5, 9.1, 4.7, 1H), 1.97 (dt, J = 14.6, 3.2, 1H), 

1.86 (d, 7.1, 3H), 1.82 (dd, J = 9.8, 3.1, 1H), 0.69 (s, 9H), –0.21 (s, 3H), –0.24 (s, 3H); 13C NMR 

(125 MHz, CDCl3): � 182.8, 154.4, 148.9, 141.3, 134.0, 131.86, 131.84, 131.7, 131.1, 128.7, 

126.3, 125.8, 124.3, 124.1, 122.1, 64.9, 64.7, 62.2, 58.7, 54.2, 52.3, 47.6, 35.4, 30.6, 30.2, 26.1, 

18.4, 14.4, –5.3, –5.5; IR (film): 3376, 2928, 1546, 1467, 1373, 1170, 1071 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C32H44N3O7SSi+, 642.2664; found, 642.2617; [α]25.3
D 4.00° (c = 0.1, 

CH2Cl2). 
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Furoindoline 2.44. To a solution of diol 2.43 (9.5 mg, 0.0150 mmol, 1.0 equiv) in MeOH (1.4 

mL) was added K2CO3 (20.0 mg, 1.50 mmol, 1.5 equiv) and MeI (1.5 mL, 22.0 mmol, 22.0 

equiv). The reaction was heated to 55 °C. After stirring for 4 h, the reaction was cooled to 23 °C 

and concentrated under reduced pressure. The crude solid was washed with EtOAc (5 x 2 mL) 

and the organic wash was filtered over a plug of silica (2 g). The filtrate was concentrated under 

reduced pressure and purified via column chromatography (1:1 hexanes:EtOAc) to afford 

furoindoline 2.44 (6.4 mg, 66% yield) as a colorless oil. Furoindoline 2.44: Rf 0.60 (EtOAc); 1H 

NMR (500 MHz, CDCl3): � 8.08–8.02 (m, 1H), 7.75–7.65 (m, 2H), 7.63–7.57 (m, 1H), 7.21–

7.14 (m, 2H), 6.76 (td, J = 7.5, 1.0, 1H), 6.71 (d, J = 8.4, 1H), 5.51 (q, J = 7.0, 1H), 4.84–4.78 (m, 

1H), 4.28 (dd, J = 10.8, 3.6, 1H), 4.22–4.12 (m, 2H), 3.83 (d, J = 7.5, 1H), 3.68 (dt, J = 14.7, 2.1, 

1H), 3.55 (ddd, J = 10.0, 8.1, 4.6, 1H), 3.46 (d, J = 7.2, 1H), 3.42 (s, 1H), 2.95 (s, 3H), 2.79 (m, 

1H), 2.47 (dt, J = 14.2, 3.9, 1H), 2.19 (ddd, J = 14.3, 7.7, 4.6, 1H), 2.03 (ddd, J = 14.3, 8.2, 7.0, 

1H), 1.83 (dd, J = 7.1, 2.3, 3H), 1.72 (t, J = 4.4, 1H), 1.64 (dt, J = 14.1, 2.4, 1H), 0.79 (s, 9H), –

0.09 (s, 3H), -0.11 (s, 3H); 13C NMR (125 MHz, CDCl3): � 151.9, 148.8, 135.3, 134.1, 133.7, 

132.2, 131.2, 131.0, 127.6, 124.6, 124.0, 121.6, 118.8, 110.5, 106.8, 75.4, 62.5, 60.7, 58.8, 56.5, 

52.2, 48.2, 33.8, 33.5, 30.5, 27.3, 26.0, 18.4, 13.8, –5.3, –5.4; IR (film): 3438, 2928, 1542, 1470, 

1371, 1071 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C33H46N3O7SSi+, 656.2820; found, 

656.2777; [α]27.6
D 14.00° (c = 0.1, CH2Cl2). 
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Ester 2.45. To a solution of furoindoline 2.44 (7.2 mg, 0.011 mmol, 1.0 equiv) in CH2Cl2 (1.0 

mL) was added Dess–Martin periodinane (5.8 mg, 0.014 mmol, 1.3 equiv). After stirring for 20 

min, the reaction was quenched with sat. aq. Na2S2O3 (1.5 mL) and diluted with CH2Cl2 (1.5 mL). 

The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 1.5 mL). The 

organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure. The 

crude residue was purified via flash chromatography (1:1 hexanes:EtOAc) to afford the 

corresponding furoindoline aldehyde. 

To a solution of the furoindoline aldehyde in t-butanol (0.24 mL), 2-methyl-2-butene (2.0 

M in THF, 0.24 mL), and deionized water (0.24 mL), was added NaClO2 (3.7 mg, 0.040 mmol, 

5.5 equiv), and NaH2PO4 (5.7 mg, 0.048 mmol, 6.5 equiv). After stirring for 14 h, the reaction 

was diluted with deionized water (2 mL) and CH2Cl2 (2 mL). The layers were separated and the 

aqueous layer was extracted with CH2Cl2 (3 x 2 mL). The organic layers were combined, dried 

over Na2SO4, and evaporated under reduced pressure. The corresponding furoindoline carboxylic 

acid intermediate was used in the subsequent step without further purification. 

 To a solution of the crude furoindoline carboxylic acid in THF (0.5 mL) and methanol 

(0.3 mL) was added TMSCHN2 (0.6 M in THF, 0.020 mL, 0.12 mmol, 1.6 equiv). After stirring 

for 40 min, the reaction was quenched with deionized water (1.5 mL) and diluted with CH2Cl2 

(1.5 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 1.5 

mL). The organic layers were combined, dried over Na2SO4, and evaporated under reduced 

pressure. The crude material was purified via preparative thin layer chromatography (1:4 
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hexanes:EtOAc) to afford ester 2.45 (2.2 mg, 29% yield, 3 steps) as a colorless oil. Ester 2.45: Rf 

0.75 (1:3 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): (42 of 45 protons observed)� 8.10–8.04 

(m, 1H), 7.76–7.64 (m, 2H), 7.63–7.57 (m, 1H), 7.20–7.12 (m, 2H), 6.75 (td, J = 7.5, 0.8, 1H), 

6.68 (d, J = 8.2, 1H), 5.54 (q, J = 6.8, 1H), 4.84 (s, 1H), 4.20 (d, J = 14.3, 1H), 3.87 (d, J = 7.7, 

1H), 3.80 (s, 3H), 3.70 (d, J = 14.3, 1H), 3.58–3.45 (m, 3H), 3.08 (ddd, J = 11.0, 9.7, 4.9, 1H), 

2.94 (s, 3H), 2.57 (dt, J = 14.2, 3.9, 1H), 2.47 (ddd, J = 14.2, 10.9, 4.9, 1H), 2.39 (ddd, J = 14.2, 

11.0, 5.4, 1H), 1.67 (dt, J = 14.2, 2.4, 1H), 0.74 (s, 9H), –0.16 (s, 3H), –0.18 (s, 3H); 13C NMR 

(125 MHz, CDCl3): � 172.1, 151.9, 148.9, 134.7, 134.2, 133.9, 132.5, 131.4, 130.9, 127.8, 

124.1, 123.8, 123.0, 119.6, 110.1, 106.9, 73.2, 60.8, 58.7, 58.1, 52.3, 51.7, 48.4, 38.4, 34.8, 30.3, 

27.5, 26.2, 18.4, 13.3, –5.1, –5.2; IR (film): 2955, 2928, 2853, 1741, 1542, 1470, 1371, 1254, 

1172, 1075 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C34H46N3O8SSi+, 684.2769; found, 

684.2732; [α]29.2
D 8.00° (c = 0.1, CH2Cl2). 

 

 

Furoindoline isomer 2.46. To a solution of ester 2.45 (2.7 mg, 0.039 mmol, 1.0 equiv) in CH2Cl2 

(0.4 mL) was added Ph3PBr2 (8.3 mg, 0.20 mmol, 0.5 equiv). After stirring for 20 min, the 

reaction was quenched with deionized water (1.5 mL) and diluted with CH2Cl2 (1.5 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 1.5 mL). The organic 

layers were combined, dried over Na2SO4, and evaporated under reduced pressure. The crude 

mixture was purified via preparative thin layer chromatography (1:3 hexanes:EtOAc) to afford 

furoindoline isomer 2.46 (1.5 mg, 67% yield) as a colorless oil. Furoindoline isomer 2.46: Rf 0.70 
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(1:3 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): �8.16–8.09 (m, 1H), 7.71–7.64 (m, 3H), 

7.36–7.32 (m, 1H), 7.17 (td, J = 7.7, 1.3, 1H), 6.77 (td, J = 7.5, 1.0, 1H), 6.54 (dd, J = 8.0, 1.0, 

1H), 5.48 (q, J = 6.8, 1H), 4.62 (t, J = 3.5, 1H), 4.10 (dt, J = 14.7, 2.3, 1H), 4.00 (t, J = 8.2, 1H), 

3.77 (s, 3H), 3.72 (d, J = 14.7, 1H), 3.65 (dd, J = 11.7, 4.1, 1H), 3.62 (t, J = 3.4, 1H), 3.28 (ddd, J 

= 11.5, 8.6, 5.8, 1H), 3.16 (dd, J = 11.6, 8.9, 1H), 2.88 (s, 3H), 2.67 (ddd, J = 13.1, 11.4, 8.0, 1H), 

2.53 (dd, J = 13.2, 5.6, 1H), 2.14 (dt, J = 14.3, 3.2, 1H), 1.79 (dt, J = 14.3, 3.7, 1H), 1.66 (dd, J = 

6.9, 2.1, 3H), 1.64–1.61 (m, 1H); 13C NMR (125 MHz, CDCl3): � 173.9, 151.9, 147.9, 134.1, 

133.3, 131.73, 131.70, 131.2, 130.1, 129.3, 126.0, 125.2, 124.7, 119.2, 108.7, 105.1, 68.2, 67.1, 

57.5, 56.6, 51.9, 51.4, 49.7, 39.4, 30.8, 30.4, 26.9, 13.5; IR (film): 3545, 2950, 2925, 1742, 1720, 

1542, 1490, 1351, 1163, 1125 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C28H32N3O8S+, 

570.1905; found, 570.1863; [α]29.5
D –50.00° (c = 0.1, CH2Cl2). 

 

 

Phosphate ester 2.49. To a solution of indoline lactone 2.6 (50.0 mg, 0.10 mmol, 1.0 equiv) in 

THF (5.0 mL) was added aq. NaOH (0.5 M, 5.0 mL). After stirring for 14 h at 23 °C, the reaction 

was neutralized with TFA (190 µL) and diluted with brine (2.0 mL) and CH2Cl2 (2.0 mL). The 

aqueous layer was removed by pipette and TMSCHN2 (0.6 M in hexanes, 3.30 mL, 1.98 mmol, 

20.0 equiv) was added. The reaction was stirred at 23 °C for 30 min then dried over Na2SO4. The 

solution was concentrated under reduced pressure and the crude mixture was purified via flash 

chromatography (1:1 EtOAc:hexanes) to afford the corresponding ester. 
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To a solution of the ester in CH2Cl2 (8.0 mL), was added diphenyl phosphoryl chloride (26 

µL, 0.13 mmol, 1.5 equiv), triethylamine (29 µL, 0.20 mmol, 2.5 equiv), and DMAP (2.5 mg, 

0.021 mmol, 0.5 equiv). After stirring for 1 h at 23 °C, additional diphenyl phosphoryl chloride 

(26 µL, 0.13 mmol, 1.5 equiv), triethylamine (29 µL, 0.20 mmol, 2.5 equiv), and DMAP (2.5 mg, 

0.021 mmol, 0.5 equiv) were added and the reaction was stirred for 1 h. Then the reaction was 

concentrated under reduced pressure and the crude material was purified by flash chromatography 

(1:1:18 acetone:CH2Cl2:benzene) to afford phosphate ester 2.49 (55.9 mg, 73% yield, 2 steps) as a 

colorless oil. Phosphate ester 2.49: Rf 0.70 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): � 

8.01–7.95 (m, 1H), 7.76–7.68 (m, 2H), 7.62–7.57 (m, 1H), 7.36–7.28 (m, 4H), 7.22–7.12 (m, 6H), 

7.06–6.98 (m, 2H), 6.68 (t, J = 7.3, 1H), 6.61 (d, J = 7.6, 1H), 5.49 (q, J = 7.1, 1H), 4.37–4.28 (m, 

1H), 4.21 (br s, 1H), 4.17–3.96 (m, 4H), 3.77 (d, J = 13.9, 1H), 3.17 (s, 3H), 3.04 (br s, 1H), 2.93 

(dt, J = 14.2, 2.5, 1H), 2.86 (br s, 1H), 2.68–2.58 (m, 1H), 2.38–2.28 (m, 1H), 1.71–1.62 (m, 4H); 

13C NMR (125 MHz, CDCl3):� 173.6, 150.6 (t, J = 6.6), 149.8, 149.0, 134.7, 134.2, 131.7, 

131.0, 130.9, 130.7, 129.9, 128.9, 125.3, 124.4, 124.2, 123.4, 120.3 (t, J = 4.9), 119.0, 110.1, 66.5 

(d, J = 6.3), 65.0, 53.9, 52.2, 51.4, 48.3, 45.2, 40.4 (d, J = 6.9), 28.6, 19.8, 13.4; 31P NMR (202 

MHz, CDCl3): � –12.4; IR (film): 2923, 1735, 1590, 1543, 1487, 1189, 1163, 1024 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C38H39N3O10PS+, 760.2088; found, 760.2043; [α]25.9
D –

2.0° (c = 0.1, CH2Cl2). 
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Methanoquinolizidine 2.36. To a solution of phosphate ester 2.49 (8.5 mg, 0.011 mmol, 1.0 

equiv) and Cs2CO3 (15.0 mg, 0.045 mmol, 4.0 equiv) in MeCN (1.0 mL) was added SiliaMetS 

Thiol® 2.32 (0.033 mmol, 3.0 equiv). The reaction was heated to 40 °C. After stirring for 46 h, the 

reaction was cooled to 23 °C, and filtered through a plug of Celite® (1 g). The plug was washed 

with MeCN (15 mL) and the filtrate was concentrated under reduced pressure. The crude mixture 

was purified via flash chromatography (1:19 MeOH:CHCl3) to afford methanoquinolizidine 2.36 

(3.5 mg, 96% yield) as a colorless oil. Methanoquinolizidine 2.36 is characterized above, vide 

supra. 

 

Indoline alcohol 2.50. To two separate solutions of ester 2.36 (35.3 mg, 0.109 mmol, 1.0 equiv) 

in THF (10.9 mL each) was added LiBH4 (47.4 mg, 2.18 mmol each, 20.0 equiv). The mixtures 

were each heated to 60 °C. Additional aliquots of LiBH4 (47.4 mg, 2.18 mmol each, 20.0 equiv) 

were added to each mixture after 14, 24, 27, and 30 h. After stirring for 32 h total, the reactions 

were cooled to 23 °C and poured into deionized water (30 mL each) and diluted with CH2Cl2 (30 

mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 30 mL). 

The organic layers were combined, dried over Na2SO4, and evaporated under reduced pressure. 

The crude mixtures were combined and purified via flash chromatography (4:1 → 7:3 
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hexanes:EtOAc) to afford indoline alcohol 2.50 (46.2 mg total, 69% yield) as a colorless oil. 

Indoline alcohol 2.50: Rf 0.70 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): � 7.14 (t, J = 

7.5, 1H), 7.04 (d, J = 7.1, 1H), 6.92 (t, J = 7.5, 1H), 6.83 (d, J = 7.7, 1H), 5.49 (q, J = 6.8, 1H), 

4.04–4.11 (m, 2H), 4.01 (br s, 1H), 3.92 (t, J = 3.7, 1H), 3.54–3.67 (m, 1H), 3.20–3.31 (m, 3H), 

3.05–3.13 (m, 1H), 2.90 (dd, J = 15.0, 7.7, 1H), 2.34–2.51 (m, 3H), 2.27 (dd, J = 7.0, 4.0, 1H), 

1.97 (d, J = 14.6, 1H), 1.76 (t, J = 4.8, 1H), 1.68 (dd, J = 7.1, 2.0, 3H); 13C NMR (125 MHz, 

CDCl3): (18 of 19 signals observed) �149.8, 137.7, 136.9, 128.2, 122.8, 121.7, 121.3, 112.2, 

64.8, 61.6, 60.0, 56.3, 53.5, 41.8, 35.2, 29.9, 20.3, 13.1; 11B NMR (160 MHz, CDCl3): � 6.8; IR 

(film): 3330, 2924, 2354, 1463, 1168, 1011, 746 cm–1; HRMS-APCI (m/z) [M – H]– calcd for 

C19H26BN2O–, 309.2144; found, 309.2139; [α]24.3
D –42.0° (c = 0.1, CH2Cl2). 

 

 

Diol 2.51. To a solution of indoline alcohol 2.50 (9.3 mg, 0.030 mmol, 1.0 equiv) in CH2Cl2 was 

added PCC (32.0 mg, 0.15 mmol, 5.0 equiv) and Celite® (30 mg). The reaction mixture was 

stirred at 23 °C for 2 h. The mixture was filtered over a pad of Celite® (1 g) and basic alumina (2 

g), and then washed with 75% EtOAc in hexanes (12 mL). Evaporation of the solvent under 

reduced pressure afforded the corresponding indolenine aldehyde intermediate, which was used in 

the subsequent step without further purification.  

 To a solution of the crude indolenine aldehyde in THF (3.0 mL) was added Cs2CO3 (39.0 

mg, 0.121 mmol, 4.0 equiv) and paraformaldehyde (8.2 mg, 0.273 mmol, 9.0 equiv). The reaction 
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mixture was stirred at 23 °C for 16 h, at which point it was poured into sat. aq. NaCl (5 mL) and 

diluted with EtOAc (5 mL). The layers were separated and the aqueous layer was extracted with 

EtOAc (3 x 5 mL). The organic layers were combined, dried over MgSO4, and evaporated under 

reduced pressure. The resulting residue was purified via flash chromatography (4:1 → 1:2 

hexanes:EtOAc) to afford diol 2.51 (4.4 mg, 43% yield, 2 steps) as a colorless oil. Diol 2.51: Rf 

0.20 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): �7.71 (d, J = 7.8, 1H), 7.50 (d, J = 7.6, 

1H), 7.42 (t, J = 7.6, 1H), 7.26 (d, J = 7.5, 1H), 5.73 (q, J = 7.2, 1H), 4.79 (d, J = 4.2, 1H), 4.30 

(dd, J = 10.8, 4.2, 1H), 4.20–4.28 (m, 2H), 3.49 (d, J = 17.0, 1H), 3.39 (br s, 1H), 3.07 (dd, J = 

12.3, 3.1, 1H), 2.88–3.02 (m, 3H), 2.74 (tdd, J = 13.9, 4.6, 1.5, 1H), 2.51 (ddd, J = 15.0, 4.2, 2.7, 

1H), 2.43 (dd, J = 5.8, 4.2, 1H), 1.97 (d, J = 15.0, 1H), 1.87 (dd, J = 7.2, 2.7, 3H), 1.73 (dd, J 

=14.7, 5.4, 1H), 1.60 (dd, J =9.8, 3.2, 1H); 13C NMR (125 MHz, CDCl3): � 184.3, 155.5, 143.5, 

133.7, 129.2, 126.5, 124.2, 123.6, 122.6, 64.4, 64.2, 62.4, 61.9, 59.7, 56.9, 52.0, 30.8, 29.7, 28.1, 

14.0; 11B NMR (160 MHz, CDCl3): � 6.8; IR (film): 3332, 2922, 2854, 2378, 1450, 1170, 1016, 

751 cm–1; HRMS-APCI (m/z) [M – H] – calcd for C20H26BN2O2
–, 337.2093; found, 337.2085; 

[α]24.5
D 68.0° (c = 0.1, CH2Cl2). 

 

 

Furoindoline 2.53. To a solution of diol 2.51 (4.5 mg, 0.013 mmol, 1.0 equiv) in MeOH (0.2 mL) 

was added Cs2CO3 (43.0 mg, 0.13 mmol, 10.0 equiv) and MeI (1.0 mL, 16 mmol, 1200 equiv). 

The reaction was heated to 30 °C. After stirring for 18 h, the reaction was cooled to 23 °C and 
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poured into brine (0.5 mL) and diluted with CH2Cl2 (0.5 mL). The layers were separated and the 

aqueous layer was extracted with CH2Cl2 (5 x 1 mL). The organic layers were combined, dried 

over Na2SO4, and evaporated under reduced pressure. The crude mixture was purified via 

preparative thin layer chromatography (3:7 hexanes:EtOAc) to afford furoindoline 2.53 (2.1 mg, 

45% yield) as a colorless oil and diol 2.51 (1.5 mg, 33% yield). Furoindoline 2.53: Rf 0.60 (1:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): � 7.17 (t, J = 7.7, 1H), 7.08 (d, J = 7.5, 1H), 6.78 

(t, J = 7.5, 1H), 6.68 (d, J = 7.8, 1H), 5.51 (q, J = 6.9, 1H), 4.39 (dd, J = 10.2, 3.5, 1H), 4.34 (br s, 

1H), 4.08 (dd, J = 10.2, 4.5, 1H), 4.01 (d, J = 16.5, 1H), 3.97 (d, J = 7.7, 1H), 3.78 (td, J = 14.0, 

4.1, 1H), 3.57 (d, J = 7.7, 1H), 3.52 (br s, 1H), 3.15 (d, J = 17.0, 1H), 2.98 (td, J = 15.1, 5.5, 1H), 

2.90 (s, 3H), 2.77 (dd, J = 13.1, 5.2, 1H), 2.32 (d, J = 14.8, 1H), 2.04 (d, J = 14.2, 1H), 1.85 (dd, J 

= 7.1, 1.9, 3H), 1.45 (t, J = 4.1, 1H), 1.34 (dd, J = 15.9, 4.9, 1H); 13C NMR (125 MHz, CDCl3): 

� 151.2, 137.9, 137.6, 128.1, 123.5, 120.3, 120.2, 110.6, 103.4, 63.7, 61.2, 60.7, 58.1, 55.9, 52.4, 

34.1, 29.9, 29.3, 28.7, 26.3, 13.5; 11B NMR (160 MHz, CDCl3): � 7.7; IR (film): 3455, 2922, 

1556, 1454, 1375, 1095 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C21H28BN2O2
–, 351.2249; 

found, 351.2237; [α]24.7
D –13.3° (c = 0.1, CH2Cl2). 

 

 

(–)-Ψ-Akuammigine (2.4). To a solution of furoindoline 2.53 (1.0 mg, 0.0028 mmol, 1.0 equiv) 

in CH2Cl2 (0.3 mL) was added Dess–Martin periodinane (2.4 mg, 0.0057 mmol, 2.0 equiv). The 

reaction mixture was stirred at 23 °C for 1 h. The reaction was quenched with sat. aq. Na2S2O3 (1 
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mL) and diluted with CH2Cl2 (0.5 mL). The resulting layers were separated and the aqueous layer 

was extracted with CH2Cl2 (5 x 1 mL). The organic layers were combined, dried over Na2SO4, 

and concentrated under reduced pressure. The crude residue was purified via flash 

chromatography (4:1 hexanes:EtOAc) to afford the corresponding indolenine aldehyde.  

 To a solution of the indolenine aldehyde in MeOH (0.3 mL) was added K2CO3 (7.9 mg, 

0.057 mmol, 20.0 equiv) and NIS (12.8 mg, 0.057 mmol, 20.0 equiv). Following 3 h of stirring at 

35 °C, additional K2CO3 (7.9 mg, 0.057 mmol, 20.0 equiv) and NIS (12.8 mg, 0.057 mmol, 20.0 

equiv) were added. Following 5 h of additional stirring at 35 °C, the reaction was quenched with 

sat. aq. Na2S2O3 (0.5 mL) and aq. NaOH (15%, 0.5 mL) and diluted with CH2Cl2 (1.0 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (5 x 1 mL). The organic 

layers were combined, dried over Na2SO4, and evaporated under reduced pressure. The resulting 

residue was purified via flash chromatography (0:100 → 1:4 MeOH:CHCl3) to afford (–)-Ψ-

Akuammigine (2.4) (0.9 mg, 86% yield, 2 steps) as a colorless oil.  

* The tertiary amine of (–)-Ψ-Akuammigine (2.4) causes significant pH-dependent variation in 

chemical shifts during NMR analysis. In order to observe consistent NMR data, the natural 

product (~1 mg) was partitioned between 15% aq. NaOH (1 mL) and CHCl3 (1 mL; pre-basified 

with K2CO3). The layers were separated and the aqueous layer was extracted with CHCl3 (3 x 1 

mL). The organic layers were combined, dried over Na2SO4, and evaporated under reduced 

pressure. The NMR spectra were obtained using CDCl3, which had been filtered over basic 

alumina immediately prior to use. Spectral data for synthetic 2.4 were consistent with literature 

reports46 and a natural sample provided by L. Evanno. (–)-Ψ-Akuammigine (2.4): Rf 0.40 (1:9 

MeOH:CHCl3); 1H NMR (500 MHz, CDCl3): � 7.12 (td, J = 7.3, 1.3, 1H), 7.07 (dd, J = 7.7, 1.2, 

1H), 6.73 (td, J = 7.5, 1.0, 1H), 6.64 (d, J = 7.8, 1H), 5.40 (q, J = 7.0, 1H), 4.18 (br s, 1H), 3.95 
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(d, J = 7.5, 1H), 3.92 (m, 1H, partially overlapped with the signal at 3.95), 3.82 (s, 3H), 3.59 (d, J 

= 7.6, 1H), 3.58 (m, 1H, partially overlapped with the signal at 3.59), 3.48 (br s, 1H), 3.31 (td, J = 

14.3, 6.0, 1H), 2.83 (s, 3H), 2.82 (d, J = 16.6, 1H, partially overlapped with the signal at 2.83), 

2.57 (dd, J = 13.4, 5.7, 1H), 2.31 (d, J = 14.7, 1H), 2.06 (ddd, J = 14.0, 3.7, 2.0, 1H), 1.52 (dd, J = 

7.1, 2.5, 3H), 1.45 (dd, J = 15.3, 4.6, 1H); 13C NMR (125 MHz, CDCl3): �172.3, 151.9, 142.4, 

139.4, 127.5, 122.6, 120.0, 118.4, 110.0, 104.0, 74.5, 58.5, 54.7, 53.8, 52.8, 52.1, 50.9, 41.1, 31.4, 

29.1, 28.2, 13.1; IR (film): 2922, 2854, 1738, 1467, 1455, 1276, 1259, 1107, 1075 cm–1; HRMS-

APCI (m/z) [M + H] + calcd for C22H27N2O3
+, 367.2016; found, 367.1993; [α]25.4

D –14.0° (c = 0.1, 

CH2Cl2).   

Table 2.3. Comparison of 13C NMR data for natural vs. synthetic (–)-Ψ-akuammigine (2.4). 

Natural (–)-Ψ-Akuammigine (2.4) 
(From Hesse, et. al. Report)46  

13C NMR, 50.4 MHz, CDCl3 

Synthetic (–)-Ψ-Akuammigine (2.4) 
 

13C NMR, 125 MHz, CDCl3 
172.8 172.3 
151.9 151.9 
142.6 142.4 
139.4 139.4 
127.3 127.5 
122.4 122.6 
119.9 120.0 
118.0 118.3 
109.8 110.0 
103.8 104.0 
74.3 74.5 
58.4 58.5 
54.5 54.7 
53.7 53.8 
52.7 52.8 
51.7 52.1 
50.8 50.9 
41.0 41.1 
31.4 31.4 
28.6 29.1 
28.0 28.2 
12.8 13.1 
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Aldehyde 2.54. To solution of indoline alcohol 2.50 (20.0 mg, 0.064 mmol, 1.0 equiv) in CH2Cl2 

(6.0 mL), was added PCC (69.0 mg, 0.32 mmol, 5.0 equiv). After stirring for 2 h at 23 °C, the 

reaction was filtered over basic alumina (2 g) and eluted with EtOAc (20 mL). The solution was 

concentrated under reduced pressure and the crude material was purified by flash chromatography 

(7:3 hexanes:EtOAc) to afford aldehyde 2.54 (18 mg, 91% yield) as a colorless oil. Aldehyde 

2.54: Rf 0.50 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): � 8.64 (d, J = 2.8, 1H), 7.73 

(d, J = 7.7, 1H), 7.43 (td, J = 7.6, 1.2, 1H), 7.40 (d, J = 7.7, 1H), 7.30 (td, J = 7.5, 0.9, 1H), 5.65 

(q, J = 7.1, 1H), 4.93 (d, J = 4.6, 1H), 4.22 (d, J = 16.7, 1H), 3.50 (d, J = 16.5, 1H), 3.38 (br s, 

1H), 3.19 (q, J = 2.0, 1H), 3.02–3.13 (m, 2H), 2.83–2.92 (m, 1H), 2.65 (dquint, J = 15.7, 2.5, 1H), 

1.99–2.09 (m, 2H), 1.80 (dd, J = 7.0, 2.7, 3H); 13C NMR (125 MHz, CDCl3): �200.1, 183.7, 

155.2, 142.9, 134.9, 129.4, 127.2, 122.7, 122.5, 122.4, 62.6, 62.3, 61.3, 59.8, 52.3, 34.4, 31.2, 

29.2, 13.1; 11B NMR (160 MHz, CDCl3): � 6.4; IR (film): 2920, 2364, 1721, 1448, 1170, 750 

cm–1; HRMS-APCI (m/z) [M – H]– calcd for C19H22BN2O–, 295.1805; found, 295.1788; [α]22.1
D –

81.3° (c = 0.1, CH2Cl2). 
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Alcohol 2.55. To a solution of aldehyde 2.54 (18.0 mg, 0.059 mmol) in THF (6.0 mL) was added 

Cs2CO3 (29.0 mg, 0.088 mmol, 1.5 equiv) and paraformaldehyde (2.0 mg, 0.068 mmol, 1.2 

equiv). After stirring for 12 h, the reaction was filtered over Na2SO4 (2 g) and eluted with CH2Cl2 

(20 mL). The volatiles were evaporated under reduced pressure and the crude mixture was 

purified via flash chromatography (1:1 hexanes:EtOAc) to afford alcohol 2.55 (12 mg, 61% yield) 

as a colorless oil. Alcohol 2.55: Rf 0.20 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6): � 

9.69 (s, 1H), 7.69 (d, J = 7.7, 1H), 7.52 (d, J = 7.6, 1H), 7.07 (td, J = 7.7, 1.1, 1H), 6.94 (td, J = 

7.6, 1.0, 1H), 4.98 (d, J = 4.3, 1H), 4.76 (q, J = 7.2, 1H), 3.93 (d, J = 16.9, 1H), 3.22 (br s, 1H), 

3.02 (d, J = 16.9, 1H), 2.85 (td, J = 15.2, 5.5, 1H), 2.55 (d, J = 7.2, 1H), 2.47–2.52 (m, 1H), 2.36–

2.43 (m, 2H), 1.84 (ddd, J = 15.2, 4.9, 3.0, 1H), 1.31–1.45 (m, 2H), 1.20 (dd, J = 7.1, 2.8, 3H), 

0.20 (dd, J = 6.3, 4.1, 1H); 13C NMR (125 MHz, C6D6): (19 of 20 signals observed)�201.8, 

183.3, 156.5, 143.7, 134.1, 126.5, 125.5, 122.4, 120.8, 63.7, 62.1, 61.6, 61.2, 59.9, 55.5, 30.3, 

29.3, 28.4, 14.2; 11B NMR (160 MHz, C6D6): � 6.3; IR (film): 3310, 2923, 2853, 1721, 1444, 

1169, 1030 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C20H24BN2O2
–, 335.1936; found, 

335.1927; [α]24.7
 D –2.0° (c = 0.1, CH2Cl2). 

 

(61% yield)
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(+)-Akuammiline 2.3. A stock solution of acetyl chloride (51 µL, 0.71 mmol, 20.0 equiv), 

triethylamine (250 µL, 1.8 mmol, 50.0 equiv), and DMAP (87.0 mg, 0.71 mmol, 20.0 equiv) in 

CH2Cl2 (36 mL) was prepared. To a separate vial containing alcohol 2.55 (12.0 mg, 0.036 mmol, 

1.0 equiv) was added 3.6 mL of the aforementioned stock solution. The reaction was stirred at 23 

°C for 15 min and then filtered over Na2SO4 (2 g). The solution was concentrated under reduced 

pressure and the crude product was purified via flash chromatography (1:1 hexanes:EtOAc) to 

afford the corresponding acetylated product.  

  To a solution of acetylated product in t-butanol (0.70 mL), was added 2-methyl-2-butene 

(2.0 M in THF, 0.70 mL), water (0.70 mL), NaClO2 (11.0 mg, 0.12 mmol, 6.0 equiv), and 

NaH2PO4 (17.0 mg, 0.14 mmol, 7.0 equiv). After stirring for 12 h, NaClO2 (11.0 mg, 0.12 mmol, 

6.0 equiv), and NaH2PO4 (17.0 mg, 0.14 mmol, 7.0 equiv) were added. The resultant mixture was 

stirred for an additional 6 h. Then the reaction was diluted with EtOAc (5 mL) and the layers were 

separated. The aqueous layer was extracted with EtOAc (3 x 5 mL) and the organic layers were 

combined, dried over Na2SO4, and evaporated under reduced pressure. The corresponding 

carboxylic acid intermediate was used in the subsequent step without further purification. 

 To a solution of the crude carboxylic acid in THF (1.0 mL), was added methanol (1.0 

mL) and TMSCHN2 (0.6 M in THF, 0.050 mL, 0.030 mmol, 1.5 equiv). After stirring for 15 min, 

the reaction was quenched with water (2.0 mL) and diluted with CH2Cl2 (5.0 mL). The layers 

were separated and the aqueous layer was extracted with CH2Cl2 (3 x 5.0 mL). The organic layers 

were combined, dried over Na2SO4, and evaporated under reduced pressure. The crude material 

N

N
Me
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H

H3B
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OH

1. AcCl, DMAP, Et3N, CH2Cl2, 23 °C
2. NaClO2, NaH2PO4, 2-methyl-2-butene
    t-BuOH, H2O, 23 °C

3. TMSCHN2, MeOH, THF, 23 °C
4. EtOH, 55 °C

(25% yield, 4 steps)
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was purified via flash chromatography (1:1 hexanes:EtOAc) to afford the corresponding methyl 

ester.  

 To a vial containing the methyl ester was added ethanol (0.9 mL). The solution was heated 

to 55 °C and stirred for 7 h. Then the reaction was concentrated under reduced pressure and 

suspended in EtOAc (2.0 mL) and aq. NaOH (1 M, 2.0 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (3 x 5 mL). The organic layers were combined, dried 

over Na2SO4, and evaporated under reduced pressure. The crude mixture was purified via flash 

chromatography (9:1 acetone:MeOH) to afford (+)-Akuammiline (2.3) (2.0 mg, 25% yield, 4 

steps) as a colorless oil.  

* The tertiary amine of Akuammiline (2.3) causes significant pH-dependent variation in chemical 

shifts during NMR analysis. In order to observe consistent NMR data, the natural product (~1 mg) 

was partitioned between 1 M NaOH (1 mL) and ethyl acetate (1 mL). The layers were separated 

and the aqueous layer was extracted with ethyl acetate (3 x 1 mL). The organic layers were 

combined, dried over Na2SO4, and evaporated under reduced pressure. The NMR spectra were 

obtained using CDCl3, which had been filtered over basic alumina immediately prior to use. 

Spectral data for synthetic 2.3 were consistent with literature reports55 and a natural sample 

provided by L. Evanno. Akuammiline (2.3): Rf 0.26 (9:1 acetone:MeOH); 1H NMR (500 MHz, 

CDCl3): � 7.64 (d, J = 7.5, 1H), 7.58 (d, J = 7.8, 1H), 7.29 (t, J = 7.5, 1H), 7.15 (t, J = 7.8, 1H), 

5.49 (q, J = 7.4, 1H), 4.62 (d, J = 4.8, 1H), 4.10 (d, J = 17.2, 1H), 3.76 (s, 3H), 3.64–3.47 (m, 

4H), 3.15 (d, J = 16.9, 1H), 2.67–2.58 (m, 2H), 2.48 (ddd, J = 14.6, 4.9, 2.2, 1H), 2.12 (dd, J = 

14.9, 3.7, 1H), 1.89 (dd, J = 15.4, 3.9, 1H) 1.65 (dd, J = 7.0, 2.5, 3H), 1.57 (s, 3H); 13C NMR (125 

MHz, CDCl3): � 189.5, 171.6, 169.5, 155.6, 144.9, 139.4, 128.2, 126.1, 125.5, 121.2, 120.3, 

66.3, 59.3, 58.8, 54.6, 54.0, 52.3, 51.9, 37.8, 37.1, 31.0, 20.2, 13.6; IR (film): 2928, 2860, 1738, 
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1445, 1237, 753 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C23H27N2O4
+, 395.1965; found, 

395.1944. [α]23.7
D 50.0° (c = 0.1, MeOH).  

 

Table 2.4. Comparison of 13C NMR data for natural vs. synthetic (+)-akuammiline (2.3). 

Natural (+)-Akuammiline (2.3) 
(From Benayad, et. al. Report)55b 

13C NMR, 101 MHz, CDCl3 

Synthetic (+)-Akuammiline (2.3) 
 

13C NMR, 125 MHz, CDCl3 
189.4 189.5 
171.5 171.6 
169.4 169.5 
155.5 155.6 
144.9 144.9 
139.3 139.4 
128.2 128.2 
126.1 126.1 
125.5 125.5 
121.2 121.2 
120.3 120.3 
66.3 66.3 
59.3 59.3 
58.8 58.8 
54.6 54.6 
54.0 54.0 
52.3 52.3 
51.9 51.9 
37.8 37.8 
37.1 37.1 
31.0 31.0 
20.2 20.2 
13.6 13.6 
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Pyrrolidinoindoline 2.56. To a solution of (+)-strictamine (2.1) (8.6 mg, 0.027 mmol, 1.0 equiv) 

in MeOH (138 µL) was added SmI2 (0.37 M in THF, 1.1 mL, 15 equiv). The dark blue solution 

was stirred at 23 °C and gradually became clear after 30 min. Then the mixture was quenched 

with sat. aq. NaHCO3 (1.5 mL). The layers were separated and the aqueous layer was extracted 

with CHCl3 (3 x 1.5 mL). The organic layers were combined, dried over Na2SO4, and then 

concentrated under reduced pressure. The crude residue was purified via column chromatography 

(acetone) to afford the corresponding pyrrolidinoindoline 2.56 (5.7 mg, 67% yield) as a white 

film. Pyrrolidinoindoline 2.56: Rf 0.25 (9:1 acetone:MeOH); 1H NMR (500 MHz, CDCl3): � 

7.27–7.26 (m, 1H), 7.01 (td, J = 7.7, 1.1, 1H), 6.66 (td, J = 7.5, 1.0, 1H), 6.53 (d, J = 7.6, 1H), 

5.39 (q, J = 6.8, 1H), 3.85 (d, J = 15.3, 1H), 3.80 (s, 3H), 3.71–3.66 (m, 1H), 3.64 (d, J = 4.9, 

1H), 3.52 (td, J = 11.4, 8.7, 1H), 2.97 (d, J = 15.1, 1H), 2.85 (s, 1H), 2.75 (dd, J = 12.0, 9.0, 1H), 

2.56–2.49 (m, 1H), 2.33 (ddd, J = 14.1, 10.7, 2.5, 1H), 2.05–1.95 (m, 2H), 1.84 (tdd, J = 13.8, 5.3, 

2.4, 1H), 1.80–1.72 (m, 1H), 1.59 (dd, J = 6.9, 1.8, 3H); 13C NMR (125 MHz, CDCl3): � 173.9, 

148.1, 139.3, 137.4, 127.8, 124.7, 122.5, 118.8, 109.1, 94.3, 58.2, 57.6, 55.0, 51.8, 50.8, 41.5, 

35.5, 26.6, 26.7, 13.6; IR (film): 2923, 2853, 1734, 1581, 1465, 1436, 743 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C20H25N2O2
+, 325.19105; found, 325.1874; [α]23.9

D – 48.00° (c = 0.1, 

CH2Cl2). 
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(–)-10-Demethoxyvincorine 2.57. A stock solution of reagents was prepared by combining 

MeCN (930 µL), HCHO (37 wt. % in water, 40 µL, 30 equiv), and AcOH (30 µL, 30 equiv). To a 

solution of pyrrolidinoindoline 2.56 (5.5 mg, 0.017 mmol, 1.0 equiv) in MeCN (0.18 mL) was 

added 100 µL of stock solution and NaBH3CN (3.2 mg, 0.051 mmol, 3.0 equiv). The solution was 

stirred for 60 min at 23 °C. Then the mixture was quenched with sat. aq. NaHCO3 (1.5 mL). The 

layers were separated and the aqueous layer extracted with CHCl3 (3 x 1.5 mL). The organic 

layers were combined, dried over Na2SO4, and then concentrated under reduced pressure. The 

crude residue was purified via column chromatography (acetone) to afford (–)-10-

Demethoxyvincorine (2.57) (2.3 mg, 40% yield) as a white film. Although a natural sample was 

not obtained, spectral data for synthetic 2.57 were consistent with literature reports.8 (–)-10-

Demethoxyvincorine (2.57): Rf 0.28 (1:1 EtOAc:Hexanes); 1H NMR (500 MHz, CDCl3): δ 7.22 

(dd, J = 7.4, 1.1, 1H), 7.06 (td, J = 7.7, 1.3, 1H), 6.57 (td, J = 7.4, 1.0, 1H), 6.27 (d, J = 7.8, 1H), 

5.39 (q, J = 6.8, 1H), 3.84–3.76 (m, 4H), 3.60 (d, J = 4.7, 1H), 3.31 (td, J = 11.4, 8.9, 1H), 2.99 

(d, J = 15.3, 1H), 2.83 (d, J =1.3, 1H), 2.76–2.69 (m, 1H), 2.61 (s, 3H), 2.54–2.44 (m, 1H), 2.36–

2.26 (m, 1H), 1.97 (ddd, J = 14.0, 8.9, 1.4, 1H), 1.80–1.64 (m, 3H), 1.58 (dd, J = 6.9, 1.9, 3H); 

13C NMR (125 MHz, CDCl3): δ 174.0, 149.3, 139.4, 137.3, 127.9, 123.7, 122.4, 116.9, 105.4, 

97.5, 58.5, 57.2, 55.3, 51.7, 50.9, 41.4, 35.0, 27.4, 26.5, 21.1, 13.7; IR (film): 3049, 2950, 2876, 

2855, 1737, 1505, 1487, 1175 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C21H27N2O2
+, 

339.2067; found, 339.2051; [α]24.3
D – 80.00° (c = 0.1, CH2Cl2). 
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Table 2.5. Comparison of 13C NMR data for natural vs. synthetic (–)-10-Demethoxyvincorine 

(2.57). 

Natural (–)-10-Demethoxyvincorine (2.57) 
(From Lim, et. al. Report)8 

 

13C NMR, 100 MHz, CDCl3 

Synthetic (–)-10-Demethoxyvincorine 
(2.57) 

 
13C NMR, 125 MHz, CDCl3 

173.8 174.0 
 149.0  149.3 

138.9 139.4 
137.0 137.3 
127.8 127.9 
123.5 123.7 
122.4 122.4 
116.9 116.9 
105.3 105.4 
97.4 97.5 
58.3 58.5 
57.0 57.2 
55.0 55.3 
51.5 51.7 
50.6 50.9 
41.0 41.4 
34.8 35.0 
27.3 27.4 
26.2 26.5 
20.8 21.1 
13.5 13.7 

 

 
Pyrrolidinoindoline 2.58. To a solution of (+)-akuammiline (2.3) (2.3 mg, 0.0058 mmol, 1.0 

equiv) in MeOH (35 µL) was added SmI2 (0.37 M in THF, 0.24 mL, 15 equiv). The dark blue 

solution was stirred at 23 °C and gradually became clear after 30 min. Then the mixture was 

quenched with sat. aq. NaHCO3 (1.5 mL). The layers were separated and the aqueous layer was 

extracted with CHCl3 (3 x 1.5 mL). The organic layers were combined, dried over Na2SO4, and 
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then concentrated under reduced pressure. The crude residue was purified via column 

chromatography (acetone) to afford the corresponding pyrrolidinoindoline 2.58 (2.4 mg, quant. 

yield) as a white film. Pyrrolidinoindoline 2.58: Rf 0.16 (5% MeOH in acetone); 1H NMR (500 

MHz, CDCl3): � 7.72 (dd, J = 7.6,1.0, 1H), 7.01 (td, J = 7.6, 1.2, 1H), 6.67 (td, J = 7.5, 1.1, 1H), 

6.49 (dd, J = 7.9, 0.6, 1H), 5.37 (q, J = 6.7, 1H), 4.81 (d, J = 12.0, 1H), 4.03–3.95 (m, 1H), 3.88 

(d, J = 12.1, 1H), 3.79 (m, 4H), 3.71 (d, J = 4.7, 1H), 3.41–3.22 (m, 1H), 3.02 (d, J = 16.1, 1H), 

2.71 (dd, J = 12.3, 8.3, 1H), 2.47 (ddd, J = 14.8, 11.6, 2.3, 1H), 2.15–2.07 (m, 1H), 2.05 (s, 3H), 

2.04–1.99 (m, 2H), 1.93 (tdd, J = 14.6, 5.3, 2.0, 1H), 1.76 (dd, J = 7.0, 2.2, 3H) 1.66–1.61 (m, 

1H); 13C NMR (125 MHz, CDCl3): � 174.1, 170.7, 148.9, 139.6, 131.0, 128.4, 127.9, 123.1, 

118.6, 109.3, 92.2, 67.3, 60.7, 58.5, 54.3, 53.9, 52.0, 46.6, 35.3, 28.0, 21.7, 21.2, 14.9; IR (film): 

3359, 3193, 2952, 2918, 1744, 1630, 1468, 1247, 1034, 806 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C23H29N2O4
+, 397.2122; found, 397.2088; [α]21.8

D – 56.00° (c = 0.1, CH2Cl2). 
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2.15 Spectra Relevant to Chapter Two: 

 

Enantioselective Total Syntheses of Methanoquinolizidine-Containing Akuammiline 

Alkaloids and Related Studies 

 

Elias Picazo,† Lucas A. Morrill,† Robert B. Susick,  

Jesus Moreno, Joel M. Smith, and Neil K. Garg. 

J. Am. Chem. Soc. 2018, 140, 6483–6492. 
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Figure 2.4. 1H NMR (500 MHz, CDCl3) of compound 2.26. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. 13C NMR (125 MHz, CDCl3) of compound 2.26. 
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 Figure 2.6. 1H NMR (500 MHz, CDCl3) of compound 2.27. 

Figure 2.7. 13C NMR (125 MHz, CDCl3) of compound 2.27.  
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 Figure 2.8. 1H NMR (500 MHz, CDCl3) of compound 2.29. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. 13C NMR (125 MHz, CDCl3) of compound 2.29.  
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 Figure 2.10. 1H NMR (500 MHz, CDCl3) of compound 2.31. 

Figure 2.11. 13C NMR (125 MHz, CDCl3) of compound 2.31.  
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 Figure 2.12. 1H NMR (500 MHz, CDCl3) of compound 2.34. 

Figure 2.13. 13C NMR (125 MHz, CDCl3) of compound 2.34.   
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Figure 2.15. 13C NMR (125 MHz, CDCl3) of compound 2.35.   

Figure 2.14. 1H NMR (500 MHz, CDCl3) of compound 2.35. 
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Figure 2.16. 1H NMR (500 MHz, CDCl3) of compound 2.36. 
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Figure 2.17. 13C NMR (125 MHz, CDCl3) of compound 2.36. 
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  Figure 2.18. 1H NMR (500 MHz, CDCl3) of compound 2.42. 
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Figure 2.19. 13C NMR (125 MHz, CDCl3) of compound 2.42. 
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Figure 2.20. 1H NMR (500 MHz, CDCl3) of compound 2.43. 
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Figure 2.21. 13C NMR (125 MHz, CDCl3) of compound 2.43. 
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Figure 2.22. 1H NMR (500 MHz, CDCl3) of compound 2.44. 

Figure 2.23. 13C NMR (125 MHz, CDCl3) of compound 2.44. 
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Figure 2.24. 1H NMR (500 MHz, CDCl3) of compound 2.45. 
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F2 - Processing parameters
SI               131072
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SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.25. 13C NMR (125 MHz, CDCl3) of compound 2.45 
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Figure 2.26. 1H NMR (500 MHz, CDCl3) of compound 2.46. 
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F2 - Processing parameters
SI               131072
SF          125.7577724 MHz
WDW                  EM
SSB      0
LB       0 Hz
GB       0
PC                 1.40

Figure 2.27. 13C NMR (125 MHz, CDCl3) of compound 2.46. 
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

 

 

  

 

Figure 2.28. 1H NMR (500 MHz, CDCl3) of compound 2.49. 
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F2 - Acquisition Parameters
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PLW12        0.21094000 W
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F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.29. 13C NMR (125 MHz, CDCl3) of compound 2.49. 
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Figure 2.30. 31P NMR (202 MHz, CDCl3) of compound 2.49.  
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Figure 2.31. 1H NMR (500 MHz, CDCl3) of compound 2.50. 
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F2 - Processing parameters
SI               131072
SF          125.7577719 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.32. 13C NMR (125 MHz, CDCl3) of compound 2.50. 
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Figure 2.33. 11B NMR (160 MHz, CDCl3) of compound 2.50.  
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F2 - Processing parameters
SI               131072
SF          125.7577715 MHz
WDW                  EM
SSB      0
LB       0 Hz
GB       0
PC                 1.40

Figure 2.34. 1H NMR (500 MHz, CDCl3) of compound 2.51. 

Figure 2.35. 13C NMR (125 MHz, CDCl3) of compound 2.51. 
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Figure 2.36. 11B NMR (160 MHz, CDCl3) of compound 2.51.  
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F2 - Processing parameters
SI                65536
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WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

 

  

Figure 2.37. 1H NMR (500 MHz, CDCl3) of compound 2.53. 
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PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577714 MHz
WDW                  EM
SSB      0
LB                 1.50 Hz
GB       0
PC                 1.40

Figure 2.38. 13C NMR (125 MHz, CDCl3) of compound 2.53. 
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Figure 2.39. 11B NMR (160 MHz, CDCl3) of compound 2.53.  
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P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
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SSB      0
LB                 0.30 Hz
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PC                 1.00

 

   

Figure 2.40. 1H NMR (500 MHz, CDCl3) of compound 2.4. 
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Date_          20171102
Time              13.02 h
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TD0                   1
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NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577717 MHz
WDW                  EM
SSB      0
LB                 2.00 Hz
GB       0
PC                 1.40

Figure 2.41. 13C NMR (125 MHz, CDCl3) of compound 2.4. 
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F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

 

 

 

 

  

Figure 2.42. 1H NMR (500 MHz, CDCl3) of compound 2.54. 
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F2 - Acquisition Parameters
Date_          20170330
Time              13.20 h
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NUC2                 1H
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PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.43. 13C NMR (125 MHz, CDCl3) of compound 2.54. 
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Figure 2.44. 11B NMR (160 MHz, CDCl3) of compound 2.54.  
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F2 - Processing parameters
SI                65536
SF          500.1299961 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

 

 

Figure 2.45. 1H NMR (500 MHz, C6D6) of compound 2.55. 
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F2 - Acquisition Parameters
Date_          20151130
Time              18.10
INSTRUM           av500
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TD                65536
SOLVENT           CDCl3
NS                  320
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======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577716 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.46. 13C NMR (125 MHz, CDCl3) of compound 2.55. 
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Figure 2.47. 11B NMR (160 MHz, C6D6) of compound 2.55.  
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Figure 2.48. 1H NMR (500 MHz, CDCl3) of compound 2.3. 
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Figure 2.49. 13C NMR (125 MHz, CDCl3) of compound 2.3. 
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Figure 2.50. 1H NMR (500 MHz, CDCl3) of compound 2.56. 
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Figure 2.51. 13C NMR (125 MHz, CDCl3) of compound 2.56. 
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Figure 2.52. 1H NMR (500 MHz, CDCl3) of compound 2.57. 

Figure 2.53. 13C NMR (125 MHz, CDCl3) of compound 2.57. 
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Figure 2.54. 1H NMR (500 MHz, CDCl3) of compound 2.58. 
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Figure 2.55. 13C NMR (125 MHz, CDCl3) of compound 2.58. 
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CHAPTER THREE 

 

Synthetic Studies Pertaining to the 2,3-Pyridyne and 4,5-Pyrimidyne 

 

Jose M. Medina, Moritz K. Jackl, Robert B. Susick, and Neil K. Garg 

Tetrahedron 2016, 72, 3629–3634. 

 

3.1 Abstract  

 We report synthetic studies pertaining to two heterocyclic aryne intermediates: the 2,3-

pyridyne and the 4,5-pyrimidyne. First, a 2,3-pyridyne precursor was readily accessed from 2-

pyridone using a known procedure. Subsequently, 2,3-pyridyne generation and trapping were 

used to access several functionalized pyridines in a regioselective manner.  In addition, we report 

synthetic routes to two isomeric silyl triflates, which were intended to serve as precursors to the 

4,5-pyrimidyne. Consecutive 4,5-pyrimidyne generation and trapping experiments were 

ultimately deemed unfruitful. We expect these findings will promote the use of 2,3-pyridyne and 

other heterocyclic arynes as building blocks for the synthesis of functionalized heterocycles. 

 

3.2 Introduction 

The synthesis of heterocycles continues to be a vital area of research. Heterocycles, 

especially N-containing compounds, are commonly seen in a variety of important molecules 

including medicines, natural products, and agrochemicals. 1  One exciting approach to the 

synthesis of decorated heterocycles involves the trapping of in situ generated heterocyclic 
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arynes, commonly referred to as hetarynes.2,3 This strategy was well studied several decades 

ago,4 but only led to modest synthetic utility.   

    More recently, the chemistry of heterocyclic arynes has undergone a revival. 

Methodological studies pertaining to indolynes5,6 and 3,4-pyridynes7 have been disclosed and 

several silyl triflate precursors to these intermediates are now commercially available. 8  

Moreover, heterocyclic arynes have been used to synthesize several natural products (e.g., 3.1–

3.4, Figure 3.1).2,9,10 One particularly attractive subclass of heterocyclic arynes are those that 

possess one or more nitrogen atoms in a 6-membered ring (e.g., 3.5–3.7). The successful 

generation and trapping of such species via cycloaddition processes would provide a powerful 

means to build medicinally privileged scaffolds, including compounds that may be difficult to 

access by other means. 

We have been particularly interested in the chemistry of pyridynes and pyrimidynes, each 

of which are classes of heterocyclic arynes with an interesting history. The 3,4-pyridyne (3.5) 

was first generated in 195511 and has subsequently been the subject of numerous investigations, 

including one by our own laboratory.7 The 3,4-pyridyne (3.5) and substituted versions can now 

be used to access polysubstituted pyridines in a controlled and predictable way by virtue of the 

aryne distortion model5,12 using robust silyl triflate precursors.7 Similarly, the 2,3-pyridyne (3.6) 

has been known for several decades.13 In more recent efforts, Walters and Shay reported the 

synthesis of a silyl triflate precursor to 3.6.14 In turn, a few examples where 3.6 can be used in 

Diels–Alder reactions or other annulations are available.14,15,16,17,18,19 The least well-studied of 

our targets is the 4,5-pyrimidyne (3.7). Substituted derivatives have been accessed by 

dehydrohalogenation under strongly basic reaction conditions or by oxidation of an 
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aminotriazole precursor.20 Prior experiments involving 4,5-pyrimidynes have led to amination or 

low yields of annulated products.20 

 

 

Figure 3.1. Natural products 3.1–3.4 and heterocyclic arynes 3.5–3.7 

 

 Given the earlier promising results involving the 2,3-pyridyne (3.6) and 4,5-pyrimidyne 

(3.7), we sought to further expand the utility of these intermediates for the synthesis of 

functionalized heterocycles. Herein, we report new trapping experiments involving 2,3-pyridyne 
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3.3 Synthesis of 2,3-Pyridyne Precursor 

To study annulations of 2,3-pyridyne, it was first necessary to prepare a suitable silyl 

triflate precursor. Thus, silyl triflate 3.10 was synthesized using a known procedure (Scheme 

3.1).14 Beginning from 2-pyridone (3.8), a lithiation and silylation sequence provided 

silylhydroxypyridine 3.9. Subsequent reaction with triflic anhydride furnished silyl triflate 3.10.  

This high-yielding two-step sequence provides a reliable method to access 3.10 in multigram 

quantities. It should be noted that 3.10 is now also commercially available.21 

 

 

Scheme 3.1. Synthesis of silyl triflate 3.10 

 

3.4 Generation & Trapping of 2,3-Pyridyne 

Silyl triflate 3.10 was examined in nucleophilic trapping experiments as shown in Table 

3.1. Trapping with morpholine (3.12) led to the formation of 3.13 in 55% yield (entry 1), 

whereas use of imidazole (3.14) as the trapping agent delivered 3.15 in 63% yield (entry 2).  In 

both cases, the 2-substituted pyridine products were obtained, with no evidence of the formation 

of 3-substituted adducts. This regioselectivity trend is consistent with prior observations2c and 

predictions made by the aryne distortion model.12c 
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Table 3.1. Trapping of 2,3-Pyridyne (3.6) with nucleophiles 

 
 

  We were delighted to find that silyl triflate 3.10 could also be employed in cycloaddition 

reactions (Table 3.2). For example, interception of pyridyne 3.6 by benzylazide (3.17) 22 

furnished annulated product 3.18, albeit in low yield (entry 1). Alternatively, trapping with 

nitrone 3.1923 provided the unusual heterocycle 3.20 (entry 2). We also tested an azomethine 

imine cycloaddition24 using 3.21, which gave rise to tricycle 3.22 in 42% yield (entry 3). More 

synthetically useful yields were obtained when dimethylurea 3.2316 was utilized in the trapping 

experiments. This reaction gave fused bicyclic pyridine derivative 3.24 in 75% yield (entry 4).  

In all cases, only one regioisomer of annulated product was detected, indicative of preferential 

nucleophilic attack occurring at C2 of the 2,3-pyridyne intermediate. 
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Table 3.2. Annulation reactions of 2,3-pyridyne (3.6) 

 
 

  Despite the success of the aforementioned trapping experiments, it should be noted that 

silyl triflate 3.10 could not be employed successfully in other attempted 2,3-pyridyne trapping 
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were unsuccessful. Nonetheless, the knowledge gained from our 2,3-pyridyne studies should 

enable the judicious use of 3.10 in synthetic applications. 

 

 

Figure 3.2. Unsuccessful cycloadditions using silyl triflate 3.10 

 

3.5 Synthesis of 4,5-Pyrimidyne Precursors & Trapping Experiments 

As noted earlier, we were also eager to expand the limited scope of 4,5-pyrimidyne 

trapping experiments.20 As such, we pursued the notion suggested in Scheme 3.2. Specifically, 

we envisioned that 4,5-pyrimidyne (3.7) could be prepared in situ from silyl triflate 3.30 or its 

constitutional isomer 3.31.  

 

Scheme 3.2. Approaches to 4,5-pyrimidyne (3.7) from silyl triflate precursors 3.30 and 3.31 
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       In our initial approach, we sought to access a silyl triflate precursor from known 

benzyloxypyrimidine 3.3226 (Scheme 3.3). As such, 5-benzyloxypyrimidine (3.32) was 

synthesized from the corresponding commercially available bromide using an Ullmann 

coupling.26 With 3.32 in hand, extensive efforts were put forth to effect silylation. It was 

ultimately found that the desired triethylsilylated product 3.33 could be obtained using a one-pot 

procedure involving mixing of 3.32 with TESCl, followed by low temperature lithiation, with in 

situ silylation.27 From 3.33, debenzylation and subsequent triflation delivered the desired silyl 

triflate 3.34. Eager to attempt pyrimidyne generation, 3.34 was subjected to a battery of 

experiments involving variation of fluoride sources, trapping agents, and other reaction 

conditions. Unfortunately, no products indicative of pyrimidyne formation were observed. 

Instead, it was found that 3.34 was prone to readily undergo thia-Fries rearrangement in the 

presence of fluoride sources. For example, treatment of 3.34 with CsF in acetonitrile gave 3.35 

as the major product.28 Greaney and coworkers have also observed thia-Fries rearrangement in 

attempted aryne generation from silyl triflate precursors.29 
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Scheme 3.3. Synthesis of silyl triflate 3.34 and undesired Fries rearrangement 

 

With our initial efforts thwarted, we pursued the synthesis of an isomeric silyl triflate, as 

shown in Scheme 3.4. 2-Pyrimidone (3.36) was found to undergo lithiation/silylation using a 

protocol similar to the one described previously to access pyridyne precursor 3.10 (see Scheme 

3.1). Subsequent triflation of the remaining hydroxyl group furnished silyl triflate 3.37.30 

 

 

Scheme 3.4. Synthesis of silyl triflate 3.37 
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Figure 3.3. Unsuccessful attempts to generate and trap the 4,5-pyrimidyne from silyl triflate 3.37 

 

3.6 Conclusion 

In summary, we have performed studies pertaining to two interesting heterocyclic aryne 

intermediates: 2,3-pyridyne and 4,5-pyrimidyne. We have shown that 2,3-pyridyne can be 

employed in various trapping experiments involving nucleophiles or cycloaddition partners.  

Several of the products obtained are unique scaffolds that would arguably be difficult to access 

by other means. In addition, we have developed synthetic routes to two plausible silyl triflate 

precursors to the 4,5-pyrimidyne, although no evidence of pyrimidyne formation was noted in 

attempted trapping experiments. We expect our findings will promote the use of 2,3-pyridyne 

and other strained heterocyclic intermediates in the synthesis of functionalized heterocycles. 
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3.7 Experimental Section 

3.7.1 Materials and Methods  

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated 

alumina columns). All commercially obtained reagents were used as received unless otherwise 

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. Trifluoromethanesulfonic 

anhydride (Tf2O), trimethylsilyl chloride (TMSCl), 2,2,6,6-tetramethylpiperidine (TMP) and 

triethylsilyl chloride (TESCl) were obtained from Oakwood Products, Inc. and distilled over 

before use. N-tert-butyl-α-phenylnitrone and methyl 2-acetamidoacrylate were obtained from 

Alfa Aesar. Ethyl diazoacetate, (trimethylsilyl) diazomethane (1 M in Et2O), 2,5-dimethylfuran, 

imidazole, and N-Boc-pyrrole were obtained from Sigma-Aldrich. Morpholine was obtained 

from Spectrum Chemical and distilled before use. Reaction temperatures were controlled using 

an IKAmag temperature modulator and, unless stated otherwise, reactions were performed at 

room temperature (rt, approximately 23 °C). Thin layer chromatography (TLC) was conducted 

with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV 

light and potassium permanganate staining. Preparative thin layer chromatography (TLC) was 

conducted with EMD gel 60 F254 pre-coated plates (0.5 mm) and visualized using UV light. 

Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (500 MHz) and are 

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

chemical shift (δ ppm), multiplicity, coupling constant (Hz) and integration. 13C NMR spectra 

were recorded on Bruker spectrometers (125 MHz) and are reported relative to deuterated 

solvent signals. Data for 13C NMR spectra are reported in terms of chemical shift and, when 
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necessary, multiplicity, and coupling constant (Hz). IR spectra were obtained using a Perkin-

Elmer 100 spectrometer or a Perkin-Elmer UATR two spectrometer, and are reported in terms of 

frequency absorption (cm-1). DART-MS spectra were collected on a Thermo Exactive Plus MSD 

(Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense 

Inc.). Both the source and MSD were controlled by Excalibur software v. 3.0. The analyte was 

spotted onto OpenSpot sampling cards (IonSense Inc.) using CDCl3 as the solvent. Ionization 

was accomplished using UHP He (Airgas Inc.) plasma with no additional ionization agents. The 

mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration 

solutions (Thermo Fisher Scientific). 

 

3.7.2 Experimental Procedures 

 

 

Representative Procedure for 2,3-Pyridyne Trappings. Adduct 3.13 (Table 3.1, Entry 1). To 

a stirred solution of silyl triflate 3.1014 (51.1 mg, 0.172 mmol, 1.0 equiv) and morpholine (3.12, 

48.0 µL, 0.516 mmol, 3.0 equiv) in MeCN (7.0 mL) was added CsF (128 mg, 0.840 mmol, 5.0 

equiv). The reaction vessel was sealed and placed in a preheated aluminum heating block 

maintained at 60 °C for 2 h. After cooling to 23 °C, the reaction mixture was filtered over silica 

gel (EtOAc eluent, 12 mL). Evaporation under reduced pressure and further purification by 

preparative thin layer chromatography (2:1 hexanes:EtOAc) afforded 3.13 as a colorless oil 

 (3 equiv)

CsF (5 equiv)
MeCN, 60 °C

(55% yield)

N

TMS

OTf
N N

O

HN
O

3.10 3.13

3.12
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(55% yield, average of two experiments). 3.13: Rf  0.48 (3:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): δ 8.19 (ddd, J = 4.9, 2.0, 0.8, 1H), 7.49 (ddd, J = 9.0, 7.2, 2.0, 1H), 6.65 (ddd, J = 

7.2, 4.9, 0.8, 1H), 6.62 (d, J = 8.7, 1H), 3.82 (t, J = 5.0, 4H), 3.49 (t, J = 5.0, 4H); 13C NMR (125 

MHz, CDCl3): δ 159.7, 148.1, 137.6, 113.9, 107.0, 66.9, 45.7; IR (film): 1593, 1481, 1437, 1376, 

1312, 1243 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C9H13N2O+, 165.1022; found 165.1024. 

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

following schemes, which depict all of the results shown in Tables 3.1 and 3.2. 

 

 

Adduct 3.15 (Table 3.1, Entry 2). Purification by preparative thin layer chromatography (6:3:1 

EtOAc:PhH:MeOH) afforded 3.15 (63% yield, average of two experiments) as a light orange oil. 

3.15: Rf  0.62 (9:1 EtOAc:MeOH); 1H NMR (500 MHz, CDCl3): δ 8.49 (ddd, J = 4.9, 1.8, 0.9, 

1H), 8.35 (s, 1H), 7.83 (dt, J = 7.5, 1.8, 1H), 7.65 (s, 1H), 7.36 (d, J = 8.2, 1H), 7.24 (ddd, J = 

7.5, 4.9, 0.8, 1H), 7.20 (s, 1H); 13C NMR (125 MHz, CDCl3): δ 149.4, 149.3, 139.1, 135.1, 

130.9, 122.1, 116.3, 112.5; IR (film): 1598, 1578, 1487, 1444, 772, 738 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C8H8N3
+, 146.0713; found 146.0714. 

 

 (3 equiv)

CsF (5 equiv)
MeCN, 60 °C

(63% yield)

N

TMS

OTf
N N N

N NH

3.10 3.15

3.14
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Adduct 3.18 (Table 3.2, Entry 1). Purification by preparative thin layer chromatography (3:1 

hexanes:EtOAc) afforded 3.18 (20% yield, average of two experiments) as a light yellow oil. 

3.18: Rf  0.35 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.69 (dd, J = 4.5, 1.4, 1H), 

8.37 (dd, J = 8.2, 1.4, 1H), 7.46 (d, J = 7.2, 2H), 7.36–7.28 (m, 4H), 5.92 (s, 2H); 13C NMR (125 

MHz, CDCl3): δ 150.5, 145.8, 137.2, 135.2, 129.0, 128.7, 128.5, 128.4, 120.0, 50.6; IR (film): 

3032, 2927, 2852, 1591, 1216 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H11N4
+, 

211.0978; found 211.0974. 

 

 

Adduct 3.20 (Table 3.2, Entry 2). Purification by preparative thin layer chromatography (3:1 

hexanes:EtOAc) afforded 3.20 (33% yield, average of two experiments) as an amorphous white 

solid. 3.20: Rf  0.52 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J = 5.0, 1H), 

7.42 (d, J = 7.2, 2H), 7.35 (t, J = 7.2, 2H), 7.28 (tt, J = 7.2, 1.2, 1H), 7.19 (dt, J = 7.3, 1.3, 1H), 

6.74 (dd, J = 7.3, 5.0, 1H), 5.62 (s, 1H), 1.20 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 165.1, 

147.9, 143.0, 132.8, 128.9, 127.9, 127.4, 123.0, 116.8, 66.3, 61.4, 25.5; IR (film): 1604, 1420, 

N N
N

N

Bn

N
N
N

Bn
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CsF (5 equiv)
MeCN, 60 °C

(20% yield)
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(33% yield)

N

TMS

OTf

3.10 3.20

N
O t-Bu

Ph

N O
N

Ph

t-Bu

3.19



169 169 

1282, 1270, 775, 739 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H19N2O+, 255.1492; found 

255.1492. 

 

 

Adduct 3.22 (Table 3.2, Entry 3). Purification by preparative thin layer chromatography (95:5 

EtOAc:MeOH) afforded 3.22 (42% yield, average of two experiments) as a colorless amorphous 

solid. 3.22: Rf  0.48 (95:5 EtOAc:MeOH); 1H NMR (500 MHz, CDCl3): δ 8.32 (dt, J = 5.1, 1.1, 

1H), 7.44–7.38 (m, 5H), 7.18 (dt, J = 7.5, 1.3, 1H), 6.94 (dd, J = 7.5, 5.1, 1H), 5.16 (s, 1H), 

3.64–3.60 (m, 1H), 3.19–3.06 (m, 2H), 2.89–2.83 (m, 1H); 13C NMR (125 MHz, CDCl3): δ 

163.2, 148.8, 148.5, 137.6, 132.5, 129.2, 129.1, 128.8, 128.4, 119.7, 73.5, 52.5, 36.9; IR (film): 

1708, 1597, 1460, 1430, 1388, 1308 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H14N3O+, 

252.1131; found 252.1126. 

 

 

Adduct 3.24 (Table 3.2, Entry 4). Purification by preparative thin layer chromatography (95:5 

EtOAc:MeOH) afforded 3.24 (75% yield, average of two experiments) as a colorless oil. 3.24: Rf  

 (3 equiv)

CsF (5 equiv)
MeCN, 60 °C

(42% yield)
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 (3 equiv)

CsF (5 equiv)
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0.45 (95:5 EtOAc:MeOH) ; 1H NMR (500 MHz, CDCl3): δ 8.29 (dd, J = 4.9, 2.0, 1H), 8.01 (dd, 

J = 7.6, 2.0, 1H), 6.76 (dd, J = 7.6, 4.9, 1H), 3.61–3.57 (m, 2H), 3.57–3.52 (m, 2H), 3.18 (s, 3H), 

3.05 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.2, 155.7, 150.9, 140.7, 119.4, 114.6, 56.3, 

48.1, 38.9, 35.6; IR (film): 1633, 1504, 1408, 1385, 1247, 1208 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C10H14N3O+, 192.1131; found 192.1131. 

 

 

Pyrimidine 3.33 (Scheme 3.3). To a stirred solution of freshly distilled 2,2,6,6-

tetramethylpiperidine (1.97 g, 14.0 mmol, 1.4 equiv) in THF (50 mL) at 0 °C was added n-BuLi 

in hexanes (2.3 M, 5.65 mL, 13.0 mmol, 1.3 equiv). The resulting solution was allowed to stir at 

0 °C for 30 min. A separate flask was charged with 5-benzyloxypyrimidine 3.32 (2.00 g, 10.0 

mmol, 1.0 equiv), TESCl (4.53 g, 30.0 mmol, 3.0 equiv), and THF (50 mL). The resulting 

solution was cooled to –100 °C and the LiTMP solution was added dropwise via cannula over 20 

min. The resulting solution was warmed to –78 °C and allowed to stir for 3.5 h. The solution was 

then allowed to warm to 0 °C and quenched with saturated NH4Cl (25 mL). The volatiles were 

removed under reduced pressure and EtOAc (75 mL) was added. The organic phase was 

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

layers were dried with MgSO4 and concentrated under reduced pressure. The resulting oil was 

further purified by column chromatography (5:1 hexanes:EtOAc) to yield pyrimidine 3.33 (2.09 

g, 70% yield) as a colorless oil. 3.33: Rf  0.41 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 8.95 (s, 1H), 8.24 (s, 1H), 7.42–7.34 (m, 5H), 5.12 (s, 2H), 0.95–0.91 (m, 9H), 0.91–

0.86 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 165.5, 158.4, 151.7, 137.6, 135.7, 128.9, 128.6, 

N

N SiEt3

OBn

3.33

N

N

OBn

3.32

TESCl, THF

then, LiTMP 
–100 °C → –78 °C

(70% yield)
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127.7, 70.6, 7.5, 3.0; IR (film): 2953, 2874, 1558, 1456, 1397, 1284 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C17H25N2OSi+, 301.1731; found 301.1729. 

 

 

Silyl triflate 3.34 (Scheme 3.3). To a stirred solution of pyrimidine 3.33 (1.00 g, 3.33 mmol, 1.0 

equiv) in dry MeOH (20 mL) was added 10% Pd/C (350 mg, 0.330 mmol, 0.1 equiv). The 

resulting mixture was placed under an atmosphere of H2 (1 atm) and was allowed to stir at 23 °C 

for 2 h. The mixture was filtered over celite (MeOH eluent).  Evaporation of the solvent under 

reduced pressure afforded the crude alcohol intermediate, which was used in the subsequent step 

without further purification. 

  The alcohol intermediate (510 mg, 2.43 mmol, 1.0 equiv) was dissolved in dry CH2Cl2 (7 

mL) and freshly distilled 2,2,6,6-tetramethylpiperidine (282 mg, 9.72 mmol, 4.0 equiv) was 

added dropwise over 10 min. The resulting solution was cooled to –78 °C and a solution of 

PhNTf2 (714 mg, 2.92 mmol, 1.2 equiv) in CH2Cl2 (7 mL) was added dropwise over 15 min. The 

resulting solution was stirred at –78 °C for 2 h and was then quenched with saturated NaHCO3 

(10 mL). The organic layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 

20 mL). The combined organic layers were dried with MgSO4 and concentrated under reduced 

pressure. The resulting oil was further purified by column chromatography (30:1 

hexanes:EtOAc) to yield silyl triflate 3.34 as a colorless oil (581 mg, 51% yield, 2 steps). 3.34: 

Rf  0.70 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.26 (s, 1H), 8.64 (s, 1H), 0.97 (br 

s, 15H); 13C NMR (125 MHz, CDCl3): δ 169.7, 156.7, 152.4, 147.0, 118.5 (q, J = 318.2, CF3), 

N

N SiEt3

OTf

3.34

N

N SiEt3

OBn

3.33

1. H2, Pd/C, MeOH

2. TMP, PhNTf2
    CH2Cl2, –78 °C

      (51% yield)
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7.3, 3.0; IR (film): 2960, 2880, 1565, 1428, 1386, 1211 cm–1; HRMS-APCI (m/z) [M + H]+ calcd 

for C11H18F3N2O3SSi+, 343.0754; found 343.0748. 

 

 

Alcohol 3.35 (Scheme 3.3). To a stirred solution of silyl triflate 3.34 (130 mg, 0.380 mmol, 1.0 

equiv) in MeCN (3.8 mL) was added CsF (173 mg, 1.14 mmol, 3.0 equiv). The reaction vessel 

was sealed and placed in a preheated aluminum heating block maintained at 60 °C for 2 h. After 

cooling to 23 °C, the reaction mixture was filtered over celite (MeOH eluent, 12 mL). 

Evaporation under reduced pressure and further purification by preparative thin layer 

chromatography (100:10:1 CH2Cl2:MeOH:Et3N) afforded 3.35 as a colorless oil (75% yield). 

3.35: Rf  0.76 (MeCN); 1H NMR (500 MHz, MeOD): δ 8.28 (s, 1H), 8.08 (s, 1H); 13C NMR (125 

MHz, MeOD): δ 165.6, 161.0, 142.0, 137.6, 122.5 (q, J = 327.9, CF3); IR (film): 3349, 1643, 

1575, 1510, 1445, 1341 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C5H2F3N2O3S+, 226.9733; 

found 226.9750. 

 

 

Silyl triflate 3.37 (Scheme 3.4). To a stirred solution of freshly distilled 2,2,6,6-

tetramethylpiperidine (1.02 g, 7.20 mmol, 1.4 equiv) in THF (10 mL) at 0 °C was added n-BuLi 

in hexanes (2.3 M, 2.94 mL, 6.80 mmol, 1.3 equiv). The resulting solution was stirred at 0 °C for 

CsF
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(75% yield)
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30 min. A separate flask was charged with 2-pyrimidone 3.36 (500 mg, 5.20 mmol, 1.0 equiv), 

TESCl (1.97 g, 13.0 mmol, 2.5 equiv), and THF (16 mL). The resulting solution was cooled to 0 

°C and the LiTMP solution was added dropwise via cannula over 20 min. The resulting solution 

was warmed to 23 °C and allowed to stir for 24 h. The solution was then quenched with saturated 

NH4Cl (10 mL). The volatiles were removed under reduced pressure and EtOAc (30 mL) was 

added. The organic phase was separated and the aqueous layer was extracted with EtOAc (3 x 20 

mL). The combined organic layers were dried with MgSO4 and concentrated under reduced 

pressure. The resulting oil was further purified by column chromatography (1:2 to 1:4 

hexanes:EtOAc) to yield an alcohol intermediate (100 mg, 9% yield, unoptimized) as a colorless 

oil.  

The alcohol intermediate (90.0 mg, 0.430 mmol, 1.0 equiv) was dissolved in dry CH2Cl2 

(2 mL) and DTBMP (96.0 mg, 0.470 mmol, 1.1 equiv) was added. The resulting solution was 

cooled to –78 °C and Tf2O (133 mg, 0.470 mmol, 1.1 equiv) was added dropwise over 5 min. 

The resulting solution was allowed to stir at –78 °C for 2 h and was then quenched with saturated 

NaHCO3 (1 mL). The organic layer was separated and the aqueous layer was extracted with 

CH2Cl2 (3 x 3 mL). The combined organic layers were dried with MgSO4 and concentrated under 

reduced pressure. The resulting oil was further purified by column chromatography (40:1 

hexanes:EtOAc) to yield silyl triflate 3.37 as a colorless oil (55 mg, 36% yield). 3.37: Rf  0.52 

(5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.14 (d, J = 1.2, 1H), 7.29 (d, J = 1.2, 1H), 

0.99 (t, J = 7.2, 9H), 0.92–0.86 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 184.2, 162.2, 158.2, 

118.6 (q, J = 320.6, CF3), 117.0, 7.2, 2.6; IR (film): 2959, 2880, 1579, 1511, 1428, 1211 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C11H18F3N2O3SSi+, 343.0754; found 343.0755. 
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3.8 Spectra Relevant to Chapter Three: 

 

Synthetic Studies Pertaining to the 2,3-Pyridyne and 4,5-Pyrimidyne 

 

Jose M. Medina, Moritz K. Jackl, Robert B. Susick, and Neil K. Garg 

Tetrahedron 2016, 72, 3629–3634. 
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Figure 3.5. 13C NMR (125 MHz, CDCl3) compound 3.13 
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FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7703648 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577725 MHz
WDW                  EM
SSB      0
LB                -0.05 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.6. 1H NMR (500 MHz, CDCl3) compound 3.15 
 

Figure 3.7. 13C NMR (125 MHz, CDCl3) compound 3.15 
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Current Data Parameters
NAME          JMM-6-103
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20160127
Time               8.39
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1340010 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME          JMM-6-103
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20160127
Time               8.42
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   65
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577743 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.8. 1H NMR (500 MHz, CDCl3) compound 3.18 
 

Figure 3.9. 13C NMR (125 MHz, CDCl3) compound 3.18 
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Current Data Parameters
NAME          JMM-4-102
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20141215
Time               9.26
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   15
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1340010 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME          JMM-4-102
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20141215
Time               9.30
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   26
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577747 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.10. 1H NMR (500 MHz, CDCl3) compound 3.20 
 

Figure 3.11. 13C NMR (125 MHz, CDCl3) compound 3.20  
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Current Data Parameters
NAME          JMM-4-103
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20141215
Time              17.22
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   30
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1340010 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300127 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME          JMM-4-103
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20141215
Time              17.26
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   35
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577772 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.12. 1H NMR (500 MHz, CDCl3) compound 3.22 
 

Figure 3.13. 13C NMR (125 MHz, CDCl3) compound 3.22 
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Current Data Parameters
NAME     JMM-4-94(char)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20141209
Time               8.49
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   18
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1340010 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300120 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME     JMM-4-94(char)
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20141209
Time               8.53
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   44
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577735 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.14. 1H NMR (500 MHz, CDCl3) compound 3.24 
 

Figure 3.15. 13C NMR (125 MHz, CDCl3) compound 3.24 
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Current Data Parameters
NAME          MOJ-1-091
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20160125
Time              16.28
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME          MOJ-1-091
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20160125
Time              16.32
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   76
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577754 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.16. 1H NMR (500 MHz, CDCl3) compound 3.33 
 

Figure 3.17. 13C NMR (125 MHz, CDCl3) compound 3.33 
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Current Data Parameters
NAME          MOJ-1-036
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20151130
Time              13.38
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

default proton parameters
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Current Data Parameters
NAME           MOJ-1-36
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20160126
Time              10.16
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  746
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577713 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.18. 1H NMR (500 MHz, CDCl3) compound 3.34 
 

Figure 3.19. 13C NMR (125 MHz, CDCl3) compound 3.34 
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EXPNO                 7
PROCNO                1

F2 - Acquisition Parameters
Date_          20160128
Time               7.35
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT            MeOD
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG               204.54
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300096 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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Current Data Parameters
NAME          MOJ-1-095
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20160128
Time              15.47
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT            MeOD
NS                   40
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7575109 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters

Figure 3.20. 1H NMR (500 MHz, MeOD) compound 3.35 
 

Figure 3.21. 13C NMR (125 MHz, MeOD) compound 3.35 
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Figure 3.23. 13C NMR (125 MHz, CDCl3) compound 3.37 
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CHAPTER FOUR 

 

Aryne-Driven Approach for the Synthesis and Manipulation of  

Polypyridyl Metal Complexes 

 

4.1 Abstract 

 Ruthenium- and iridium-based polypyridyl complexes have remarkable photophysical 

properties that are utilized across many scientific disciplines. Their broad application across 

fields such as solar energy conversion, luminescence sensing, and catalysis can be attributed to a 

highly tunable ligand sphere that controls their photophysical properties. Recently, extended π-

conjugation in the ligand sphere has enabled longer excited state lifetimes, thus increasing 

cytotoxicity in photodynamic therapies and noncovalent π–π interactions for DNA intercalation. 

Despite decades of study and successful applications, synthetic strategies to access polypyridyl 

metal complexes are limited to relatively few methods across two major platforms, ligand 

synthesis and coordination, or direct manipulation of the ligand “on-the-complex”. Specifically, 

annulation reactions that extend the π-conjugation of polypyridyl complexes are limited to C–N 

bond forming processes. Herein, we report a C–C bond forming annulation directly on 

polylpyridyl organometallic complexes by harnessing the power of arynes and Pd catalysis. This 

methodology is also used to generate the first ligand-bound aryne on an organometallic complex, 

which is trapped via a Diels–Alder cycloaddition to access an exotic ligand. 
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4.2 Introduction 

 Since the initial discovery of [Ru(bpy)3]2+ in 1936,1 the remarkable photophysical 

properties displayed by ruthenium- and iridium-based polypyridyl complexes have broadly 

impacted the scientific community. With extensive applications in solar energy conversion,2 

DNA intercalation,3 and luminescence sensing,4 transition metal frameworks of this class have 

demonstrated broad versatility in both photochemical and photophysical applications. More 

recently, polypyridyl metal complexes such as 4.1–4.3 (Figure 4.1) have been implemented as 

both therapeutics for human disease and as biophysical probes to investigate biomolecules of 

interest. One recent, compelling example of their therapeutic potential is the ruthenium complex 

TLD-1433 (4.1), which is currently in phase II clinical trials as a photodynamic therapeutic for 

the treatment of bladder cancer.5 For the interrogation of biomolecules, Barton and Turro have 

employed 4.2 as an intercalating agent to study conductivity through stacked DNA 

nucleobases.6,3c Additionally, MacMillan and coworkers recently demonstrated the use of 

photocatalyst 4.3 to identify protein–protein interactions in live cells.7 A particularly attractive 

feature of these polypyridyl metal complexes is the capacity to tune photophysical properties by 

manipulating the ligand sphere. For example, extended π-conjugation in the ligand sphere has 

enabled longer photocatalyst excited state lifetimes, thus promoting increased cytotoxicity in 

photodynamic therapy,8,9 and noncovalent π–π interactions for DNA intercalation.3c 
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Figure 4.1. Polypyridyl metal complexes used as therapeutics and in bioimaging. 
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(Figure 4.2A, reaction b, 4.7 → 4.6).7 Notably, this strategy has proven effective in overcoming 

challenges manifested in traditional synthetic approaches, but it has rarely been used to access 

metal complexes bearing annulated bipyridyl ligands. In particular, available protocols for the 

direct annulation of polypyridyl metal complexes are restricted to C–N bond forming 

processes.12b,13 Whereas such protocols have enabled studies revealing the promising 

photophysical and therapeutic potential of π-extended ligands, they are limited to the formation 

of quinoxaline and imidazole derivatives. To date, no C–C bond forming annulations exist for 

coordinated polypyridyl complexes, limiting the electronic nature and design of such ligands. 

We questioned if annulated polypyridyl metal complexes could be rapidly accessed 

through a “chemistry-on-the-complex” strategy involving highly strained aryne intermediates. 

Strained cyclic intermediates, such as 4.8–4.11 (Figure 4.2B), have been harnessed to access 

various organic targets including heterocycles,14 phosphine ligands,15 agrochemicals,16 and 

natural products.17 Given their ability to generate multiple bonds on various cyclic scaffolds, we 

viewed arynes as uniquely poised for the synthesis and manipulation of polypyridyl metal 

complexes. Nonetheless, arynes have seen limited use in the manipulation of metal-bound 

ligands with only two examples reported, both involving Diels–Alder reactions.18,19 No examples 

have been demonstrated on polypyridyl metal complexes. Herein, we disclose a platform for the 

aryne-driven synthesis and manipulation of polypyridyl metal complexes (Figure 4.2C). In one 

variant, reactions between catalytically generated intermediates 4.12 and fleeting aryne 

intermediates 4.13 provide one-step conversion to annulated products 4.14. In a second variant, 

in situ generation of the first organometallic complex bearing a free aryne 4.15, followed by 

trapping with 4.16, generates cycloadducts 4.17 under mild conditions. Both approaches enable 
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the formation of multiple C–C bonds in a single operation and offer a divergent means to access 

functionalized polypyridyl metal complexes, including several exotic structures. 
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Figure 4.2. A) Strategies for the synthesis of polypyridyl metal complexes. B) Aryne and cyclic 

alkyne intermediates. C) Synthetic designs for the direct manipulation of photoactive metal 

complexes using arynes and Pd catalysis. 
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4.3 Annulation Optimization 

We initiated our studies by pursuing a Pd-catalyzed annulation reaction of halogenated 

Ru(bpy)3 derivative 4.18 and commercially available benzyne precursor 4.19 (Table 4.1). Prior 

studies by Larock and co-workers established the feasibility of performing Pd-catalyzed 

annulations of arynes from silyl triflate precursors to furnish organic materials.20 Our preliminary 

studies involved the use of Pd(dba)2 and P(o-tolyl)3, in the presence of CsF. Under these 

conditions, we were gratified to observe formation of the desired π-extended adduct 4.20, albeit 

in 2% yield (entry 1). Additionally, undesired dehalogenation product 4.21 was observed in 48% 

yield. Efforts to eliminate this dehalogenation pathway via reduced temperatures and rigorous 

exclusion of air and moisture proved unfruitful,21 as did the use of other Pd0 sources such as 

Pd(PPh3)4 (entry 2). Alternatively, Pd(OAc)2 provided a substantial improvement in the yield of 

the desired π-extended adduct 4.20 to 26% (entry 3). By increasing the catalyst and ligand 

loadings to 10 mol%, as well as decreasing the reaction duration to 30 minutes, we observed a 

further increase in yield to 71% (entry 4). The use of modified ratios of the co-solvents, 

acetonitrile and toluene, resulted in decreased reaction efficiency (entries 5 and 6), highlighting 

the importance of tuning the rate at which benzyne is generated. Finally, switching from a 

bromide to a chloride functional handle on the substrate effectively eliminated the 

dehalogenation pathway and provided the desired product in 78% yield (entry 7). It is worth 

noting that attempts to perform this transformation on uncoordinated bromo- or chlorobipyridine 

ligands proved unproductive, potentially owing to the formation of a Pd–N,N-chelate. The latter 

result underscores the complementarity of on-the-complex strategies that circumvent issues of 

unproductive catalyst–substrate chelation. 
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Table 4.1. Optimization studies for Pd-catalyzed annulation of benzyne onto Ru-polylpyridyl 

complex 4.18. aPF6 counterions have been omitted from the X-Ray crystal structure for clarity. 

bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as an external standard. 
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hazardous reagents and exceptionally forcing conditions.22 Heterocyclic arynes were also 

tolerated, as evidenced by the formation of N-Me-4,5-indolyne adduct 4.25 in 75% yield. This 

result demonstrates the capacity for expedient incorporation of heterocycles directly into the π-

framework of polypyridyl metal complexes. 2,3- and 1,2-naphthalyne were also competent under 

these conditions, leading to the formation of 4.26 and 4.27, each in 61% yield. Historically, the 

naphthophenanthroline ligand present in 4.26 has proven challenging to synthesize due to its low 

solubility. As a result, reported syntheses proceed in very low yields or require multiple steps.23 

In other cases, insolubility has entirely precluded access to the desired naphthophenanthroline 

ligand, thus necessitating the incorporation of hydrophobic substituents.12 
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Figure 4.3. Scope of aryne annulation partners. 
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smoothly to deliver 4.29 in 75% yield. Notably, dehalogenation was not observed in this reaction 

despite 4.28 bearing the previously problematic C–Br bond. We then questioned if conjugation 

could be extended across multiple ligands in a single step, thus expanding conjugation of the 

ligand sphere in multiple directions. Under slightly modified conditions, bis(chlorinated) Ru-

complex 4.30 underwent a double annulation in one pot to furnish 4.31 in 54% yield through the 

formation of four C–C bonds. Finally, tris(chlorinated) Ru-complex 4.32 was treated with six 

equivalents of benzyne precursor 4.19 to generate triple annulation adduct 4.33 in 57% yield. In 

this transformation, six new C–C bonds were constructed, three of which resulted from C–H 

functionalization. These results demonstrate the capacity for arynes to manipulate multiple 

metal-bound ligands in a single transformation, and in high efficiency per C–C bond formed. 
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Figure 4.4. Scope of organometallic complex reaction partners. 
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triflate) 4.3526 proved unfruitful in providing access to desired aryne precursor 4.36. We 

therefore pursued the use of an unsymmetrical bis(aryne) precursor bearing a silyl triflate and 

silyl enol ether, the latter of which would not react under fluoride-based reaction conditions.27 

Methoxymethyl (MOM) ether 4.37, prepared in two steps from commercially available 

materials, enabled the desired transformation of 4.34 to adduct 4.38 in 80% yield using the Pd-

catalyzed aryne annulation. Subsequent mild cleavage of the MOM group using solid-supported 

NaHSO4•SiO2, followed by triflation with Comins’ Reagent, delivered the desired silyl triflate 

4.36 in 73% yield over two steps. 

 

 

Figure 4.5. Synthesis of Ru-polylpyridyl silyl triflate. 
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organometallic complex. Further studies are underway with trapping partners 4.41–4.43 to assess 

other reaction manifolds such as [3+2]- and [2+2]-cycloadditions. If successful, exotic 

complexes such as metallotryptycene 4.45 and isoxazoline 4.45 could be obtained in a divergent 

manner from a common intermediate. Notably, [2+2]-cycloaddition adduct 4.46 would provide a 

cyclobutane ring and a ketone, the latter of which could be used for further functionalization. 

 

 

Figure 4.6. Mild generation of the first ligand-bound aryne, and future trapping partners. 

aUnoptimized yield. 
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Several salient features of the results presented in Figure 4.6 should be noted. First, the 

diverse collection of products possible through this approach demonstrates the potential to utilize 

silyl triflate 4.36 as a common precursor to a library of functionalized metal complexes. 

Secondly, many of the products potentially accessible through this approach would not be readily 

accessible by conventional means. Namely, accessing the ligands prior to coordination could be 

challenging, in part because of the inability to perform Pd catalysis on bipyridyl substrates. 

Finally, these results demonstrate that a highly strained, free aryne can be generated on an 

organometallic complex from a silyl triflate precursor under mild reaction conditions. 

 

4.7 Conclusion 

In summary, we have developed an aryne-driven strategy for the synthesis and direct 

manipulation of polypyridyl metal complexes. Our strategy relies on the controlled reactivity of 

Ru- and Ir-based octahedral complexes with arynes via Pd catalysis. Various arynes can be used 

to extend the conjugation of Ru-complexes, including a heterocyclic indolyne. The method can 

also be extended to Ir-complexes, as well as Ru-complexes bearing multiple reactive bipyridyl 

ligands to construct up to 6 C–C bonds in a single transformation. Lastly, an unsymmetrical 

bis(aryne) was utilized to access a Ru-based silyl triflate, which was activated to generate a free 

aryne under mild conditions. Trapping the organometallic aryne with 2,5-dimethylfuran afforded 

an exotic Diels–Alder adduct, and other cycloaddition partners are currently under investigation. 

We hope these studies promote the design of novel bipyridyl architectures with the potential for 

desirable, unique photophysical properties, as well as stimulate future on-the-complex strategies. 
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4.8 Experimental Section 

4.8.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. 

Anhydrous solvents were either freshly distilled or passed through activated alumina columns, 

unless otherwise stated. Reaction temperatures were controlled using an IKAmag temperature 

modulator, and unless stated otherwise, reactions were performed at room temperature 

(approximately 23 °C). Cesium fluoride (CsF), Palladium(II) acetate (Pd(OAc)2), 

Bis(dibenzylidenacetone)palladium(0) (Pd(dba)2), tetrakis(triphenylphosphine)palladium(0), and 

Di-µ-chlorotetrakis[2-(2-pyridinyl-kN)phenyl-kC]diiridium(III) were obtained from Strem 

Chemicals. Methyl iodide was obtained from Spectrum Chemical. Ruthenium(III) chloride 

trihydrate (4.54), 3-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (4.57), 2,5-

dibromohydroquinone (4.61), and 2,5-dimethylfuran (4.39) were obtained from Combi-Blocks. 

1-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (4.58) was obtained from TCI America. 

Tri(o-tolyl)phosphine (P(o-tolyl)3), Garg 4,5-indolyne precursor (4.59), cis-bis(2,2’-

bipyridine)dichlororuthenium(II) hydrate (4.52), phosphorus trichloride (PCl3), 1,1,1,3,3,3-

hexamethyldisilazane (HMDS), and bromomethyl methyl ether (MOMBr) were obtained from 

Sigma-Aldrich. N-bromosuccinimide and N-chlorosuccinimide were obtained from Acros 

Organics. 2,2’-bipyridine N-oxide (4.47)28 was prepared according to literature procedures. Thin-

layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm 

for analytical chromatography and 0.50 mm for preparative chromatography) and visualized 

using UV. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (at 400, 500 and 600 
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MHz) and are reported relative to residual solvent signals. Data for 1H NMR spectra are reported 

as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), integration. Data for 13C 

NMR are reported in terms of chemical shift (125 MHz). IR spectra were recorded on a Perkin-

Elmer UATR Two FT-IR spectrometer and are reported in terms of frequency absorption (cm–1). 

High-resolution ESI-MS spectra were collected on a Waters LCT Premier mass spectrometer by 

direct injection. DART-MS spectra were collected on a Thermo Exactive Plus MSD (Thermo 

Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense Inc.). Both 

the source and MSD were controlled by Excalibur software v. 3.0. The analyte was spotted onto 

OpenSpot sampling cards (IonSense Inc.) using volatile solvents (e.g., chloroform, 

dichloromethane). Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific). 

 

4.8.2 Experimental Procedures 

4.8.2.1 Halobipyridine Organometallic Complex Synthesis 

Note: The following procedures for the synthesis of halobipyridines 4.49 and 4.51 were adapted 

from a published literature protocol29 to facilitate gram-scale synthesis. 
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mmol), Pd(OAc)2 (65.4 mg, 0.291 mmol, 5 mol%), and N-Bromosuccinimide (1.24 g, 6.97 
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mmol, 1.2 equiv) was added PhCl (58 mL, 0.10 M). This suspension was then heated to 110 °C 

and stirred for 24 h. The reaction was then allowed to cool to 23 °C, at which point it was 

transferred with CH2Cl2 (30 mL) to a separatory funnel containing 1.0 M saturated aqueous 

NaOH (30 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 

30 mL). The combined organic layers were then dried over Na2SO4, filtered, and concentrated 

under reduced pressure to afford the corresponding bromobipyridine N-oxide 4.48 as a brown 

oil. This was carried forward without further purification. 

The crude oil was dissolved in CHCl3 (50 mL, 0.10 M) and cooled to 0 °C. To this stirred 

solution was added PBr3 (1.98 mL, 21.0 mmol, 4.0 equiv) dropwise over 8 min. The cooling bath 

was then removed and the reaction was warmed to 80 °C and stirred for 3 h. It was then allowed 

to cool to 23 °C before being cooled again to 0 °C. The reaction was then quenched by addition 

of 1.0 M aqueous NaOH (40 mL) over 1 min before being warmed to 23 °C. 6.0 M NaOH (40 

mL) was then added and the mixture was stirred at 23 °C for 5 min before being transferred to a 

separatory funnel. The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 

x 50 mL). The combined organic layers were then dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The resulting oil was purified by flash chromatography (5% Et3N in 9:1 

hexanes:EtOAc �  5% Et3N in 7:2 hexanes:EtOAc) using silica gel neutralized with Et3N to 

afford 2-bromobipyridine (4.49) as a beige solid (800 mg, 59% yield over two steps). 

Bromobipyridine 4.49: Rf 0.31 (10% MeOH in CH2Cl2). 1H NMR (500 MHz, CDCl3): δ 8.75 

(dd, J = 4.9, 0.8, 1H), 8.66 (d, J = 4.6, 1H), 8.03 (d, J = 7.9, 1H), 7.83 (td, J = 7.6, 1.4, 1H), 7.73 

(d, J = 7.7, 1H), 7.36 (dd, J = 7.6, 4.9, 1H), 7.22 (dd, J = 8.3, 4.7, 1H). Spectral data match those 

previously reported in the literature.29 
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2-Chlorobipyridine (4.51). To a flask containing 2,2’-bipyridyl N-oxide (4.47, 3.81 g, 22.1 

mmol), Pd(OAc)2 (248 mg, 1.11 mmol, 5 mol%), and N-Chlorosuccinimide (3.55 g, 26.6 mmol, 

1.2 equiv) was added PhCl (220 mL, 0.10 M). This suspension was then heated to 110 °C and 

stirred for 24 h. The reaction mixture was then allowed to cool to 23 °C, at which point it was 

transferred with CH2Cl2 (15 mL) to a separatory funnel containing 1.0 M saturated aqueous 

NaOH (100 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 

x 60 mL). The combined organic layers were then dried over Na2SO4, filtered, and concentrated 

under reduced pressure to afford the corresponding chlorobipyridine N-oxide 4.50 as a brown oil. 

This was carried forward without further purification. 

The crude oil was dissolved in CHCl3 (200 mL, 0.10 M) and cooled to 0 °C. To this 

stirred solution was added PCl3 (7.28 mL, 83.2 mmol, 4.0 equiv) dropwise at 0 °C over 12 min. 

The cooling bath was then removed and the reaction was warmed to 80 °C and stirred for 3 h. It 

was then allowed to cool to 23 °C before being cooled again to 0 °C. The reaction was then 

quenched by addition of 1.0 M aqueous NaOH (100 mL) over 2 min before being warmed to 23 

°C. 6.0 M NaOH (50 mL) was then added and the mixture was stirred at 23 °C for 5 min before 

being transferred to a separatory funnel. The layers were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were then dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The resulting brown oil was purified by flash 

chromatography (5% Et3N in 3:1 hexanes:EtOAc �  5% Et3N in 1:1 hexanes:EtOAc �  5% 

Et3N in 1:3 hexanes:EtOAc) using silica gel neutralized with Et3N to afford 2-chlorobipyridine 
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(4.51) as an off-white solid (2.96 g, 70% yield over two steps). 2-chlorobipyridine (4.51): Rf 

0.30 (3:1 EtOAc:hexanes). 1H NMR (400 MHz, CD3CN): δ 8.77 (d, J = 4.8, 1H), 8.64 (dd, J = 

4.8, 1.4, 1H), 7.83 (td, J = 8.7, 1.4, 2H), 7.77 (d, J = 7.9, 1H), 7.36 (ddd, J = 7.7, 4.9, 1.3, 1H), 

7.31 (dd, J = 8.31, 4.7, 1H). Spectral data match those previously reported in the literature.29 

 

 

Bromo-Ru(bpy)3[PF6]2 4.53. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(II) hydrate (4.52, 899 mg, 1.86 mmol, 1.0 equiv) and 

bromobipyridine 4.49 (667 mg, 2.84 mmol, 1.5 equiv) was added EtOH (120 mL) and H2O (120 

mL). The reaction mixture was then warmed to 91 °C and stirred for 14 h, during which the 

solution changed in color from deep purple to red. The reaction was then allowed to cool to 23 

°C before saturated aqueous KPF6 (50 mL) was added over 1 min while stirring to produce a red 

precipitate. The mixture was then filtered over a pad of celite (packed with Et2O), washed with 

Et2O (3 x 20 mL), and the filtrate was discarded. The remaining solid residue was redissolved in 

CH3CN (90 mL) and passed through the same celite plug. The resulting deep red filtrate was 

then concentrated under reduced pressure and then passed through a pad of neutral alumina with 

CH3CN (250 mL). The red band was collected and concentrated under reduced pressure to afford 

a red semi-solid. This material was then recrystallized from 1:1 MeOH:H2O (10 mL) and the 

resulting red crystals were washed with 1:1 MeOH:H2O (2 x 2 mL, cooled to 0 °C) and dried on 

high vacuum for 12 h at 60 °C to afford bromo-Ru(bpy)3[PF6]2 4.53 as a red crystalline solid 
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(1.36 g, 78% yield based on anhydrous 4.52). Bromo-Ru(bpy)3[PF6]2 4.53: mp >250 °C; Rf 0.64 

(7:2:1 MeCN:H2O:sat. aq. KNO3); 1H NMR (400 MHz, CD3CN): δ 9.56 (dq, J = 8.6, 0.7, 1H), 

8.49 (dd, J = 8.3, 3.4, 4H), 8.30 (dd, J = 8.3, 1.3, 1H), 8.10–8.02 (m, 5H), 7.84 (dd, J = 5.5, 1.4, 

2H), 7.76 (dq, J = 5.7, 0.7, 1H), 7.70 (dq, J = 5.7, 0.7, 1H), 7.68–7.63 (m, 2H); 13C NMR (125 

MHz, CD3CN, 26 of 30 signals observed): δ 157.79, 157.78, 157.69, 157.65, 157.5, 154.9, 153.2, 

152.8, 152.7, 152.5, 152.3, 145.7, 138.93, 138.91, 138.90, 138.0, 129.3, 128.7, 128.64, 128.58, 

128.55, 128.46, 127.9, 125.29, 125.28, 121.8; IR (film): 1606, 1467, 1447, 1425, 837, 762 cm–1. 

 

 

Chloro-Ru(bpy)3[PF6]2 4.34. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(II) hydrate (4.52, 4.00 g, 8.26 mmol, 1.0 equiv) and 

chlorobipyridine 4.51 (2.36 g, 12.4 mmol, 1.5 equiv) was added EtOH (330 mL) and H2O (330 

mL). The reaction mixture was then warmed to 91 °C and stirred for 14 h, during which the 

solution changed in color from deep purple to red. The reaction was then allowed to cool to 23 

°C before saturated aqueous KPF6 (300 mL) was added over 5 min while stirring to produce a 

red precipitate. The mixture was then filtered over a pad of celite (packed with Et2O), washed 

with Et2O (3 x 50 mL), and the filtrate was discarded. The remaining solid residue was 

redissolved in CH3CN (200 mL) and passed through the same celite plug. The resulting deep red 

filtrate was then concentrated under reduced pressure and then passed through a pad of neutral 

alumina with CH3CN (600 mL). The red band was collected and concentrated under reduced 
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pressure to afford a red semi-solid. The purified material was then divided into three portions and 

each was recrystallized from 1:1 MeOH:H2O (10 mL) and the resulting red crystals were washed 

with 1:1 MeOH:H2O (2 x 2 mL for each portion, cooled to 0 °C) and dried on high vacuum for 

12 h at 50 °C to afford chloro-Ru(bpy)3[PF6]2 4.34 as a red crystalline solid (6.13 g, 83% yield 

based on anhydrous 4.52). Chloro-Ru(bpy)3[PF6]2 4.34: mp >250 °C; Rf 0.60 (7:2:1 

MeCN:H2O:sat. aq. KNO3); 1H NMR (400 MHz, CD3CN): δ 9.41 (dq, J = 8.5, 0.8, 1H), 8.50 

(dd, J = 8.2, 1.0, 4H), 8.12–8.02 (m, 6H), 7.86 (dq, J = 5.6, 0.7, 1H), 7.81 (dd, J = 5.5, 1.3, 1H), 

7.76 (dq, J = 5.6, 0.7, 1H), 7.70 (dq, J = 5.6, 0.7, 1H), 7.68–7.64 (m, 2H), 7.44–7.35 (m, 5H), 

7.31 (dd, J = 8.4, 5.5, 1H); 13C NMR (125 MHz, CD3CN, 24 of 30 signals observed) δ 157.80, 

157.78, 157.71, 157.67, 157.1, 154.0, 153.2, 152.8, 152.47, 152.45, 151.9, 142.0, 138.94, 138.91, 

138.4, 134.2, 129.4, 128.7, 128.65, 128.61, 128.57, 128.5, 128.1, 125.30, 125.29; IR (film): 

1604, 1467, 1447, 1427, 1243, 837 cm–1. 
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mL). The resultant mixture was then filtered over a pad of celite (packed with Et2O) and washed 

with Et2O (3 x 30 mL). The solid residue was then redissolved in CH2Cl2 (200 mL) and 

concentrated under reduced pressure to afford a deep purple solid. This was carried forward 

without further purification. 

To the crude solid was added 2,2’-bipyridine (4.55, 281 mg, 1.80 mmol, 1.5 equiv), 

EtOH (80 mL), and H2O (80 mL) sequentially. The resulting mixture was then warmed to 91 °C 

and stirred for 14 h, during which the solution changed in color from deep purple to red. The 

reaction was then allowed to cool to 23 °C before saturated aqueous KPF6 (70 mL) was added 

over 2 min while stirring to produce a red precipitate. The mixture was then filtered over a pad of 

celite (packed with Et2O), washed with Et2O (3 x 30 mL), and the solid residue was redissolved 

in MeCN (200 mL). The deep red filtrate was then concentrated under reduced pressure and then 

purified by flash chromatography on neutral alumina (100% MeCN). The red band was collected 

and concentrated under reduced pressure to afford a red semi-solid. The purified material was 

then recrystallized from 1:1 MeOH:H2O (5 mL) and the resulting red crystals were washed with 

1:1 MeOH:H2O (2 x 2 mL, cooled to 0 °C) and dried on high vacuum for 12 h at 60 °C to afford 

bis(chloro)-Ru(bpy)3[PF6]2 4.30 as a red crystalline solid (491 mg, 45% yield over 2 steps). 

Bis(chloro)-Ru(bpy)3[PF6]2 4.30: mp >250 °C; Rf 0.63 (7:2:1 MeCN:H2O:sat. aq. KNO3); 1H 

NMR (500 MHz, CD3CN): δ 9.43–9.39 (m, 2H), 8.50 (d, J = 8.2, 2H), 8.13–8.04 (m, 6H), 7.88 

(dq, J = 5.6, 0.7, 1H), 7.85–7.82 (m, 1H), 7.81–7.77 (m, 1H), 7.75 (ddd, J = 5.6, 3.7, 1.4, 1H) 

7.71 (app. d, J = 5.6, 1H), 7.67–7.63 (m, 1H); 13C NMR (125 MHz, CD3CN) δ 157.59, 157.57, 

157.56, 157.5, 156.92, 156.85, 156.81, 153.85, 153.78, 153.75, 153.3, 153.04, 153.01, 152.64, 

152.63, 152.03, 152.02, 151.74, 151.71, 142.24, 142.22, 142.21, 139.13, 139.11, 139.10, 139.09, 

138.58, 138.57, 134.32, 134.29, 129.53, 129.51, 128.8, 128.72, 128.67, 128.61, 128.60, 128.5, 
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128.2, 128.1, 128.0, 125.41, 125.39, 125.37; IR (film): 1603, 1468, 1447, 1419, 1214, 835, 797 

cm–1. Note: 4.30 was obtained as a mixture of geometric isomers. These data represent 

empirically observed chemical shifts from the 13C NMR spectrum. 

 

 

Tris(chloro)-Ru(bpy)3[PF6]2 4.32. To a flask containing ruthenium(III) chloride trihydrate 

(4.54, 401 mg, 1.54 mmol, 1.0 equiv), 2-chlorobipyridine (4.51) (584 mg, 3.07 mmol, 2.0 equiv), 

and LiCl (390 mg, 9.21 mmol, 6.0 equiv) was added DMF (30 mL). The resulting suspension 

was warmed to 153 °C and stirred for 6 h. The reaction mixture was then allowed to cool to 23 

°C before acetone (35 mL) was added and the mixture was added dropwise to vigorously stirring 

Et2O (300 mL). The resultant mixture was then filtered over a pad of celite (packed with Et2O) 

and washed with Et2O (4 x 30 mL). The solid residue was then redissolved in CH2Cl2 (250 mL) 

and concentrated under reduced pressure to afford a deep purple solid. This was carried forward 

without further purification. 

To the crude solid material was added 2-chlorobipyridine (4.51) (443 mg, 2.32 mmol, 1.5 

equiv), EtOH (100 mL), and H2O (100 mL) sequentially. The resulting mixture was then warmed 

to 91 °C and stirred for 14 h, during which the solution changed in color from deep purple to red. 

The reaction was then allowed to cool to 23 °C before saturated aqueous KPF6 (70 mL) was 

added over 2 min while stirring to produce a red precipitate. The mixture was then filtered over a 

RuCl3 • 3H2O

1. 
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1     .153 °C, 6 h

2. 
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pad of celite (packed with Et2O), washed with Et2O (3 x 30 mL), and the solid residue was 

redissolved in MeCN (250 mL). The deep red filtrate was then concentrated under reduced 

pressure and then purified by flash chromatography on neutral alumina (100% MeCN). The red 

band was collected and concentrated under reduced pressure to afford a red semi-solid. The 

purified material was then recrystallized from 1:1 MeOH:H2O (5 mL) and the resulting red 

crystals were washed with 1:1 MeOH:H2O (2 x 2 mL, cooled to 0 °C) and dried on high vacuum 

for 12 h at 60 °C to afford tris(chloro)-Ru(bpy)3[PF6]2 4.32 as a red crystalline solid (567 mg, 

38% yield over 2 steps). Tris(chloro)-Ru(bpy)3[PF6]2 4.32: mp >250 °C; Rf 0.69 (7:2:1 

MeCN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.41 (d, J = 8.5, 3H), 8.14–8.06 (m, 

6H), 7.85–7.72 (m, 6H), 7.41–7.38 (qd, J = 6.8, 1.3, 3H), 7.35–7.28 (m, 3H); 13C NMR (125 

MHz, CD3CN) δ 156.7, 156.5, 153.63, 153.62, 153.59, 153.20, 153.18, 151.89, 151.87, 142.40, 

142.38, 142.37, 138.74, 138.71, 134.38, 134.36, 134.35, 134.34, 129.61, 129.60, 129.57, 128.83, 

128.79, 128.70, 128.66, 128.3, 128.2, 128.13, 128.07; IR (film): 1473, 1428, 1420, 1215, 837, 

797 cm–1. 

Note: 4.32 was obtained as a mixture of geometric isomers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 

 

 

Bromo-Ir(ppy)2bpy 4.28. To a 1-dram vial was added Di-µ-chlorotetrakis[2-(2-pyridinyl-

kN)phenyl-kC]diiridium(III) 4.56 (100.0 mg, 0.093 mmol, 1.0 equiv) in a glovebox. The vial 
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–
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was removed from the glovebox and placed under nitrogen in a hood. To a separate 1-dram vial 

was added 3-bromo-2,2’-bipyridine (4.49) (48.2 mg, 0.205 mmol, 2.2 equiv) and ethylene glycol 

(4.0 mL, 0.023 M), then the mixture was sparged with nitrogen for 15 minutes. The solution of 

3-bromo-2,2’-bipyridine was then transferred to the vial of diiridium (III) complex. The septa 

cap was replaced with a Teflon-lined screw cap and the reaction stirred at 150 °C for 15 h. After 

cooling to 23 °C, the reaction was transferred to a separatory funnel containing deionized water 

(48 mL). The aqueous phase was washed with hexanes (2 x 24 mL) and then ether (24 mL). The 

aqueous layer was then heated to 85 °C for 5 minutes to evaporate any remaining organic 

solvent. The solution cooled to 23 °C, then aq. ammonium hexafluorophospate (12 mL, 0.27 M) 

was added precipitating orange-yellow crystals. The solid was filtered through a plug of celite (2 

x 2 cm) and washed with water (20 mL) to remove ethylene glycol. The pad was then washed 

with acetonitrile (50 mL) to dissolve the product and the filtrate was collected and concentrated 

under reduced pressure to afford bromo-Ir(ppy)2bpy complex 4.28 as a dark yellow solid (95% 

yield). Bromo-Ir(ppy)2bpy 4.28. (7:2:1 CH3CN:H2O:sat. aq. KNO3); 1H NMR (600 MHz, 

CD3CN): δ 9.42 (ddd, J = 8.4, 1.3, 0.83, 1H), 8.37 (dd, J = 8.4, 1.4, 1H), 8.13 (ddd, J = 8.7, 7.9, 

1.8 1H), 8.09 – 8.04 (m, 4H), 7.88 – 7.83 (m, 2H), 7.78 (ddd, J = 7.9, 3.3, 1.1, 2H), 7.73 – 7.70 

(m, 2H), 7.49 (ddd, J = 7.7, 5.5, 1.2, 1H), 7.29 (dd, J = 8.6, 5.4, 1H), 7.06 – 7.01 (m, 4H), 6.90 

(tdd, J = 7.4, 2.4, 1.3, 2H), 6.22 (ddd, J = 7.6, 4.6, 1.0, 2H); HR-ESI-MS (m/z) calcd for 

C32H23BrN4Ir+, 735.0735; found 735.0738. 
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4.8.2.2 Reaction Optimization (Table 4.2) 

Representative Procedure for reaction optimization. Benzyne adduct 4.20 (Supplementary 

Table 4.2, entry 11):  

To a 1-dram vial was added Pd(OAc)2 (1.6 mg, 7.3 µmol, 10 mol%), Bromo-Ru(bpy)3[PF6]2 

4.53 (68.6 mg, 73.1 µmol, 1.0 equiv), P(o-tolyl)3 (2.2 mg, 7.3 µmol, 10 mol%), MeCN (0.5 mL), 

PhMe (0.5 mL), silyl triflate 4.19 (43.6 mg, 73.1 µmol, 2.0 equiv), an oven-dried magnetic 

stirbar, and CsF (111 mg, 731 µmol, 10.0 equiv) sequentially. The reaction was then purged with 

N2 for 5 min before being sealed with a Teflon-lined screw cap under a flow of N2, sealed with 

Teflon tape and electrical tape, and stirred at 110 °C for 30 min. After cooling to 23 °C, the 

mixture was filtered through a plug of celite with MeCN (6 mL) and concentrated under reduced 

pressure. The yield was determined by 1H NMR analysis with 1,3,5-trimethoxybenzene as an 

external standard. 

Optimization efforts that deviate from the above conditions are indicated below. 
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Table 4.2. Optimization studies of Br-Ru(bpy)3 annulation with benzyne. Yields were 

determined using 1H NMR analysis with 1,3,5-trimethoxybenzene (TMB) as an external 

standard. 

 

 

 

 

2% 48%

4% 40%

26% 24%

Pd(PPh3)4 P(o-tolyl)3

XPhos Pd G2

Pd(OAc)2 P(o-tolyl)3

5 mol% 5 mol%

5 mol% 5 mol%

5 mol% 5 mol%

60% 18%Pd(OAc)2 P(o-tolyl)3 10 mol% 30 mol%

54% 16%Pd(OAc)2 P(o-tolyl)3 10 mol% 30 mol% Ag2CO3

41% 19%Pd(OAc)2 P(o-tolyl)3 10 mol% 30 mol% K2CO3

–

–

–

–

32% 29%Pd(OAc)2 P(4-ClC6H4)3 10 mol% 30 mol%

16% 35%Pd(OAc)2 P(4-MeOC6H4)3 10 mol% 30 mol% –

44% 26%Pd(OAc)2 SPhos 10 mol% 30 mol% –

–

71% 16%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% –

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

30 min

2% 48%Pd(dba)2 P(o-tolyl)3 5 mol% 5 mol% – 2 h1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

1 : 1

3 : 1

1 : 3

61% 19%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% – 30 min

35% 28%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% – 30 min

9 : 1 44% 18%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% – 30 min

100% CH3CN 47% 16%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% – 30 min

78% 0%Pd(OAc)2 P(o-tolyl)3 10 mol% 10 mol% – 30 min1 : 1

4.20 4.21

4.19 (2 equiv)
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4.8.2.3 Scope of Pd-Catalyzed Aryne Annulation 

 

Representative Procedure A for aryne annulations (Figure 4.3, benzyne adduct 4.20 used as 

an example). To a 1-dram vial was added Pd(OAc)2 (1.5 mg, 6.7 µmol, 10 mol%), Bromo-

Ru(bpy)3[PF6]2 4.53 (62.2 mg, 0.066 mmol, 1.0 equiv), P(o-tolyl)3 (2.2 mg, 7.2 µmol, 10 mol%), 

MeCN (0.5 mL), PhMe (0.5 mL), silyl triflate 4.19 (40.1 mg, 0.134 mmol, 2.0 equiv), an oven-

dried magnetic stirbar, and CsF (101 mg, 0.663 mmol, 10.0 equiv) sequentially. The reaction was 

then purged with N2 for 5 min before being capped with a Teflon-lined screw cap under a flow of 

N2, sealed with Teflon tape and electrical tape, and stirred at 110 °C for 30 min. After cooling to 

23 °C, the mixture was filtered through a plug of celite with MeCN (6 mL), and concentrated 

under reduced pressure. The crude residue was adsorbed onto SiO2 and purified by flash 

chromatography (14:2:1 MeCN:H2O:sat. aq. KNO3). To the concentrated aqueous mixture was 

added saturated aqueous KPF6 (50 mL) to precipitate the desired product, and the resultant 

mixture was transferred to a separatory funnel with CH2Cl2 (50 mL). The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The combined organic layers 

were then concentrated under reduced pressure and dried on high vacuum at 100 °C for 12 h to 

afford benzyne adduct 4.20 as a deep red solid (69% yield, average of two experiments). 

Benzyne adduct 4.20: mp >250 °C; Rf 0.68 (7:2:1 MeCN:H2O:sat. aq. KNO3); 1H NMR (500 

MHz, CD3CN): δ 9.23 (d,d J = 8.4, 0.9, 2H), 8.92–8.88 (m, 2H), 8.55 (d, J = 8.3, 2H), 8.51 (d, J 

= 8.3, 2H), 8.11 (td, J = 7.9. 1.5, 2H), 8.07 (dd, J = 5.3, 0.9, 2H), 8.02–7.98 (m, 4H), 7.85 (d, J = 

RuII

N

N
N

N N
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N
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P(o-tolyl)3 (10 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 °C, 30 min

(69% yield)

4.53

4.19
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5.8, 2H), 7.79 (dd, J = 8.2, 5.3, 2H), 7.63 (d, J = 5.6, 2H), 7.46 (td, J = 6.9, 1.3, 2H), 7.23 (td, J = 

6.9, 1.2, 2H). 

 

 

Representative Procedure B for aryne annulations (Figure 4.3, naphthalyne adduct 4.26 

used as an example). To a 1-dram vial was added Pd(OAc)2 (1.4 mg, 6.4 µmol, 10 mol%), 

Bromo-Ru(bpy)3[PF6]2 4.53 (60.0 mg, 0.064 mmol, 1.0 equiv), P(o-tolyl)3 (2.0 mg, 6.4 µmol, 10 

mol%), MeCN (0.5 mL), PhMe (0.5 mL), silyl triflate 4.57 (44.6 mg, 0.128 mmol, 2.0 equiv), an 

oven-dried magnetic stirbar, and CsF (97.1 mg, 0.639 mmol, 10.0 equiv) sequentially. The 

reaction was then purged with N2 for 5 min before being sealed with a Teflon-lined screw cap 

under a flow of N2, sealed with Teflon tape and electrical tape, and stirred at 110 °C for 30 min. 

After cooling to 23 °C, the mixture was filtered through a plug of celite with MeCN (6 mL), and 

concentrated under reduced pressure. The crude residue was adsorbed onto SiO2 and purified by 

flash chromatography (100% EtOAc �  7:2:1 MeCN:H2O:sat. aq. KNO3). To the concentrated 

aqueous mixture was added saturated aqueous KPF6 (50 mL) to precipitate the desired product, 

and the resultant mixture was transferred to a separatory funnel with CH2Cl2 (50 mL). The layers 

were separated and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The combined 

organic layers were then concentrated under reduced pressure before being redissolved in 

CH3CN (10 mL). Activated charcoal (150 mg) was then added the mixture was agitated for 10 

seconds before being filtered over celite, concentrated under reduced pressure, and dried on high 
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vacuum at 100 °C for 12 h to afford naphthalyne adduct 4.26 as a deep red solid (61% yield, 

average of two experiments). Naphthalyne adduct 4.26: Rf 0.57 (7:2:1 CH3CN:H2O:saturated 

aqueous KNO3); 1H NMR (500 MHz, CD3CN): δ 9.41 (s, 2H), 9.29 (dd, J = 8.0, 1.2, 2H), 8.56 – 

8.51 (m, 4H), 8.30–8.27 (m, 2H), 8.11 (td, J = 10, 1.4, 2H), 8.03 – 7.99 (m, 4H), 7.85 (dd, J = 

5.5, 0.5, 2H), 7.79–7.76 (m, 4H), 7.72 (dd, J = 5.6, 0.5, 2H), 7.46 (ddd, J = 7.8, 5.7, 1.3, 2H), 

7.27 (ddd, J = 7.8, 5.7, 1.3, 2H); 13C NMR (500 MHz, CD3CN): δ 158.1, 157.9, 152.9, 152.8, 

152.3, 149.6, 138.8, 138.7, 134.0, 133.0, 132.3, 129.3, 129.1, 128.5, 128.4, 127.7, 126.4, 125.6, 

125.2, 125.1; HR-ESI-MS (m/z) calcd for C40H27N6PF6Ru+, 839.1061; found 839.1050. 

 

 

Naphthalyne adduct 4.27. Followed representative procedure B. Purification by flash 

chromatography (14:2:1 CH3CN:H2O:sat. aq. KNO3) afforded naphthalyne adduct 4.27 (61% 

yield, average of two experiments) as a red solid. Naphthalyne adduct 4.27: Rf  0.70 (7:2:1 

CH3CN:H2O:sat. aq. KNO3); (600 MHz, CD3CN): δ 9.52 (d, J = 8.7, 1H), 9.29 (d, J = 8.7, 1H), 

8.96 (d, J = 8.3, 1H), 8.82 (d, J = 8.7, 1H), 8.57–8.50 (m, 4H), 8.37 (d, J = 8.8, 1H), 8.24 (d, J = 

7.9, 1H), 8.15–8.09 (m, 4H) 8.00 (t, J = 7.8, 2H), 7.89–7.78 (m, 6H), 7.69 (d, J = 5.2, 1H), 7.64 

(d, J = 5.6, 1H), 7.49–7.44 (m, 2H), 7.23–7.20 (m, 2H); HR-ESI-MS (m/z) calcd for 

C40H27N6PF6Ru+, 839.1061; found 839.1119. 
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Silyl triflate 4.60. To a solution of Garg 4,5-indolyne precursor (4.59, 913 mg, 2.71 mmol, 1.0 

equiv) in DME (9 mL, 0.3 M) at –20 °C was added MeI (256 µL, 4.10 mmol, 1.5 equiv) and 

NaH (60 wt% dispersion in mineral oil; 215 mg, 5.41 mmol, 2.0 equiv) sequentially. The 

reaction mixture was then stirred at –20 °C for 50 min before being quenched by addition of 

saturated aqueous NH4Cl (5 mL). It was then allowed to warm to 23 °C and transferred to a 

separatory funnel with H2O (10 mL) and EtOAc (10 mL). The layers were then separated and the 

aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic layers were dried 

over MgSO4, filtered, and concentrated under reduced pressure. The crude residue was then 

purified by flash chromatography (100% hexanes �  100:1 hexanes:EtOAc �  50:1 

hexanes:EtOAc) to afford silyl triflate 4.60 as a viscous, oil (927 mg, 97% yield). N-Me silyl 

triflate 4.60: Rf 0.63 (4:1 hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.33 (d, J = 9.0, 0.9, 

1H), 7.20–7.14 (m, 2H), 6.68 (dd, J = 3.4, 0.6, 1H), 3.81 (s, 3H), 0.50 (s, 9H). Spectral data 

match those previously reported in the literature.30 

 

 

Indolyne adduct 4.25. Followed representative procedure A. Purification by flash 

chromatography (7:2:1 CH3CN:H2O:sat. aq. KNO3) afforded indolyne adduct 4.25 (75% yield) 
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as a red solid. Indolyne adduct 4.25: Rf  0.63 (7:2:1 CH3CN:H2O:sat. aq. KNO3); 1H NMR (400 

MHz, CD3CN): δ 9.71 (d, J = 8.0, 1H), 9.25 (d, J = 8.0, 1H), 8.72 (d, 1H), 8.55 – 8.45 (m, 4H), 

8.05 – 7.95 (m, 3H), 7.90 – 7.80 (m, 3H), 7.70 – 7.77 (m, 1H), 7.65 – 7.60 (m, 3H), 7.57 (m, 

1H), 7.47–7.44 (m, 2H), 7.21–7.17 (m, 2H), 4.24 (s, 3H). 

 

 

Ir-benzyne adduct 4.29. Followed representative procedure A. Purification by flash 

chromatography (9:1 benzene:acetonitrile → 3:2 benzene:acetonitrile) afforded Ir-benzyne 

adduct 4.29 (75% yield, average of two experiments) as a dark orange solid. Ir-benzyne adduct 

4.29: 1H NMR (600 MHz, CD3CN): δ 9.30 (dd, J = 8.6, 0.9, 1H), 8.92 – 8.88 (m, 1H), 8.29 (dd, J 

= 5.1, 1.3, 1H), 8.06 (d, J = 8.3, 1H), 8.00 – 7.98 (m, 1H), 7.89 (dd, J = 8.6, 5.1, 1H), 7.84 (dd, J 

= 8.0, 1.1, 1H), 7.79 (ddd, J = 8.2, 7.6, 1.5, 1H), 7.49 (ddd, J = 6.0, 1.5, 0.7, 1H), 7.29 (dd, J = 

8.4, 5.3, 1H), 7.06 – 7.00 (m, 4H), 6.90 (tdd, J = 7.5, 2.5, 1.3, 2H), 6.22 (ddd, 7.5, 4.8, 1.2, 2H); 

HR-ESI-MS (m/z) calcd for C38H26N4Ir+, 731.1787; found 731.1659. 

 

 

1+
PF6

–

IrI

N

N

N

N Br

4.57

+ IrI

N

N

N

N

+
PF6

–

TfO

Me3Si

(2 equiv)
4.19

4.29

Pd(OAc)2 (10 mol%)
P(o-tolyl)3 (10 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 °C, 30 min

(75% yield)
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Bis-annulation adduct 4.31. Followed representative procedure A. Purification by flash 

chromatography (14:1:1 CH3CN:H2O:sat. aq. KNO3) afforded adduct 4.31 (54% yield, average 

of two experiments) as a red solid. Bis-annulation adduct 4.31: mp >250 °C; Rf 0.77 (7:2:1 

MeCN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.27 (d, J = 8.6, 1H), 9.16 (d, J = 

8.6, 1H), 8.96–8.85 (m, 2H), 8.54 (d, J = 8.4, 1H), 8.17 (d, J = 5.2, 1H), 8.07–7.92 (m, 4H), 7.83 

(dd, J = 8.5, 5.3, 1H), 7.74 (d, J = 5.3, 1H), 7.61 (dd, J = 8.2, 5.4, 1H), 7.28 (t, J = 6.4, 1H); ); 

13C NMR (125 MHz, CD3CN, 19 of 21 signals observed) δ 158.1, 153.1, 152.9, 152.8, 149.0, 

148.8, 138.7, 133.2, 133.0, 131.32, 131.26, 131.2, 129.14, 128.3, 127.4, 127.3, 125.64, 125.60, 

125.1; IR (film): 1467, 1436, 1407, 840, 762 cm–1. 

 

 

Tris-annulation adduct 4.33. Followed representative procedure B. Purification by flash 

chromatography (14:1:1 CH3CN:H2O:sat. aq. KNO3) afforded adduct 4.33 (57% yield, average 

of two experiments) as a red solid. Tris-annulation adduct 4.33: mp >250 °C; Rf  0.78 (7:2:1 

CH3CN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.22 (dd, J = 8.7, 0.7, 6H), 8.93–
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N
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N N
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+
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N
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N N

N
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Me3Si

4.314.30

Pd(OAc)2 (20 mol%)
P(o-tolyl)3 (20 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 °C, 30 min

(54% yield)(4 equiv)
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2+
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–
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Me3Si

Pd(OAc)2 (30 mol%)
P(o-tolyl)3 (30 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 °C, 30 min

(57% yield)

4.32

(6 equiv)
4.19

4.33
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8.90 (m, 6H), 8.08 (dd, J = 5.3, 1.0, 6H), 8.03–7.99 (m, 6H), 7.68 (dd, J = 8.3, 5.3, 6H); 13C 

NMR (125 MHz, CD3CN) δ 153.1, 149.0, 133.1, 131.3, 131.2, 129.2, 127.3, 125.6. 

 

4.8.2.4. Synthesis of Ligand-Bound Silyl Triflate and Trapping of Organometallic Aryne 

 

 

Silyl alcohol 4.62. To a stirred solution of 2,5-dibromohydrone (4.61, 2.60 g, 9.71 mmol, 1.0 

equiv) in THF (4.40 mL, 2.20 M) was added HMDS (4.25 mL, 20.4 mmol, 2.1 equiv). The 

mixture was then heated to 66 °C and stirred for 2 h. Then, the reaction mixture was allowed to 

cool to 23 °C and the volatiles were removed. THF (69.3 mL, 0.14 M) was then added and the 

mixture was cooled to –78 °C. n-BuLi (2.49 M in hexanes; 4.29 mL, 10.7 mmol, 1.1 equiv) was 

then added dropwise over 8 min. The reaction mixture was then stirred at –78 °C for 25 min. 

Tf2O (1.80 mL, 10.7 mmol, 1.1 equiv) was then added dropwise over 5 min at –78 °C, and the 

mixture was allowed to stir at this temperature for 25 min. n-BuLi (2.49 M in hexanes; 4.29 mL, 

10.7 mmol, 1.1 equiv) was then added dropwise over 8 min. The reaction mixture was then 

stirred at –78 °C for 25 min. Finally, the reaction was quenched by addition of sat. aq. NaHCO3 

(40 mL) in one portion and the mixture was allowed to warm to 23 °C before being transferred to 

a separatory funnel with Et2O (100 mL) and the layers were separated. The aqueous layer was 

then extracted with Et2O (2 x 100 mL) and the combined organic layers were then dried over 

Br

OH

i.    HMDS (2.1 equiv), THF (2.2 M), 66 °C, 2 h

ii.   n-BuLi (1.1 equiv), THF (0.1 M), –78 °C; Tf2O (1.1 equiv)
iii.  n-BuLi (1.1 equiv), –78 °C; NaHCO3

Br

HO SiMe3

OHMe3Si

TfO

(70% yield, one pot)

Br

OSiMe3Me3Si

O Br

OSiMe3Me3Si

TfO SiMe3

OMe3Si

TfO

Triflation
Protonation

Br

OSiMe3Br

Me3SiO

Retro-Brook 
Rearrangement

Silylation Retro-Brook 
Rearrangement

4.61 4.62
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Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was then purified 

by flash chromatography (100% hexanes �  3% EtOAc in hexanes �  5% EtOAc in hexanes) to 

afford silyl alchol 4.62 as a viscous yellow oil (2.62 g, 70% yield). Silyl alcohol 4.62: Rf 0.39 

(9:1 hexanes:EtOAc). 1H NMR (600 MHz, CDCl3): δ 7.23 (s, 1H), 6.74 (s, 1H), 4.88 (s, 1H), 

0.35 (s, 9H), 0.31 (s, 9H). Spectral data match those previously reported in the literature.31 

 

 

Methoxymethyl ether 4.37. To a stirred solution of silyl alcohol 4.62 (1.03 g, 2.66 mmol, 1.0 

equiv) in THF (25 mL, 0.10 M) at 0 °C was added sodium hydride (dry, 95%; 202 mg, 7.99 

mmol, 3.0 equiv) in one portion. The solution was then stirred at 0 °C for 15 min, followed by 

dropwise addition of bromomethyl methyl ether (522 µL, 6.39 mmol, 2.40 equiv) over 1 minute. 

Following addition, the reaction was allowed to warm to 23 °C and stirred for 15 min before 

being diluted with Et2O (30 mL). H2O (30 mL) was then added over 30 seconds and then mixture 

was transferred with Et2O (5 mL) to a separatory funnel. The layers were separated and the 

aqueous layer was extracted with Et2O (3 x 30 mL).  The combined organic layers were then 

washed with H2O (30 mL), dried over Na2SO4, and concentrated under reduced pressure. The 

crude residue was then purified by flash chromatography (100% hexanes) to afford methoxy 

methyl ether 4.37 as a white solid (814 mg, 71% yield). Methoxymethyl ether 4.37: Rf 0.56 (9:1 

hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.25 (s, 1H), 7.14 (s, 1H), 5.19 (s, 2H), 3.48 (s, 

3H), 0.36 (s, 9H), 0.28 (s, 9H). 13C NMR (125 MHz, CD3CN) δ 160.5, 149.6, 135.3, 132.8, 

126.1, 126.0, 119.2, 118.7 (q, J = 320.5), 94.3, 56.3, –0.7, –1.2. 

 

TfO

Me3Si OH

SiMe3
MOMBr (2.4 equiv)

NaH (3.0 equiv)

THF (0.1 M)
0 → 23 °C, 15 min

(71% yield)

SiMe3

OMOMMe3Si

TfO

4.62 4.37
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Methoxymethyl ether adduct 4.38. To a 20 mL scintillation vial was added Pd(OAc)2 (10.1 

mg, 44.8 µmol, 10 mol%), chloro-Ru(bpy)3[PF6]2 4.34 (400.5 mg, 0.448 mmol, 1.0 equiv), P(o-

tolyl)3 (13.6 mg, 44.8 mmol, 10 mol%), MeCN (3.0 mL), PhMe (3.0 mL), silyl triflate 4.37 (564 

mg, 1.31 mmol, 3.0 equiv), an oven-dried magnetic stirbar, and CsF (204 mg, 1.34 mmol, 3.0 

equiv) sequentially. The reaction was then purged with N2 for 5 min before being sealed with a 

Teflon-lined screw cap under a flow of N2, sealed with Teflon tape and electrical tape, and 

stirred at 110 °C for 2 h. After cooling to 23 °C, the mixture was filtered through a plug of celite 

with MeCN (10 mL), and concentrated under reduced pressure. The crude residue was adsorbed 

onto SiO2 and purified by flash chromatography (100% EtOAc �  14:1:1 MeCN:H2O:sat. aq. 

KNO3). To the concentrated aqueous mixture was added saturated aqueous KPF6 (100 mL) to 

precipitate the desired product, and the resultant mixture was transferred to a separatory funnel 

with CH2Cl2 (50 mL). The layers were separated and the aqueous layer was extracted with 

CH2Cl2 (2 x 50 mL). The combined organic layers were then concentrated under reduced 

pressure before being redissolved in CH3CN (10 mL). Activated charcoal (500 mg) was then 

added and the mixture was agitated for 10 seconds before being filtered over celite, concentrated 

under reduced pressure, and dried on high vacuum at 100 °C for 12 h to afford methoxymethyl 

ether adduct 4.38 as a red solid (380 mg, 80% yield). Methoxymethyl ether adduct 4.38: Rf 

0.79 (7:2:1 CH3CN:H2O:saturated aqueous KNO3); 1H NMR (500 MHz, CD3CN): δ 9.25 (dd, J 

RuII

N

N
N

N N

N Cl

Pd(OAc)2 (10 mol%)
P(o-tolyl)3 (10 mol%)

CsF (3 equiv)

110 °C, 2 h

TfO

Me3Si

(3 equiv)

SiMe3

OMOM

RuII

N

N
N

N N

N

SiMe3

OMOM

2+
2PF6

–
2+
2PF6

–

MeCN:PhMe (1:1, 0.075 M)

(80% isolated yield)

4.34 4.38

4.37
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= 12.0, 8.5, 2H), 8.88 (s, 1H), 8.60 (dd, J = 8.2, 2H), 8.56 (dd, J = 8.2, 2H), 8.34 (s, 1H), 8.16–

8.11 (m, 3H), 8.08 (d, J = 5.2, 1H), 8.03 (tt, J = 7.9, 1.7, 2H), 7.91 (d, J = 5.8, 2H), 7.82 (td, J = 

8.4, 5.3, 2H), 7.69 (t, J = 6.8, 2H), 7.50 (td, J = 6.6, 1.0, 2H), 7.28 (dd, J = 12.9, 5.5, 2H), 5.58 

(q, J = 5.5, 2H), 3.54 (s, 3H), 0.48 (s, 9H). 

 

 

Silyl triflate 4.36. To a stirred solution of methoxymethyl ether 4.38 (259 mg, 0.243 mmol, 1.0 

equiv) in CH2Cl2 (25 mL, 0.01 M) at 23 °C was added solid supported catalyst NaHSO4•SiO2
32 

(2.63 g, stored in the oven for >48 h and added while hot) in one portion. The reaction mixture 

was then stirred for 6 h at 23 °C. The mixture was then filtered through a plug of silica gel with 

7:2:1 MeCN:H2O:sat. aq. KNO3 (100 mL). The eluate was concentrated under reduced pressure 

before being crashed out with sat. aq. KPF6 (100 mL) and transferred to a separatory funnel with 

CH2Cl2 (100 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (2 

x 100 mL). The combined organic layers were then concentrated under reduced pressure to 

afford the intermediate silyl alcohol as a red solid. 

The intermediate silyl alcohol was then dissolved in CH2Cl2 (25 mL, 0.01 M) and while 

stirring at 23 °C, DMAP (89.3 mg, 0.731 mmol, 3.0 equiv) and Comins’ reagent (144 mg, 0.366 

mmol, 1.5 equiv) were added sequentially, each in single portions. After stirring at 23 °C for 30 

min, the reaction was concentrated under reduced pressure and then loaded onto a silica plug. 

The silica plug was washed with EtOAc (200 mL) before being eluted with 7:2:1 
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N

N N

N

SiMe3
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2PF6

–

1. NaHSO4•SiO2
1. CH2Cl2 (0.01 M)
1. 23 °C, 12 h

2. Comins’ Reagent (1.5 equiv)
1. DMAP (3 equiv)
1. CH2Cl2 (0.01 M)
1. 23 °C, 30 min

RuII

N

N
N

N N

N

SiMe3

OTf

2+
2PF6

–

(73% yield, 2 steps)4.38 4.36
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MeCN:H2O:sat. aq. KNO3 (100 mL). The red eluate was then concentrated under reduced 

pressure and transferred with CH2Cl2 (100 mL) to a separatory funnel containing 2 M aq. HCl 

(100 mL). The layers were separated and the organic layer was washed with 2 M aq. HCl (2 x 40 

mL). The combined aqueous layers were then back-extracted with CH2Cl2 (2 x 100 mL). The 

organic layers were then combined, dried over Na2SO4, and concentrated under reduced 

pressure. The residue was then filtered over a pad of neutral alumina (200 mL CH3CN eluent) 

and concentrated under reduced pressure before being dried on hi-vac at 100 °C for 1 h to afford 

silyl triflate 4.36 as a red solid (204 mg, 73% yield). Silyl triflate 4.36: 1H NMR (500 MHz, 

CD3CN): δ 9.29 (d, J = 8.6, 1H), 9.11 (d, J = 8.5, 1H), 9.02 (s, 1H), 8.69 (s, 1H), 8.53 (d, J = 8.2, 

2H), 8.49 (d, J = 8.2, 2H), 8.13–8.08 (m, 4H), 8.00 (tt, J = 7.9, 1.7, 2H), 7.84–7.78 (m, 4H), 7.60 

(t, J = 5.3, 2H), 7.45 (t, J = 6.8, 2H), 7.22 (qt, J = 6.6, 1.3, 2H), 0.55 (s, 9H). 

 

 

Furan 4.40. To a stirred solution of silyl triflate 4.36 (11.2 mg, 9.71 µmol, 1.0 equiv) and 2,5-

dimethylfuran (4.39, 10.5 µL, 97.1 µmol, 10.0 equiv) at 23 °C was added CsF (7.4 mg, 48.5 

µmol, 5.0 equiv) in one portion. After stirring at 23 °C for 1 h, the reaction was filtered through a 

plug of celite with CH3CN (10 mL) and then concentrated under reduced pressure. The crude 

residue was then adsorbed onto SiO2 and purified by flash chromatography (100% EtOAc �  

14:1:1 MeCN:H2O:sat. aq. KNO3). To the concentrated aqueous mixture was added saturated 

aqueous KPF6 (100 mL) to precipitate the desired product, and the resultant mixture was 

CsF (5 equiv)

CH3CN (0.01 M), 23 °C, 12 h

(80% yield)
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transferred to a separatory funnel with CH2Cl2 (50 mL). The layers were separated and the 

aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The combined organic layers were then 

concentrated under reduced pressure. Further purification by preparative TLC (14:1:1 

MeCN:H2O:sat. aq. KNO3) afforded furan 4.40 as a red solid (8.0 mg, 80% yield). Furan 4.40: 

1H NMR (500 MHz, CD3CN): δ 9.23 (dt, J = 8.6, 1.3, 2H), 8.59 (d, J = 1.5, 2H), 8.52 (dd, J = 

8.3, 0.8, 2H, 8.49 (ddt, J = 8.3, 3.1, 1.1, 2H), 8.09 (td, J = 7.9, 1.5, 2H), 8.04 (ddd, J = 5.2, 4.8, 

1.1, 2H), 8.01–7.95 (m, 2H), 7.84–7.81 (m, 2H), 7.76 (dd, J = 8.5, 5.2, 2H), 7.57 (ddd, J = 11.8, 

5.7, 1.6, 2H), 7.44 (ddt, J = 7.6, 5.7, 1.3, 2H), 7.19 (dddd, J = 13.0, 7.6, 5.7, 1.4, 2H), 6.92 (dd, J 

= 6.9, 5.4, 2H), 2.04 (s, 3H), 2.04 (s, 3H); 13C NMR (125 MHz, CD3CN, 29 of 32 signals 

observed): δ 158.1, 157.90, 157.88, 156.2, 152.90, 152.89, 152.8, 152.3, 145.6, 147.41, 147.38, 

138.8, 138.62, 138.59, 133.3, 131.3, 128.5, 128.33, 128.32, 127.2, 127.1, 125.2, 125.11, 125.09, 

114.9, 114.8, 89.6, 15.53, 15.50. 
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4.9 Spectra Relevant to Chapter Four: 

 

Aryne-Driven Approach for the Synthesis and Manipulation  

of Polypyridyl Metal Complexes 

 

  



 231 

 
Figure 4.7. 1H NMR (500 MHz, CD3CN) compound 4.20 

 
Figure 4.8. 13C NMR (125 MHz, CD3CN) compound 4.20 
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Figure 4.9. 1H NMR (400 MHz, CD3CN) compound 4.25 
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Figure 4.10. 1H NMR (500 MHz, CD3CN) compound 4.26 

 
Figure 4.11. 13C NMR (125 MHz, CD3CN) compound 4.26 
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Figure 4.12. 1H NMR (500 MHz, CD3CN) compound 4.27 

 
Figure 4.13. 13C NMR (125 MHz, CD3CN) compound 4.27 
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Figure 4.14. 1H NMR (600 MHz, CD3CN) compound 4.28 

 

 
 

Figure 4.15. 1H NMR (600 MHz, CD3CN) compound 4.29 
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Figure 4.16. 1H NMR (500 MHz, CD3CN) compound 4.30 

 
Figure 4.17. 13C NMR (125 MHz, CD3CN) compound 4.30 
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Figure 4.18. 1H NMR (500 MHz, CD3CN) compound 4.31 

 
Figure 4.19. 13C NMR (125 MHz, CD3CN) compound 4.31 
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Figure 4.20. 1H NMR (500 MHz, CD3CN) compound 4.32 

 
Figure 4.21. 13C NMR (125 MHz, CD3CN) compound 4.32 
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Figure 4.22. 1H NMR (600 MHz, CD3CN) compound 4.33 

 
Figure 4.23. 13C NMR (125 MHz, CD3CN) compound 4.33 
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Figure 4.24. 1H NMR (400 MHz, CD3CN) compound 4.34 

 
Figure 4.25. 13C NMR (125 MHz, CD3CN) compound 4.34 
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Figure 4.26. 1H NMR (500 MHz, CD3CN) compound 4.36 

 
 
 
 
 

11 10 9 8 7 6 5 4 3 2 1 0 ppm

0.
55

0

7.
21

7
7.

22
0

7.
43

3
7.

44
4

7.
44

6
7.

44
8

7.
45

7
7.

45
9

7.
58

8
7.

59
9

7.
60

9
7.

78
1

7.
79

8
7.

81
6

7.
82

8
7.

98
2

7.
99

5
7.

99
8

8.
01

4
8.

10
0

8.
10

3
8.

11
4

8.
48

7
8.

50
3

8.
52

5
8.

54
1

8.
69

4
9.

02
2

9.
10

3
9.

10
5

9.
12

0
9.

27
7

9.
29

4

9.
00

0

2.
03

0
2.

22
2

2.
08

7
4.

18
2

2.
16

7
4.

18
8

2.
17

6
2.

12
3

0.
96

6
0.

99
0

1.
00

6
0.

97
2

Current Data Parameters
NAME       JVC-2020-051
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20200312
Time              18.07
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   32
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                 1024
DW               50.000 usec
DE                 6.00 usec
TE                294.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300141 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

RuII

N

N
N

N N

N

SiMe3

OTf

2+
2PF6–

4.36



 242 

 
Figure 4.27. 1H NMR (500 MHz, CDCl3) compound 4.37 

 
Figure 4.28. 13C NMR (125 MHz, CDCl3) compound 4.37 
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Figure 4.29. 1H NMR (500 MHz, CD3CN) compound 4.38 

 
Figure 4.30. 1H NMR (500 MHz, CD3CN) compound 4.40 
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Figure 4.31. 1H NMR (500 MHz, CDCl3) compound 4.49 

 
Figure 4.32. 1H NMR (500 MHz, CDCl3) compound 4.51 
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Figure 4.33. 1H NMR (400 MHz, CD3CN) compound 4.53 

 
Figure 4.34. 13C NMR (125 MHz, CD3CN) compound 4.53 
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CHAPTER FIVE 

 

Heterocyclic Aryne Annulations for the π-Extension of Donor Ligands in  

Two-Coordinate Metal Complexes 

 

5.1 Abstract 

 Organic light emitting diodes (OLEDs) are crucial for high-performance displays and 

solid-state lighting applications. Recently, linear two-coordinate metal complexes have been 

identified as promising dopants with high photoluminescence efficiency and short-lived excited 

states, whose properties are controlled by the choice of donor and acceptor ligands. Herein, we 

report a modular platform that leverages a novel carbazolyne precursor to access N-containing 

donor ligands bearing extended π-conjugation. Subsequent photophysical characterization of 

two-coordinate metal complexes bearing π-extended donors identify a new thermally-activated 

delayed fluorescence dopant that displays up to 80% photoluminescence efficiency. 

 

5.2 Introduction 

 Efficient and stable organic light emitting diodes (OLEDs) are crucial for high-

performance display technologies and solid-state lighting applications.1 Despite decades of 

research in both industry and academia, fundamental discoveries continue to improve the 

emissive properties and tunability of organometallic phosphors.2 One recent advancement is the 

development of thermally-activated delayed fluorescence (TADF) complexes of the general 

structure donor(carbazole)–M–acceptor(carbene), where M is Cu(I), Ag(I), or Au(I) (5.1 and 5.2, 

Figure 5.1A).3 The promise of these compounds is evident in their high photoluminescence 



 251 

efficiencies (up to 100% in both solution and in the solid state), short-lived excited states (τ < 1 

µs), as well as an economic advantage over conventional phosphor dopants that rely on precious 

metals (e.g., Ir and Pt).4 

The photophysical properties of these TADF complexes can be manipulated by altering 

both the donor and acceptor ligands.3c,5 However, a majority of ligand studies have focused on 

the influence of N-heterocyclic carbene (NHC) acceptors, whereas manipulation of the carbazole 

donor remains limited. Previous donor studies, as summarized in Figure 5.1B, have focused on 

electronic modification using electron-donating or withdrawing groups (5.3), steric hindrance 

(5.4), and structural flexibility (5.5), leading to important structure-property relationships.3b 

Extending the conjugation of related systems has also been shown to effect relative HOMO and 

LUMO energy levels, thereby altering emission color.6 However, the effect of π-extension on the 

photophysical properties of donor(carbazole)–M–acceptor(carbene) complexes has not yet been 

explored.  

In this study, we aim to elucidate the effects of extending the π-conjugation of a 

carbazole donor ligand in two-coordinate metal complexes 5.6 (Figure 5.1C). We envisioned 

accessing scaffold 5.6 through a Pd-catalyzed annulation between 2-bromobiphenyl (5.7) and 

2,3-carbazolyne (5.8), followed by coordination with metal–acceptor complex 5.9. We also 

demonstrate the versatility of this synthetic platform for the modular synthesis of various N-

heterocycles with extended conjugation and functional group variability. 
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Figure 5.1. (A) Linear two-coordinate metal complexes. (B) Previous donor studies. (C) A 

modular platform for studying conjugation effects of donors in two-coordinate metal complexes. 
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5.3 Annulation of Heterocycles 

We initiated our synthetic studies by pursuing a Pd-catalyzed annulation reaction of 

bromobiaryls 5.10 with N-Me-4,5-indolyne precursor 5.11 (Figure 5.2). Silyl triflate 5.11, 

accessible in only one step from its commercially available N–H derivative, would serve as a 

model for the corresponding unknown carbazolyne. We were inspired by an analogous 

annulation strategy previously reported by Larock using benzyne and halobiaryls in the presence 

of Pd(0),7 although we found that reaction conditions needed to be modified in order to tolerate 

our heterocyclic aryne (hetaryne) variant. We determined that 5 mol% Pd(dba)2, a 1:1 ratio of 

co-solvents, acetonitrile and toluene, and 10 equivalents of cesium fluoride (CsF) were optimal. 

Presumably, these conditions were ideal for enabling slow generation of the highly reactive 

hetaryne, such that it can undergo interception of the catalytically-generated Pd intermediates 

(from 5.10) without competitive decomposition. Both N-Me and N-Boc8 substituted indolynes 

could be coupled with 2-bromobiphenyl (5.7) to give 5.13 and 5.14 in 90% and 61% yields, 

respectively.9 Substituted biaryls could also be coupled in good yield, albeit while giving 

mixtures of regioisomers. For example, methoxy- and nitro-substituted biaryls underwent the 

annulation smoothly to deliver adducts 5.15 and 5.16 in 62% and 80% yields, respectively. 

Various heterocycles could also be incorporated into the extended aromatic scaffold, as 

evidenced by the formation of pyridine 5.17 and pyrrole 5.18 in 76% and 86% yields, 

respectively. Additionally, fused indole 5.19 could be obtained in 90% yield, as well as indole 

5.20 in 57% yield. Not only do these results confirm that hetarynes can be harnessed in 

annulation reactions with various biaryl substrates, but they also provide a synthetic entryway to 

electronically and structurally diverse π-extended N-heterocycles, which could be of interest in 

the study of polycyclic aromatic hydrocarbon (PAH)-based materials. 
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Figure 5.2. Scope of biaryl annulation partners. 5 mol% Pd(dba)2 and P(o-tolyl)3 loadings. 

Yields for 5.15–5.20 reflect isolated yields of a mixture of regioisomers (~1–1.5:1; see section 

5.8.2 for details). 
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rearrangement/triflation sequence to afford silyl triflate 5.23 in 53% yield. During our initial 

annulation studies using indolynes, we observed diminished yields with hetaryne precursors 

bearing a free N–H, so we opted to protect carbazole 5.23 prior to the annulation. Protection was 

achieved either through methylation using iodomethane to afford N-Me-carbazolyne precursor 

5.24 in 77% yield or via Boc-protection using Boc2O to provide N-Boc-carbazolyne precursor 

5.25 in 93% yield.  

 

 

Scheme 5.1. Synthesis of carbazolyne silyl triflate precursors. 
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reaction time did not achieve adequate conversion to the free N–H product. Therefore, the 

annulation was followed by treatment with trifluoroacetic acid (TFA) in dichloromethane to 

generate the desired π-extended carbazole 5.27 in 65% yield over two steps. 

 

 

Figure 5.3. Annulation with N-substituted carbazolynes. 
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Figure 5.4. Synthesis of novel two-coordinate organometallic complexes. 
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complex 5.32,3c which undergoes rapid ICT, 5.29 displays a similar emission profile at 298 K, 

albeit red shifted as a result of the extended conjugation. It is also noteworthy that the emission is 

red shifted when moving from polar (MeTHF) to non-polar (MeCy and polystyrene film12) 

media. Such solvatochromic behavior is a consequence of dipole moment interactions between 

the solvent and the complex, in which the dipole of the excited state is larger and opposite 

relative to the ground state. Emission at 77 K (500 nm) is structured and polarity-independent. In 

this case, solvent molecules are frozen as a glass around the complex, thus restricting 

stabilization of the excited charge transfer triplet. Therefore, the triplet state localized on the 

donor becomes the lowest-lying emissive state and precludes ICT. Notably, 5.29 achieved 80% 

photoluminescence efficiency in MeTHF (see Table 5.1 for tabulated measurements of 

complexes 5.29 and 5.32). 

The absorption and emission spectra of π-extended carbazole–Au–BZI complex 5.31 

indicate that ICT does not occur between the donor and acceptor ligands. The lower energy 

bands in the absorption spectra (382 and 416 nm, Figure 5.5A) are more structured and are blue-

shifted compared to 5.29. Unlike the previously studied carbazole–Au–BZI complex 5.33, the 

emission spectra of 5.31 are structured and polarity-independent regardless of the temperature 

(Figure 5.5D). This indicates that the excited state transitions are localized on the donor ligand, 

rather than undergoing ICT. In other words, the  π-extended carbazole–Au–BZI complex 5.31 

does not undergo desirable charge transfer and thermally activated fluorescence (TADF), but 

rather conventional phosphorescence. Further support for this observation is evident in the poor 

photoluminescence quantum yield (< 5%) and long excited-state lifetime (kr = 4.2 x 102 s–1, see 

Table 5.2). 
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Figure 5.5. A) Absorbance spectra in methylcyclohexane (MeCy) and 2-methyl-tetrahydrofuran 

(MeTHF). B) Previously studied carbazole–Au–MAC complex 5.32 and carbazole–Au–BZI 

complex 5.33. C) Emission spectra of MAC complexes 5.29 and 5.32. D) Emission spectra of 

BZI complexes 5.31 and 5.33. 
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Table 5.2. Photophysical measurements for BZI-based complex 5.31 and 5.32. 
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shows promise as a TADF emitter for OLED technology. These studies should prompt the 

further exploration of unique donor ligands in these metal complexes in order to enhance OLED 
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stability and efficiency, as well as provide access to new N-containing polycyclic aromatic 

hydrocarbon materials. 

 

5.8 Experimental Section 

5.8.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an atmosphere 

of nitrogen or argon and commercially obtained reagents were used as received. Anhydrous 

solvents were either freshly distilled or passed through activated alumina columns, unless 

otherwise stated. Reaction temperatures were controlled using an IKAmag temperature 

modulator and, unless stated otherwise, reactions were performed at room temperature 

(approximately 23 °C). Cesium Fluoride (CsF) and Bis(dibenzylidenacetone)palladium(0) 

(Pd(dba)2) were obtained from Strem Chemicals and stored in a desiccator. Tri(o-tolyl)phosphine 

(P(o-tolyl)3) was obtained from Sigma Aldrich. 2-Bromobiphenyl (5.7) was obtained from 

Combi-Blocks and purified by flash chromatography (100% Hexanes) prior to use. Bromobiaryl 

5.39 was obtained from Combi-Blocks. Bromobiaryls 5.35,13 5.37,14 5.41,15 5.43,16 and 5.45,17 

were prepared according to literature procedures. The silyl triflate precursors to N-Me-4,5-

indolyne,18 N-Boc-4,5-indolyne,19 N-Me-5,6-indolyne,19 and were prepared following literature 

procedures. NHC–Au–Cl complexes 5.285 and 5.3011 were prepared following literature 

procedures. Regioisomeric ratios for annulation products were determined by analysis of the 1H 

NMR spectra of the crude reaction mixtures. Thin-layer chromatography (TLC) was conducted 

with EMD gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm 

for preparative chromatography) and visualized using UV. Silicycle Siliaflash P60 (particle size 

0.040–0.063 mm) was used for flash column chromatography. 1H NMR spectra were recorded 
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on Bruker spectrometers (at 400, 500 and 600 MHz) and are reported relative to residual solvent 

signals. Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, 

coupling constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift (at 

101 and 125 MHz). IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer 

and are reported in terms of frequency absorption (cm–1). DART-MS spectra were collected on a 

Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a 

Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by Excalibur 

software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using 

CH2Cl2 as the solvent. Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific). UV-visible absorption spectra were 

recorded by using Hewlett-Packard 4853 diode array spectrometer. Steady state emission spectra 

were recorded on Quanta-Master Photon Technology International 

phosphorescence/fluorescence spectrofluorometer. Emission quantum yields were measured 

using Hamamatsu C9920 system equipped with a xenon lamp, integrating sphere and model 

C10027 photonic multichannel analyzer (PMA). Emission lifetimes were acquired on IBH 

Fluorocube instrument by using time-correlated single photon counting (TCSPC) method.  
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5.8.2 Experimental Procedures 

 

 

Representative Procedure (Palladium-catalyzed annulation of indolyne precursor 5.11 with 

2-bromobiphenyl (5.7) is used as an example). Indole 5.13. A 1-dram vial was charged with 

Pd(dba)2 (3.7 mg, 0.064 mmol, 5 mol%). Next, toluene (0.86 mL), P(o-tolyl)3 (2.0 mg, 0.064 

mmol, 5 mol%), 2-bromobiphenyl (5.7) (30.0 mg, 0.129 mmol, 1.0 equiv), silyl triflate 5.11 

(90.5 mg, 0.257 mmol, 2.0 equiv), and acetonitrile (0.86 mL) were added, followed by an oven-

dried magnetic stirbar and then CsF (195 mg, 1.29 mmol, 10.0 equiv). The vial was purged with 

nitrogen for 3 minutes, then sealed with a Teflon-lined screw cap and stirred at 110 °C for 24 h. 

After allowing cooling to 23 ºC, the mixture was transferred with CH2Cl2 (10 mL) and H2O (2 

mL) to a 150 mL separatory funnel containing brine (15 mL). The layers were separated and the 

aqueous layer was extracted with CH2Cl2 (3 x 15 mL). The combined organic layers were dried 

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

flash chromatography (100% Hexanes → 200:1 Hexanes:EtOAc) to yield annulation product 

5.13 (90% yield, average of two experiments) as an off-white solid. Indole 5.13: mp: 139–144 

ºC; Rf 0.41 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.24 (d, J = 8.0, 1H), 8.78 (d, J 

= 8.0, 1H), 8.72 (t, J = 7.0, 2H), 8.57 (d, J = 9.0, 1H), 7.75 (t, J = 7.4, 1H), 7.73–7.62 (m, 4H), 

7.53 (d, J = 2.8, 1H), 7.28 (d, J = 3.0, 1H), 3.92 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 136.4, 

131.3, 131.2, 130.4, 128.9, 128.8, 127.17, 127.15, 126.7, 126.4, 125.9, 124.6, 124.1, 123.8, 

123.6, 123.3, 123.3, 117.7, 110.5, 104.0, 33.3; IR (film): 3069, 2924, 2850, 1514, 1492, 1441, 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(90% yield)

+
NMeMe3Si

TfO

Br

(2.0 equiv)
5.7 5.11

NMe

5.13
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1417, 1351, 1248, 754, 740, 718 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C21H16N+, 

282.12773; found 282.12717. 

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

the following schemes, which depict all of the results shown in Figure 5.2. 

 

 

 

Indole 5.14. Purification by flash chromatography (20% dichloromethane in Hexanes) afforded 

indole 5.14 (61% yield) as a white solid. Indole 5.14: Rf 0.45 (9:1 Hexanes:EtOAc); 1H NMR 

(400 MHz, CDCl3): δ 9.04 – 8.99 (m, 1H), 8.77 – 8.72 (m, 1H), 8.70 (ddd, J = 7.8, 5.2, 1.7, 2H), 

8.64 (d, J = 9.3, 1H), 8.57 (d, J = 9.3, 1H), 7.83 (d, J = 3.7, 1H), 7.73–7.64 (m, 4H), 7.62 (d, J = 

3.8, 1H), 1.74 (s, 9H). 

 

 

Indoles 5.15 and 5.36. Purification by flash chromatography (50:1 Hexanes:EtOAc) afforded an 

inseparable mixture of indoles 5.15 and 5.36 (60% yield, average of two experiments, 1.1:1 

ratio) as a white solid. Indoles 5.15 and 5.36: Rf 0.27 (4:1 Hexanes:EtOAc); 1H-NMR (500 MHz, 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(61% yield)

+
NBocMe3Si

TfO

Br

(2.0 equiv)
5.7 5.34

NBoc

5.14

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(60% yield, 1.1:1 ratio)

+
NMeMe3Si

TfO

Br

(2.0 equiv)
5.35 5.11 5.15 5.36

+

OMe

NMe

NMe

OMe OMe
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C6D6, combined): δ 9.42 (dd, J = 8.3, 1.3, 1H), 8.93 (d, J = 2.6, 1H), 8.69 (dd, J = 7.9, 1.3, 1H), 

8.57– 8.50 (m, 5H), 8.48 (d, J = 9.0, 1H), 8.22 (d, J = 2.5, 1H), 7.60–7.47 (m, 6H), 7.30–7.26 (m, 

3H), 7.21 (dd, J = 9.2, 2.6, 1H), 6.72 (d, J = 6.7, 1H), 6.69 (d, J = 3.2, 1H), 3.61 (s, 3H), 3.55 (s, 

3H), 3.001 (s, 3H), 2.995 (s, 3H); 13C-NMR (125 MHz, C6D6, combined): δ 159.6, 159.3, 136.7, 

136.6, 133.32, 133.31, 131.2, 131.0, 130.8, 129.7, 128.6, 128.5, 127.6, 126.6, 126.4, 126.2, 

126.0, 125.8, 125.4, 125.3, 125.2, 125.1, 125.0, 124.6, 124.5, 124.4, 124.0, 123.6, 123.27, 

123.25, 118.1, 118.0, 115.5, 115.0, 110.8, 110.5, 110.1, 106.5, 104.5, 104.0, 55.0, 54.9, 32.31, 

32.28; IR (film): 2934, 2834, 1614, 1510, 1414, 1246, 1227 cm-1; HRMS-APCI (m/z) [M + H+] 

calcd for C22H18NO+, 312.13829; found 312.13897. 

 

 

Indoles 5.16 and 5.38. Purification by flash chromatography (50:1 Hexanes:EtOAc → 20:1 

Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.16 and 5.38 (80% yield, average 

of two experiments, 1.4:1 ratio) as a yellow solid. Indoles 5.16 and 5.38: Rf 0.45 (4:1 

Hexanes:EtOAc); 1H-NMR (600 MHz, CDCl3, major): δ 10.10 (d, J = 2.4, 1H), 8.79 (d, J = 9.1, 

1H), 8.71 (d, J = 8.3, 1H), 8.66 (d, J = 8.2, 1H), 8.55 (d, J = 9.2, 1H), 8.41 (dd, J = 9.0, 2.3, 1H), 

7.78–7.72 (m, 2H), 7.68–7.65 (ddd, J = 8.1, 7.0, 1.2, 1H), 7.54 (d, J = 3.1, 1H), 7.39 (d, J = 3.2, 

1H), 4.00 (s, 3H); 1H-NMR (600 MHz, CDCl3, minor): δ 9.54 (d, J = 2.3, 1H), 9.21 (d, J = 8.3, 

1H), 8.75 (d, J = 9.1, 1H), 8.70 (d, J = 8.3, 1H), 8.55 (d, J = 8.9, 1H), 8.35 (dd, J = 9.0, 2.3, 1H), 

7.82 (ddd, J = 8.1, 7.0, 1.3, 1H), 7.76–7.71 (m, 2H), 7.51 (d, J = 3.1, 1H), 7.36 (d, J = 3.2, 1H), 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(60% yield, 1.1:1 ratio)

+
NMeMe3Si

TfO

Br

(2.0 equiv)
5.37 5.11 5.16 5.38

+

NO2

NMe

NMe

NO2 NO2
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4.00 (s, 3H); 13C-NMR (125 MHz, CDCl3, combined): δ 146.4, 146.0, 136.8, 136.4, 134.8, 

133.3, 132.51, 132.48, 131.3, 131.0, 129.9, 129.4, 129.0, 128.7, 128.6, 127.4, 127.3, 126.8, 

126.4, 125.2, 124.6, 124.4, 124.21, 124.17, 124.14, 123.8, 123.60, 123.55, 123.5, 123.1, 122.8, 

119.9, 119.53, 119.47, 117.5, 117.4, 111.7, 111.1, 104.0, 103.4, 33.4, 33.3; IR (film): 2919, 

2852, 1597, 1515, 1346, 854, 747 cm-1; HRMS-APCI (m/z) [M + H+] calcd for C21H15NO2
+, 

327.11280; found 327.11387. 

 

 

Indoles 5.17 and 5.40. Purification by flash chromatography (100% Hexanes → 50:1 

Hexanes:EtOAc → 9:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.17 and 

5.40 (76% yield, 1.4:1 ratio, average of two experiments) as a pale yellow solid. Indole 5.17: Rf 

0.34 (4:1 Hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 9.40 (ddd, J = 8.2, 4.7, 1.4, 2H), 8.99 

(dd, J = 4.3, 1.6, 1H), 8.66 (d, 8.2, 1H), 8.54 (d, 8.5, 1H), 7.76 (ddd, J = 8.1, 6.9, 1.6, 1H), 7.71 

(ddd, J = 8.3, 6.8, 1.2, 1H), 7.65 (d, J = 9.0, 1H), 7.64–7.60 (m, 1H), 7.38 (d, J = 2.9, 1H), 7.27 

(d, J = 3.2, 1H), 3.91 (s, 3H). Indole 5.17: Rf 0.34 (4:1 Hexanes:EtOAc); 1H-NMR (500 MHz, 

CDCl3): δ 9.46 (dd, J = 8.1, 1.3, 1H), 9.18 (d, J = 8.2, 1H), 8.95 (dd, J = 4.3, 1.6, 1H), 8.89 (dd, J 

= 8.4, 1.3, 1H), 8.41 (d, J = 9.0, 1H), 7.83 (ddd, J = 8.2, 7.0, 1.7, 1H), 7.77 (ddd, J = 7.2, 5.6, 

1.2, 1H), 7.64–7.60 (m, 1H), 7.55 (dd, J = 8.3, 4.3, 1H), 7.53 (d, J = 3.1, 1H), 7.29 (d, J = 3.2, 

1H), 3.90 (s, 3H); 13C-NMR (125 MHz, CDCl3, combined): 147.69, 147.66, 146.9, 145.6, 136.6, 

136.3, 134.2, 132.8, 132.7, 131.4, 131.0, 130.1, 129.3, 129.2, 128.8, 128.4, 126.6, 126.4, 126.2, 

126.1, 125.8, 125.4, 125.2, 124.6, 124.2, 124.0, 123.9, 123.2, 122.9, 122.8, 122.1, 121.5, 117.7, 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(76% yield, 1.4:1 ratio)

+
NMeMe3Si

TfO

N
Br

(2.0 equiv)
5.39 5.11

N NMe

5.17

N

NMe

5.40

+
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117.3, 111.1, 110.6, 104.0, 103.2, 33.3 (2C); IR (film): 3059, 2920, 1739, 1609, 1579, 1513, 

1477, 1444, 1418, 1399, 1349, 1290, 1241 cm-1; HRMS-APCI (m/z) [M + H+] calcd for 

C20H15N2
+, 283.12297; found 283.11932. 

The structure of 5.17 was verified by 2D-NOESY and 2D-COSY of the mixture, as the following 

interactions were observed:  

 

 

 

Pyrroles 5.18 and 5.42. Purification by flash chromatography (20:1 Hexanes:Benzene) afforded 

a mixture of pyrroles 5.18 and 5.42 (86% yield, 1.4:1 ratio, average of two experiments) as a 

yellow solid, mp: 135–140 ºC. Pyrroles 5.18 and 5.42: Rf 0.56 (4:1 Hexanes:EtOAc); 1H-NMR 

(500 MHz, C6D6, combined): δ 9.01 (dd, J = 8.0, 1.5, 1H), 8.33–8.28 (m, 1H), 8.13 (d, J = 8.9, 

1H), 8.01 (d, J = 8.7, 1H), 7.65 (dd, J = 3.0, 1.4, 1H), 7.58 (dd, J = 3.0, 1.4, 1H), 7.4 (m, 3H), 

7.28 (dd, J = 3.2, 0.7, 1H), 7.27–7.23 (m, 2H), 7.22–7.19 (m, 1H), 7.19–7.17 (m, 2H), 7.10 (t, J 

= 0.9, 1H), 7.09 (m, 2H), 6.92 (dd, J = 4.0, 2.9, 1H), 6.84 (dd, J = 3.9, 2.8, 1H), 6.67 (d, J = 3.0, 

1H), 6.62 (d, J = 3.3, 1H), 2.96 (s, 3H), 2.92 (s, 3H); 13C-NMR (125 MHz, C6D6, combined): δ 

136.7, 136.2, 134.0, 132.9, 131.5, 129.6, 128.9, 128.8, 127.60, 127.58, 127.0, 124.3, 124.2, 

N NMe

HH

2D-NOESY 2D-COSY
5.17 5.17

N NMe
and

H
H

H

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(86% yield, 1.4:1 ratio)

+ NMeMe3Si

TfO
N

Br

(2.0 equiv)
5.41 5.11

N

NMe

5.18

N

5.42

+

NMe
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124.0, 123.7, 123.5, 123.4, 122.9, 121.5, 120.4, 118.9, 118.6, 117.9, 117.0, 115.3, 115.2, 113.0, 

112.9, 112.7, 112.2, 111.5, 108.8, 105.6, 102.94, 102.88, 101.0, 32.22, 32.19; IR (film): 3102, 

2923, 1500, 1441, 1355 cm-1; DART-HRMS (m/z) [M + H+] calcd for C19H15N2
+, 271.12297; 

found 271.12191. 

 

 

Indoles 5.19 and 5.44. Purification by flash chromatography (100% Hexanes → 100:1 

Hexanes:EtOAc → 25:1 Hexanes:EtOAc → 9:1 Hexanes:EtOAc, followed by a second column 

of 9:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.19 and 5.44 (78% yield, 

1.3:1 ratio) as a bright yellow solid. Indoles 5.19 and 5.44: Rf 0.32 (4:1 Hexanes:EtOAc); 1H-

NMR (500 MHz, CDCl3, major): δ 8.43 (dd, J = 8.2, 1.0, 1H), 8.28 (dd, J = 8.0, 1.1, 2H), 8.04 

(d, J = 9.0, 1H), 7.98 (d, J = 8.6, 1H), 7.79 (s, 1H), 7.41 (ddd, J = 7.8, 6.8, 0.9, 1H), 7.36–7.31 

(m, 1H), 7.30–7.17 (m, 3H), 7.08 (dd, J = 8.9, 0.6, 1H), 6.63 (d, J = 3.2, 1H), 2.94 (s, 3H); 1H-

NMR (500 MHz, CDCl3, minor): δ 8.95 (dd, J = 8.0, 1.6, 1H), 8.41 (dd, J = 8.0, 1H), 8.23 (d, J 

= 8.4, 1H), 7.98 (d, J = 7.6, 1H), 7.91 (d, J = 7.9, 1H), 7.41 (ddd, J = 7.5, 6.9, 0.9, 1H), 7.36–

7.31 (m, 1H), 7.30–7.17 (m, 4H), 7.04 (dd, J = 8.7, 0.7, 1H), 6.58 (d, J = 3.2, 1H), 2.92 (s, 3H); 

13C-NMR (125 MHz, C6D6, combined): (45 of 46 signals observed) δ 137.6, 137.2, 136.7, 136.5, 

135.6, 135.5, 134.1, 133.9, 131.7, 131.6, 129.3, 129.2, 127.6, 127.3, 124.6, 124.3, 124.0, 123.8, 

123.7, 123.04, 122.95, 122.3, 122.11, 122.06, 121.6, 121.5, 121.4, 121.05, 120.98, 120.7, 119.9, 

118.7, 116.8, 116.7, 116.6, 114.8, 111.3, 110.5, 103.2, 102.9, 99.8, 95.2, 32.2 (2C); IR (film): 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(78% yield, 1.3:1 ratio)

+
NMeMe3Si

TfO
N

Br

(2.0 equiv)
5.43 5.11 5.19 5.44

+

NMe

N N
NMe
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3040, 2923, 1738, 1601, 1550, 1509, 1490, 1447, 1419, 1355; HRMS-APCI (m/z) [M + H]+ 

calcd for C23H17N2
+, 321.13862; found 321.13951. 

 

 

Indoles 5.20 and 5.46. Purification by flash chromatography (100% Hexanes → 200:1 

Hexanes:EtOAc → 100:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.20 and 

5.46 (57% yield, 1.4:1 ratio, average of two experiments) as a yellow amorphous solid. Indole 

5.20: Rf 0.40 (3:1 Hexanes:EtOAc); 1H-NMR (500 MHz, C6D6): δ 9.74 (d, J = 8.5, 1H), 9.09 (d, 

J = 8.8, 1H), 8.92–8.88 (m, 1H), 8.48 (dd, J = 8.3, 0.9, 1H) 7.70–7.65 (m, 2H), 7.59–7.43 (m, 

4H), 7.29 (dd, J = 7.5, 1.5, 1H), 6.81 (d, J = 3.1, 1H), 3.57 (s, 3H), 3.11 (s, 3H); 13C-NMR (125 

MHz, C6D6): 141.8, 134.8, 134.2, 132.7, 128.4, 128.2, 125.7, 125.3, 125.2, 124.4, 123.9, 123.8, 

123.5, 123.3, 122.6, 122.1, 120.3, 118.8, 115.7, 111.4, 109.9, 103.9, 34.0, 32.4. Indole 5.46: Rf 

0.40 (3:1 Hexanes:EtOAc); 1H-NMR (500 MHz, C6D6): δ 9.37 (d, J = 8.1, 1H), 8.92–8.88 (m, 

1H), 8.68 (d, J = 9.1, 1H), 8.38 (dd, 8.4, 0.9, 1H), 7.95 (d, J = 3.1, 1H), 7.59–7.43 (m, 3H), 7.40 

(ddd, J = 7.9, 7.1, 1.1, 1H), 7.34 (dd, J = 9.1, 0.6, 1H), 7.26 (d, J = 8.1, 1H), 6.72 (d, J = 3.1, 

1H), 3.54 (s, 3H), 3.1 (s, 3H); 13C-NMR (125 MHz, C6D6, 23 of 24 signals observed): 141.5, 

136.4, 136.2, 132.8, 126.3, 125.8, 125.1, 124.8, 124.54, 124.51, 124.46, 123.7, 123.6, 123.1, 

121.7, 119.2, 118.3, 115.3, 109.7, 108.1, 105.8, 34.0, 32.4; IR (film, entire mixture): 3055, 2923, 

2854, 1737, 1509, 1472, 1374, 1342, 1245, 1102 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C24H19N2
+, 335.15428; found 335.15396. 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(57% yield, 1.4:1 ratio)

+
NMeMe3Si

TfO

Br

(2.0 equiv)
5.45 5.11 5.20 5.46

+

NMe

MeN MeN MeN NMe
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The structure of 5.20 was verified by 2D-NOESY of the mixture, as the following interaction 

was observed:  

 

 

 

Indole 5.48. Purification by flash chromatography (Hexanes → 1:1 Hexanes/benzene) afforded 

indole 5.48 (81% yield, average of two experiments) as an off-white solid. Indole 5.48: Rf 0.25 

(9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.92 (s, 1H), 8.73 (d, J = 8.3, 2H), 8.62 (t, 

J = 7.7, 2H), 8.51 (s, 1H), 7.66–7.56 (m, 4H), 7.27 (d, J = 2.6, 1H), 6.70 (dd, J = 0.8, 3.1, 1H), 

4.00 (s, 3H); 13C NMR (125 MHz, CDCl3): (27 of 28 signals observed) δ 137.4, 132.0, 131.4, 

131.2, 129.6, 129.3, 129.0, 127.3, 127.1, 126.6, 126.1, 125.7, 123.56, 123.55, 123.4, 123.22, 

123.15, 115.1, 102.3, 101.1, 33.2; IR (film): 3081, 2928, 2811, 1628, 1601, 1520, 1446, 1218, 

1085, 754 cm–1; HRMS–APCI (m/z) [M]+ calcd for C21H16N+, 281.11990; found 281.12065. 

 

 

NMe

MeN

H H

2D-NOESY
5.20

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN / PhMe (0.075 M, 1:1)
110 ºC, 24 h

(81% yield)

+
Me3Si

TfO

Br

(2.0 equiv)
5.7 5.47 5.48

N
Me

N
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Silyl ether 5.22. A scintillation vial was charged with 3-bromo-2-hydroxy carbazole (5.21, 4.3 g, 

16 mmol, 1.0 equiv) and THF (5.6 mL). 1,1,1,3,3,3-Hexamethyldisilazane (HMDS) (6.9 mL, 2.0 

equiv, 33 mmol) was added in one portion, the vial was sealed with a telfon-lined screwcap, and 

then the vial was placed in a pre-heated aluminum block to stir 70 ºC for 90 min. After the 

allotted time, the solution was cooled to 23 °C and concentrated under reduced pressure. After 

drying under high vacuum for 12 hours, the crude product, 5.22, was carried forward without 

further purification. 

 

 

Silyl Triflate 5.23. To a scintillation vial was added crude 5.22 (765 mg, 2.29 mmol, 1.00 equiv) 

and tetrahydrofuran (THF) (8.5 mL). The resulting suspension was purged with nitrogen for 3 

minutes, then cooled to –78 ºC. tert-Butyllithium (1.70 M, 4.17 mL, 7.09 mmol, 3.1 equiv) was 

then added dropwise over 10 min. The solution was allowed to stir for 1 hour at –78 ºC. After the 

allotted time, water (408 μL, 22.5 mmol, 10 equiv) was added dropwise over 2 min. The solution 

was then allowed to warm to 23 ºC over 10 min and the mixture was transferred to a separatory 

funnel with water (20 mL) and dichloromethane (20 mL). The layers were then separated and the 

aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined organic layers 

were dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue 

N
HHO

Br
HMDS

THF, 70 ºC N
HTMSO

Br

5.21 5.22

N
HTMSO

Br

5.22

1. t-BuLi
   THF, –78 ºC

2. Tf2O, Et3N
    CH2Cl2, –78 °C N

H

TMS

TfO
5.23

(53% yield, 2 steps)
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was then purified by flash chromatography (100% benzene) to afford an intermediate silyl 

alcohol as a white solid.  

The silyl alcohol from the previous step (403 mg, 1.58 mmol, 1.00 equiv) was suspended 

in dichloromethane (15 mL) in a scintillation vial. The headspace was purged with nitrogen for 3 

minutes, then cooled to –78 ºC. Triethylamine (0.66 mL, 4.7 mmol, 3.0 equiv) was then added in 

one portion followed by trifluoromethanesulfonic anhydride (400 μL, 2.37 mmol, 1.5 equiv), 

which was added dropwise over 5 min. The solution was allowed to stir for 1 hour at –78 ºC. 

After the allotted time, saturated aqueous sodium bicarbonate (20 mL) was added over 1 minute. 

The solution was then allowed to warm to 23 ºC over 10 min and the mixture was transferred to a 

separatory funnel with H2O (10 mL) and dichloromethane (20 mL). The layers were then 

separated and the aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined 

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

crude residue was then purified by flash chromatography (100% benzene) to afford silyl triflate 

5.23 as a white solid (375 mg, 1.58 mmol, 53% yield over 2 steps). Silyl triflate 5.23: Rf = 0.59 

(benzene); 1H-NMR (600 MHz, CDCl3): δ 8.64 (s, 1H), 7.97 (s, 1H), 7.91 (d, J = 8.6, 1H), 7.31 

(td, J = 7.7, 1.3, 1H), 7.23 (d, J = 7.9, 1H), 7.19 (td, J = 7.6, 1.0, 1H), 5.14 (s, 1H), 0.32 (s, 9H); 

HRMS-APCI (m/z) [M + H]+ calcd for C16H17NOF3SSi+, 388.05723; found 388.05692. 

 

 

N-Me-Carbazole Silyl Triflate 5.24. To a 2-dram vial was added carbazole silyl triflate 5.23 

(196 mg, 0.506 mmol, 1.00 equiv) and DME (1.7 mL, 0.3 M). The resulting mixture was stirred 

under positive nitrogen pressure. The mixture was cooled to –20 °C in a dry ice water/methanol 

N
HTfO

TMS NaH, MeI

DME, –20 °C N
MeTfO

TMS

5.245.23
(77% yield)
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bath (7:3) for 5 min. To the cooled solution was added iodomethane (48 µL, 0.76 mmol, 1.5 

equiv). Next, the septum was removed and NaH (60% dispersion in mineral oil, 40.5 mg, 1.01 

mmol, 2.0 equiv) was added in a single portion, then the septum was quickly replaced. The 

reaction continued to stir under nitrogen at –20 °C for 2 h, at which point the reaction was 

quenched with sat. aq. NH4Cl (5 mL) and allowed to stir at 23 °C for 5 min. The mixture was 

transferred to a separatory funnel containing water (10 mL) and EtOAc (10 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3 x 10 mL). The organic layers were 

combined, dried over MgSO4, filtered, and concentrated under reduced pressure to afford a 

yellow solid. The crude material purified by flash chromatography (dry-loaded using 600 mg of 

silica, 16:1 Hexanes:benzene) to yield N-Me-carbazole silyl triflate 5.24 (156 mg, 77% yield) as 

a white solid. N-Me-carbazole silyl triflate 5.24: Rf 0.79 (9:1 Hexanes:EtOAc); 1H NMR (600 

MHz, CDCl3): δ 8.18 (s, 1H), 8.11 (d, J = 7.9, 1H), 7.53–7.50 (m, 1H), 7.43 (d, J = 8.3, 1H), 7.38 

(s, 1H), 7.30 (td, J = 7.5, 0.9, 1H), 3.85 (s, 3H), 0.44 (s, 9H); 

 

 

N-Boc-Carbazole Silyl Triflate 5.25. To a 50 mL round bottom flask was added carbazole silyl 

triflate 5.23 (1.00 g, 2.58 mmol, 1 equiv), THF (13 mL, 0.2 M), 4-dimethylaminopyridine (63 

mg, 0.51 mmol, 0.2 equiv), and di-tert-butyl dicarbonate (839 mg, 3.84 mmol, 1.5 equiv). The 

resulting mixture was purged with nitrogen for 3 minutes, then continued to stir under positive 

nitrogen pressure at 23 °C for 2 h. The mixture was quenched with deionized water (10 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The organic 

N
BocTfO

TMS

5.25

Boc2O, DMAP

THF,  23 °C

(93% yield)
N
HTfO

TMS

5.23
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layers were combined, dried over Na2SO4, filtered, and concentrated under reduced pressure to 

afford a yellow solid. The crude material purified by flash chromatography (100:1 

Hexanes:EtOAc) to yield N-Boc-carbazole silyl triflate 5.25 (1.17 g, 93% yield) as a white solid. 

N-Boc-carbazole silyl triflate 5.25: Rf 0.57 (9:1 Hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 

8.36 (d, J = 8.6, 1H), 8.35 (s, 1H), 8.08 (s, 1H), 8.00 (d, J = 7.9, 1H), 7.51 (td, J = 7.6, 1.0, 1H), 

7.39 (td, J = 7.5, 1.0, 1H), 1.76 (s, 9H). 

 

 

Carbazole 5.26. Follows representative annulation procedure above. Purification by flash 

chromatography (100% Hexanes → 1:1 Hexanes:Benzene) afforded carbazole 5.26 (86% yield) 

as an off-white solid. Carbazole 5.26: Rf 0.74 (4:1 Hexanes:EtOAc); 1H NMR (400 MHz, 

CDCl3): δ 9.38 (s, 1H), 8.86 (d, J = 8.2, 1H), 8.81 (d, J = 7.8, 1H), 8.68 (td, J = 8.6, 1.5, 2H), 

8.54 (s, 1H), 8.31 (dt, J = 7.8, 0.9, 1H), 7.72–7.60 (m, 4H), 7.63 (td, J = 7.8, 1.1, 1H), 7.58 (td, J 

= 7.8, 1.1, 1H), 7.47 (d, J = 8.1, 1H), 7.33 (td, J = 7.4, 0.8, 1H), 4.03 (s, 3H); 13C NMR (100 

MHz, CDCl3): (27 of 28 signals observed) δ 142.9, 141.3, 131.1, 130.6, 130.0, 128.85, 128.78, 

127.4, 127.1, 127.0, 126.8, 126.1, 123.9, 123.6, 123.5, 123.4, 123.1, 123.0, 122.9, 120.8, 119.2, 

114.8, 108.5, 101.1, 29.3; IR (film): 3049, 2923, 2854, 1638, 1603, 1500, 1443, 1258, 754 cm–1; 

HRMS-APCI (m/z) [M]+ calcd for C25H17N+, 331.13555; found 331.13609. 
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Carbazole 5.27. A 2-dram vial was charged with Pd(dba)2 (7.1 mg, 0.012 mmol, 5 mol%). Next, 

toluene (1.3 mL), P(o-tolyl)3 (3.8 mg, 0.012 mmol, 5 mol%), 2-bromobiphenyl (5.7) (58.0 mg, 

0.248 mmol, 1.0 equiv), silyl triflate 5.25 (241 mg, 0.495 mmol, 2.0 equiv), and acetonitrile (1.6 

mL) were added, followed by an oven-dried magnetic stirbar and then CsF (376 mg, 2.48 mmol, 

10.0 equiv). The vial was purged with nitrogen for 3 minutes, then sealed with a Teflon-lined 

screw cap and stirred at 110 °C for 24 h. After allowing cooling to 23 ºC, the mixture was 

transferred with dichloromethane (20 mL) and H2O (10 mL) to a separatory funnel containing 

brine (15 mL). The layers were separated and the aqueous layer was extracted with 

dichloromethane (3 x 30 mL). The combined organic layers were dried over Na2SO4, filtered, 

and concentrated under reduced pressure to yield a brown residue that was carried forward 

without further purification. 

 The crude material was dissolved in 10:1 CH2Cl2:TFA (24.2 mL, 0.01 M) and stirred at 

23 °C for 5 h. The reaction was then slowly transferred to a separatory funnel containing sat. aq. 

sodium bicarbonate (30 mL). The mixture was further diluted with CH2Cl2 (10 mL) and the 

layers were separated. The organic phase was dried over Na2SO4 and filtered. To the filtrate was 

added silica (500 mg). The resulting mixture was dried under reduced pressure until a free 

flowing solid was obtained. The crude material purified by flash chromatography (100% 

Hexanes, then 9:1 Hexanes/EtOAc, then 1:1 Hexanes/benzene) to yield carbazole 5.27 (51 mg, 

65% yield) as an off-white solid. Carbazole 5.27. Rf 0.63 (4:1 Hexanes:EtOAc); 1H NMR (600 

MHz, DMSO-d6): δ 11.35 (s, 1H), 9.62 (s, 1H), 9.0 (d, J = 8.0, 1H), 8.82 (d, J = 8.3, 1H), 8.76 

1. Pd(dba)2, CsF
    P(o-tolyl)3, 110 °C
    CH3CN/PhMe

2. TFA/CH2Cl2, 23 °C

(65% yield)

N
Boc

TfO

Me3Si N
H

+Br

(2 equiv)
5.7 5.275.25
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(dd, J = 12.5, 8.3, 2H), 8.72 (s, 1H), 8.43 (d, J = 7.5, 1H), 7.73–7.69 (m, 2H), 7.67 (t, J = 6.9, 

1H), 7.62 (t, J = 7.5, 1H), 7.55 (d, J = 8.0, 1H), 7.46 (t, J = 7.5, 1H), 7.24 (t, J = 7.5, 1H); HRMS-

APCI (m/z) [M + H]+ calcd for C24H16N+, 318.1277; found 318.12843. 

 

 

Carbazole–Au–MAC 5.29. Sodium tert-butoxide (7.3 mg, 76 µmol) was added into a solution 

of 5.27 (23 mg, 72 µmol) in THF (10 mL). 5.28 (50.2 mg, 73.9 µmol) was added into the 

reaction flask in one portion and the mixture was left stirring under inert gas at room temperature 

for 12 hours. The solution was filtered through a plug of celite (2 cm in a 15 mL fritted funnel), 

washed with THF (10 mL), and the volatiles were removed under reduced pressure. A minimum 

amount of dichloromethane was added into the residue, followed by 15 mL of dry hexane to 

precipitate out a solid which was collected by vacuum filtration and washed by more hexane to 

yield (42 mg, 78% yield). Carbazole–Au–MAC 5.29: 1H NMR (400 MHz, CDCl3) δ = 9.17 (s, 

1H), 8.72 (d, 1H), 8.57 (ddd, J = 18.5, 8.3, 1.1 Hz, 2H), 8.39 (d, 1H), 8.08 (d, J = 7.4, 1.5, 0.7 

Hz, 1H), 7.82 – 7.70 (m, 3H), 7.65 – 7.44 (m, 8H), 7.04 – 6.91 (m, 2H), 5.81 (d, 1H), 3.86 (s, 

2H), 3.36 (hept, J = 6.5 Hz, 2H), 3.08 (hept, J = 6.8 Hz, 2H), 1.45 – 1.33 (m, 18H), 1.26 (d, J = 

6.8 Hz, 6H). 
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Carbazole–Au–BZI 5.31. Sodium tert-butoxide (6.4 mg, 33 mmol) was added into a solution of 

5.27 ligand (20 mg, 63 mmol) in THF (10 mL). 5.30 (44.4 mg, 66.2 mmol, 2.0 equiv) was added 

into the reaction flask in one portion and the mixture was left stirring under inert gas at room 

temperature for 12 hours. The solution was filtered through a plug of celite (2 cm in a 15 mL 

fritted funnel), washed with THF (10 mL), and the volatiles were removed under reduced 

pressure. A minimum amount of dichloromethane was added into the residue, followed by 10 

mL of dry hexane to precipitate out an off-white solid which was collect by vacuum filtration 

and washed by more hexane to yield (47 mg, 68% yield). Carbazole–Au–BZI 5.31: 1H NMR 

(400 MHz, CDCl3) δ 9.25 (s, 1H), 8.77 (dd, J = 8.5, 1.3 Hz, 1H), 8.60 (ddd, J = 16.7, 8.4, 1.4 Hz, 

2H), 8.28 (dd, J = 8.5, 1.4 Hz, 1H), 8.17 (dd, J = 7.6, 1.0 Hz, 1H), 8.13 (s, 1H), 7.86 (t, J = 7.8 

Hz, 2H), 7.72 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.65 – 7.56 (m, 6H), 7.52 – 7.47 (m, 3H), 7.29 – 

7.26 (m, 2H), 7.16 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.01 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.67 (dd, 

J = 8.1, 0.9 Hz, 1H), 2.60 (hept, J = 6.9 Hz, 4H), 1.40 (d, J = 6.9 Hz, 12H), 1.19 (d, J = 6.8 Hz, 

12H). 

 

General Procedure for 1% Polysterene Films. A mixture of polystyrene pellets (99 mg) and 

toluene (2 mL) was sonicated for 1 h, until all pellets are dissolved. Two-coordinate metal 
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complex (1 mg) was dissolved in the solution. Using a pipet, ~0.5 mL of the solution was 

drop-casted onto a glass substrate (2 cm x 2 cm) to achieve an even surface. The film was left to 

air-dry for 30 min and then placed in the vacuum chamber for further drying overnight. The 

resulting film was used to acquire the photophysical data. 

 

5.8.3 Computational Data 

Density functional theory (DFT) calculations were executed using Q-Chem 5.1 program20 at the 

B3LYP/LACVP** level for ground state geometry optimization. Time-dependent density 

functional theory (TD-DFT) calculations were performed on the ground state optimized 

geometries at the CAM-B3LYP/LACVP** level for a balanced description of both charge-

transfer and locally excited (LE) states (Table 5.3). 

 

Table 5.3. Calculated frontier molecular orbital, singlet (S1), and triplet (T1) energies. 

 

 

  

LUMO (eV) EHO-LU (eV) S1 (eV) T1 (eV)HOMO (ev)

carbazole –5.47

5.27

–0.63 4.84 4.56 3.05

–5.30 –1.14 4.16 4.02 2.50
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5.9 Spectra Relevant to Chapter Five: 

 

Heterocyclic Aryne Annulations for the π-Extension of Donor Ligands in  

Two-Coordinate Metal Complexes 
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Figure 5.6. 1H NMR (500 MHz, CDCl3) compound 5.13 

 
Figure 5.7. 13C NMR (125 MHz, CDCl3) compound 5.13 
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Figure 5.8. 1H NMR (500 MHz, CDCl3) compound 5.14 

 
  

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
74

2

7.
62

0
7.

63
0

7.
64

5
7.

64
9

7.
66

1
7.

66
3

7.
66

6
7.

66
9

7.
68

1
7.

68
5

7.
68

8
7.

69
2

7.
70

2
7.

71
2

7.
71

6
7.

82
3

7.
83

3
8.

55
9

8.
58

2
8.

63
3

8.
65

6
8.

67
7

8.
68

2
8.

68
9

8.
69

5
8.

70
1

8.
70

9
8.

71
3

8.
72

6
8.

73
2

8.
73

7

8.
98

5

1.
17

2
3.

86
8

0.
96

8

0.
95

8
1.

10
3

2.
10

0
0.

93
8

1.
00

0

Current Data Parameters
NAME       RBS-2020-012
EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20200122
Time               9.05
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                    8
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               189.85
DW               62.400 usec
DE                 6.50 usec
TE                294.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        400.1324008 MHz
NUC1                 1H
P1                15.00 usec
PLW1        13.00000000 W

F2 - Processing parameters
SI                65536
SF          400.1300178 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

NBoc

5.14



 282 

 
Figure 5.9. 1H NMR (500 MHz, C6D6) compound 5.15 and 5.36 

 

 
Figure 5.10. 13C NMR (125 MHz, C6D6) compound 5.15 and 5.36 
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Figure 5.11. 1H NMR (500 MHz, CDCl3) compound 5.16 and 5.38 

 

 
Figure 5.12. 13C NMR (125 MHz, CDCl3) compound 5.16 and 5.38 
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Figure 5.13. 1H NMR (500 MHz, CDCl3) compound 5.17 and 5.40 

 
Figure 5.14. 13C NMR (125 MHz, CDCl3) compound 5.17 and 5.40 
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Figure 5.15. 1H NMR (500 MHz, C6D6) compound 5.18 and 5.42 

 
Figure 5.16. 13C NMR (125 MHz, C6D6) compound 5.18 and 5.42 
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Figure 5.17. 1H NMR (500 MHz, C6D6) compound 5.19 and 5.44 

 
Figure 5.18. 13C NMR (125 MHz, C6D6) compound 5.19 and 5.44 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

2.
89

3
2.

93
5

6.
58

2
6.

58
8

6.
63

0
6.

63
6

7.
02

8
7.

03
0

7.
04

6
7.

04
7

7.
06

9
7.

07
0

7.
08

6
7.

08
7

7.
18

5
7.

18
7

7.
19

1
7.

20
1

7.
20

3
7.

21
2

7.
21

9
7.

22
7

7.
22

9
7.

24
3

7.
24

5
7.

25
0

7.
27

5
7.

27
8

7.
28

1
7.

28
4

7.
31

5
7.

31
8

7.
34

0
7.

34
3

7.
39

6
7.

39
8

7.
40

6
7.

40
8

7.
41

2
7.

41
3

7.
78

7
7.

89
7

7.
91

3
7.

97
0

7.
98

7
8.

03
2

8.
05

0
8.

22
1

8.
23

8
8.

26
3

8.
26

5
8.

28
2

8.
29

9
8.

39
8

8.
40

0
8.

41
6

8.
43

3
8.

43
4

2.
69

9
3.

00
0

0.
89

4
0.

98
9

0.
97

0
1.

04
2

3.
40

2
1.

28
9

2.
07

9
1.

81
0

1.
90

5
0.

99
8

0.
90

1
1.

87
3

1.
01

0
0.

92
7

2.
01

1
1.

92
9

0.
89

8

Current Data Parameters
NAME       JVC-2019-010
EXPNO                17
PROCNO                1

F2 - Acquisition Parameters
Date_          20190125
Time              16.04 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1299959 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

32
.1

8
32

.2
1

95
.1

6
99

.7
5

10
2.

93
10

3.
18

11
0.

54
11

1.
27

11
4.

77
11

4.
81

11
6.

57
11

6.
69

11
6.

78
11

8.
72

11
9.

90
12

0.
73

12
0.

98
12

1.
05

12
1.

43
12

1.
47

12
1.

56
12

2.
06

12
2.

11
12

2.
25

12
2.

95
12

3.
04

12
3.

66
12

3.
82

12
4.

00
12

4.
33

12
4.

63
12

7.
34

12
7.

64
12

9.
23

12
9.

33
13

1.
59

13
1.

69
13

3.
93

13
4.

13
13

5.
54

13
5.

57
13

6.
52

13
6.

73
13

7.
19

13
7.

57

Current Data Parameters
NAME       JVC-2019-010
EXPNO                16
PROCNO                1

F2 - Acquisition Parameters
Date_          20190125
Time              15.05 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                  234
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577432 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

5.19 5.44

+

NMe

N N
NMe



 287 

 
Figure 5.19. 1H NMR (500 MHz, C6D6) compound 5.20 and 5.46 

 
Figure 5.20. 13C NMR (125 MHz, C6D6) compound 5.20 and 5.46 
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Figure 5.21. 1H NMR (500 MHz, CDCl3) compound 5.48 

 
Figure 5.22. 1H NMR (500 MHz, CDCl3) compound 5.23 
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Figure 5.23. 1H NMR (500 MHz, CDCl3) compound 5.24 

 
Figure 5.24. 1H NMR (500 MHz, CDCl3) compound 5.25 
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Figure 5.25. 1H NMR (500 MHz, CDCl3) compound 5.26 

 
 

Figure 5.26. 1H NMR (500 MHz, CDCl3) compound 5.27 
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Figure 5.27. 1H NMR (500 MHz, CDCl3) compound 5.29 

 
Figure 5.28. 1H NMR (500 MHz, CDCl3) compound 5.31 
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