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ABSTRACT OF THE DISSERTATION 

 

 

Metal-Mediated Transformations of Strained Intermediates 

 

 

by 

 

Katie Anne Spence 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2023 

Professor Neil K. Garg, Chair 

 

 This dissertation describes the study of metal-mediated transformations of strained cyclic 

alkynes and their applications to synthetic organic chemistry. Strained cyclic alkynes are in situ 

generated, fleeting intermediates with strain energies ranging from 40–50 kcal/mol. Harnessing 

the reactivity of these strained molecules, while challenging in many cases, offers a means to form 

multiple bonds in a single step, and generate products that may be inaccessible by other means. 

Herein, several synthetic endeavors are described that leverage strain release to advance our 

understanding of chemical reactivity and gain new entryways into important classes of organic and 

organometallic compounds. Finally, this dissertation describes a study towards the development 
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of marijuana breathalyzer technology, which focuses on performing electrochemical oxidations of 

D9-THC at low concentrations.  

 Chapter one gives an overview of metal-mediated transformations of strained intermediates. 

Whereas strained intermediates such as cyclic alkynes and allenes are typically utilized in 

cycloadditions and nucleophilic additions, a third major mode of strained intermediate chemistry 

involves transition metal catalysis. The merger of metal catalysis and strained intermediates has 

enabled rapid access to complex, polycyclic systems and the broad applicability of such 

transformations, including exciting future directions, are discussed. 

 Chapters two and three describe the development of new methodologies that exploit strained 

arynes in the synthesis of complex organic and organometallic materials. Both chapters investigate 

the controlled generation and reactivity of aryne intermediates, as well as engagement of these 

intermediates in Pd-catalysis to build new ring systems. Chapter two details the development of 

Pd-catalyzed reactions of indole and carbazole-based arynes (i.e., hetarynes) to access p-extended 

heterocyclic materials. The products obtained were applied as ligands in two-coordinate metal 

complexes to access new OLED emitters. Chapter three details the development of aryne 

chemistry “on-the-complex,” wherein fleeting aryne intermediates are reacted with pre-

coordinated metal–ligand complexes to form new carbon–carbon bonds. These studies, performed 

in the context of privileged, photoactive polypyridyl metal complexes, provide an effective 

strategy to annulate organometallic complexes and access complex metal–ligand scaffolds, while 

furthering the synthetic utility of strained intermediates in chemical synthesis.  

 Chapter four details two total syntheses of tylophorine, a natural product with anti-cancer 

properties, via metal-mediated transformations of strained azacyclic alkynes. Such strained 

intermediates are relatively understudied in comparison to their aromatic counterparts. This 
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chapter explores access to strained azacyclic alkynes, including a new ‘indolizidyne’ intermediate, 

and demonstrates their use in a total synthesis effort. These studies should prompt the further 

exploration of these strained azacyclic alkyne intermediates.  

 Chapter five details research toward the development of marijuana breathalyzer 

technologies. Specifically, this chapter describes how electrochemical oxidation of D9-THC can 

be performed at nanomolar concentrations, which approaches the levels of D9-THC found on the 

breath of a THC-impaired individual. Moreover, this chapter describes how vaporized D9-THC 

can be captured directly in electrolyte medium, and subsequently subjected to electrochemical 

oxidation, thus paving the way for future technology development. 
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CHAPTER ONE 

 

Merging Metals and Strained Intermediates 

Katie A. Spence,† Arismel Tena Meza,† and Neil K. Garg. 

Chem Catalysis 2022, 2, 1870–1879. 

 

1.1 Abstract 

Strained intermediates such as cyclic alkynes and allenes are most commonly utilized in 

nucleophilic additions and cycloadditions, but have seen increased use in a third area of 

reactivity: metal-mediated transformations. The merger of strained intermediates and metal 

catalysis has enabled rapid access to complex, polycyclic systems. Following a discussion of 

relevant landmark studies involving metals and strained intermediates, this article highlights 

recent advances in transition metal-mediated transformations from our laboratory. Specifically, 

this includes the use of arynes in the synthesis of decorated organometallic complexes, and the 

utilization of cyclic allenes to access enantioenriched heterocycles. Moreover, the broad 

applicability of such transformations, and exciting future areas of research are discussed. 

 

1.2 Introduction 

Can alkynes exist within small rings? This intriguing question, first asked in 1902,1 was 

initially met with skepticism. Now, 120 years later, the existence of cyclic alkynes and related 

species is widely accepted.2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17 The strain associated with these species 

can be leveraged strategically to access a number of important compounds, including ligands,18 

fungicides,19 medicinal agents,20 and natural products. 4,5,17,21,22 
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To pay tribute to key historical advances and highlight two major modes of strained 

intermediate reactivity, we feature pioneering studies from the 1950s and 1960s.  In a seminal 

study by Roberts and co-workers, 14C-labelled chlorobenzene 1.1 was treated with potassium 

amide in liquid ammonia (Figure 1.1A).23 The formation of aniline products 1.3 and 1.4 in equal 

amounts provided strong evidence for the in situ formation of benzyne (1.2). Two years later, 

Wittig and co-workers reported the first generation and trapping of an aryne in a cycloaddition.24 

1-Bromo-2-fluorobenzene (1.5) underwent lithium halogen exchange followed by 1,2-

elimination to afford benzyne (1.7) in situ, which was subsequently trapped with furan (1.6) to 

access cycloaddition product 1.8 in an 88% yield (Figure 1.1B). Soon thereafter, it was 

demonstrated that 1,2-cyclohexadiene (1.11) could be generated and intercepted in cycloaddition 

processes with styrene (1.10) and diphenylisobenzofuran (1.14) to access cyclobutane 1.12 and 

fused tetracycle 1.15, respectively (Figure 1.1C).25,26 

The examples shown in Figure 1.1 highlight two major modes of reactivity of strained 

intermediates: nucleophilic additions and cycloadditions. Indeed, the majority of synthetically 

useful transformations of arynes and related strained intermediates involve these types of 

reactions.  Related modes of aryne reactivity, such as nucleophilic annulation reactions, insertion 

reactions and multicomponent reactions have subsequently arisen and have been reviewed.3,5,7 

However, following the development of mild conditions for generating strained intermediates, 

such as Kobayashi’s 1,2-elimination of silyl triflates,3,27,28 a third major mode of strained 

intermediate reactivity involving metal-catalyzed processes came to light. This perspective will 

highlight recent advances in metal-catalyzed transformations of arynes and strained, cyclic 

allenes to generate complexity in molecular scaffolds. 
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Figure 1.1. Seminal studies of strained, cyclic intermediates. 
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which was characterized via X-ray crystallography and leveraged in a number of synthetic 

transformations.33,34,35 Moreover, in 1993, the first X-ray crystal structure of a metal-stabilized 

cyclic allene was reported (i.e. 1.22).36 

 

 

Figure 1.2. Transition metal-stabilized strained intermediates. 
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palladium (0) tetrakis(triphenylphosphine) (Figure 1.3A).37 Using this method, 

cyclotrimerization product 1.24 was obtained in an 83% yield. 

Since Guitián and co-workers’ seminal report, reactions that merge strained intermediates 

and metal catalysis have provided access to many unique scaffolds. For example, the 

naphthalene core of the natural product taiwanin C (1.25) was accessed via a late-stage 

palladium-catalyzed [2+2+2] cyclization involving an aryne.38  In another example, the natural 

product flemichapparin C (1.26) was accessed via a palladium-catalyzed C–H activation of a 4-

hydroxycoumarin, followed by C–C and C–O bond formation involving an aryne intermediate 

(Figure 1.3B).39 Finally, the indoloquinoline core of isocryptolepine (1.27) was constructed via a 

copper-catalyzed cascade C–H/N–H annulation with benzyne.40 

 

 

Figure 1.3. Transition metal-catalyzed reactions of arynes. 
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Recent advances in the merger of strained intermediates and transition metal catalysis 

have continued to allow access to increasingly complex scaffolds. This perspective highlights 

two recent advances from our laboratory. The first is the use of arynes to prepare complex 

organometallic compounds. The second is the use of strained, cyclic allenes to prepare 

polycyclic heterocycles bearing one or more stereocenters. 

 

1.3 Use of Arynes to Access Organometallic Complexes 

While arynes have been utilized to access a wide array of organic compounds, an area 

where arynes have seen limited use is in the synthesis and derivatization of organometallic 

compounds. Few examples exist of arynes being utilized in so-called “chemistry-on-the-

complex” reactions,41 where ligands are modified while bound to a metal center. The two earliest 

examples demonstrate that arynes can be utilized in Diels–Alder reactions “on-the-complex” 

when the organometallic complex bears a reactive diene ligand.42,43 For example, Wang and co-

workers reported a Diels–Alder reaction between benzyne (via silyl triflate 1.23) and iron 

complex 1.28 to afford cycloadduct 1.29 in 23% yield (Figure 1.4A). 

Our laboratory became interested in utilizing metal-catalyzed transformations of arynes 

for the direct p-extension of organometallic complexes.44 Extended conjugation can impart 

important properties on metal complexes.45 Metal complexes 1.30 (R = Ir or Ru) were found to 

undergo a palladium-catalyzed annulation with in situ-generated arynes 1.31 to access metal 

complexes 1.32 (Figure 1.4B). Iridium complex 1.33 and ruthenium complex 1.34 are depicted 

as examples of adducts that could both be accessed in good to excellent yields. Additionally, 

ruthenium complex 1.35 participated in a triple annulation process with benzyne to extend all 

three ligands concurrently (Figure 1.4C). This reaction provided 1.36 in 57% yield through the 
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formation of six C–C bonds in a single transformation. Of note, this product displays a 

significantly higher luminescence quantum yield and molar extinction coefficient compared to 

Ru(bpy)3.  Overall, this study demonstrates the ability of metal-catalyzed reactions of arynes to 

provide rapid access to organometallic complexes with extended conjugation. The scope of 

aryne-mediated transformations of organometallic complexes continues to expand. For 

example,46 studies by Inger and Polarski, where ligands are modified via the formation of aryne 

intermediates, are ongoing. 
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Figure 1.4. Arynes on-the-complex. 
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1.4 Use of Cyclic Allenes in Enantioselective Metal-Catalyzed Annulations 

Strained cyclic allenes, despite being known since the 1960s, have only recently gained 

significant use in chemical synthesis.2,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72 Like 

arynes, cyclic allenes can be used to generate two new bonds, offering a means for efficiently 

building polycyclic scaffolds.  In addition, cyclic allenes are chiral, which can allow for the 

generation of sp3 centers, typically through cycloaddition reactions.  In comparison to arynes, 

strained, cyclic allenes have seen far less use in metal-catalyzed transformations. The first 

examples of transition metal-mediated transformations of strained cyclic allenes were reported 

by Guitián in 2006 and 2009.47,48 Only recently have enantioselective annulations been 

discovered. 

Two asymmetric transition metal-catalyzed annulations of strained, cyclic allenes were 

developed in our laboratory and are shown in Figure 1.5.50,52 Treatment of racemic cyclic allene 

precursors 1.37 and benzotriazinones 1.38, in the presence of Ni and Josiphos ligand 1.40, gave 

rise to enantioenriched tricycles 1.39 (Figure 1.5A).  The transformation is thought to proceed by 

denitrogenation of 1.38, to give an organometallic species in catalytic quantities, which, in turn, 

traps the fleeting cyclic allene intermediate.  Formation of adducts 1.41–1.43 provide examples 

of compounds that were accessible using this methodology in synthetically useful yields and 

enantioselectivities. More recently, a palladium-catalyzed annulation involving strained, cyclic 

allene precursors 1.44 and iodoaniline pronucleophiles 1.45 was developed (Figure 1.5B). This 

methodology provided access to racemic compounds such as 1.48–1.50 in good to excellent 

yields using DavePhos ligand 1.47. An enantioselective variant of this reaction, utilizing 

Mandyphos 1.54 as a ligand, was also demonstrated. In this case, racemic cyclic allene precursor 

1.51 and iodopyridine 1.52 underwent palladium-catalyzed annulation to afford tricycle 1.53 in 
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64% yield and 90% ee (Figure 1.5C). Collectively these studies demonstrate the ability of 

strained, cyclic allenes to be leveraged in metal-catalyzed transformations to access heterocycles 

with stereocenters, including examples that proceed with high enantioselectivity. 
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Figure 1.5. Transititon metal-catalyzed annulations. 
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1.5 Looking Forward 

Merging strained intermediates with transition metal catalysis can result in direct access 

to a variety of complex molecules. The recent studies highlighted herein specifically demonstrate 

that transition metal-catalyzed transformations of strained intermediates can be leveraged to 

access both organometallic complexes and enantioenriched heterocycles.  

Despite these recent advances, there is much room for the continued expansion of metal-

mediated transformations of strained intermediates. Looking forward, methods that merge 

strained intermediates with transition metal catalysis may push the boundaries on what types of 

molecules can be accessed synthetically. For example, new advances could allow access to chiral 

building blocks for the assembly of medicinal agents, materials, agrochemicals, or other 

compounds of importance. One area we are particularly excited about is the use of strained 

intermediates and metal catalysis in the total synthesis of natural products. Such efforts would 

not only prove useful in the preparation of target molecules, but could also serve to push the 

limits of known methods and spawn the invention of new ones.  Finally, the use of metal-

catalyzed reactions of strained intermediates could be leveraged to access unique chiral 

molecules, with recent relevant examples reported related to axially chiral helicenes.73,74 The 

merger of strained intermediates with transition metal catalysis is likely to provide access to 

increasingly diverse scaffolds with unique physical, chemical, and biological properties.  
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CHAPTER TWO 

 

p-Extension of Heterocycles via a Pd-Catalyzed Heterocyclic Aryne Annulation: 

p-Extended Donors for TADF Emitters  

Katie A. Spence,† Jason V. Chari,† Mattia Di Niro, Robert B. Susick, Narcisse Ukwitegetse, 

Peter I. Djurovich, Mark E. Thompson, and Neil K. Garg. 

Chem. Sci. 2022, 13, 5884–5892. 

 

2.1 Abstract 

 We report the annulation of heterocyclic building blocks to access p-extended polycyclic 

aromatic hydrocarbons (PAHs). The method involves the trapping of short-lived hetarynes with 

catalytically-generated biaryl palladium intermediates and allows for the concise appendage of 

three or more fused aromatic rings about a central heterocyclic building block. Our studies focus 

on annulating the indole and carbazole heterocycles through the use of indolyne and carbazolyne 

chemistry, respectively, the latter of which required the synthesis of a new carbazolyne precursor. 

Notably, these represent rare examples of transition metal-catalyzed reactions of N-containing 

hetarynes. We demonstrate the utility of our methodology in the synthesis of heterocyclic p-

extended PAHs, which were then applied as ligands in two-coordinate metal complexes. As a 

result of these studies, we identified a new thermally-activated delayed fluorescence (TADF) 

emitter that displays up to 81% photoluminescence efficiency, along with insight into structure-

property relationships. These studies underscore the utility of heterocyclic strained intermediates 

in the synthesis and study of organic materials. 
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2.2 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) have had a remarkable impact on materials 

science due to their desirable electronic and self-assembly properties.1 A privileged subset of 

PAHs, heterocyclic PAHs, are highly valued in solar cells,2 electroluminescent materials3 and 

organic light emitting diodes (OLEDs)4 (e.g., 2.1–2.3, Figure 2.1). Indeed, heteroatom 

incorporation in these systems provides several functional and electronic advantages. This includes 

the introduction of nitrogen functional handles for synthetic manipulations, capacity for N-

coordination to metal centers, the potential for donor-acceptor systems and usage as stimuli-

responsive materials.5  Accordingly, concise and diversifiable synthetic methods for accessing 

heterocyclic PAHs are highly desirable.6 

 

 

Figure 2.1. Examples of heteroatom-containing PAHs with applications in materials chemistry. 

 

 An attractive approach toward heterocyclic PAHs involves assembling fused rings about a 

central heterocyclic building block through annulative p-extension (APEX).6 A compelling means 

to achieve this objective involves the use of in situ generated arynes, although such intermediates 

were historically avoided because of their high reactivity. However, the strain driven reactivity of 
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arynes, along with the ability to form multiple bonds in a single step under mild conditions, has 

prompted the recent usage of arynes as modular building blocks in a wide array of applications, 

including in the synthesis of PAHs.7,8,9,10,11 In contrast, heterocyclic arynes (hetarynes) have only 

been used sparingly in PAH synthesis. This is in part due to the mild, fluoride-mediated generation 

of heterocyclic arynes (hetarynes) only becoming widespread in the past decade.12 Moreover, the 

ability to access and manipulate indole-derived arynes (indolynes) and their derivatives differs 

considerably from that of benzyne chemistry. The pyrrole ring can influence aryne structure and 

reactivity,13 and its nucleophilicity can often result in side reactions,14 posing numerous challenges 

for methodology development. Specifically, the reaction rate of pyrrole in electrophilic aromatic 

substitution reactions has been approximated to be roughly 3 ´ 1018 times faster than that of 

benzene.15 Figure 2.2A highlights two recent examples of the generation and capture of indolyne 

2.5, which arises from indolyne silyl triflate precursor 2.4.16,17,18 
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Figure 2.2. Approaches for p-extension of hetarynes. 

 

In the present study, we aimed to develop a rapid, convergent approach to access 

heteroatom-containing PAH scaffolds. In particular, a method was devised that allows for the 

appendage of multiple aromatic rings to important heterocyclic building blocks in a controlled 

bimolecular reaction. This reaction provides access to a diverse set of aromatic products with 

electronic and steric modifications. The sequence we devised, inspired by pioneering studies by 

Larock,19 is shown in Figure 2.2B. In situ generated hetarynes 2.9 would be united with 

bromobiaryl partners 2.10 using palladium catalysis to furnish heterocyclic PAHs 2.11.20 This 

annulative p-extension of hetarynes would expand on existing applications of hetaryne chemistry, 

create two new carbon–carbon (C–C) bonds, allow for the addition of three aromatic rings (shown 
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in blue) to important heterocycles, and permit rapid access to heterocyclic triphenylene derivatives. 

Of note, this type of Larock annulation19 had not previously been achieved using nitrogen-

containing, hetaryne intermediates. Additionally, metal-catalyzed transformations that utilize 

hetarynes are rare. Iwayama and Sato have reported [2+2+2] reactions of pyridynes.21 Only one 

study involving metal-catalyzed reactions of electron-rich N-containing hetarynes is available in 

the literature, as developed by our laboratory.17 

Herein, we describe the development of this methodology to access p-extended 

heterocyclic adducts, in addition to a concise synthetic route to a new carbazolyne precursor. We 

also show the utility of our methodology in the synthesis of p-extended ligands, which were 

utilized in novel two-coordinate metal complexes 2.12. Rapid access to complexes 2.12 allowed 

us to study the influence of extended conjugation on the efficiency of thermally activated delayed 

fluorescence (TADF) processes, which have received notable interest in recent years in the context 

of OLEDs.22  As described in Scheme 2.1, in OLEDs, singlets (S1) and triplets (T1) are generated 

upon hole and electron recombination. Fluorescence describes prompt decay from the S1 state, 

whereas phosphorescence describes delayed decay from the T1 state. In TADF emitters, T1 is 

thermally promoted to the S1 state, followed by radiative decay from S1. We show that extended 

p-conjugation can influence the performance of the TADF complex by modulating either the steric 

or electronic features of the ligand. Moreover, our studies permit access to a new TADF emitter 

that displays up to 81% photoluminescence efficiency. 
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Scheme 2.1. Mechanism for TADF emission in comparison to fluorescence and 

phosphorescence. 

 

2.3 Results and Discussion 

2.3.1 Pd-Catalyzed Annulations of Indolyne 

We initiated our synthetic studies by pursuing a Pd-catalyzed annulation reaction of 

bromobiaryls 2.1323 with N-Me-4,5-indolyne precursor 2.14 (Figure 2.3), the latter of which is 

accessible in a single step from its commercially available N–H derivative. In our initial studies, 

we used 2-bromobiphenyl as the aryl halide coupling partner and examined conditions reported by 

Larock for the annulation of carbocyclic arynes.19 This led to the formation of 2.16 in only 43% 

yield, highlighting the aforementioned challenges associated with using N-containing hetarynes in 

metal-catalyzed reactions, as compared to simpler arynes.  In prior studies,24,25,26 we found that 

metal-catalyzed trappings of heterocyclic strained intermediates necessitate careful optimization, 

as such reactions require that a transient strained intermediate be generated at a rate that allows for 

efficient reaction with an in situ generated organometallic species (i.e., after 2.13 undergoes 

oxidative addition with Pd), while minimizing decomposition pathways commonly seen in strained 

intermediate chemistry.  We ultimately found the desired reaction took place more efficiently by 

employing 5 mol% Pd(dba)2, 5 mol% P(o-tolyl)3, a 1:1 ratio of co-solvents acetonitrile and toluene, 

and 10 equivalents of cesium fluoride (CsF). The mixture of co-solvents, in particular, is thought 
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to be important for modulating the rate of hetaryne formation.27 With optimal conditions, 2.16 

could be accessed in 90% yield. Substituted biaryls could also be employed in the methodology. 

For example, methoxy- and nitro-substituted biaryls underwent the annulation smoothly to deliver 

adducts 2.17 and 2.18 in 62% and 80% yields, respectively. In these cases, mixtures of 

regioisomers are formed in roughly equal quantities.28 We also sought to incorporate additional 

heteroatoms into the products by employing heterocyclic derivatives of 2-bromobiphenyls.  Use 

of a pyridyl substrate furnished 2.19 in 76% yield, which is an interesting aza-analog of parent 

compound 2.16. We were also able to replace one of the phenyl rings with pyrrole or indole units, 

as exemplified by the formation of 2.20–2.22. Lastly, we performed the annulation of 2-

bromobiphenyl (2.23) with 5,6-indolyne precursor 2.24, which delivered adduct 2.25 in 81% yield. 

The results shown in Figure 2.3 not only provide access to electronically and structurally diverse 

heteroatom-containing PAHs, but also validate our strategy to achieve the p-extension of 

heterocyclic building blocks. 
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Figure 2.3. p-Extension of indolynes. Yields for 2.17–2.22 reflect isolated yields of a mixture of 

regioisomers (1–1.5:1; see Section 2.5.2.1 for details). 
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Having validated the p-extension of indoles via the use of indolynes, we sought to develop 
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medicinal chemistry,30 and natural product total synthesis.31 However, aryne-derived carbazoles 

(carbazolynes) have seen sparce use in chemical synthesis. Recent examples involve carbazolyne 

generation from the hexadehydro-Diels–Alder reaction,32 the use of a silyl nonaflate precursor,33 

and via classic dehydrohalogenation chemistry.31,34  

As silyl triflate precursors to carbazolynes were not known in the literature, we developed 

the concise approach to carbazolyne precursors 2.29–2.31 shown in Figure 2.4. 3-Bromo-2-

hydroxycarbazole (2.26)31,34 was treated with HMDS to afford silyl ether 2.27, which, in turn, was 

carried forward in a retro-Brook rearrangement sequence to afford silyl alcohol 2.28. Triflation 

proceeded smoothly to deliver silyl triflate 2.29 in 69% yield. N–H compound 2.29 was elaborated 

to protected derivatives 2.30 and 2.31 via methylation and Boc-protection, respectively. N-Me-

carbazolyne precursor 2.30 was employed in our p-extension methodology using our previously 

optimized conditions. We were delighted to find that reaction of 2-bromobiphenyl (2.23) and N-

Me-carbazolyne precursor 2.30 using Pd-catalysis furnished p-extended carbazole 2.32 in 86% 

yield. This is the first example of a transition metal-catalyzed trapping of a carbazolyne 

intermediate. Notably, this permits the one-step installment of a carbazole moiety into a p-

extended system. 
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Figure 2.4. Synthesis of carbazolyne precursors. 

 

We also sought to determine if N–H derivatives of our indole and carbazole annulation 

products could be accessed using our methodology. It was ultimately found that N–H products 

were accessible by employing N-Boc protected hetaryne precursors in our methodology (Figure 

2.5).35 Subjection of 2.23 and indolyne precursor 2.33 to our standard reactions conditions, 

followed by treatment with trifluoroacetic acid (TFA) to remove the Boc protecting group, gave 

deprotected indole scaffold 2.34 in 34% yield. Similarly, N–H carbazole adduct 2.35 was accessed 

in 65% yield via the corresponding reaction of 2.23 and N-Boc-carbazolyne precursor 2.31. The 

ability to access p-extended N–H products (e.g., 2.34 and 2.35) is expected to prove generally 

useful, as the N-position can be easily substituted. PAHs 2.34 and 2.35 also proved useful in our 

subsequent studies (vide infra) pertaining to the synthesis and evaluation of thermally activated 

delayed fluorescence (TADF) complexes. 
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Figure 2.5. Synthesis of N–H products 2.34 and 2.35. 

 

2.3.3 Application of p-Extended Products as TADF Emitters 

A potential application of indole- and carbazole-based PAHs is in organic light emitting 

diodes (OLEDs), which are crucial for high-performance display technologies and solid-state 

lighting applications. Specifically, the recent development of TADF complexes of the general 
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access to emissive dopants with high photoluminescence efficiencies (FPLQY up to 100% in both 

solution and in the solid state) and short-lived excited states (t < 1 ms). These compounds also 

offer potential economic advantages over Ir- or Pt-centered phosphorescent dopants.41,42 

The photophysical properties of these two-coordinate complexes can be manipulated by 
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2.36, with the carbene BZI (1,3-bis(2,6-diisopropylphenyl)-1-H-benzo[d]imidazole-2-ylidene) as 

an acceptor ligand emits at 432 nm when doped in polystyrene (PS) films whereas 2.37, which has 

MAC (1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-keto-tetrahydropyridylidene) as an 

acceptor, emits at 506 nm in the same media.  The difference in energy for the ICT state is due to 

the poorer electrophilicity of BZI (2.36, Ered = –2.82 V vs. Fc+/Fc) relative to MAC (2.37, Ered = –

2.50 V).  The low electron affinity of BZI raises the energy of the 3ICT state such that it is near 

resonant with that of the locally excited triplet state (3LE) of carbazolyl (3LE = 415 nm).  It follows 

that altering the nature of amide donor will also modify the energy of the ICT state, and 

consequently the photophysical properties of the complex.   

Previous studies on carbazolyl donor ligands have focused on electronic modifications of 

carbazole using electron-donating or withdrawing groups, steric hindrance, and structural 

flexibility, leading to important structure-property relationships.36c,40,43,44,45 Moreover, extending 

the conjugation in aromatic p-systems by benzannulation has been shown to impact relative 

HOMO and LUMO energy levels in ways that sometimes lead to counterintuitive changes in 

emission color.42,46,47 Thus, the effect of similar p-extension on the photophysical properties of 

donor–M–acceptor complexes may not be obvious. Heterocyclic PAHs accessible by our p-

extension methodology provide an opportunity to study and compare new p-extended TADF 

complexes. 
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Figure 2.6. Heterocyclic PAHs as donor ligands in TADF complexes.48,49 

 

Two-coordinate donor-Au-acceptor complexes were prepared by treatment of 2.34 or 2.35 

with sodium tert-butoxide in the presence of the NHC-Au-Cl complex (Figure 2.7A).  The metal 

complexes evaluated in the present study (Figure 2.7B) are Au complexes due to their superior 

stability compared to Ag or Cu analogs.40 Complexes 2.36+p and 2.37+p were obtained in 68% 

and 78% yields, respectively, whereas the respective indolyl complexes 2.38 and 2.38+p were 

prepared in 60% and 45% yields using this protocol.  Complexes 2.36+p and 2.37+p enable 

comparison of the new p-extended phenanthrocarbazolyl donors to their respective carbazolyl 

counterparts, 2.3648 and 2.37.43,49 The methylindolyl (2.38) and phenanthroindolyl (2.38+p) 

derivatives allow us to assess the impact of p-extension within a new indole series of complexes, 

as well as compare the carbazolyl and indolyl complexes. 

2.36 2.37
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Figure 2.7. Preparation (A) and structures (B) of two-coordinate gold complexes.  dipp = 2,6-

diisopropylphenyl, as shown in Figure 2.6. 

 

The photophysical properties of the p-extended carbazolyl-based complexes, 2.36+p  and 

2.37+p, were examined in different media (Figure 2.8) and compared to data of the parent 
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carbazole-containing complexes 2.36 and 2.37 (Table 2.1).43,49,49 The UV-visible absorption 

spectra of 2.36+p  and 2.37+p display a strong solvent-independent band at 320 nm attributed to 

a p–p* transition localized on the phenanthrocarbazolyl ligand. Weaker bands at lower energy are 

more structured and display a pronounced negative solvatochromism (e.g., 2.36+p at 416 nm in 

MeCy and 382 nm in MeTHF; 2.37+p at 460 nm in MeCy and 417 nm in MeTHF).  This band is 

assigned to the ICT transition between the p-extended carbazole donor and carbene acceptor ligand 

that is overlapped with p–p* transitions on the phenanthrocarbazolyl ligand.  The solvatochromic 

behavior of the ICT band is ascribed to the dipole moment interactions between the solvent and 

complex molecules, in which the dipole of the excited state is larger and is oriented in the opposite 

direction as that of the ground state.  The energy of the ICT transition in 2.36+p and 2.37+p is 

comparable to values for 2.36 and 2.37 (see Table 2.1) indicating that the donor strength of the 

phenanthrocarbazolyl and carbazolyl ligands are nearly equivalent. 
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Figure 2.8. Absorption (left) and emission spectra (right) for the carbene-Au-carbazolyl 

complexes. Note that the absorption spectra of the PS films were scaled to match the intensity of 

the MeCy solution at lmax = 320 nm. This feature is assigned to a solvent insensitive transition 

localized on the carbazolyl ligand. 
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Table 2.1. Photophysical data for carbene-Au-carbazolyl complexes. 

complex solvent labs
a lem, 298K (l77K) FPLQY t298K 

(10-6 s) 
kr 

(105 s-1) 
knr 

(105 s-1) 
t77K 

(10-3 s) 

2.3648 
1% PS film 385 452 (426) 1.00 

3.6 (54%) 
4.4b <0.04b 0.19 

0.74 (46%) 
MeCy 405 424 (424) 0.89 1.2 7.8 0.9 0.34 

MeTHF 365 452 (426) 0.79 2.6 3.0 0.8 0.64 

2.36+p 

1% PS film 388 506 (502) 0.52 5.1 (70%) 3.1b 11b 1.8 
6.7 (30%) 

MeCy 416 502 (504) 0.03 30.0 0.01 0.3 
2.9 (90%) 
14 (8%) 
100 (2%) 

MeTHF 382 504 (498) 0.02 57 0.004 0.2 3.2 (94%) 
33 (6%) 

2.3749 
1% PS film 425c 512 (506) 0.85 0.83 10.0 1.8 0.043 

MeCy 450 522 (456) 0.88 1.1 8.0 1.1 0.068 
MeTHF 412 544 (428) 0.50 0.79 6.3 6.3 0.26 

2.37+p 

1% PS film 420 529 (500) 0.74 3.3 (47%) 
1.0 (45%)d 3.4b  1.2b 

4.4 (43%) 
2.2 (33%) 
0.7 (24%) 

MeCy 460 544 (500) 0.81 0.9 (91%)d 9.1 2.1 
1.8 (59%) 
3.1 (41%) 

MeTHF 417 566 (498) 0.39 0.6 (96%)d 6.9 11 
2.4 (72%) 
5.3 (28%) 

a ICT band. b Calculated from the weighted averages of both contributions. c Obtained from excitation spectrum. d An 
additional minor contribution from a longer lifetime component is needed to fit the observed data and assigned to p-type 
delayed fluorescence. See Section 2.6.2. 

  

The effect of p-extension on the amide ligand is manifested more evidently in the 

luminescence properties of the complexes.  In particular, whereas luminescence from 2.36 is broad 

and solvatochromic, emission spectra of 2.36+p are narrow, red-shifted and independent of solvent 

polarity.  Radiative (kr) and non-radiative (knr) rate constants are calculated using the relationship 

𝑘! = Φ"#/𝜏, where Φ"# = 𝑘!/(𝑘! + 𝑘$!). The radiative rate for emission from 2.36 is rapid (kr = 

3.0 × 105 s–1 in MeTHF) as opposed to being markedly slow in 2.36+p (kr = 4 × 102 s–1 in MeTHF). 

Unlike the photophysical properties of 2.36, which are characteristic of emission from an ICT 

state, luminescence from 2.36+p indicates that the excited state transitions are localized on the 

donor ligand, and hence undergo conventional phosphorescence rather than TADF.  This 
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assignment for the luminescence is confirmed by the minimal shift in energy and millisecond 

emission lifetime found upon cooling to 77 K.  The difference in properties for 2.36+p versus 2.36 

is caused by the lower energy for 3LE state of the phenanthrocarbazolyl moiety (see section 2.6) 

compared to that for the carbazolyl ligand.  In contrast, complex 2.37+p is capable of efficient 

TADF from the ICT state as borne out by emission spectra (Figure 2.8) that are similar, albeit 

redshifted, to spectra reported for 2.37. The fast radiative rate (kr = 9.1 × 105 s–1) and high 

photoluminescence efficiency (FPLQY = 0.81) at room temperature in MeCy, along with 

luminescence that is redshifted from polar solvent (MeTHF) to non-polar solvent (MeCy and 

polystyrene film), is also consistent with emission from an ICT state.50  Emission at 77 K (500 nm) 

is structured and polarity-independent. In this case, solvent molecules are frozen as a glass around 

the complex molecules, thus restricting stabilization of the excited ICT triplet.43 Therefore, the 

triplet state localized on the donor becomes the lowest-lying emissive state and precludes ICT 

events. Notably, 2.37+p achieved 81% photoluminescence efficiency in MeCy (Figure 2.8). 

Next, we compared the optical properties of 2.38 and 2.38+p (Figure 2.9 and Table 2.2). 

The ICT and p–p* absorption bands are more resolved in complex 2.38 than in 2.38+p. The high 

extinction coefficients for the ICT band of 2.38 suggest strong electronic coupling between the 

acceptor carbene and the 2-methylindolyl donor ligands.  Emission spectra for both complexes at 

298 K show broad featureless bands and radiative rates are relatively fast (kr > 105 s–1), both 

characteristics consistent with decay from an ICT excited state. The luminescence from 2.38 is 

slightly red-shifted (e.g., lMeTHF = 600 nm) relative to spectra from 2.38+p (e.g., 

lMeTHF = 566 nm), indicating that 2-methylindole is a stronger donor than the phenanthroindolyl 

ligand, which can be attributed to the different position of the p-extension in 2.38+p compared to 

2.36+p and 2.37+p.  Luminescence from the methylindolyl-based complex remains broad and 
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featureless upon cooling from 298 K to 77 K, indicating that the transition retains ICT character 

even in frozen matrix. For 2.38, note that the destabilization of the ICT state upon going from 

298 K to 77 K is greater in MeCy and MeTHF than in the PS film.  This is likely due to enhanced 

solute-solute interactions on cooling the fluid solutions to 77 K, whereas the relative orientations 

of the solutes are fixed in a more random fashion at room temperature in the PS film.  In contrast, 

the emission spectrum of 2.38+p is structured at 77 K and assigned to a low-lying 3LE transition 

on the phenanthroindolyl ligand. The short lifetime measured for 2.38 at 77 K in MeTHF (t = 1.1 

× 10–4 s) compared to that for 2.38+p (t = 1.5 × 10–2 s) is consistent with an 3ICT transition for 

the former complex and 3LE phosphorescence for the latter derivative. 

 

Figure 2.9. Absorption (left) and emission spectra (right) for carbene-Au-indolyl complexes.  

Note that the absorption spectra of the PS films were scaled to match the peak at lmax = 295 nm 

in MeCy solution, which is assigned to a solvent insensitive transition localized on the indolyl 

ligand. 

2.38+π

2.38 2.38

2.38+π
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Complex 2.38+p exhibits higher photoluminescence quantum yields in all media compared 

to 2.38. The yields increase from MeTHF (FPLQY = 1.4%) to MeCy (FPLQY = 24.2%) to the PS 

film (FPLQY = 49%). The lower emission efficiency in polar solvents is attributed to the greater 

reorganization of the excited state structure in polar solvents. Generally, complex 2.38 displays 

comparable, although slower radiative rates (kr) and faster non-radiative rates (knr) in all solvents 

relative to 2.38+p.  The slower knr of 2.38+p is likely due to a slower rate of rotation or exchange 

caused by the larger free volume of the 2.38+p ligand.  

 

Table 2.2. Photophysical data for carbene-Au-indolyl complexes. 

complex solvent labs
a lem, 298K (l77K) FPLQY t298K 

(10-6 s) 
kr 

(105 s-1) 
knr 

(105 s-1) 
t77K 

(10-3 s) 

2.38 
1% PS film 414 534 (525) 0.12 

0.71 (80%) 
2.5 b 14 b 

0.067 (78%) 
0.25 (20%) 0.025 (22%) 

MeCy 435 565 (484) 0.03 0.13 2.5 74 0.10 
MeTHF 399 600 (476) 0.004 0.011 3.6 910 0.11 

2.38+p  

1% PS film 394 519 (495) 0.49 
1.7 (65%) 

3.9 b 2.1 b 
7.0 (74%) 

0.41 (35%) 3.0 (26%) 

MeCy 420 530 (486) 0.24 0.54 4.1 14 
9.3 (62%) 
13 (38%) 

MeTHF 380a 566 (482) 0.01 0.024 5.8 4100 
14 (73%) 
19 (27%) 

a ICT band. b Calculated from the weighted averages of both contributions. 
 

 

Comparing the carbazolyl and indolyl MAC complexes, it is noted that both appear to 

undergo TADF emission; however, the former (carbazolyl) family exhibits higher 

photoluminescence efficiencies due to lower rates of non-radiative decay.  In comparing 2.38 to 

2.38+p, the low steric profile about the indolyl ligand appears to have a greater influence on the 

photophysical performance than any energetic differences. In contrast, the discrepancy in 

performance between 2.36 and 2.36+p is attributed primarily to the energetics induced by p-
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conjugation. In other words, the photophysical properties of indolyl-based complexes are primarily 

influenced by decreased steric hindrance of the indolyl ligand, whereas the performance of the 

carbazolyl-based complexes is primarily dictated by the p-conjugation thermodynamics. 

 

2.4 Conclusions 

In summary, we have developed a modular platform to access N-heterocycles with 

extended p-conjugation by leveraging hetarynes and Pd-catalysis. Of note, these represent rare 

examples of metal-mediated transformations of N-heterocyclic arynes. Through the construction 

of two C–C bonds in a single operation, this methodology allows for the direct p-extension of 

heterocyclic scaffolds through the appendage of three or more aromatic rings. The methodology 

offers a convergent platform for accessing important heterocycles with structural and electronic 

diversity. Notably, a new carbazolyne precursor, whose synthesis relies on a key retro-Brook 

rearrangement, can also be leveraged in this reaction to access carbazole derivatives. Heterocycles 

accessed in our methodology were ligated to Au-NHC complexes to give new two-coordinate 

metal complexes. 

We find that extending the p-conjugation of the donor ligand influences the photophysical 

properties of the two-coordinate Au(I)-NHC complexes. The principal effect of p-extension in 

these compounds is stabilization of the triplet energy as opposed to only a minor perturbation of 

the donor strength.   Therefore, depending on the nature of the carbene paired with the donor 

ligand, luminescence can be tuned to achieve emission from either the 3LE or ICT state.  Thus, a 

relatively weak electron accepting carbene such as BZI in 2.36 and 2.36+p gives only inefficient 

3LE emission, whereas the stronger electron accepting MAC carbene in 2.37 and 2.37+p leads to 

efficient emission from the ICT state. The carbazolyl (2.37 and 2.37+p) and indolyl (2.38 and 
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2.38+p) complexes allow for the direct comparison of two systems that undergo TADF emission 

from the ICT state. The p-extension of the carbazolyl ligand in 2.37+p leads to a red-shift in 

emission.  However, p-extending the indolyl-based ligand in 2.38+p results in an unexpected blue-

shift in emission energy that may owe to the different position of substitution.42  

These studies should prompt further structure–photophysical property studies of donor 

ligands in these metal complexes to enhance OLED stability and efficiency. Furthermore, these 

studies demonstrate that hetarynes can be strategically leveraged as central building blocks for 

accessing p-extended scaffolds with notable properties. 
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2.5 Experimental Section 

2.5.1 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), 1,1,1,3,3,3-

hexamethyldisilazane (HMDS), tert-butyllithium (t-BuLi), sodium hydride (NaH), and sodium 

ter-butoxide (NaOt-Bu) were obtained from Sigma Aldrich. Methyl iodide (MeI) was acquired 

from Spectrum Chemical. Triflic anhydride was purchased from Oakwood Chemical and distilled 

over phosphorous pentoxide prior to use. Di-tert-butyl decarbonate and 4-dimethylaminopyridine 

(DMAP) were obtained from Oakwood Chemical. Triethylamine was purchased from Fischer 

Scientific and passed through an activated alumina column prior to use. 2-Bromobiphenyl (2.23) 

was obtained from Combi-Blocks and purified by flash chromatography (100% Hexanes) prior to 

use. 3-Bromo-2-phenylpyridine (2.43) was obtained from Combi-Blocks. Bromobiaryls 2.39,51 

2.41,52 2.45,53 2.47,54 and 2.49,55 were prepared according to literature procedures. The silyl 

triflates 2.14,16 2.33,56 and 2.2456 were prepared following literature procedures. 3-Bromo-2-

hydroxycarbazole (2.26) was prepared in one step from 2-hydroxycarbazole following a literature 

protocol.31 NHC–Au–Cl complexes 2.5148 and 2.5243 were prepared following literature 

procedures. Regioisomeric ratios for indolyne annulation products were determined by analysis of 

the 1H NMR spectra of the crude reaction mixtures. Thin-layer chromatography (TLC) was 
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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(254 nm). Celiteâ was 

purchased from Fischer Scientific and used as received. 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 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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2.5.2 Experimental Procedures 

2.5.2.1 Scope of Pd-Catalyzed Annulation with N-Me-4,5-Indolyne  

 

Representative Procedure A for hetaryne annulations (Figure 2.3, annulation product 2.16 

used as an example). 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 (2.23) (30.0 

mg, 0.129 mmol, 1.0 equiv), silyl triflate 2.14 (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 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. Then, after cooling to 23 °C, 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 afford annulation product 2.16 (90% yield, average of two experiments) as an off-white solid. 

Indole 2.16: mp: 139–144 °C; Rf 0.41 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 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), 7.74 (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): d 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, 123.28, 123.25, 117.7, 110.5, 104.0, 33.3; IR (film): 3069, 2924, 2850, 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(90% yield)

+
NMeMe3Si

TfO

(2.0 equiv)
2.23 2.14

NMe

2.16

Br
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1514, 1492, 1441, 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 2.3. 

 

 

Indoles 2.17 and 2.40. Followed representative procedure A. Purification by flash 

chromatography (50:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 2.17 and 2.40 

(62% yield, average of two experiments, 1.1:1 ratio, unassigned) as a white solid. Indoles 2.17 and 

2.40: Rf 0.27 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, 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, 136.8, 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. 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(62% yield, 1.1:1 ratio)

+

NMeMe3Si

TfO

Br

(2.0 equiv)
2.39 2.14 2.17 2.40

+

OMe

NMe

NMe

OMe OMe
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Indoles 2.18 and 2.42. Followed representative procedure A. Purification by flash 

chromatography (50:1 Hexanes:EtOAc → 20:1 Hexanes:EtOAc) afforded an inseparable mixture 

of indoles 2.18 and 2.42 (80% yield, average of two experiments, 1.4:1 ratio, unassigned) as a 

yellow solid. Indoles 2.18 and 2.42: 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), 7.67 (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), 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, 124.1, 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 C21H15N2O2+, 327.11280; found 327.11387. 

 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(80% yield, 1.1:1 ratio)

+

NMeMe3Si

TfO

Br

(2.0 equiv)
2.41 2.14 2.18 2.42

+

NO2

NMe

NMe

NO2 NO2
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Indoles 2.19 and 2.44. Followed representative procedure A. Purification by flash 

chromatography (100% Hexanes → 50:1 Hexanes:EtOAc → 9:1 Hexanes:EtOAc) afforded an 

inseparable mixture of indoles 2.19 and 2.44 (76% yield, 1.4:1 ratio, average of two experiments) 

as a pale yellow solid. Indole 2.19: 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), 3.90 (s, 3H). Indole 2.44: 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), 3.91 (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, 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. 

 

 

 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(76% yield, 1.4:1 ratio)

+
NMeMe3Si

TfO

N
Br

(2.0 equiv)
2.43 2.14

N NMe

2.19

N

NMe

2.44

+
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The structure of 2.19 was verified by 2D-NOESY and 2D-COSY of the mixture, as the following 

interactions were observed:  

 

 

Pyrroles 2.20 and 2.46. Followed representative procedure A. Purification by flash 

chromatography (20:1 Hexanes:Benzene) afforded an inseparable mixture of pyrroles 2.20 and 

2.46 (86% yield, 1.4:1 ratio, average of two experiments, unassigned) as a yellow solid. Pyrroles 

2.20 and 2.46: 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, 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; HRMS-APCI (m/z) [M + H+] 

calcd for C19H15N2+, 271.12297; found 271.12191. 

H H

NMeN

2D-NOESY 2D-COSY
2.19 2.19

H
H

H

NMeNand

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(86% yield, 1.4:1 ratio)

+

NMeMe3Si

TfON
Br

(2.0 equiv)
2.45 2.14

N

NMe

2.20

N

2.46

+

NMe



 52 

 

Indoles 2.21 and 2.48. Followed representative procedure A. 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 2.21 and 2.48 (78% yield, 1.3:1 ratio, average of two experiments, unassigned) 

as a bright yellow solid. Indoles 2.21 and 2.48: Rf 0.32 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

C6D6, 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, C6D6, 

minor): δ 8.95 (dd, J = 8.0, 1.6, 1H), 8.41 (dd, J = 8.0, 1.1, 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; 44 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, 121.1, 121.0, 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, 32.21, 32.18; IR (film): 3040, 2923, 1738, 1601, 1550, 

1509, 1490, 1447, 1419, 1355; HRMS-APCI (m/z) [M + H]+ calcd for C23H17N2+, 321.13862; 

found 321.13951. 

 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(78% yield, 1.3:1 ratio)

+

NMeMe3Si

TfO
N

Br

(2.0 equiv)
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+

NMe

N N
NMe
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Indoles 2.22 and 2.50. Followed representative procedure A. Purification by flash 

chromatography (100% Hexanes → 200:1 Hexanes:EtOAc → 100:1 Hexanes:EtOAc) afforded an 

inseparable mixture of indoles 2.22 and 2.50 (57% yield, 1.4:1 ratio, average of two experiments) 

as a yellow amorphous solid. Indole 2.22: 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; 22 of 24 signals observed): 141.8, 134.8, 134.2, 

132.7, 125.7, 125.3, 125.2, 124.4, 123.9, 123.8, 123.6, 123.3, 122.6, 122.1, 120.3, 118.8, 115.7, 

111.4, 109.9, 103.9, 34.0, 32.4. Indole 2.50: 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, J = 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), 3.10 (s, 3H); 13C NMR (125 MHz, 

C6D6; 23 of 24 signals observed): 141.5, 136.5, 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 (1:1, 0.075 M)
110 ºC, 24 h

(57% yield, 1.4:1 ratio)

+
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(2.0 equiv)
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The structure of 2.22 was verified by 2D-NOESY of the mixture, as the following interaction was 

observed:  

 

 

Indole 2.25. Followed representative Procedure A. Purification by flash chromatography 

(Hexanes → 1:1 Hexanes:Benzene) afforded indole 2.25 (81% yield, average of two experiments) 

as an off-white solid. Indole 2.25: mp 169.6–172.0 °C; 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), 3.99 (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. 
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2.5.2.2 Synthesis of Silyl Triflate Precursor to 2,3-Carbazolyne  

 

Silyl alcohol 2.28. A 20 mL scintillation vial was charged with 3-bromo-2-hydroxycarbazole 

(2.26, 4.3 g, 16 mmol, 1.0 equiv) and THF (5.6 mL, 1.3 M). HMDS (6.9 mL, 2.0 equiv, 33 mmol) 

was added in one portion. The vial was sealed with a Teflon cap, and subsequently placed in an 

aluminum block preheated to 70 °C, where it was allowed to stir for 1.5 h. After stirring for 1.5 h, 

the reaction mixture was cooled to 23 °C and concentrated under reduced pressure to afford the 

intermediate silyl enol ether 2.27 as a pink solid. This was carried forward without further 

purification. 

The crude solid was dissolved in THF (8.5 mL, 0.25 M) and purged with nitrogen for 3 

minutes, before being cooled to –78 °C. 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 °C. After 

the allotted time, deionized H2O (408 μL, 22.5 mmol, 10 equiv) was added dropwise over 2 min. 

The solution was then allowed to warm to 23 °C over 10 min and the mixture was transferred to a 

separatory funnel with H2O (20 mL) and CH2Cl2 (20 mL). The layers were then separated and the 

aqueous layer was extracted with CH2Cl2 (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 alcohol 2.28 as a white solid (3.1 

g, 73% yield over two steps). Silyl alcohol 2.28: mp: >200 °C; Rf 0.15 (100% Benzene); 1H NMR 

(600 MHz, CDCl3): d 8.03 (s, 1H), 8.00 (d, J = 7.7, 1H), 7.84 (s, 1H), 7.36–7.32 (m, 2H), 7.21 (dd, 

J = 6.6, 2.2, 1H), 6.72 (d, J= 2.4, 1H), 4.94 (s, 1H), 0.39 (s, 9H); 13C NMR (125 MHz, CDCl3): d 

H
NHO

Br

HMDS (2.0 equiv)

THF (1.3 M)
70 ºC, 1.5 h

H
NMe3SiO

Br

2.26 2.27

i. t-BuLi (3.1 equiv)
   THF (0.25 M)
   –78 ºC, 1 h

ii. H2O (10 equiv)
    –78 ºC → 23 ºC
    10 min

H
N

Me3Si

HO

2.28
(73% yield, 2 steps)
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159.4, 141.8, 139.2, 126.9, 124.4, 123.4, 119.6, 119.3, 117.5, 117.2, 110.2, 96.0, –0.7; IR (film): 

3416, 3016, 2970, 2926, 2854, 1738, 1366 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C13H18NOSi+, 256.1152; found 256.1171. 

 

 

Silyl triflate 2.29. Silyl alcohol 2.28 (403 mg, 1.58 mmol, 1.00 equiv) was suspended in CH2Cl2 

(15 mL). The solution was purged with nitrogen for 3 minutes, then cooled to –78 °C. 

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 1.5 h at –78 °C. After the allotted time, saturated 

aqueous NaHCO3 (20 mL) was added over 1 minute. The solution was then allowed to warm to 

23 °C over 10 min and the mixture was transferred to a separatory funnel with H2O (10 mL) and 

CH2Cl2 (20 mL). The layers were then separated and the aqueous layer was extracted with CH2Cl2 

(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 2.29 as a clear oil (375 mg, 69% yield). Silyl triflate 2.29: Rf = 

0.59 (100% Benzene); 1H NMR (500 MHz, CDCl3): δ 8.22 (s, 1H), 8.16 (s, 1H), 8.08 (d, J = 7.9, 

1H), 7.46–7.44 (m, 3H), 7.28 (ddd, J = 7.8, 5.0, 3.1, 1H), 0.44 (s, 9H); 13C NMR (125 MHz, 

CDCl3): d 153.3, 140.4, 140.2, 127.5, 126.6, 122.7, 122.3, 121.9, 120.43, 120.41, 110.9, 102.0, 

0.40; IR (film): 3443, 3016, 2970, 2948, 1739, 1217 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C16H17NO3F3SSi+, 388.0645; found 388.0659. 
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Me3Si
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Tf2O (1.5 equiv)
Et3N (3.0 equiv)

CH2Cl2 (0.1 M)
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N-Me-Carbazole Silyl Triflate 2.30. To a 2-dram vial was added carbazole silyl triflate 2.29 (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 and water/methanol (7:3) 

bath for 5 min. To the cooled solution was added iodomethane (48 μL, 0.76 mmol, 1.5 equiv) in a 

single portion. 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 

residue was purified by flash chromatography (16:1 Hexanes:Benzene) to afford N-Me-carbazole 

silyl triflate 2.30 (156 mg, 77% yield) as a white solid. N-Me-carbazole silyl triflate 2.30: mp 

128.2–130.3 °C; 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); 13C NMR (125 MHz, CDCl3; 14 of 15 signals observed): d 153.5, 142.1, 

141.9, 127.4, 126.4, 122.1, 121.9, 121.0, 120.4, 119.9, 108.8, 100.0, 29.3, –0.4; IR (film): 3017, 

2955, 1739, 1596, 1414, 1206 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C17H19F3NO3SSi+, 

402.0802; found 402.0690. 

 

H
NTfO

Me3Si

NaH (2.0 equiv)
MeI (1.5 equiv)

DME (0.3 M)
–20 °C, 2 h

Me
NTfO

Me3Si

2.302.29 (77% yield)
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N-Boc-Carbazole Silyl Triflate 2.31. To a 50 mL round bottom flask was added carbazole silyl 

triflate 2.29 (1.00 g, 2.58 mmol, 1.0 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 allowed to stir under positive 

nitrogen pressure at 23 °C for 2 h. The mixture was then quenched with deionized water (10 mL). 

The solution was transferred to a separatory funnel and the layers were separated. The aqueous 

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

dried over Na2SO4, filtered, and concentrated under reduced pressure to afford a crude, yellow 

solid. The crude material was purified by flash chromatography (100:1 Hexanes:EtOAc) to yield 

N-Boc-carbazole silyl triflate 2.31 (1.17 g, 93% yield) as a white solid. N-Boc-carbazole silyl 

triflate 2.31: mp: 170.5–172.3 °C; 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), 0.44 (s, 9H); 13C NMR (125 MHz, CDCl3; 16 of 17 signals 

observed): d 153.9, 150.6, 139.6, 127.8, 126.6, 126.4, 124.9, 124.5, 123.6, 119.9, 119.8, 116.5, 

108.3, 85.1, 28.4, –0.5; IR (film): 2983, 1728, 1393, 1355, 1212, 1155, 1140 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C21H25F3NO5SSi+, 488.1169; found 488.1198. 
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2.5.2.3 Annulation of N-Me-Carbazolyne 

 

Carbazole 2.32. Followed representative procedure A. Purification by flash chromatography 

(100% Hexanes → 1:1 Hexanes:Benzene) afforded carbazole 2.32 (86% yield) as an off-white 

solid. Carbazole 2.32: mp >200 °C; 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. 

 

2.5.2.4 Synthesis of N–H Annulation Products for Metal Coordination 

 

Indole 2.34. A 2-dram vial was charged with Pd(dba)2 (7.0 mg, 0.012 mmol, 5 mol%). Next, 

toluene (1.5 mL), P(o-tolyl)3 (3.7 mg, 0.012 mmol, 5 mol%), 2-bromobiphenyl (2.23) (56.4 mg, 

0.242 mmol, 1.0 equiv), silyl triflate 2.33 (318 mg, 0.495 mmol, 2.0 equiv), and acetonitrile (1.5 

Pd(dba)2 (5 mol%)
P(o-tolyl)3 (5 mol%)

CsF (10 equiv)

CH3CN : PhMe (1:1, 0.075 M)
110 ºC, 24 h

(86% yield)

+
Me3Si

TfO

Br

(2.0 equiv)
2.23 2.30 2.32

Me
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N

i. Pd(dba)2 (5 mol%)
   P(o-tolyl)3 (5 mol%)
   CsF (10 equiv) 
   CH3CN : PhMe (1:1, 0.075 M)
   110 ºC, 24 h
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mL) were added sequentially, followed by an oven-dried magnetic stirbar and then CsF (333 mg, 

8.26 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 to cool to 23 °C, the mixture 

was transferred with CH2Cl2 (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 CH2Cl2 (3 x 30 mL). 

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

pressure to afford 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 (2:3 CH2Cl2:Hexanes → 3:1 

CH2Cl2:Hexanes) to afford indole 2.34 (22.0 mg, 34% yield) as a yellow solid. Indole 2.34. mp: 

>200 °C; Rf 0.22 (2:3 CH2Cl2:Hexanes); 1H NMR (600 MHz, DMSO-d6): d 9.23 (dd, J = 8.6, 1.4, 

1H), 8.77 (dd, J = 8.3, 1.7, 1H), 8.74–8.79 (m, 2H), 8.55 (d, J = 8.9, 1H), 8.50 (s, 1H), 7.76–7.60 

(m, 6H), 7.41 (t, J = 3.6, 2.8, 1H); 13C NMR (100 MHz, CDCl3): δ 135.5, 131.1, 131.0, 130.3, 

128.9, 127.1, 127.0, 126.7, 126.3, 125.9, 124.5, 124.4, 124.1, 123.5, 123.19, 123.18, 123.13, 118.1, 

112.3, 105.6; IR (film): 3416, 3026, 3073, 2956, 1725, 1350 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C20H14N+, 268.1121; found 267.6527. 

 



 61 

 

Carbazole 2.35. 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 (2.23) (58.0 mg, 

0.248 mmol, 1.0 equiv), silyl triflate 2.31 (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 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 to cool to 23 °C, the mixture was transferred 

with CH2Cl2 (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 CH2Cl2 (3 x 30 mL). The combined 

organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure to afford 

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 → 9:1 

Hexanes:EtOAc → 1:1 Hexanes:Benzene) to yield carbazole 2.35 (51 mg, 65% yield) as an off-

white solid. Carbazole 2.35. mp >200 °C; Rf 0.63 (4:1 Hexanes:EtOAc); 1H NMR (600 MHz, 

CDCl3): d 11.35 (s, 1H), 9.62 (s, 1H), 9.0 (d, J = 8.0, 1H), 8.82 (d, J = 8.3, 1H), 8.76 (dd, J = 12.5, 
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   CsF (10 equiv) 
   CH3CN : PhMe (1:1, 0.075 M)
   110 ºC, 24 h

ii. TFA : CH2Cl2 (1:10, 0.01 M)
    23 °C, 5 h

(65% yield)
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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); 13C NMR (100 MHz, 

CDCl3; 22 of 24 signals observed): δ 141.3, 139.8, 131.0, 130.3, 129.9, 129.0, 128.8, 127.3, 127.1, 

127.0, 126.9, 126.2, 124.4, 123.5, 123.43, 123.36, 123.0, 120.8, 119.8, 114.8, 110.6, 103.4; IR 

(film): 3413, 2923, 2852, 1611, 1435, 751 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C24H16N+, 

318.12773; found 318.12843. 

 

2.5.2.5 Synthesis of Two-Coordinate Metal Complexes 

 

Representative Procedure B for metal coordination (Figure 2.7, complex 2.36+p used as an 

example). Sodium tert-butoxide (6.4 mg, 67 µmol, 1.1 equiv) was added to a solution of ligand 

2.35 (20 mg, 63 µmol, 1.0 equiv) in THF (10 mL). 2.51 (44.4 mg, 66.2 µmol, 1.1 equiv) was added 

to the reaction flask in one portion and the mixture was left stirring under inert gas at 23 ºC 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. The resulting product 

was recrystallized from CH2Cl2 and hexanes to afford an off-white precipitate (47 mg, 68% yield). 

Carbazole–Au–BZI 2.36+p: 1H NMR (400 MHz, CDCl3): δ 9.25 (s, 1H), 8.77 (dd, J = 8.5, 1.3, 

1H), 8.60 (ddd, J = 16.7, 8.4, 1.4, 2H), 8.28 (dd, J = 8.5, 1.4, 1H), 8.17 (dd, J = 7.6, 1.0, 1H), 8.13 
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(s, 1H), 7.86 (t, J = 7.8, 2H), 7.72 (ddd, J = 8.2, 6.9, 1.3, 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, 1H), 7.01 (ddd, J = 7.9, 7.0, 1.0, 1H), 6.67 

(dd, J = 8.1, 0.9, 1H), 2.60 (hept, J = 6.9, 4H), 1.40 (d, J = 6.9, 12H), 1.19 (d, J = 6.8, 12H). 

13C NMR (150 MHz, CDCl3): δ 207.21, 206.89, 185.66, 151.68, 149.68, 147.17, 146.43, 134.96, 

132.19, 131.63, 131.44, 131.04, 129.51, 128.02, 127.23, 126.88, 126.05, 125.74, 125.54, 125.33, 

124.75, 124.64, 123.80, 123.73, 123.17, 123.07, 122.78, 120.55, 119.85, 116.11, 113.50, 111.90, 

105.58, 30.89, 29.19, 24.64, 24.08. Anal. Calcd for C55H52AuN3: C, 69.39; N, 4.41; H, 5.51. 

Found: C, 68.05; N, 4.27; H, 5.30. MALDI-TOF (m/z) [M]+ calcd for C55H52AuN3+, 951.38; found, 

951.22. 

 

 

Annulated Carbazole–Au–MAC 2.37+p. Representative procedure B was followed to yield 

2.37+p (42 mg, 78% yield) as a yellow solid. Annulated Carbazole–Au–MAC 2.37+p: 1H NMR 

(400 MHz, CDCl3): δ 9.17 (s, 1H), 8.73 (d, J = 7.8 Hz, 1H), 8.57 (ddd, J = 18.5, 8.3, 1.1 Hz, 2H), 

8.38 (d, J = 8.1 Hz, 1H), 8.08 (d, J = 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, J = 7.6 Hz, 1H), 3.86 (s, 2H), 3.36 (hept, J = 6.5 Hz, 2H), 3.08 (hept, J = 

6.8 Hz, 2H), 1.56 (s, 6H), 1.45 – 1.33 (m, 18H), 1.26 (d, J = 6.8 Hz, 6H). 13C NMR (100 MHz, 

CDCl3): δ 204.87, 171.43, 151.72, 149.54, 146.05, 144.95, 140.12, 135.57, 132.07, 131.35, 130.60, 
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130.44, 129.45, 127.98, 127.33, 126.87, 125.86, 125.79, 125.65, 125.63, 124.82, 124.73, 124.54, 

124.16, 123.54, 123.14, 123.02, 122.80, 120.63, 119.41, 116.24, 114.06, 113.35, 105.48, 77.19, 

62.27, 37.95, 29.35, 28.98, 24.70, 24.61, 24.58, 24.13, 23.93. Anal. Calcd for C54H56AuN3O: C, 

67.56; N, 4.38; H, 5.88. Found: C, 67.41; N, 4.35; H, 5.93. MALDI-TOF (m/z) [M]+ calcd for 

C54H56AuN3O+, 959.41; found, 959.16. 

 

 

2-Methyl Indole–Au–MAC 2.38. Representative procedure B was followed to yield 2.38 (110 

mg, 60% yield) as an off-white solid. 2-Methylindole–Au–MAC 2.38: 1H NMR (400 MHz, 

acetone-d6): δ 7.64 (dt, J = 17.7, 7.7, 2H), 7.52 (d, J = 7.8, 2H), 7.46 (d, J = 7.7, 2H), 7.09 (dd, J 

= 7.6, 1.2, 1H), 6.62–6.53 (m, 1H), 6.49 (td, J = 7.5, 1.3, 1H), 5.84 (d, J = 8.0, 1H), 5.74 (d, J = 

1.0, 1H), 4.25 (s, 2H), 3.50 (hept, J = 6.8, 2H), 3.24 (hept, J = 6.8, 2H), 1.69 (s, 6H), 1.48–1.43 

(m, 8H), 1.42 (d, J = 3.2, 7H), 1.40 (d, J = 6.8, 6H), 1.25 (d, J = 6.8, 6H). 13C NMR (100 MHz, 

acetone-d6): δ 205.18, 171.91, 146.16, 145.94, 144.96, 144.43, 140.69, 136.56, 130.54, 130.07, 

129.77, 125.29, 124.30, 117.03, 116.77, 116.13, 113.55, 98.29, 61.12, 37.98, 28.49, 23.94, 23.70, 

23.65, 23.25, 15.60. Anal. Calcd for C39H50AuN3O: C, 60.54; N, 5.43; H, 6.51. Found: C, 60.49; 

N, 5.32; H, 6.67. MALDI-TOF (m/z) [M]+ calcd for C39H50AuN3O+, 773.36; found, 773.45. 
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Annulated Indole–Au–MAC 2.38+p. Representative procedure B was followed to yield 2.38 

(120 mg, 45% yield) as an off-white solid. Annulated Indole–Au–MAC 2.38+p: 1H NMR (400 

MHz, acetone-d6): δ 9.18–9.11 (m, 1H), 8.77–8.62 (m, 3H), 8.05 (d, J = 9.1 Hz, 1H), 7.72 (dt, J = 

20.8, 7.8 Hz, 2H), 7.65–7.45 (m, 8H), 7.16–7.10 (m, 1H), 6.52 (d, J = 2.8 Hz, 1H), 6.49 (dd, J = 

8.9, 1.0 Hz, 1H), 4.29 (s, 2H), 3.48 (h, J = 6.8 Hz, 2H), 3.24 (hept, J = 6.8 Hz, 2H), 1.68 (s, 6H), 

1.50–1.31 (m, 18H), 1.22 (d, J = 6.8 Hz, 6H). 13C NMR (150 MHz, acetone-d6): δ 205.19, 203.69, 

171.81, 146.27, 145.07, 145.00, 140.59, 136.57, 135.92, 132.09, 131.87, 130.31, 129.95, 129.45, 

128.12, 126.78, 126.61, 126.17, 125.36, 125.10, 124.71, 124.37, 124.18, 124.05, 123.32, 123.20, 

122.94, 122.74, 122.49, 117.26, 113.45, 103.02, 60.96, 38.13, 28.85, 28.35, 24.04, 23.97, 23.92, 

23.86, 23.79, 23.72, 23.53, 23.21, 23.07. Anal. Calcd for C50H54AuN3O: C, 66.00; N, 4.62; H, 

5.98. Found: C, 65.50; N, 4.49; H, 6.09. MALDI-TOF (m/z) [M]+ calcd for C50H54AuN3O+, 

909.39; found, 909.27. 

 

2.5.2.6 General Procedure for Photophysical Property Analyses 

General Procedure for 1% Polystyrene 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 complex 

(1 mg) was dissolved in the solution. Using a pipet, ~0.5 mL of the solution was drop-casted onto 
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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. 

 

2.5.2.7 Absorption Spectra of Donor Ligands 

The extinction coefficient for the donor ligands was measured in 2-MeTHF. The molar 

absorptivity values for the donor ligands are comparable in magnitude to the molar absorptivity 

values for the transitions localized on the donor ligands in the metal complexes. 

 

Figure 2.10. Extinction coefficients for the donor ligands in 2-MeTHF. 

 

2.5.2.8 Emission Spectra of Deprotonated Donor Ligands 

A few milligrams of donor ligand (1–3 mg) were dissolved in THF (10 mL). The solution was 

cooled in an ice bath. Once completely dissolved, a solution containing 1.2 equivalents of n-BuLi 

diluted in THF was added. Although a color change was immediately observable, the reaction was 

2.34
2.352.35
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allowed to stir for 1 h. The solvent was then evaporated under reduced pressure, and the solid 

obtained was dissolved in 2-MeTHF. 

 

Figure 2.11. Emission spectra of 2-methylindol-1-ide in 2-MeTHF. 

 

Figure 2.12. Emission spectra of ligand 2.34– in 2-MeTHF. 
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Figure 2.13. Emission spectra of ligand 2.35– in 2-MeTHF. 

 

2.6 Computational Methods 

2.6.1 Complete Citation of Q-Chem 5.1 

Density functional theory (DFT) calculations were executed using Q-Chem 5.1 program57 at the 

B3LYP/6-31G** level for ground state geometry optimization of the organic ligands and at the 

B3LYP/LACVP level for the metal complexes. 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 2.3). 

 

 

2.35
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2.6.2 Calculated Frontier Molecular Orbital Energies 

 

Table 2.3. Calculated frontier molecular orbital, singlet (S1), and triplet (T1) energies. 

CT = Charge Transfer state, LE = Locally Excited state. 

 

 HOMO 
(eV) 

LUMO 
(eV) 

∆EHOMO-

LUMO (eV) 
S1 

(eV) 

Nature of 
S1 

transition 

T1 
(eV) 

Nature of 
T1 

transition 

2-methylindole -5.28 0.00 5.28 5.21 - 3.16 - 

2.34 -5.28 -0.90 4.38 4.24 - 2.55 - 

carbazole -5.47 -0.65 4.82 4.58 - 3.09 - 

2.35 -5.28 -1.20 4.08 4.04 - 2.53 - 

2.36 -4.22 -1.44 2.78 3.50 CT 3.07 LE 

2.36+p -4.27 -1.52 2.75 3.46 CT 2.48 LE 

2.37 -4.30 -1.96 2.34 3.10 CT 2.85 CT 

2.37+p -4.35 -2.07 2.29 3.07 CT 2.48 LE 

2.38 -4.16 -1.96 2.20 3.11 CT 2.87 CT 

2.38+p -4.38 -2.10 2.29 3.27 CT 2.51 LE 
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2.7 Photoluminescence (PL) Decay Lifetime Data 

2.7.1 Lifetime Plots 

 
Figure 2.14. Emission lifetime decay for 2.36+p in (a-b) PS film, (c-d) MeCy, and (e-f) 

MeTHF at 298 K (left side) and 77 K (right side). 
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Figure 2.15. Emission lifetime decay for 2.37+p in (a-b) PS film, (c-d) MeCy, and (e-f) MeTHF 

at 298 K (left side) and 77 K (right side).  
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Figure 2.16. Emission lifetime decay for 2.38 in (a-b) PS film, (c-d) MeCy, and (e-f) MeTHF at 

298 K (left side) and 77 K (right side).  
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Figure 2.17. Emission lifetime decay for 2.38+p in (a-b) PS film, (c-d) MeCy, and (e-f) MeTHF 
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biexponential decay is observed. The slow lifetime is in the range of tens of microseconds. It is 

assigned to p-type delayed fluorescence caused by a bimolecular triplet-triplet annihilation. 
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2.8 Spectra Relevant to Chapter Two: 

 

p-Extension of Heterocycles via a Pd-Catalyzed Heterocyclic Aryne Annulation: p-

Extended Donors for TADF Emitters  

Katie A. Spence,† Jason V. Chari,† Mattia Di Niro, Robert B. Susick, Narcisse Ukwitegetse, 

Peter I. Djurovich, Mark E. Thompson, and Neil K. Garg. 

Chem. Sci. 2022, 13, 5884–5892.  
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Figure 2.18 1H NMR (500 MHz, CDCl3) of compound 2.16. 
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Figure 2.19 13C NMR (125 MHz, CDCl3) of compound 2.16. 
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Figure 2.20 1H NMR (500 MHz, C6D6) of compounds 2.17 and 2.40. 
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Figure 2.21 13C NMR (125 MHz, C6D6) of compounds 2.17 and 2.40. 
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Figure 2.22 1H NMR (600 MHz, CDCl3) of compounds 2.18 and 2.42. 
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Figure 2.23 13C NMR (125 MHz, CDCl3) of compounds 2.18 and 2.42. 
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Figure 2.24 1H NMR (500 MHz, CDCl3) of compounds 2.19 and 2.44. 
 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

33
.3

1

10
3.

16
10

3.
95

11
0.

61
11

1.
05

11
7.

33
11

7.
65

12
1.

52
12

2.
07

12
2.

82
12

2.
88

12
3.

17
12

3.
89

12
3.

98
12

4.
19

12
4.

58
12

5.
24

12
5.

40
12

5.
76

12
6.

07
12

6.
18

12
6.

37
12

6.
63

12
8.

39
12

8.
79

12
9.

16
12

9.
29

13
0.

06
13

1.
04

13
1.

40
13

2.
72

13
2.

80
13

4.
16

13
6.

27
13

6.
61

14
5.

55
14

6.
91

14
7.

66
14

7.
69

Current Data Parameters
NAME       JVC-2018-105
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20180725
Time              23.55
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  352
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                299.1 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127603 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.25 13C NMR (100 MHz, CDCl3) of compounds 2.19 and 2.44. 
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Figure 2.26 NOESY NMR (500 MHz, CDCl3) of compounds 2.19 and 2.44. 
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NAME       KAS-2019-015
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190122
Time              20.00 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
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DE                10.00 usec
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TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1299961 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR
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Current Data Parameters
NAME       KAS-2019-015
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20190122
Time              20.13 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                  147
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          125.7577434 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.28 13C NMR (125 MHz, C6D6) of compounds 2.20 and 2.46. 
 

Figure 2.27 1H NMR (500 MHz, C6D6) of compounds 2.20 and 2.46. 
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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

Purified Product, 1H NMR

Figure 2.29 1H NMR (500 MHz, C6D6) of compounds 2.21 and 2.48. 
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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

Purified Product, 13C NMR

Figure 2.30 13C NMR (125 MHz, C6D6) of compounds 2.21 and 2.48. 
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Current Data Parameters
NAME     JVC-2018-107-3-2D
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20180819
Time              20.13 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

Purified Product, 1H NMR

Figure 2.31 1H NMR (500 MHz, C6D6) of compounds 2.22 and 2.50. 
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Current Data Parameters
NAME     JVC-2018-107-3-2D
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20180820
Time               2.52 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                 4600
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 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
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          125.7577430 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.32 13C NMR (125 MHz, C6D6) of compounds 2.22 and 2.50. 
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Current Data Parameters
NAME     JVC-2018-107-3-2D
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20180819
Time              21.40 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG       noesygpph
TD                 2048
SOLVENT            C6D6
NS                    6
DS                    8
SWH           10000.000 Hz
FIDRES         9.765625 Hz
AQ            0.1024000 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D0           0.00003727 sec
D1           2.00000000 sec
D8           0.75000000 sec
D16          0.00020000 sec
IN0          0.00010000 sec
TDav                  1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
P2                20.00 usec
PLW1        13.50000000 W
GPNAM[1]       SINE.100
GPZ1              40.00 %
P16             1000.00 usec

F1 - Acquisition parameters
TD                  256
SFO1            500.133 MHz
FIDRES        78.125000 Hz
SW               19.995 ppm
FnMODE      States-TPPI

F2 - Processing parameters
SI                 2048
SF          500.1299963 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.40

F1 - Processing parameters
SI                 2048
MC2         States-TPPI
SF          500.1299969 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

NOESY

Figure 2.33 NOESY NMR (125 MHz, C6D6) of compounds 2.22 and 2.50. 
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Current Data Parameters
NAME       RBS-2019-012
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20190127
Time              12.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
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          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.34 1H NMR (500 MHz, CDCl3) of compound 2.25. 
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Current Data Parameters
NAME       RBS-2019-012
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20190127
Time              12.59 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  240
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          125.7577725 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.35 13C NMR (125 MHz, CDCl3) of compound 2.25. 
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Current Data Parameters
NAME       RBS-2019-139
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20190918
Time              19.44
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                   24
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                296.3 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          400.1300184 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.36 1H NMR (400 MHz, CDCl3) of compound 2.28. 
 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

-0
.6

5

95
.9

9

11
0.

16
11

7.
22

11
7.

48
11

9.
26

11
9.

58
12

3.
38

12
4.

41
12

6.
94

13
9.

20
14

1.
76

15
9.

37

Current Data Parameters
NAME       KAS-2020-017
EXPNO                 3
PROCNO              999

F2 - Acquisition Parameters
Date_          20200121
Time              10.32
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  181
DS                    0
SWH           37593.984 Hz
FIDRES         0.573639 Hz
AQ            0.8716288 sec
RG              18390.4
DW               13.300 usec
DE                 6.50 usec
TE                295.9 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                10.50 usec
PL1      0 dB
PL1W        75.35659027 W
SFO1        150.9209173 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2               -1.00 dB
PL12              14.65 dB
PL2W        31.62277603 W
PL12W        0.86099380 W
SFO2        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          150.9028319 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.37 13C NMR (150 MHz, CDCl3) of compound 2.28. 
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NAME       KAS-2021-000
EXPNO               200
PROCNO                1

F2 - Acquisition Parameters
Date_          20210728
Time              15.09 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.38 1H NMR (400 MHz, CDCl3) of compound 2.29. 
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NAME       KAS-2021-000
EXPNO               201
PROCNO                1

F2 - Acquisition Parameters
Date_          20210728
Time              15.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  193
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          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.39 13C NMR (125 MHz, CDCl3) of compound 2.29. 
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Current Data Parameters
NAME       RBS-2019-153
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190929
Time              20.34
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  181
DW               40.400 usec
DE                 6.50 usec
TE                294.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                11.55 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300282 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Material, 1H NMR

Figure 2.40 1H NMR (600 MHz, CDCl3) of compound 2.30. 
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NAME       KAS-2021-000
EXPNO                21
PROCNO                1

F2 - Acquisition Parameters
Date_          20210713
Time              18.47 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   46
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          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.41 13C NMR (125 MHz, CDCl3) of compound 2.30. 
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Current Data Parameters
NAME       KAS-2021-000
EXPNO               110
PROCNO                1

F2 - Acquisition Parameters
Date_          20210722
Time              16.19 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Material, 1H NMR

Figure 2.42 1H NMR (500 MHz, CDCl3) of compound 2.31. 
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Current Data Parameters
NAME       KAS-2021-000
EXPNO               111
PROCNO                1

F2 - Acquisition Parameters
Date_          20210722
Time              16.27 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   85
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          125.7577769 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.43 13C NMR (125 MHz, CDCl3) of compound 2.31. 
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Current Data Parameters
NAME       RBS-2018-171
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20181023
Time              20.40
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                   24
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                298.3 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          400.1300177 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.44 1H NMR (400 MHz, CDCl3) of compound 2.32. 
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Current Data Parameters
NAME       RBS-2018-171
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20181106
Time              16.21
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   88
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                299.2 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127581 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.45 13C NMR (100 MHz, CDCl3) of compound 2.32. 
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Current Data Parameters
NAME       KAS-2021-000
EXPNO                32
PROCNO                1

F2 - Acquisition Parameters
Date_          20210714
Time              13.56 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                26.59
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          500.1300127 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.46 1H NMR (500 MHz, CDCl3) of compound 2.34. 
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Current Data Parameters
NAME       KAS-2021-000
EXPNO                33
PROCNO                1

F2 - Acquisition Parameters
Date_          20210714
Time              14.01 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   32
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          125.7577907 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.47 13C NMR (125 MHz, CDCl3) of compound 2.34. 
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Current Data Parameters
NAME       RBS-2018-202
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20181217
Time              17.50
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   64
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  362
DW               40.400 usec
DE                 6.50 usec
TE                294.6 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                18.25 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300286 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.48 1H NMR (600 MHz, CDCl3) of compound 2.35. 
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Current Data Parameters
NAME       KAS-2021-000
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20210405
Time              11.06 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  193
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          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Material, 13C NMR

Figure 2.49 13C NMR (125 MHz, CDCl3) of compound 2.35. 
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Figure 2.50 1H NMR (400 MHz, CDCl3) of compound 2.36+p. 
 

Figure 2.51 13C NMR (150 MHz, CDCl3) of compound 2.36+p. 
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Figure 2.52 1H NMR (400 MHz, CDCl3) of compound 2.37+p. 
 

Figure 2.53 13C NMR (100 MHz, CDCl3) of compound 2.37+p. 
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Figure 2.54 1H NMR (400 MHz, acetone-d6) of compound 2.38. 
 

Figure 2.55 13C NMR (100 MHz, acetone-d6) of compound 2.38. 
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Figure 2.56 1H NMR (400 MHz, acetone-d6) of compound 2.38+p. 
 

Figure 2.57 13C NMR (150 MHz, acetone-d6) of compound 2.38+p. 
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CHAPTER THREE 

 

A Platform for On-the-Complex Annulation Reactions with Transient Aryne Intermediates 

Jason V. Chari,† Katie A. Spence,† Robert B. Susick, and Neil K. Garg. 

Nat. Commun. 2021, 12, 3706. 

 

3.1 Abstract 

Organometallic complexes are ubiquitous in chemistry and biology. Whereas their 

preparation has historically relied on ligand synthesis followed by coordination to metal centers, 

the ability to efficiently diversify their structures remains a synthetic challenge. A promising yet 

underdeveloped strategy involves the direct manipulation of ligands that are already bound to a 

metal center, also known as chemistry-on-the-complex. Herein, we introduce a versatile platform 

for on-the-complex annulation reactions using transient aryne intermediates. In one variant, 

organometallic complexes undergo transition metal-catalyzed annulations with in situ generated 

arynes to form up to six new carbon–carbon bonds. In the other variant, an organometallic 

complex bearing a free aryne is generated and intercepted in cycloaddition reactions to access 

unique scaffolds. Our studies, centered around privileged polypyridyl metal complexes, provide 

an effective strategy to annulate organometallic complexes and access complex metal–ligand 

scaffolds, while furthering the synthetic utility of strained intermediates in chemical synthesis. 

 

3.2 Introduction 

Organometallic complexes are prevalent in chemistry and biology, with applications 

ranging from usage as highly selective catalysts1 to therapeutics2 and enzyme cofactors.3 Key to 



 109 

this versatility is the ability to tune function through manipulation of ligand structure. Fine 

tuning of the ligand sphere can lead to profound changes in the properties of an organometallic 

complex, including stereoelectronic and photophysical properties, catalyst turnover rate and 

stability.4 Thus, the continued growth of organometallic chemistry is contingent on the capacity 

to access metal–ligand architectures with increased structural diversity and complexity. 

 Conventional synthetic approaches toward organometallic complexes involve reliance on 

ligand synthesis followed by coordination to a metal center (Figure 3.1a). This general approach 

remains modular and adaptable, accounting for the syntheses of the majority of known metal–

ligand complexes. Nonetheless, this general strategy can have drawbacks in the syntheses of 

notable ligand classes. For example, the synthesis of strongly chelating ligands can be 

challenging due to their propensity to form stable metal–ligand chelates and, in turn, prevent the 

use of metal-mediated transformations such as cross-couplings, C–H functionalization, and 

annulation reactions.5 In addition, highly rigid ligand systems can also have poor solubility in 

organic solvents, thus complicating their syntheses and subsequent coordination to metal 

centers.6,7 Finally, ligand synthesis may require long, linear reaction sequences, which can render 

the process of synthesizing large libraries of organometallic derivatives cumbersome or 

impractical.  

 Divergent synthetic routes to organometallic complexes, analogous to those which have 

proven valuable in medicinal chemistry, are important for generating structurally diverse 

libraries of compounds. Toward this end, a nascent synthetic approach that complements 

traditional coordination chemistry is chemistry-on-the-complex,8 whereby ligands are modified 

after being bound to a metal center. This strategy provides an attractive means for rapid 
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structural diversification of metal–ligand complexes and can serve to circumvent the 

aforementioned challenges often encountered in ligand synthesis. 

Chemistry-on-the-complex has proven effective in the synthesis of heterodimetallic 

complexes,9 with applications in artificial photosynthesis,10 along with the synthesis and 

elaboration of ferrocenyl11,12 and porphyrin13 structures. These studies demonstrate the value of 

on-the-complex approaches in diversity-oriented synthesis, but also expose the need for further 

reaction development in this area. One illustrative example of chemistry-on-the-complex is 

highlighted in Figure 3.1b, where Davies and co-workers strategically utilized Suzuki–Miyaura 

cross-coupling reactions of pre-coordinated dimeric rhodium complexes toward the discovery of 

catalysts 3.1 used for the functionalization of unactivated C–H bonds.14 This case demonstrates 

the value of the general design, but also highlights that chemistry-on-the-complex is most often 

used to introduce one bond relative to a given functional group. Methods that allow for the 

formation of more than one bond using chemistry-on-the-complex remain more limited. 

Examples include azide cycloadditions (click chemistry) and well-established condensation 

reactions, resulting in products such as 3.215 and 3.316, respectively.  
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Figure 3.1. General synthetic approaches toward metal–ligand complexes. (a) Comparison of 

coordination chemistry and chemistry-on-the-complex. (b) Prior studies involving chemistry-on-

the-complex. Me, methyl; Ph, phenyl; t-Bu, tert-butyl. 

 

In considering the strategic generation of new ring systems on-the-complex, transient 

aryne intermediates provide a compelling entryway (Figure 3.2). Although arynes and related 

species were once avoided due to their high reactivity, they have recently gained popularity in a 

number of applications as useful synthons for building molecular 

complexity.17,18,19,20,21,22,23,24,25,26 For example, strained cyclic intermediates such as 3.4–3.7 

(Figure 3.2a) have been used to access heterocycles of value to medicinal chemistry,27 widely 

used phosphine ligands,28,29 agrochemicals,30 and natural products,31 Nonetheless, the usage of 

Prior Studies: Chemistry-on-the-Complexb

3.1
Suzuki–Miyaura Cross-Coupling

Ru

N

N
N

N N

N N

N

3.3
Condensation Reaction

3.2
Click Chemistry

Me
Me

O

O

Rh

Rh

4

Me

N N
N

Ph

Ph2P

Metal 
Center

Metal 
Center

Ligand Synthesis
Coordination

Metal 
Center

Chemistry-on-
the-Complex

Metal 
Center

• Divergent
• Circumvents solubility & chelation challenges

• Largely limited to simple, well-established synthetic methods

Common precursor

Metal 
Center

Metal 
Center

Fe

PPh2

Ar

Common: Formation of 1 bond 
relative to a given functional group Limited: Annulation reactions forming multiple bonds

• Versatile, widely utilized
• Convergent

• Challenges in ligand synthesis:
– Insolubility of rigid ligand systems
– Potential for undesirable chelation

Conventional Approach: Underdeveloped Approach:

t-Bu

N

N

t-Bu

t-Bu

t-Bu

a

N

N



 112 

transient aryne intermediates in chemistry-on-the-complex approaches has remained limited, 

with only two reports in the literature to date.32,33 Both examples demonstrate the feasibility of 

aryne Diels–Alder trappings, but require that the organometallic complex bear a reactive diene 

ligand. 

 

 

Figure 3.2. Arynes-on-the-complex approach to metal complexes. (a) Aryne and cyclic alkyne 

intermediates. (b) Our approach to the direct manipulation of polypyridyl metal complexes using 

arynes. 
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Herein, we show that intercepting arynes on-the-complex provides a versatile platform 

for the strategic manipulation of organometallic compounds. We evaluate this approach in the 

context of photoactive polypyridyl metal complexes, whose applications span various chemical, 

biological, and therapeutic disciplines34,35,36,37,38,39,40,41,42,43 (Figure 3.2b). We disclose two 

variants. In the first, readily available aryl halides are embedded in the ligand framework and 

enable palladium-catalyzed annulations with in situ generated arynes. This proceeds via the 

reaction of catalytically-generated bis(metallic) species 3.8 and fleeting aryne intermediates 3.9 

to give annulated products 3.10. In the other variant, compound 3.11, a unique organometallic 

complex that bears an unligated aryne, is generated transiently. In situ trapping with 

cycloaddition partners 3.12 gives cycloadducts 3.13. Our approaches enable the formation of 

multiple carbon–carbon (C–C) bonds in a single operation, offer a means to access 

functionalized polypyridyl metal complexes, underscore the utility of traditionally avoided aryne 

intermediates, and validate the aryne on-the-complex approach for accessing a diverse range of 

organometallic compounds.  

 

3.3 Development of the Pd-Catalyzed On-the-Complex Aryne Reaction 

To initiate our studies, we sought to identify a versatile functional group handle for aryne 

on-the-complex manipulations. We settled on the use of aryl halides, given their ready 

availability and their prevalence in transition metal-catalyzed reactions, and prepared 

halogenated Ru(bpy)3 derivatives 3.14 (Figure 3.3 and see Section 3.8.2.1). Although many 

impressive examples of Pd-catalyzed transformations of arynes have now been 

reported44,45,46,47,48,49,50,51 use of this chemistry in the manipulation of organometallic complexes 

has remained unexplored. Inspired by Larock’s impressive annulation of biaryl halides,52,53 we 
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sought to perform a Pd-catalyzed annulation of 3.14 with commercially available benzyne 

precursor 3.15. Initial attempts involved the use of Pd(dba)2 and P(o-tolyl)3, in the presence of 

CsF, but were met with limited success, as we observed formation of the desired p-extended 

adduct 3.16, albeit in only 2% yield (entry 1). Instead, undesired protodehalogenation product, 

Ru(bpy)3 (3.17), was observed in 48% yield. Efforts to prevent this dehalogenation pathway via 

reduced temperatures and rigorous exclusion of air and moisture proved unfruitful,54 as did the 

use of other Pd0 sources such as Pd(PPh3)4 (e.g., entry 2). Alternatively, the use of Pd(OAc)2 led 

to an improved 26% yield of the desired p-extended adduct 3.16 (entry 3). By increasing the 

catalyst and ligand loadings to 10 mol%, we observed a further increase in yield of 3.16 to 71%, 

with a reaction time of just 30 minutes (entry 4). Employing modified ratios of the co-solvents, 

acetonitrile and toluene, resulted in decreased reaction efficiency (entries 5 and 6).55 Finally, 

shifting from brominated substrate 3.14a to chlorinated derivative 3.14b effectively shut down 

the dehalogenation pathway and provided the desired product in 78% yield (entry 7). We surmise 

that the conversion of 3.14 + 3.15 to 3.16 proceeds via initial oxidative addition and aryne 

formation occurring concomitantly (see Fig 3.2b, 3.8 and 3.9), followed by aryne insertion, 

palladation, and reductive elimination.56 It is worth noting that attempts to perform the analogous 

annulation on uncoordinated bromo- or chlorobipyridine ligands proved unproductive, 

potentially owing to N,N-chelation of palladium (see Section 3.8.2.2), thus highlighting an 

aforementioned benefit of on-the-complex chemistry. 
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Figure 3.3. Optimization studies for Pd-catalyzed annulation of benzyne onto Ru-polypyridyl 

complex 3.14. a PF6 counterions have been removed from the X-ray crystal structure for clarity. b 

Yields were determined by 1H NMR analysis, using 1,3,5-trimethoxybenzene as an external 

standard. OTf, trifluoromethanesulfonate. 
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3.4 Scope of the Pd-Catalyzed Annulation 

Variation of either the aryne or organometallic component was tolerated in the 

annulation, thus giving rise to a range of polypyridyl metal complexes in synthetically useful 

yields. With regard to the aryne component (Figure 3.4), benzyne adduct 3.16 was isolated in 

81% yield (X = Cl) or 69% yield (X = Br) using standard column chromatography. Notably, the 

only available protocol to access the diazatriphenylene ligand found in 3.16 involves the use of 

hazardous reagents and exceptionally forcing conditions.57 N-Me-4,5-indolyne could also be 

employed to deliver adduct 3.21 in 80% yield (X = Cl) or 75% yield (X = Br), thus 

demonstrating the expedient incorporation of a heterocycle into the p-framework of the metal 

complex. Naphthalynes were also deemed competent reaction partners, as judged by the 

formation of 3.22 and 3.23. Prior routes to synthesize the naphthophenanthroline ligand present 

in 3.22 are lengthy or low yielding,58 in part due to poor solubility of the free ligand.6 
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Figure 3.4. Aryne scope of the Pd-catalyzed aryne annulation. Yields shown reflect the average 

of two isolation experiments. a Significant decomposition was observed when X = Cl. Me, 

methyl; OTf, trifluoromethanesulfonate. 
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Via the intermediacy of benzyne and 2,3-naphthalyne, 3.26 and 3.27 could be accessed in 75% 

and 71% yield, respectively. Excellent yields were also observed upon varying the 

phenylpyridine ligands of the substrate, as isoquinolinyl annulation product 3.28 and 

tetrafluorinated adduct 3.29 could each be obtained in high yields from the corresponding 

chloride substrates.  

 

 

Figure 3.5. Pd-catalyzed aryne annulation of Ir-centered polypyridyl metal complexes. Yields 

shown reflect the average of two isolation experiments. OTf, trifluoromethanesulfonate. 
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To assess the possibility of carrying out multiple annulations on a given organometallic 

complex and test the limits of our aryne on-the-complex chemistry, we prepared Ru complexes 

3.30 and 3.32, bearing two or three chlorides, respectively (Figure 3.6). Subjecting these 

complexes independently to slightly modified reaction conditions delivered double and triple 

annulation products 3.31 and 3.33, via the efficient formation of four or six new C–C bonds, 

respectively. Half of the bonds formed in either process arise from arene C–H functionalization.  

 

 

Figure 3.6. Pd-catalyzed aryne annulation at multiple sites of Ru complexes. Yields shown 

reflect the average of two isolation experiments. OTf, trifluoromethanesulfonate. 
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organometallic complex itself and trap it in cycloaddition reactions. In contrast to arynes 

coordinated directly to metal centers (e.g., Zr, Ti),64 which are well-studied, free arynes 

embedded in an organometallic framework have remained elusive. Notably, previous efforts 

toward organometallic species bearing a free aryne have been met with difficulty,65 and we 

therefore viewed the development of strategies in this area as an opportunity for advances in both 

aryne chemistry and chemistry on-the-complex. As shown in Figure 3.7, we targeted silyl triflate 

3.35 as the suitable aryne precursor. Unfortunately, initial efforts to access 3.35 via the 

annulation of Ru-complex 3.14b with bis(silyl triflate) 3.3466 proved unsuccessful. As a 

workaround, we employed methoxymethyl (MOM) ether 3.36, prepared in two steps from 

commercially available materials, in the annulation reaction. After careful tuning of reaction 

conditions, adduct 3.37 could be generated in 80% yield with retention of both the MOM ether 

and trimethylsilyl group.67 Subsequent cleavage of the MOM group, followed by triflation, 

delivered the desired silyl triflate 3.35 in 73% yield over two steps. 
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Figure 3.7. Synthesis of an organometallic aryne precursor via masked bis(aryne) annulation. 

OTf, trifluoromethanesulfonate; MOM, methoxymethyl; DMAP, 4-dimethylaminopyridine. 
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and 3.8a provide an unconventional strategy to access unique coordination complexes via two 

iterations of aryne on-the-complex chemistry (i.e., 3.14b ® 3.37 and 3.35 ® 3.41–3.43), which 

collectively enables the formation of four C–C bonds in each organometallic complex made. 

Lastly, we explored the possibility of further manipulating the interesting organometallic 

complex 3.43. Geometry optimization of 3.43 via DFT calculations suggests that its four phenyl 

substituents are oriented perpendicular to the plane of the bipyridyl ligand (see Figure 3.8a and 

Section 3.8.4). We therefore questioned whether these rings could be joined through an oxidative 

cyclization reaction (Figure 3.8b). Gratifyingly, treatment of 3.43 with DDQ and triflic acid 

facilitated triple C–C bond formation to give 3.44 in 46% yield, which notably occurs without 

oxidation of the Ru center. This approach to 3.44 circumvents solubility challenges historically 

encountered in efforts to access similar p-extended complexes through off-the-complex 

protocols,68 while providing access to a unique scaffold via a Scholl reaction69 of a Ru-centered 

organometallic complex.70 
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Figure 3.8. Mild generation and trapping of a Ru(II) aryne. (a) Cycloaddition reactions of 

organometallic aryne 3.11. (b) Scholl reaction of 3.43 to give 3.44. a Conditions: 3.35 (1 equiv), 

3.38 (10 equiv), CsF (5 equiv), CH3CN, 23 °C, 12 h. b Conditions: 3.35 (1 equiv), 3.39 (5 equiv), 

CsF (3 equiv), CH3CN, 23 °C, 1.5 h; TFA. c Conditions: 3.35 (1 equiv), 3.40 (2 equiv), CsF (5 

equiv), CH3CN:CH2Cl2 (2:1), 50 °C, 1.5 h. d Geometry optimization of 3.43 (without 
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counterions) was performed using B3LYP/6-31G(d)/LANL2DZ/CPCM(MeCN). e Conditions: 

3.43 (1 equiv), DDQ (20 equiv), CH2Cl2:TfOH (40:1), 0 °C, 15 min. OTf, 

trifluoromethanesulfonate; Me, methyl; Et, ethyl; DDQ, 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone. 

 

3.6 Photophysical Studies 

Although our primary objective was to develop the fundamental synthetic methodology 

described above, we also sought to identify and evaluate trends in photophysical properties of the 

products obtained. We deemed this particularly important given the broad impact of [Ru(bpy)3]2+ 

(3.17) and other polypyridyl metal complexes in light-based applications, as mentioned earlier. 

Thus, we compared the photophysical properties of [Ru(bpy)3]2+ (3.17) to that of annulation 

products obtained through our methodology. Examining luminescence quantum yield and molar 

extinction coefficients provided useful insights and revealed adducts 3.31 and 3.33 as being 

particularly interesting (Figure 3.9). First, a positive trend in luminescence quantum yield was 

observed from [Ru(bpy)3]2+ (3.17) to bis(annulation) product 3.31 to tris(annulation) product 

3.33. In particular, 3.33 exhibits a high luminescence quantum yield of 24%, which is notably 

2.5-fold greater than that of [Ru(bpy)3]2+ (3.17) at 9.5%. A high luminescence quantum yield 

indicates more efficient formation of a reactive excited state upon photon absorption, and is 

desirable in such applications as luminescence sensing, solar energy conversion, and photoredox 

catalysis.36 Additionally, 3.33 displays a higher molar extinction coefficient across the visible 

region (e.g., 23,500 mol–1 cm–1 at 452 nm) than that of [Ru(bpy)3]2+ (3.17) (e.g., 18,100 mol–1 

cm–1 at 452 nm), which suggests that it exhibits stronger ground state absorption of light in the 

visible region, a desirable quality in the aforementioned applications. All three compounds 
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exhibit a strong visible absorption peak at 452 nm, which is characteristic of the metal-to-ligand 

charge transfer (MLCT)-based luminescence that is typically observed in Ru(II) polypyridyl 

complexes. Of note, a shoulder also emerges in the region from 370–410 nm in compounds 3.31 

and, more prominently, in 3.33, and can likely be ascribed to delocalized 1p–p* transitions that 

are characteristic of other p-expansive ligands (e.g., phenazine derivatives).71 These findings 

bode well for the future use of our methodology to access complexes with promising and 

improved photophysical properties. 
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Figure 3.9. Photophysical studies of bis(annulation) product 3.31 and tris(annulation) product 

3.33 relative to [Ru(bpy)3]2+ (3.17). Evaluation of luminescence quantum yield (Φ, %) and molar 

extinction coefficient (ε, mol–1 cm–1). Experimental absorption spectra (molar extinction 

coefficient) are shown from 200–700 nm. 
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3.7 Conclusion 

We have developed two variants of elusive aryne on-the-complex chemistry in the 

context of privileged polypyridyl metal complexes. In one variant, organometallic complexes 

bearing aryl halides undergo transition metal-catalyzed annulations with in situ, transiently-

generated arynes. In the second version, an organometallic complex bearing a free aryne is 

intercepted in cycloaddition reactions to access complex scaffolds. Multiple C–C bonds (i.e., up 

to 6) can be formed in single synthetic operations, thus providing access to metal complexes 

bearing unique substitution patterns. These studies not only underscore the utility of traditionally 

avoided aryne intermediates and the value of on-the-complex aryne chemistry, but should also 

stimulate the development of on-the-complex reactions that enable transformations that are 

challenging by other means. Further studies will aim to evaluate and expand the utility of this 

methodology in accessing other valuable classes of organometallic complexes. From the 

standpoint of synthetic strategy, we hope these studies encourage the use of pre-coordinated 

ligands as synthons in the pursuit of complex organometallic architectures. 
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3.8 Experimental Section 

3.8.1 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), and di-μ-

chlorotetrakis[2-(2-pyridinyl-kN)phenyl-kC]diiridium(III) (3.53) were obtained from Strem 

Chemicals. Methyl iodide was obtained from Spectrum Chemical. Ruthenium(III) chloride 

trihydrate (3.51), 3-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (3.71), 2,5-

dibromohydroquinone (3.63), 2,5-dimethylfuran (3.38), and 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) were obtained from Combi-Blocks. 1-(trimethylsilyl)-2-naphthyl 

trifluoromethanesulfonate (3.72) was obtained from TCI America. Tri(o-tolyl)phosphine (P(o-

tolyl)3), Garg 4,5-indolyne precursor (3.61), cis-bis(2,2’-bipyridine)dichlororuthenium(II) 

hydrate (3.50), phosphorus trichloride (PCl3), 1,1,1,3,3,3-hexamethyldisilazane (HMDS), 

bromomethyl methyl ether (MOMBr), tetraphenylcyclopentadienone (3.40), di-μ-

chlorotetrakis[2-(1-isoquinolinyl-N)phenyl-C]diiridium(III) (3.55), and dichlorotetrakis[3,5-

difluoro-2-(2-pyridinyl)phenyl]diiridium(III) (3.57) were obtained from Sigma-Aldrich. N-

bromosuccinimide and N-chlorosuccinimide were obtained from Acros Organics. Phosphorus 

tribromide (PBr3) and trifluoromethanesulfonic acid (TfOH) was obtained from Oakwood 

Chemical. 1,1’-Diethoxyethene (3.39) was obtained from Fluka. 2,2’-bipyridine N-oxide (3.45) 

was prepared according to literature procedures,72 and is also commercially available. Thin-layer 
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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 

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 100 Hz 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). ESI-TOF measurements were carried out in positive ionization mode on a 

Waters LCT-Premier XE Time of Flight Instrument controlled by MassLynx 3.1 software 

(Waters Corporation, Milford MA).  The instrument was equipped with the Multi Mode 

Ionization source operated in the electrospray mode.  A solution of Leucine Enkephalin (Sigma 

Chemical, L9133) was used in the Lock-Spray to obtain accurate mass measurements. Samples 

were infused using direct loop injection on a Waters Acquity UPLC system. GC-MS 

measurements were carried out using an Agilent Model 7693 Autosampler, 7890B Gas 

Chromatograph, and 7250 Q-TOF Mass Selective Detector in the Electron Ionization 

mode.  Sample injection was carried out in split mode with inlet temperature set to 280 °C.  

Separation was carried out on an Agilent HP5-MS column with dimensions 30m x 250 µm x 

0.25 µm. Ultra High Purity Grade He (Airgas) was used as carrier gas with the flow set to 1.1 

mL/min in constant flow mode. The initial oven temperature was set to 70 °C for 1 min followed 

by a 20 °C/min ramp to a final temperature of 300 °C which was maintained for 4 min. A 3.0 min 

solvent delay was used. EI energy was set to 70 eV.  The MSD was set to scan the 50–500 m/z 
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range. Data collection and analysis were performed using Mass Hunter Acquisition and 

Qualitative Analysis software (Agilent). 

 

3.8.2 Experimental Procedures 

3.8.2.1 Synthesis of Halobipyridine Organometallic Complexes 

Note: The following procedures for the synthesis of halobipyridines were adapted from a 

published literature protocol5 to facilitate gram-scale synthesis. 

 

 

Bromobipyridine 3.47. To a flask containing 2,2’-bipyridyl N-oxide (3.45, 1.00 g, 5.81 mmol), 

Pd(OAc)2 (65.4 mg, 0.291 mmol, 5 mol%), and N-Bromosuccinimide (1.24 g, 6.97 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 3.46 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 (2.0 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 

Pd(OAc)2 (5 mol%)
NBS (1.2 equiv)

PhCl (0.1 M)
110 °C, 24 h

PBr3 (4.0 equiv)

CHCl3 (0.1 M)
0 → 80 °C, 3 h

N

N

Br

(59% yield, 
2 steps)3.46 3.473.45

N

N

O
N

N

O Br
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to cool to 23 °C before being cooled further to 0 °C. The reaction was then quenched by addition 

of aqueous NaOH (1.0 M, 40 mL) over 1 min before being warmed to 23 °C. 6.0 M NaOH (40 

mL) was then added in one portion 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 bromobipyridine 3.47 as a beige solid (800 mg, 59% yield over two steps). 

Bromobipyridine 3.47: Rf 0.25 (3:1 EtOAc:Hexanes); 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.5 

 

 

Chlorobipyridine 3.49. To a flask containing 2,2’-bipyridyl N-oxide (3.45, 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 aqueous NaOH (1.0 M, 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 

Pd(OAc)2 (5 mol%)
NCS (1.2 equiv)

PhCl (0.1 M)
110 °C, 24 h

PCl3 (4.0 equiv)

CHCl3 (0.1 M)
0 → 80 °C, 3 h
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N
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(70% yield, 
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reduced pressure to afford the corresponding chlorobipyridine N-oxide 3.48 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 further to 0 °C. The reaction was then 

quenched by addition of aqueous NaOH (1.0 M, 100 mL) over 2 min before being warmed to 23 

°C. Aqueous NaOH (6.0 M, 50 mL) was then added in one portion 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 chlorobipyridine 3.49 as an off-white solid (2.96 g, 70% yield over two steps). 

Chlorobipyridine 3.49: 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, 3.9, 1.3, 1H), 7.31 (dd, J = 8.31, 4.7, 1H). Spectral data match those previously 

reported in the literature.5 
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Bromo-Ru(bpy)3[PF6]2 3.14a. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(II) hydrate (3.50, 899 mg, 1.86 mmol, 1.0 equiv) and 

bromobipyridine 3.47 (667 mg, 2.84 mmol, 1.5 equiv) was added EtOH (120 mL) and H2O (120 

mL). The flask was topped with an air condenser and the system placed under N2. The reaction 

was heated to 90 °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 then 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 under reduced pressure (<1 torr) for 

12 h at 60 °C to afford bromo-Ru(bpy)3[PF6]2 3.14a as a red crystalline solid (1.36 g, 78% yield 

based on anhydrous 3.50). Bromo-Ru(bpy)3[PF6]2 3.14a: 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, 

RuII

N

N
N

N N

N Br

2+
2PF6

–

RuII

N

N
N

N Cl

Cl

i.  1:1 ethanol:H2O
    90 ºC, 14 h

ii. KPF6 (aq)

(78% yield)

N

N Br+

3.50

3.47
(1.5 equiv)
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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; 

HR-ESI-MS (m/z) [M – PF6]+ calcd for C30H23N6BrPF6Ru+, 792.98529; found 792.9849.  

 

 

Chloro-Ru(bpy)3[PF6]2 3.14b. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(II) hydrate (3.50, 4.00 g, 8.26 mmol, 1.0 equiv) and 

chlorobipyridine 3.49 (2.36 g, 12.4 mmol, 1.5 equiv) was added EtOH (330 mL) and H2O (330 

mL). The flask was topped with an air condenser and the system placed under N2. The reaction 

was heated to 90 °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 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 
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portion, cooled to 0 °C) and dried under reduced pressure (<1 torr) for 12 h at 50 °C to afford 

chloro-Ru(bpy)3[PF6]2 3.14b as a red crystalline solid (6.13 g, 83% yield based on anhydrous 

3.50). Chloro-Ru(bpy)3[PF6]2 3.14b: 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; HR-ESI-MS (m/z) [M – PF6]+ calcd for C30H23N6ClPF6Ru+, 749.03580; found 

749.0350. 

 

 

Bis(chloro)-Ru(bpy)3[PF6]2 3.30. To a flask containing ruthenium(III) chloride trihydrate (3.51, 

309 mg, 1.18 mmol, 1.0 equiv), bromobipyridine 3.47 (559 mg, 2.38 mmol, 2.0 equiv), and LiCl 

(301 mg, 7.10 mmol, 6.0 equiv) was added DMF (25 mL, 0.05 M). The flask was topped with an 

air condenser and the system placed under N2. The reaction was heated to 155 °C and stirred for 

6 h. The reaction mixture was then allowed to cool to 23 °C before acetone (25 mL) was added 

in one portion and the solution was added dropwise to vigorously stirring Et2O (300 mL). The 

RuCl3 • 3H2O
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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 (3.52, 281 mg, 1.80 mmol, 1.5 equiv), 

EtOH (80 mL), and H2O (80 mL) sequentially. The flask was topped with an air condenser and 

the system placed under N2. The reaction was heated to 90 °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. This 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 under reduced pressure (<1 torr) for 12 h at 60 °C to afford bis(chloro)-Ru(bpy)3[PF6]2 

3.30 as a red crystalline solid (491 mg, 45% yield over 2 steps). Bis(chloro)-Ru(bpy)3[PF6]2 

3.30: 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), 7.45–7.37 (m, 4H), 7.34–7.28 (m, 2H); 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, 
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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, 128.2, 128.1, 128.0, 125.41, 125.39, 125.37; IR (film): 1603, 1468, 1447, 1419, 

1214, 835, 797 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C30H22N6Cl2PF6Ru+, 782.99683; 

found 782.9984.  

 

Note: Though unexpected, it is postulated that LiCl facilitates chloro-debromination 

during the reaction. 3.30 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 3.32. To a flask containing ruthenium(III) chloride trihydrate 

(3.51, 401 mg, 1.54 mmol, 1.0 equiv), chlorobipyridine 3.49 (584 mg, 3.07 mmol, 2.0 equiv), 

and LiCl (390 mg, 9.21 mmol, 6.0 equiv) was added DMF (30 mL, 0.05 M). The flask was 

topped with an air condenser and the system placed under N2. The reaction was heated to 155 °C 

and stirred for 6 h. The reaction mixture was then allowed to cool to 23 °C before acetone (35 

mL) was added in one portion 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 
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concentrated under reduced pressure to afford a deep purple solid. This was carried forward 

without further purification. 

To the crude solid material was added chlorobipyridine 3.49 (443 mg, 2.32 mmol, 1.5 

equiv), EtOH (100 mL), and H2O (100 mL) sequentially. The flask was topped with an air 

condenser and the system placed under N2. The reaction was heated to 90°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 (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. This 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 under reduced pressure (<1 torr) for 12 h at 60 

°C to afford tris(chloro)-Ru(bpy)3[PF6]2 3.32 as a red crystalline solid (567 mg, 38% yield over 2 

steps). Tris(chloro)-Ru(bpy)3[PF6]2 3.32: 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; HR-ESI-MS 

(m/z) [M – PF6]+ calcd for C30H21N6Cl3PF6Ru+, 816.95786; found 816.9572. 
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Note: 3.32 was obtained as a mixture of geometric isomers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 

 

 

Bromo-Ir(ppy)2bpy 3.54. To a 20 mL scintillation vial was added di-μ-chlorotetrakis[2-(2-

pyridinyl-kN)phenyl-kC]diiridium(III) (3.53, 100.0 mg, 0.093 mmol, 1.0 equiv) in a glovebox. 

The vial was removed from the glovebox and placed under nitrogen. To a separate 1-dram vial 

was added bromobipyridine 3.47 (48.2 mg, 0.205 mmol, 2.2 equiv) and ethylene glycol (4.0 mL, 

0.023 M), and the mixture was then sparged with N2 for 15 minutes. This solution was then 

transferred to the vial containing 3.53. The septa cap was replaced with a Teflon-lined screw cap 

and the reaction was transferred to an Al-block and 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 Et2O (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, and then then aqueous NH4PF6 (0.27 M, 12 mL) was added, resulting in an 

orange-yellow precipitate. This mixture was filtered through a plug of celite and washed with 

water (20 mL) to remove ethylene glycol. The celite pad was then eluted with acetonitrile (50 

mL) to redissolve the product, and the resulting filtrate was collected and concentrated under 

reduced pressure to afford bromo-Ir(ppy)2bpy complex 3.54 as a dark yellow solid (156 mg, 95% 

yield). Bromo-Ir(ppy)2bpy 3.54. Rf 0.60 (7:2:1 CH3CN:H2O:sat. aq. KNO3); 1H NMR (500 
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MHz, CD3CN): δ 9.42 (dt, J = 8.3, 1.6, 0.9, 1H), 8.36 (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); 13C NMR (125 MHz, CD3CN) δ 

168.6, 168.5, 156.2, 154.9, 152.6, 151.7, 151.5, 150.83, 150.79, 150.7, 147.5, 145.4, 145.3, 

140.1, 140.0, 139.8, 132.9, 132.8, 131.9, 131.8, 130.2, 129.9, 129.5, 126.3, 124.9, 124.8, 124.1, 

124.0, 123.8, 123.0, 121.3, 121.2; IR (film): 3064, 2921, 1607, 1478, 1420, 1342 cm–1; HR-ESI-

MS (m/z) [M – PF6]+ calcd for C32H23BrN4Ir+, 735.0735; found 735.0738. 

 

 

Isoquinolinyl Complex 3.56. To an 8-dram vial containing di-μ-chlorotetrakis[2-(1-

isoquinolinyl-N)phenyl-C]diiridium(III) (3.55, 200.0 mg, 0.157 mmol, 1.0 equiv) and 

chlorobipyridine 3.49 (65.9 mg, 0.346 mmol, 2.2 equiv) was added ethylene glycol (6.8 mL, 

0.023 M). The resulting suspension was then sparged with N2 for 15 minutes before being 

transferred to an Al-block and stirred at 150 °C for 24 h. After cooling to 23 °C, the reaction was 

diluted with water (20 mL) before being transferred with water (5 mL) to a flask containing sat. 

aq. KPF6 (50 mL), resulting in formation of a red precipitate. This mixture was then filtered 

through a plug of celite and washed sequentially with water (300 mL), hexanes (200 mL), and 

Et2O (200 mL). The celite pad was then eluted with CH2Cl2 (200 mL) to redissolve the product, 

i. ethylene glycol (0.02 M)
   150 ºC, 24 h

ii. KPF6 (sat. aq.)
IrIII

N

N N

N

IrIII
Cl

Cl

N

N Cl+ IrIII
N

N Cl

+
PF6

–

N

N

3.55

3.49
(2.2 equiv)

3.56

(97% yield)
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and the resulting filtrate was collected, dried over Na2SO4, concentrated under reduced pressure, 

and dried under reduced pressure (<1 torr) at 100 °C for 12 h to afford Ir(ppy)2bpy complex 3.56 

as a red solid (286.3 mg, 97% yield). Isoquinolinyl Complex 3.56. Rf 0.62 (14:1:1 

CH3CN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.34 (dt, J = 8.5, 1.0, 1H), 9.06–

8.94 (m, 2H), 8.37 (d, J = 8.1, 2H), 8.16–8.08 (m, 2H), 8.02–7.98 (m, 2H), 7.97 (ddd, J = 5.4, 

1.7, 0.8, 1H), 7.93 (dd, J = 5.3, 1.4, 1H), 7.87–7.80 (m, 4H), 7.63 (d, J = 6.4, 1H), 7.61 (d, J = 

6.5, 1H), 7.47–7.40 (m, 3H), 7.35 (dd, J = 8.3, 5.2, 1H), 7.11 (dddd, J = 8.8, 6.6, 1.6, 1.4, 2H), 

6.86 (t, J = 7.4, 2H), 6.25 (ddd, J = 7.7, 4.4, 1.1, 2H); 13C NMR (125 MHz, CD3CN, 35 of 40 

signals observed) δ 169.3, 169.1, 155.2, 154.4, 153.7, 153.2, 152.2, 150.8, 146.5, 146.4, 143.4, 

141.93, 141.90, 139.7, 138.1, 138.05, 134.8, 132.92, 132.87, 132.7, 131.8, 131.53, 131.47, 129.9, 

129.8, 129.4, 129.2, 128.51, 128.50, 127.7, 127.1, 123.4, 123.3, 122.9, 122.8; IR (film): 3080, 

3045, 1576, 1541, 1433, 840 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C40H27ClN4Ir+, 

791.1553; found 791.1603. 

 

 

Fluorinated Ir Complex 3.58. To an 8-dram vial containing dichlorotetrakis[3,5-difluoro-2-(2-

pyridinyl)phenyl]diiridium(III) (3.57, 200.0 mg, 0.165 mmol, 1.0 equiv) and chlorobipyridine 

3.49 (69.0 mg, 0.362 mmol, 2.2 equiv) was added ethylene glycol (7.2 mL, 0.023 M). The 

resulting suspension was then sparged with N2 for 15 minutes before being transferred to an Al-

block and stirred at 150 °C for 24 h. After cooling to 23 °C, the reaction was diluted with water 

IrIII

N

N

N
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+
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–

F

F

F

F
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(20 mL) before being transferred with water (5 mL) to a flask containing sat. aq. KPF6 (50 mL), 

resulting in formation of a red precipitate. This mixture was then filtered through a plug of celite 

and washed sequentially with water (300 mL), hexanes (200 mL), and Et2O (200 mL). The celite 

pad was then eluted with CH2Cl2 (200 mL) to redissolve the product, and the resulting filtrate 

was collected, dried over Na2SO4, concentrated under reduced pressure, and dried under reduced 

pressure (<1 torr) at 100 °C for 12 h to afford Ir(ppy)2bpy complex 3.58 as a yellow solid (277.7 

mg, 93% yield). Fluorinated Ir Complex 3.58. Rf 0.64 (14:1:1 CH3CN:H2O:sat. aq. KNO3); 1H 

NMR (500 MHz, CD3CN): δ 9.36 (dt, J = 8.4, 0.9, 1H), 8.31 (d, J = 8.5, 2H), 8.23–8.15 (m, 2H), 

8.12 (ddd, J = 5.4, 1.7, 0.7, 1H), 8.07 (dd, J = 5.3, 1.4, 1H), 7.95–7.87 (ddddd, J = 8.5, 7.9, 4.2, 

1.6, 0.7, 2H), 7.71 (d, J = 5.8, 2H), 7.54 (ddd, J = 7.8, 5.5, 1.2, 1H), 7.45 (dd, J = 8.6, 5.3, 1H), 

7.09 (dddd, J = 10.9, 7.8, 5.9, 1.4, 2H), 6.69 (dddd, J = 12.8, 9.4, 2.5, 2.1), 5.69 (ddd, J = 8.6, 

7.2, 2.4); 13C NMR (125 MHz, CD3CN) δ 165.5, 165.4. 164.43, 164.38, 164.34, 164.28, 163.5, 

163.43, 163.40, 163.38, 163.3, 161.31, 161.26, 155.21, 155.15, 155.1, 154.43, 154.37, 153.0, 

152.6, 151.3, 150.84, 150.75, 144.1, 140.59, 140.57, 140.4, 135.1, 130.0, 129.8, 129.5, 128.91, 

128.89, 128.87, 128.85, 128.81, 128.79, 128.77, 128.75, 125.0, 124.8, 124.7, 114.81, 114.79, 

114.67, 114.65, 114.6, 114.51, 114.48, 100.03, 99.98, 99.81, 99.76, 99.6, 99.5; IR (film): 3088, 

2973, 1739, 1604, 1575, 1479, 1430, 1406, 840 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for 

C32H19ClF4N4Ir+, 763.0864; found 763.0864. 

 

(Note: Complex splitting patterns observed due to presence of fluorine atoms; these data 

represent empirically observed chemical shifts from the 13C NMR spectrum) 
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3.8.2.2 Optimization of on-the-Complex Annulation with Benzyne 

Representative Procedure for reaction optimization. Benzyne adduct 3.16 (Table 3.1, 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 

3.14a (68.6 mg, 73.1 µmol, 1.0 equiv), P(o-tolyl)3 (2.2 mg, 7.3 µmol, 10 mol%), MeCN (0.50 

mL, 0.15 M), PhMe (0.50 mL, 0.15 M), silyl triflate  (43.6 mg, 73.1 µmol, 2.0 equiv, 3.15), an 

oven-dried magnetic stir bar, 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, transferred to an Al-block, 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 3.1. Optimization studies of on-the-complex annulation with benzyne. Yields were 

determined using 1H NMR analysis with 1,3,5-trimethoxybenzene (TMB) as an external 

standard. 

 

 

 
Significant decomposition was observed when the halogenated bipyridyl ligand was not pre-

ligated to the Ru complex (see below). It is postulated that deleterious intermediates such as 3.51 

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

3.16 3.17
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TfO

Me3Si (2 equiv)
3.15

3.14
(3.14a: X = Br, 3.14b: X = Cl)
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may form under these conditions due to the propensity for bipyridyl ligands to undergo N,N’-

chelation to transition metals. 

 

 
Figure 3.10. Unsuccessful aryne annulation of free ligands 3.47 and 3.49. 

 
 
 
 
3.8.2.3 Crystallographic Data 

 

 
Figure 3.11. ORTEP representation of X-ray crystallographic structure 3.16. 

(CCDC Registry #2048567). 

 
 
 
 

Table 3.2. Crystal data and structure refinement for compound 3.16. 
 

Identification code  cu_garg1904_a_sq_s 
Empirical formula  C38 H29 F12 N7 P2 Ru 
Formula weight  974.69 
Temperature  100(2) K 

N

N
X

3.47 (X = Br) or
3.49 (X = Cl)

Me3Si

TfO [Pd], F–

• Non-specific decomposition
• Desired product not observed

N

N

3.15

3.59

+

N

N
X

Plausible deleterious
intermediate:

[Pd]

3.60

RuII

N

N
N

N N

N

2+
2PF6

–

3.16
(crystallized as mixture of Δ- and Λ-isomers)

RuII

N

N
N

N N

N

2+
2PF6

–
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Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 11.6931(3) Å a = 90°. 
 b = 30.8685(9) Å b = 112.4510(10)°. 
 c = 12.4524(3) Å g = 90°. 
Volume 4154.01(19) Å3 
Z 4 
Density (calculated) 1.559 Mg/m3 
Absorption coefficient 4.611 mm–1 
F(000) 1952 
Crystal size .16 x .08 x .04 mm3 
Theta range for data collection 2.863 to 70.067°. 
Index ranges -13<=h<=12, -36<=k<=37, -14<=l<=15 
Reflections collected 34574 
Independent reflections 7544 [R(int) = 0.0345] 
Completeness to theta = 67.679° 96.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.75 and 0.62 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7544 / 0 / 542 
Goodness-of-fit on F2 1.060 
Final R indices [I>2sigma(I)] R1 = 0.0259, wR2 = 0.0644 
R indices (all data) R1 = 0.0302, wR2 = 0.0657 
Extinction coefficient n/a 
Largest diff. peak and hole 0.464 and -0.490 e.Å–3 
 
 
3.8.2.4 Synthesis of Silyl Triflate Aryne Precursors  

 

 

Silyl triflate 3.62. To a solution of Garg 4,5-indolyne precursor (3.61, 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 before being transferred 

NHMe3Si

TfO NaH (2 equiv)
MeI (1.5 equiv)

DME (0.3 M)
–20 °C, 50 min

(97% yield)

NMeMe3Si

TfO

3.61 3.62
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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 3.62 as a viscous, pale yellow oil (927 mg, 97% yield). N-

Me silyl triflate 3.62: 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.73 

 

 

Silyl alcohol 3.68. To a stirred solution of 2,5-dibromohydroquinone (3.63, 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 

flask was topped with an air condenser and the system placed under N2. The reaction was 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 mL, 0.14 M) was then added and the mixture was cooled to –

78 °C. n-BuLi (2.49 M in hexanes; 3.29 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) 

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

3.63 3.68

3.64 3.65 3.66 3.67
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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 saturated aqueous 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 dried over 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 alcohol 3.68 as a viscous yellow oil (2.62 g, 70% yield). Silyl alcohol 3.68: 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.67 

 

 

Methoxymethyl ether 3.36. To a stirred solution of silyl alcohol 3.69 (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 the 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 

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

3.69 3.36
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methyl ether 3.36 as a white solid (814 mg, 71% yield). Methoxymethyl ether 3.36: mp: 37.5–

38.5 ºC; 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 Hz), 94.3, 56.3, –0.7, –1.2; IR 

(film): 2957, 1468, 1420, 1341, 1246, 1210, 1144, 1082, 1013, 945, 841, 757, 633 cm–1; HR-GC-

MS (m/z) [M]+ calcd for C15H25F3O5SSi2+ 430.09133; found 430.0908. 

 

3.8.2.5 Scope of Pd-Catalyzed Aryne Annulation 

 

 

Representative Procedure A for aryne annulations (Figure 3.3, benzyne adduct 3.16 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 3.14a (62.2 mg, 0.066 mmol, 1.0 equiv), P(o-tolyl)3 (2.2 mg, 7.2 µmol, 10 

mol%), MeCN (0.50 mL, 0.15 M), PhMe (0.50 mL, 0.15 M), silyl triflate 3.15 (40.1 mg, 0.134 

mmol, 2.0 equiv), an oven-dried magnetic stir bar, 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, transferred to an 

Al-block, 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 silica gel (500 mg) under reduced pressure and purified by flash 
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chromatography (100% EtOAc → 14:1:1 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 dried over Na2SO4, concentrated under reduced pressure and dried 

under reduced pressure (<1 torr) at 100 °C for 12 h to afford benzyne adduct 3.16 as a deep red 

solid (69% yield, average of two experiments). Benzyne adduct 3.16: mp >250 °C; Rf 0.68 

(7:2:1 MeCN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.23 (dd, 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 = 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); 13C NMR (125 MHz, 

CD3CN) δ 158.09, 153.11, 152.91, 152.82, 149.00, 148.82, 138.70, 133.18, 133.03, 131.32, 

131.26, 131.21, 129.14, 128.34, 127.42, 127.28, 125.64, 125.60, 125.13; IR (film): 1604, 1466, 

1447, 1437, 838, 761, 731, 557 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C36H26F6N6PRu+, 

789.09043; found 789.0905. 

 

 

Benzyne adduct 3.16. Followed representative procedure A. Purification by flash 

chromatography (100% EtOAc → 14:1:1 CH3CN:H2O:sat. aq. KNO3) afforded benzyne adduct 
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3.16 (81% yield, average of two experiments) as a red solid. Spectral data matched those 

provided above.  

 

 

Indolyne adduct 3.21. Followed representative procedure A. Purification by flash 

chromatography (7:2:1 CH3CN:H2O:sat. aq. KNO3) afforded indolyne adduct 3.21 (75% yield, 

average of two experiments) as a red solid. Indolyne adduct 3.21: mp >250 °C; Rf  0.63 (7:2:1 

CH3CN:H2O:sat. aq. KNO3); 1H NMR (600 MHz, CD3CN): δ 9.71 (dd, J = 8.8, 1.1, 1H), 9.27 

(d, J = 8.8, 1H), 8.73 (d, J = 9.1, 1H), 8.54 (ddt, J = 8.3, 4.4, 1.1, 2H), 8.51–8.48 (m, 2H), 8.12–

8.07 (m, 3H), 8.06 (dd, J = 5.2, 1.1, 1H), 8.01 (dd, J = 5.3, 1.1, 1H), 8.00–7.96 (m, 2H), 7.87–

7.81 (m, 3H), 7.75 (dd, J = 8.6, 5.2, 1H), 7.67 (d, J = 3.3, 1H), 7.64–7.60 (m, 2H), 7.57 (d, J = 

3.3, 1H), 7.57–7.43 (m, 2H), 7.22–7.18 (m, 2H), 4.04 (s, 3H); 13C NMR (125 MHz, CD3CN): δ 

158.6, 158.5, 158.4, 153.23, 153.22, 151.71, 151.66, 149.1, 147.8, 139.1, 139.0, 138.7, 136.2, 

133.6, 133.4, 132.8, 132.6, 128.92, 128.90, 128.76, 128.75, 127.6, 127.3, 125.61, 125.60, 125.5, 

125.1, 123.9, 123.6, 115.2, 103.9, 34.4; IR (film): 3707, 2681, 2973, 2923, 1055, 1033; HR-ESI-

MS (m/z) [M – PF6]+ calcd for C39H29N7P F6Ru+, 842.1180; found 842.1110. 
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Indolyne adduct 3.21. Followed representative procedure A. Purification by flash 

chromatography (7:2:1 CH3CN:H2O:sat. aq. KNO3) afforded indolyne adduct 3.21 (80% yield, 

average of two experiments) as a red solid. Spectral data matched those provided above. 

 

 

Representative Procedure B for aryne annulations (Figure 3.4, naphthalyne adduct 3.22 

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 3.14a (60.0 mg, 0.064 mmol, 1.0 equiv), P(o-tolyl)3 (2.0 mg, 6.4 µmol, 

10 mol%), MeCN (0.50 mL, 0.15 M), PhMe (0.50 mL, 0.15 M), silyl triflate 3.71 (44.6 mg, 

0.128 mmol, 2.0 equiv), an oven-dried magnetic stir bar, 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, 

transferred to an Al-block, 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 silica gel (500 mg) under reduced pressure and 
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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 under reduced pressure (<1 torr) at 100 °C for 12 h to afford naphthalyne adduct 3.22 

as a deep red solid (61% yield, average of two experiments). Naphthalyne adduct 3.22: mp 

>250 °C; 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 (125 MHz, 

CD3CN): δ 158.0, 157.9, 152.9, 152.8, 152.3, 149.5, 138.8, 138.6, 133.9, 133.0, 132.2, 129.3, 

129.1, 128.5, 128.4, 127.7, 126.4, 125.5, 125.2, 125.1; IR (film): 3681, 2981, 2923, 1332, 1054, 

1033, 1013 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C40H27N6PF6Ru+, 839.1061; found 

839.1050. 
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Naphalyne adduct 3.22. Followed representative procedure B. Purification by flash 

chromatography (7:2:1 CH3CN:H2O:sat. aq. KNO3) afforded naphthalyne adduct 3.22 (76% 

yield, average of two experiments) as a red solid. Spectral data matched those provided above. 

 

 

Naphthalyne adduct 3.23. Followed representative procedure B. Purification by flash 

chromatography (14:2:1 CH3CN:H2O:sat. aq. KNO3) afforded naphthalyne adduct 3.23 (61% 

yield, average of two experiments) as a red solid. Naphthalyne adduct 3.23: mp >250 °C; Rf  

0.70 (7:2:1 CH3CN:H2O:sat. aq. KNO3); 1H NMR (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); 13C NMR (125 

MHz, CD3CN): δ  158.1, 157.9, 152.92, 152.86, 152.8, 152.0, 149.1, 148.6, 138.8, 138.7, 138.0, 

135.3, 133.7, 132.0, 130.8, 130.6, 130.5, 130.0, 129.1, 128.9, 128.6, 128.5, 128.3, 127.3, 126.9, 
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126.3, 125.2, 125.1, 121.6; IR (film): 3663, 3589, 3084, 2925, 2854 cm–1; HR-ESI-MS (m/z) [M 

– PF6]+ calcd for C40H27N6PF6Ru+, 839.1061; found 839.1119. 

 

 

Ir-benzyne adduct 3.26. Followed representative procedure A. Purification by flash 

chromatography (9:1 benzene:acetonitrile → 3:2 benzene:acetonitrile) afforded Ir-benzyne 

adduct 3.26 (75% yield, average of two experiments) as a dark orange solid. Ir-benzyne adduct 

3.26: mp >250 °C; Rf  0.59 (7:2:1 CH3CN:H2O:sat. aq. KNO3); 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); 13C NMR (125 MHz, CD3CN): δ 

168.33, 151.5, 151.2, 150.4, 147.9, 145.1, 139.3, 134.7, 132.6, 131.7, 131.3, 131.1, 129.1, 128.2, 

125.8, 125.5, 124.3, 123.5, 120.7; IR (film): 2981, 1735, 1689, 1368, 1149 cm–1; HR-ESI-MS 

(m/z) [M – PF6]+ calcd for C38H26N4Ir+, 731.1787; found 731.1704. 
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Ir-naphthalyne adduct 3.27. Followed representative procedure B. Purification by flash 

chromatography (100% EtOAc → 14:2:1 MeCN:H2O:sat. aq. KNO3) afforded naphthalyne 

adduct 3.27 as an orange solid (71% yield, average of two experiments). Naphthalyne adduct 

3.27: mp >200 °C; Rf 0.70 (14:2:1 CH3CN:H2O:saturated aqueous KNO3); 1H NMR (500 MHz, 

CD3CN): δ 9.41 (s, 2H), 9.36 (dd, J = 8.6, 1.2, 2H), 8.30–8.27 (m, 2H), 8.24 (dd, J = 5.4, 1.3, 

2H), 8.07 (d, J = 8.3, 2H), 7.89–7.77 (m, 10H), 7.59 (ddd, J = 6.0, 1.5, 0.8, 2H), 7.09 (td, J = 7.2, 

1.5, 2H), 6.97 (td, J = 7.7, 1.4, 2H), 6.91 (td, J = 6.8, 1.5, 2H), 6.38 (dd, J = 7.5, 0.8, 2H); 13C 

NMR (125 MHz, CD3CN): δ 167.8, 150.71, 150.65, 149.8, 148.1, 144.6, 138.8, 134.0, 133.4, 

132.2, 132.0, 130.7, 128.7, 128.5, 128.0, 125.8, 125.2, 124.9, 123.7, 122.9, 120.2; IR (film): 

3050, 2924, 2855, 1608, 1479 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C42H27N4Ir+, 

780.1859; found 780.1835. 
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Isoquinolinyl adduct 3.28. Followed representative procedure A. Purification by flash 

chromatography (100% EtOAc → 14:1:1 MeCN:H2O:sat. aq. KNO3) afforded isoquinolinyl 

adduct 3.28 as a red solid (91% yield, average of two experiments). Isoquinolinyl adduct 3.28: 

mp >200 °C; Rf  0.63 (14:1:1 CH3CN:H2O:saturated aqueous KNO3); 1H NMR (500 MHz, 

CD3CN): δ 9.30 (dd, J = 8.5, 1.3, 2H), 9.04 (d, J = 8.5, 2H), 8.92–8.84 (m, 2H), 8.42 (d, J = 8.0, 

2H), 8.18 (dd, J = 5.1, 1.3, 2H), 8.01–7.97 (m, 2H), 7.93–7.90 (m, 2H), 7.87–7.78 (m, 6H), 7.40 

(d, J = 6.5, 2H), 7.26 (d, J = 6.5, 2H), 7.18 (ddd, J = 8.1, 7.0, 1.3, 2H), 6.93 (td, J = 7.5, 1.2, 2H), 

6.40 (dd, J = 7.6, 1.2, 2H); 13C NMR (125 MHz, CD3CN): δ 169.5, 154.6, 151.6, 147.8, 146.7, 

141.9, 138.0, 134.8, 133.1, 132.8, 131.8, 131.4, 131.2, 129.9, 129.1, 128.4, 128.3, 127.7, 127.1, 

125.5, 123.3, 122.7; IR (film): 3047, 1577, 1541, 1435, 841 cm–1; HR-ESI-MS (m/z) [M – PF6]+ 

calcd for C46H30N4Ir+, 831.2100; found 831.2111. 
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Fluorinated Ir adduct 3.29. Followed representative procedure A. Purification by flash 

chromatography (100% EtOAc → 14:1:1 MeCN:H2O:sat. aq. KNO3) afforded fluorinated Ir 

adduct 3.29 as a golden solid (91% yield, average of two experiments). Fluorinated Ir adduct 

3.29: mp >200 °C; Rf 0.64 (14:1:1 CH3CN:H2O:saturated aqueous KNO3); 1H NMR (500 MHz, 

CD3CN): δ 9.33 (dd, J = 8.6, 1.3, 2H), 8.94–8.82 (m, 2H), 8.35–8.30 (m, 4H), 8.01–7.97 (m, 

2H), 7.92 (dd, J = 8.5, 5.1, 2H), 7.85 (td, J = 8.0, 1.3, 2H), 7.54 (ddd, J = 5.9, 1.6, 0.7, 2H), 6.93 

(ddd, J = 7.8, 6.0, 1.4, 2H), 6.72 (ddd, J = 12.5, 9.5, 2.5, 2H), 5.84 (dd, J = 8.6, 2.4, 2H); 13C 

NMR (125 MHz, CD3CN): δ 165.5, 165.4, 164.7, 164.6, 163.5, 163.43, 163.40, 163.3, 161.4, 

161.3, 155.33, 155.28, 151.9, 150.8, 147.6, 140.4, 135.3, 132.0, 131.3, 129.12, 129.11, 129.09, 

129.05, 128.4, 125.5, 124.8, 124.7, 124.5, 114.91, 114.89, 114.77, 114.75, 99.9, 99.7, 99.5; IR 

(film): 3082, 1739, 1603, 1406, 1105, 840 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for 

C38H22F4N4Ir+, 803.1410; found 803.1416. 

 

(Note: Complex splitting patterns observed due to presence of fluoride substituents; these data 

represent empirically observed chemical shifts from the 13C NMR spectrum) 
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Bis(annulation) adduct 3.31. Followed representative procedure A. Purification by flash 

chromatography (100% EtOAc → 14:1:1 CH3CN:H2O:sat. aq. KNO3) afforded adduct 3.31 

(54% yield, average of two experiments) as a red solid. Bis(annulation adduct) 3.31: 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; HR-ESI-MS (m/z) [M – PF6]+ 

calcd for C42H28N6F6PRu+, 863.10662; found 863.1080. 

 

 

(Tris)annulation adduct 3.33. Followed representative procedure B. Purification by flash 
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(57% yield, average of two experiments) as a red solid. (Tris)annulation adduct 3.33: 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), 8.93–8.90 (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; IR (film): 2962, 1435, 1407, 1260, 1211, 1084, 1021, 840, 805, 758, 557; HR-ESI-MS 

(m/z) [M – PF6]+ calcd for C48H30F6N6PRu+, 937.12227; found 937.1227. 

 

3.8.2.6 Synthesis and Trapping Experiments of Ru-Centered Aryne 

 

 

Methoxymethyl ether adduct 3.37. 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 3.14b (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 3.36 (564 

mg, 1.31 mmol, 3.0 equiv), an oven-dried magnetic stir bar, 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, 

transferred to an Al-block, 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 
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→ 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 under reduced pressure (<1 

torr) at 100 °C for 12 h to afford methoxymethyl ether adduct 3.37 as a red solid (380 mg, 80% 

yield). Methoxymethyl ether adduct 3.37: mp >250 °C; Rf 0.79 (7:2:1 CH3CN:H2O:saturated 

aqueous KNO3); 1H NMR (500 MHz, CD3CN): δ 9.25 (dd, J = 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); 13C NMR (100 MHz, CD3CN) δ 163.8, 158.1, 157.9, 152.9, 152.84, 152.79, 152.8, 152.7, 

151.6, 149.2, 147.7, 138.7, 138.6, 134.4, 133.2, 132.7, 132.6, 131.8, 131.2, 130.8, 128.5, 128.3, 

128.3, 127.3, 127.1, 125.2, 125.1, 122.6, 106.7, 94.9, 57.0, 55.2, -1.02; IR (film): 3464, 3079, 

1604, 1369, 1345 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for C41H38F6N6O2PRuSi+, 

921.15163; found 921.1541. 
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Silyl triflate 3.35. To a stirred solution of methoxymethyl ether 3.37 (259 mg, 0.243 mmol, 1.0 

equiv) in CH2Cl2 (25 mL, 0.01 M) at 23 °C was added solid supported catalyst74 NaHSO4•SiO2 

(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; eluate discarded) before being eluted with 

7:2:1 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 aqueous HCl 

(2.0 M, 100 mL). The layers were separated and the organic layer was washed with aqueous HCl 

(2.0 M, 2 x 40 mL). The combined aqueous layers were then extracted with CH2Cl2 (2 x 100 

mL). The organic layers were then combined, dried over Na2SO4, and concentrated under 
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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 under reduced pressure (<1 

torr) at 100 °C for 1 h to afford silyl triflate 3.35 as a red solid (204 mg, 73% yield). Silyl triflate 

3.35: mp: >250 °C; Rf 0.34 (14:1:1 MeCN:H2O:sat. aq. KNO3); 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); 13C NMR (125 MHz, 

CD3CN) δ 158.1, 157.9, 156.2, 153.7, 153.3, 153.00, 152.97, 152.9, 152.8, 149.5, 149.1, 138.9, 

138.7, 136.7, 134.7, 133.6, 133.2, 131.8, 130.3, 130.1, 128.5, 128.4, 128.0, 127.7, 125.24, 

125.16, 116.1; IR (film): 3359, 3310, 3193, 2920, 2851, 1632 cm–1; HR-ESI-MS (m/z) [M – 

PF6]+ calcd for C40H33F9N6O3PRuSSi+, 1009.07470; found 1009.0704. 

 

 

Cycloadduct 3.41. To a 1-dram vial was added silyl triflate 3.35 (19.5 mg, 16.9 µmol) and 

dissolved in MeCN (0.8 mL, 0.02 M). 2,5-dimethylfuran (3.38) (16.2 mg, 0.17 mmol, 10 equiv) 

was then added in one portion. While stirring, CsF (12.8 mg, 0.085 mmol, 5 equiv) was added in 

one portion and the reaction was stirred at 23 ªC for 1 h. After 1 h, the reaction mixture was then 

filtered through a plug of celite with MeCN (10 mL), adsorbed onto silica gel (500 mg) under 

reduced pressure, and purified by flash chromatography (100% EtOAc → 14:1:1 
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MeCN:H2O:sat. aq. KNO3). To the resultant 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, dried over sodium sulfate, and dried under reduced 

pressure (<1 torr) at 100 °C for 12 h to afford cycloadduct 3.41 as a red solid (4.1 mg, 25% 

yield). Cycloadduct 3.41: mp: >250 °C; Rf 0.31 (14:1:1 MeCN:H2O:sat. aq. KNO3); 1H NMR 

(500 MHz, CD3CN): δ 9.23 (dt, J = 8.6, 1.3, 2H), 8.59 (d, J = 1.4, 2H), 8.52 (dq, J = 8.3, 0.8, 

2H), 8.49 (ddt, J = 8.3, 3.0, 1.1, 2H), 8.09 (td, J = 8.0, 1.4, 2H), 8.04 (ddd, J = 5.2, 4.3, 1.1, 2H), 

8.01–7.94 (m, 2H), 7.83 (dddd, J = 5.6, 3.3, 1.5, 0.8, 2H), 7.76 (dd, J = 8.6, 5.2, 2H), 7.57 (dddd, 

J = 11.8, 5.7, 1.6, 0.7, 2H), 7.44 (ddt, J = 7.7, 5.6, 1.3, 2H), 7.19 (dddd, J = 11.1, 7.8, 5.8, 1.3, 

2H), 6.92 (app dd, J = 5.4, 3.4, 2H), 2.044 (s, 3H), 2.037 (s, 3H); 13C NMR (125 MHz, CD3CN): 

δ 158.1, 157.90. 157.88, 156.2, 152.90, 152.89, 152.8, 152.3, 148.6, 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; IR (film): 2931, 1467, 1447, 1390, 1141, 839, 762, 558 cm–1; HR-ESI-MS (m/z) [M 

– PF6]+ calcd for C42H32F6N6OPRu+, 883.13284; found 883.1326. 
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Cyclobutanone 3.42. To a stirred solution of silyl triflate 3.35 (20.5 mg, 17.8 µmol, 1.0 equiv) 

and 1,1-diethoxyethene (3.39) (24.9 µL, 178 µmol, 10.0 equiv) in MeCN (0.9 mL, 0.02 M) at 23 

°C was added CsF (13.5 mg, 88.8 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 MeCN (10 mL) and then concentrated 

under reduced pressure. To the resulting residue was added CH2Cl2 (2.1 mL) and MeCN (0.3 

mL) and while stirring at 23 °C, TFA (0.5 mL) was added dropwise over 20 seconds and the 

mixture was stirred at 23 °C for 30 min. The reaction was then quenched by slow addition of 

saturated aqueous NaHCO3 (2.5 mL) over 30 seconds. The reaction was then transferred to a 

separatory funnel with CH2Cl2 (25 mL) and saturated aqueous KPF6 (20 mL). 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. 

Purification by preparative TLC (14:1:1 MeCN:H2O:sat. aq. KNO3) afforded cyclobutanone 3.42 

as a red solid (3.4 mg, 20% yield). Cyclobutanone 3.42: mp >250 °C; Rf 0.34 (14:1:1 

MeCN:H2O:sat. aq. KNO3); 1H NMR (500 MHz, CD3CN): δ 9.29 (d, J = 8.4, 1H), 9.21 (d, J = 

8.4, 1H), 9.07 (s, 1H), 8.89 (s, 1H), 8.53 (d, J = 8.4, 2H), 8.50 (d, J = 8.4, 2H), 8.14–8.05 (m, 

4H), 8.00 (t, J = 8.2, 2H), 7.84–7.76 (m, 4H), 7.62 (d, J = 5.0, 2H), 7.45 (t, J = 6.4, 2H), 7.23 (t, 

J = 6.0, 2H), 4.37 (s, 2H); 13C NMR (125 MHz, CD3CN): δ 189.2, 158.1, 157.9, 153.7, 153.1, 

152.99, 152.95, 152.83, 152.81, 151.7, 150.7, 149.7, 148.7, 138.9, 138.7, 134.7, 134.1, 133.3, 
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131.9, 131.1, 130.1, 128.5, 128.4, 127.63, 127.58, 125.23, 125.16, 120.5, 117.3; IR (film): 2923, 

1772, 1618, 1469, 1449, 839, 558 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for 

C38H26F6N6OPRu+, 829.08589; found 829.0845. 

 

 

Cycloadduct 3.43. To a 1-dram vial was added silyl triflate 3.35 (99.7 mg, 86.4 µmol, 1.0 

equiv), tetraphenylcyclopentadienone (3.40, 66.4 mg, 173 µmol, 2.0 equiv), MeCN (1.4 mL, 

0.06 M), CH2Cl2 (0.7 mL, 0.12 M), and CsF (65.6 mg, 432 µmol, 5.0 equiv) were added 

sequentially. The reaction vessel was purged with N2, sealed with a Teflon cap, and placed in a 

preheated, 50 °C aluminum heating block. After stirring for 1.5 h, the reaction was cooled to 23 

°C. The reaction mixture was then filtered through a plug of celite with MeCN (10 mL), 

adsorbed onto silica gel (750 mg) under reduced pressure, 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 (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 (1 x 50 mL). The combined organic layers 

were then dried over sodium sulfate, filtered, concentrated under reduced pressure, and dried 

under reduced pressure (<1 torr) at 100 °C for 12 h to afford cycloadduct 3.43 as a red solid 
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(30.7 mg, 28% yield). Cycloadduct 3.43: mp >250 °C; Rf 0.84 (7:2:1 MeCN:H2O:sat. aq. 

KNO3);  1H NMR (600 MHz, CD3CN): δ 8.94 (s, 2H), 8.60 (dd, J = 8.6, 1.1, 2H), 8.51 (dt, J = 

8.2, 1.0, 2H), 8.48 (dt, J = 8.2, 1.0, 2H), 8.08 (td, J = 8.0, 1.4, 2H), 8.00 (td, J = 7.9, 1.5, 2H), 

7.94 (dd, J = 5.3, 1.1, 2H), 7.79 (ddd, J = 5.6, 1.4, 0.6, 2H), 7.64 (ddd, J = 5.7, 1.4, 0.6, 2H), 7.60 

(dd, J = 8.3, 5.4, 2H), 7.44–7.34 (m, 12H), 7.23 (ddd, J = 7.7, 5.8, 1.3, 2H), 7.06–6.97 (m, 4H), 

6.96–6.89 (m, 6H); 13C NMR (125 MHz, CD3CN): δ 158.0, 157.9, 152.8, 152.7, 152.4, 149.6, 

142.2, 141.1, 140.0, 139.5, 138.8, 138.7, 133.0, 132.6, 132.24, 132.18, 132.00, 131.98, 131.8, 

128.91, 128.88, 128.5, 128.4, 128.2, 127.8, 127.6, 126.8, 126.2, 125.2, 125.1, 124.2; IR (film): 

2929, 1606, 1469, 1447, 840, 763, 701, 558 cm–1; HR-ESI-MS (m/z) [M – PF6]+ calcd for 

C64H44F6N6PRu+, 1143.23182; found 1443.2338. 

 

 

Scholl Product 3.44. To a stirred solution of 3.43 (6.3 mg, 3.9 µmol, 1.0 equiv), in CH2Cl2 (4.0 

mL) at 0 °C was added DDQ (22 mg, 98 µmol, 20 equiv) in one portion. Then, TfOH (0.1 mL) 

was added dropwise over 1 min, whereupon the reaction turned deep green in color. The reaction 

was then stirred at 0 °C for 15 min, followed by addition of saturated aqueous NaHCO3 (4.0 mL) 

slowly, over 10 seconds. The resulting mixture was then stirred at 0 °C for 5 min before being 

allowed to warm to 23 °C. It was then transferred with CH2Cl2 (30 mL) to a separatory funnel 

containing saturated aqueous KPF6 (30 mL). The layers were separated and the aqueous layer 

was extracted with CH2Cl2 (2 x 30 mL). The combined organic layers were then concentrated 
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under reduced pressure and loaded onto a silica plug, which was washed with EtOAc (25 mL) 

before being eluted with 7:2:1 MeCN:H2O:sat. aq. KNO3 (30 mL). The red eluate was then 

concentrated under reduced pressure, saturated aqueous KPF6 (30 mL) was added to precipitate 

the desired product, and the resultant mixture was transferred to a separatory funnel with CH2Cl2 

(30 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (1 x 30 

mL). The combined organic layers were then concentrated under reduced pressure, dried over 

Na2SO4, filtered, and concentrated under reduced pressure to afford Scholl Product 3.44 as a red 

solid (2.9 mg, 46% yield). Scholl Product 3.44: Rf 0.41 (14:1:1 MeCN:H2O:sat. aq. KNO3); 1H 

NMR (500 MHz, CD3CN): δ 10.03 (s, 2H), 9.05 (d, J = 8.3, 2H), 8.75 (d, J = 8.3, 2H), 8.71–8.64 

(m, 4H), 8.61 (d, J = 8.2, 2H), 8.57 (d, J = 8.2, 2H), 8.50 (d, J = 7.8, 2H), 8.16 (td, J = 8.1, 1.4, 

2H), 8.08 (dd, J = 5.3, 0.8, 2H), 8.05 (td, J = 8.0, 1.4, 2H), 7.91 (d, J = 5.5, 2H), 7.87–7.81 (m, 

4H), 7.75 (t, J = 7.8, 2H), 7.69 (t, J = 7.6, 2H), 7.61 (t, J = 7.4, 2H), 7.51 (ddd, J = 7.8, 5.5, 1.3, 

2H), 7.35 (t, J = 6.8, 2H); 13C NMR (125 MHz, CD3CN, 31 of 32 signals observed): δ 157.20, 

157.19, 152.0, 151.9, 151.5, 148.6, 138.0, 137.9, 132.2, 131.0, 130.9, 129.9, 129.5, 129.1, 128.7, 

127.9, 127.7, 127.6, 127.41, 127.37, 126.9, 124.6, 124.5, 124.42, 124.39, 124.3, 124.0, 123.3, 

122.9, 122.2, 122.0; IR (film): 2925, 1468, 1447, 1425, 841, 761, 558 cm–1; HR-ESI-MS (m/z) 

[M – PF6]+ calcd for C64H44F6N6PRu+, 1143.23182; found 1143.2338. 

 

Note: 3.44 readily decomposes upon removal of solvent, and must therefore be carefully handled 

as a dilute solution. We surmise that its instability may be a consequence of its highly p-

expansive nature, which introduces numerous sites for oxidation or dimerization. 
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3.8.3 Photophysical Data 

UV–vis absorption spectra were recorded on an Ocean Optics Flame-T spectrometer with 

the OceanView software package. Dynamic light scattering (DLS) data were collected using a 

Beckman-Coulter N4 Plus particle analyzer. Quartz cuvettes (1 cm) were used for absorbance 

and photoluminescence measurements. Relative quantum yields were determined in degassed 

acetonitrile relative to Ru(bpy)3[PF6]2. 

Nanosecond transient absorption experiments were performed using an Edinburgh 

Instruments LP920 laser flash photolysis spectrometer in conjunction with a Q-switched 

Nd:YAG Brilliant b laser from Quantel with a 266 nm output wavelength, a 5−8 ns pulse width, 

a 1 Hz repetition rate, and a 36−40 mJ pulse energy. Transient absorption detection is based on a 

450 W pulsed xenon arc lamp, a Czerny-Turner TMS300 monochromator, a Hamamatsu R928 

photomultiplier detector, and a Tektronix TDS3012C digital oscilloscope. Transient absorption 

data were collected and processed using the L900 software package provided by Edinburgh 

Instruments. Samples were prepared as solutions in acetonitrile and degassed by sparging with 

argon in a quartz cuvette. Reported transient absorption lifetime (tTA) values are reported as the 

average of three experiments. Phosphorescence spectra were recorded using an Edinburgh 

Instruments FLSP920 fluorimeter with a 450 W xenon lamp in CW (continuous wave) emission 

source. 
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3.8.3.1 Compiled Photophysical Data Table  
 
 
Table 3.3. Photophysical data for selected Ru complexes. Samples were prepared as solutions in 

acetonitrile and degassed by sparging with argon in a quartz cuvette. 
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3.8.3.2 UV–Vis Spectra 
 
 

 
 

Figure 3.12. UV−vis absorption spectra of compounds 3.17, 3.16, 3.31, and 3.33. Spectra are 

normalized to OD = 1 at the MLCT maximum (452 nm) to compare the band shapes. 

 
 

 
 

Figure 3.13. UV−vis absorption spectra of compounds 3.17, 3.41, 3.42, and 3.43. Spectra are 

normalized to OD = 1 at the MLCT maximum (452 nm) to compare the band shapes. 
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3.8.3.3 Molar Extinction Coefficient Measurements 
 
 

 
Figure 3.14. Beer-Lambert plot of 3.17 at 452 nm. (ε = 18.1 x 104 M–1 cm–1). 

 
 

 
Figure 3.15. Beer-Lambert plot of 3.16 at 452 nm. (ε = 7.69 x 103 M–1 cm–1). 
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Figure 3.16. Beer-Lambert plot of 3.31 at 452 nm. (ε = 18.2 x 104 M–1 cm–1). 

 
 

 
Figure 3.17. Beer-Lambert plot of 3.33 at 452 nm. (ε = 23.5 x 104 M–1 cm–1). 
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Figure 3.18. Beer-Lambert plot of 3.41 at 452 nm. (ε = 14.7 x 104 M–1 cm–1). 

 
 
 

 
Figure 3.19. Beer-Lambert plot of 3.42 at 452 nm. (ε = 11.5 x 103 M–1 cm–1). 
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Figure 3.20. Beer-Lambert plot of 3.43 at 452 nm. (ε = 15.8 x 104 M–1 cm–1). 

 
 
 
3.8.3.4 Quantum Yield Measurements 
 
The phosphorescence quantum yield (ΦP) of a molecule or material is defined as follows: 

Φ! =	
𝑃𝐸
𝑃𝐴 

Where PE and PA represent the number of photons emitted and absorbed, respectively. To 

determine the quantum yield, we used a relative method with Ru(bpy)3[PF6]2 as a known 

standard in the same region of the electromagnetic spectrum. 

To compare an unknown to a reference with a known quantum yield, the following relationship 

was used: 

Φ!,# =	Φ!,$ '
𝑚#

𝑚$
) '
𝑛#
𝑛$
) 

Where 𝑚 represents the slope of the line (y = mx + b) obtained from graphing integrated 

phosphorescence intensity versus optical density across a series of samples, 𝜂 is the refractive 

index of the solvent and the subscripts x and r represent values of the unknown and reference, 

y = 15775x - 0.0081
R² = 1.000
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respectively. The ΦP,r of Ru(bpy)3[PF6]2 in degassed acetonitrile was taken to be 9.5%, as 

previously determined.75 

To obtain a plot of integrated phosphorescence intensity versus absorbance for the 

reference and unknown, five solutions and a solvent blank were prepared with absorbance at 452 

nm between 0.02 and 0.30 au. Absorbance and emission spectra (with an excitation wavelength 

of 450 nm) were acquired for all samples. Ru(bpy)3[PF6]2 and the unknown Ru complexes were 

diluted in acetonitrile to concentrations with optical densities at 452 nm of less than 0.3 to 

minimize effects of reabsorption. The phosphorescence traces were integrated, and the raw 

integrals were corrected by subtracting the integral over an identical range from phosphorescence 

traces of the blank solvent. The integrated phosphorescence intensities were then plotted against 

the baseline corrected absorbance values at the relevant wavelength (450 nm), and the slope and 

error in slope were obtained (R2 > 0.98 for all traces).  

 
 
3.8.4 Computational Data 
 

Calculations were carried out with the Gaussian 16 package. Geometry optimization was 

performed with B3LYP with LANL2DZ basis set for Ru atom and 6-31G(d) basis set for all 

other atoms (C, H, N); CPCM (MeCN) solvation model was utilized.76 Computed structures are 

illustrated using CYLView.77 

 
3.8.4.1 Complete Citation of Gaussian 16 
 
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 

Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. 

Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, 

J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. 
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Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, 

M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 

Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. 

Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, 

J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. 

M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. 

Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 

 
3.8.4.2 Energy and Cartesian Coordinates for Optimized Structure  
 
Diels–Alder Product 3.43: 
 

Ru           4.40809        -0.00012    -0.00007 
C             6.22913     2.03055     -1.16572 
C             6.57862    1.88488       1.13838 
C             7.22284     3.00866   -1.27044 
C             7.57559     2.85342    1.09803 
H             6.28918     1.4164      2.07072 
C             7.90368    3.42517     -0.13021 
H             7.46637    3.44296    -2.23182 
H             8.0771     3.1454      2.01373 
H             8.67631    4.18324   -0.20307 
C             3.79384    0.04896    -3.03046 
C             5.45287    1.52931    -2.31722 
C             3.91518    0.47135    -4.34978 
H             3.08641        -0.72173    -2.75111 
C             5.62078    1.99568   -3.62464 
C             4.8463     1.46386    -4.65154 
H             3.28956    0.02634    -5.11515 
H             6.34779    2.76764    -3.84278 
H             4.97009         1.82056   -5.66857 
N             5.91592    1.4774      0.03975 
N             4.54011    0.55823       -2.03255 
C             2.82646    2.63885           0.39094 
C             1.54248    0.71709           0.10359 
C             1.67673    3.42417           0.49829 
H             3.81553    3.07389           0.46351 
C             0.33237    1.43315           0.2052 
C             0.432      2.82417           0.40613 
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H             1.77165    4.49286           0.65347 
H           -0.45666    3.43751           0.48978 
C             1.54243   -0.71674         -0.10598 
C             2.82622   -2.63856         -0.39372 
C             0.33226   -1.43263         -0.20813 
C             1.67643   -3.42364         -0.50206 
H             3.81525   -3.07373         -0.46595 
C             0.43176   -2.82352         -0.40997 
H             1.77126   -4.49225         -0.65788 
H            -0.45695   -3.43667         -0.49444 
N             2.76551    1.31566             0.19906 
N             2.76539   -1.31546         -0.20122 
C             6.57918   -1.8862           -1.13547 
C             6.22731   -2.03073             1.16837 
C             7.57612   -2.85472         -1.09362 
H             6.29059   -1.41823         -2.06831 
C             7.22103   -3.00865              1.2746 
C             7.90306   -3.4257             0.13528 
H             8.07852   -3.14723          -2.00866 
H             7.46367   -3.44245              2.23641 
H             8.67569   -4.18365            0.20936 
C             3.78911   -0.04915            3.02935 
C             5.44945   -1.52931            2.31874 
C             3.90846   -0.4715                   3.34886 
H             3.0819     0.72136          2.74891 
C             5.61538    -1.99563          3.62644 
C             4.83922   -1.46387          3.65211 
H             3.28151   -0.02659          5.1132 
H             6.34199   -2.76762          3.8458 
H             4.96142   -1.82058          5.66933 
N             4.53702   -0.55834          2.03263 
N             5.91542   -1.47812          -0.0377 
C            -0.94068   -0.7112              -0.10227 
C            -2.15871   -1.37413         -0.19101 
C            -0.94063    0.71175            0.09983 
C            -3.40002  -0.71029         -0.0907 
H            -2.17855   -2.44455         -0.34277 
C            -2.15863    1.37467            0.18934 
C             -3.40002    0.71086            0.08954 
H            -2.17834    2.44503            0.34148 
C            -4.64711        -1.41775          -0.17557 
C            -4.64718    1.41819            0.17521 
C            -5.84149    0.71582            0.08873 
C            -5.84144        -0.71559          -0.0883 
C            -4.63266   2.90284            0.38001 
C            -4.86062   3.45042            1.6518 
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C            -4.36913   3.77147          -0.69099 
C            -4.8351     4.83305            1.84646 
H            -5.05974    2.78886            2.49018 
C            -4.34524    5.15448          -0.49708 
H            -4.18771    3.36037          -1.68052 
C            -4.57877    5.68918            0.77241 
H            -5.01456    5.24032            2.83779 
H            -4.14515    5.81256          -1.3383 
H            -4.56001    6.76491            0.9238 
C            -7.14919    1.4443               0.18504 
C            -7.91079    1.39474            1.36243 
C            -7.63273    2.1922             -0.89888 

 C            -9.12462    2.07862            1.45487 
H            -7.54854    0.82046            2.21048 
C            -8.84906    2.87265          -0.80915 
H            -7.05386    2.23849          -1.81699 
C            -9.59862    2.81872            0.36851 
H            -9.69914    2.03299            2.37618 
H            -9.20965         3.44464          -1.65989 
H            -10.54421    3.34923            0.43948 
C            -7.14903   -1.44432         -0.18437 
C            -7.63259   -2.19184          0.89979 

  C            -7.9104    -1.39549         -1.36194 
C            -8.84875   -2.87261          0.81015 
H            -7.05387   -2.23758          1.81802 
C             -9.12407   -2.07969         -1.45429 
H            -7.54813   -0.82149         -2.21017 
C            -9.59811   -2.81939         -0.36768 
H            -9.20936   -3.4443               1.66108 
H            -9.69843   -2.03462         -2.37573 
H            -10.54355   -3.35015         -0.43858 
C            -4.6325    -2.9024             -0.38056 
C            -4.85892   -3.44969         -1.65275 
C            -4.37033   -3.77125            0.69058 
C            -4.83324   -4.83229         -1.84767 
H            -5.057     -2.78793         -2.49123 
C            -4.34628   -5.15422            0.49641 

  H            -4.19003   -3.36036            1.6804 
C            -4.57825   -5.68864         -0.77348 
H            -5.01154   -5.23934         -2.83929 
H            -4.14723   -5.81249            1.33773 
H            -4.55935         -6.76434         -0.92507 
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3.9 Spectra Relevant to Chapter Three: 

 

A Platform for On-the-Complex Annulation Reactions with Transient Aryne Intermediates 

Jason V. Chari,† Katie A. Spence,† Robert B. Susick, and Neil K. Garg. 

Nat. Commun. 2021, 12, 3706. 
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Figure 3.21 1H NMR (500 MHz, CDCl3) of compound 3.47. 
 

Figure 3.22 1H NMR (500 MHz, CDCl3) of compound 3.49. 
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Figure 3.23 1H NMR (400 MHz, CDCl3) of compound 3.14a. 
 

Figure 3.24 13C NMR (125 MHz, CDCl3) of compound 3.14a. 
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Figure 3.25 1H NMR (400 MHz, CD3CN) of compound 3.14b. 
 

Figure 3.26 13C NMR (125 MHz, CD3CN) of compound 3.14b. 
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Current Data Parameters
NAME       JVC-2019-109
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20190730
Time              11.46 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
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          500.1300142 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR
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Current Data Parameters
NAME       JVC-2019-109
EXPNO                11
PROCNO                1

F2 - Acquisition Parameters
Date_          20190730
Time              12.08 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  332
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          125.7576729 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.27 1H NMR (500 MHz, CD3CN) of compound 3.26. 
 

Figure 3.28 13C NMR (125 MHz, CD3CN) of compound 3.26. 
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Current Data Parameters
NAME       JVC-2019-166
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20190930
Time              16.19
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  181
DW               50.000 usec
DE                 6.00 usec
TE                294.2 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

Figure 3.29 1H NMR (500 MHz, CD3CN) of compound 3.32. 
 

Figure 3.30 13C NMR (125 MHz, CD3CN) of compound 3.32. 
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NAME       JVC-2019-166
EXPNO                11
PROCNO                1

F2 - Acquisition Parameters
Date_          20191113
Time              14.25
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CD3CN
NS                  640
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                294.6 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 7.50 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8079664 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR
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Current Data Parameters
NAME       KAS-2020-136
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20201202
Time              18.20 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.31 1H NMR (500 MHz, CD3CN) of compound 3.54. 
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Current Data Parameters
NAME       KAS-2020-136
EXPNO                 9
PROCNO                1

F2 - Acquisition Parameters
Date_          20201202
Time              19.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  965
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          125.7576164 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.32 13C NMR (125 MHz, CD3CN) of compound 3.54. 
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Current Data Parameters
NAME       JVC-2021-030
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20210328
Time              20.11 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                30.07
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          500.1300141 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.33 1H NMR (500 MHz, CD3CN) of compound 3.56. 
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Current Data Parameters
NAME       JVC-2021-030
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20210328
Time              20.07 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  400
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          125.7576731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.34 13C NMR (125 MHz, CD3CN) of compound 3.56. 
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Current Data Parameters
NAME       JVC-2021-031
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20210328
Time              20.15 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                23.34
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          500.1300141 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.35 1H NMR (500 MHz, CD3CN) of compound 3.58. 
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Current Data Parameters
NAME       JVC-2021-031
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20210328
Time              19.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  400
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          125.7576725 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.36 13C NMR (125 MHz, CD3CN) of compound 3.58. 
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Current Data Parameters
NAME       JVC-2018-116
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20180816
Time               9.26
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  181
DW               50.000 usec
DE                 6.00 usec
TE                296.8 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          500.3300225 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.37 1H NMR (500 MHz, CDCl3) of compound 3.62. 
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Current Data Parameters
NAME       JVC-2020-019
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200203
Time              17.39
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                574.7
DW               40.400 usec
DE                 6.50 usec
TE                294.7 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                10.90 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300279 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.38 1H NMR (600 MHz, CDCl3) of compound 3.68. 
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F2 - Acquisition Parameters
Date_          20200302
Time              14.18
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  114
DW               50.000 usec
DE                 6.00 usec
TE                294.3 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          500.3300226 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.39 1H NMR (500 MHz, CD3CN) of compound 3.36. 
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EXPNO                 3
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F2 - Acquisition Parameters
Date_          20200308
Time              15.18 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  473
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          125.7577711 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.40 13C NMR (125 MHz, CD3CN) of compound 3.36. 
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NAME       JVC-2020-055
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20200714
Time              11.10
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                143.7
DW               50.000 usec
DE                 6.00 usec
TE                295.1 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          500.3300140 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.41 1H NMR (500 MHz, CD3CN) of compound 3.16. 
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NAME       JVC-2019-150
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20190916
Time              12.35 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  290
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          125.7576724 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.42 13C NMR (125 MHz, CD3CN) of compound 3.16. 
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F2 - Acquisition Parameters
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Time              20.20 h
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PULPROG          zgpg30
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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          125.7576199 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR
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NAME     indolyne Ru ann
EXPNO                 1
PROCNO              999

F2 - Acquisition Parameters
Date_          20200710
Time              11.59
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   32
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG               2580.3
DW               40.400 usec
DE                 6.50 usec
TE                294.3 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                10.75 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300273 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.44 13C NMR (125 MHz, CD3CN) of compound 3.21. 
 

Figure 3.43 1H NMR (600 MHz, CD3CN) of compound 3.21. 
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Current Data Parameters
NAME      KAS-2019-0149
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190805
Time              16.18 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                21.37
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.45 1H NMR (500 MHz, CD3CN) of compound 3.22. 
 

Figure 3.46 1H NMR (500 MHz, CD3CN) of compound 3.22. 
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PROCNO                1

F2 - Acquisition Parameters
Date_          20190805
Time              16.26 h
INSTRUM           av500
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SOLVENT           CD3CN
NS                   76
DS                    2
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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          125.7576864 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR
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NAME       KAS-2019-147
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20190719
Time              12.17
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   16
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  256
DW               40.400 usec
DE                 6.50 usec
TE                295.2 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                22.00 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300198 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.47 1H NMR (600 MHz, CD3CN) of compound 3.23. 
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NAME           ass naph
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200730
Time              13.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                 1229
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          125.7576729 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.48 13C NMR (125 MHz, CD3CN) of compound 3.23. 
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F2 - Acquisition Parameters
Date_          20200727
Time              12.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.49 1H NMR (500 MHz, CD3CN) of compound 3.26. 
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F2 - Acquisition Parameters
Date_          20200820
Time              21.08 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                 1606
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          125.7576791 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.50 13C NMR (125 MHz, CD3CN) of compound 3.26. 
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Current Data Parameters
NAME       KAS-2021-035
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20210401
Time              12.39 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.51 1H NMR (500 MHz, CD3CN) of compound 3.27. 
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Current Data Parameters
NAME       KAS-2021-035
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20210401
Time              12.54 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  144
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          125.7577501 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.52 13C NMR (125 MHz, CD3CN) of compound 3.27. 
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Current Data Parameters
NAME       JVC-2021-032
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20210330
Time              19.23 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
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          500.1300142 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.53 1H NMR (500 MHz, CD3CN) of compound 3.28. 
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Current Data Parameters
NAME       JVC-2021-032
EXPNO                 9
PROCNO                1

F2 - Acquisition Parameters
Date_          20210330
Time              20.11 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  864
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          125.7576725 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.54 1H NMR (125 MHz, CD3CN) of compound 3.28. 
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Current Data Parameters
NAME       JVC-2021-034
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20210329
Time              19.01 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  640
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          125.7576740 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.56 13C NMR (125 MHz, CD3CN) of compound 3.29. 
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Current Data Parameters
NAME       JVC-2021-034
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20210329
Time              18.23 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
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          500.1300141 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.55 1H NMR (500 MHz, CD3CN) of compound 3.29. 
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Figure 3.57 1H NMR (500 MHz, CD3CN) of compound 3.31. 

Figure 3.58 13C NMR (125 MHz, CD3CN) of compound 3.31. 
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Current Data Parameters
NAME       JVC-2019-150
EXPNO                11
PROCNO                1

F2 - Acquisition Parameters
Date_          20190916
Time              12.12 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
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          500.1300141 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR
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Current Data Parameters
NAME       JVC-2019-150
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20190916
Time              12.35 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  290
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          125.7576724 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

RuII

N

N
N

N N

N

2+
2PF6–

3.31



 200 

Figure 3.60 13C NMR (125 MHz, CD3CN) of compound 3.33. 
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Current Data Parameters
NAME       JVC-2019-177
EXPNO                11
PROCNO                1

F2 - Acquisition Parameters
Date_          20191119
Time              10.28
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  256
DW               40.400 usec
DE                 6.50 usec
TE                294.8 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300192 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.59 1H NMR (600 MHz, CD3CN) of compound 3.33. 
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NAME       JVC-2019-177
EXPNO                12
PROCNO                1

F2 - Acquisition Parameters
Date_          20191119
Time              14.08 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  280
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          125.7576731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR
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Current Data Parameters
NAME       JVC-2020-045
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20200309
Time              10.22
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                   32
DW               50.000 usec
DE                 6.00 usec
TE                294.5 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          500.3300137 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.61 1H NMR (500 MHz, CD3CN) of compound 3.37. 

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

-1
.0

2

55
.2

3
56

.9
9

94
.9

3
10

6.
66

12
2.

58
12

5.
09

12
5.

16
12

7.
12

12
7.

28
12

8.
32

12
8.

33
12

8.
47

13
0.

76
13

1.
23

13
1.

80
13

2.
55

13
2.

70
13

3.
16

13
4.

42
13

8.
59

13
8.

73
14

7.
74

14
9.

15
15

1.
57

15
2.

70
15

2.
76

15
2.

79
15

2.
84

15
2.

87
15

7.
88

15
8.

08
16

3.
80

Current Data Parameters
NAME                mom
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200801
Time              16.55
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  520
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                297.6 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
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Purified Product, 13C NMR

Figure 3.62 13C NMR (100 MHz, CD3CN) of compound 3.37. 
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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

Figure 3.63 1H NMR (500 MHz, CD3CN) of compound 3.35. 
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F2 - Processing parameters
SI               131072
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WDW                  EM
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LB                 1.00 Hz
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PC                 1.40

Purified Product, 13C NMR

Figure 3.64 13C NMR (125 MHz, CD3CN) of compound 3.35. 
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Figure 3.65 1H NMR (500 MHz, CD3CN) of compound 3.41. 
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F2 - Processing parameters
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SF          125.7576718 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 3.66 13C NMR (125 MHz, CD3CN) of compound 3.41. 
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Purified Product, 1H NMR
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F2 - Acquisition Parameters
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Time              16.08 h
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F2 - Processing parameters
SI                65536
SF          500.1300139 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.67 1H NMR (500 MHz, CD3CN) of compound 3.42. 

Figure 3.68 13C NMR (125 MHz, CD3CN) of compound 3.42. 
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F2 - Processing parameters
SI               131072
SF          125.7576719 MHz
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LB                 1.00 Hz
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PC                 1.40

Purified Product, 13C NMR
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Purified Product, 13C NMR

Figure 3.70 13C NMR (125 MHz, CD3CN) of compound 3.43. 
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F2 - Processing parameters
SI                65536
SF          500.1300142 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.69 1H NMR (500 MHz, CD3CN) of compound 3.43. 
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F2 - Processing parameters
SI                65536
SF          500.1300142 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 3.71 1H NMR (500 MHz, CD3CN) of compound 3.44. 
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F2 - Processing parameters
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PC                 1.40

Purified Product, 13C NMR

Figure 3.72 13C NMR (125 MHz, CD3CN) of compound 3.44. 
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CHAPTER FOUR 

 

Total Synthesis of Phenanthroindolizidines Using Strained Azacyclic Alkynes 

Katie A. Spence, Marie Hoffmann, and Neil K. Garg. 

Manuscript Submitted. 

 

4.1 Abstract 

We report a concise approach to phenanthroindolizidine alkaloids. This involves the 

interception of strained azacyclic alkynes in Pd-catalyzed annulation reactions. Two types of 

strained intermediates were evaluated in the key step: a functionalized piperidyne, as well as a 

previously unknown type of strained intermediate, an indolizidyne. We show that both types of 

strained intermediates can be employed to efficiently access phenanthroindolizidines. The 

indolizidyne, despite possessing a basic nitrogen substituent, was used in the final step to 

synthesize three natural products: tylophorine, tylocrebine, and isotylocrebine. This study 

represents the first use of non-aromatic, strained azacyclic alkynes in total synthesis. Moreover, 

these efforts demonstrate the successful merger of strained azacyclic alkyne chemistry with 

transition-metal catalysis for the construction of complex heterocycles. 

4.2 Introduction 

Nitrogen-containing heterocycles are commonly present in many important molecules, 

including natural products,1 medicinal agents,2,3 agrochemicals,4 materials,5 polymers,6 and 

organometallic compounds.7 As such, new strategies for their syntheses remain highly valuable. 

One promising tactic involves the use of heterocyclic arynes, such as 4.1–4.3 (Figure 4.1). These 

short-lived intermediates can be manipulated in ways reminiscent of aryne functionalization 
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processes8,9,10,11,12,13 but come with the added benefit of having an N-substituent incorporated in 

their core.14,15,16 Pyridynes (e.g., 4.1) have been most thoroughly studied and have been used in a 

number of total syntheses.17,18,19,20,21,22,23,24,25,26 For example, Moody’s 1984 total synthesis of 

ellipticine (4.6) was enabled by a Diels–Alder reaction with an in-situ generated pyridyne.19 

Indolynes (e.g., 4.2), and their p-extended carbazolyne counterparts (e.g., 4.3) are also highly 

valuable synthetic building blocks, with several applications in total synthesis being 

reported.27,28,29,30,31,32,33,34,35,36,37 For example, the interception of an indolyne and carbazolyne, 

respectively, was instrumental in enabling the total syntheses of N-methylwelwitindolinone C 

isothiocyanate (4.7)29 and tubingensin B (4.8).36 

Non-aromatic heterocyclic alkynes are far less studied compared to their aromatic 

counterparts. Two methodology studies on piperidynes (e.g., 4.4, Figure 4.1) are available38,39 

that demonstrate cycloadditions and nucleophilic trappings. These, as well as other scattered 

examples,40,41,42,43,44,45,46 show that piperidynes can be used to access functionalized, sp3-rich 

heterocycles. However, piperidynes have never been utilized in total synthesis or metal-catalyzed 

annulations. Another interesting aspect of piperidyne chemistry is that the N-atom bears an 

electron-withdrawing group (e.g., Ts, Cbz) in known trapping experiments as a means to 

mitigate the basicity and nucleophilicity of the piperidine nitrogen. As such, indolizidyne 

intermediate 4.5, bearing a basic tertiary amine, has remained unknown. This was of particular 

interest to us given the presence of indolizidines in natural product scaffolds, including in the 

phenanthroindolizidine alkaloids.47  
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Figure 4.1. Well-studied strained azacyclic alkynes 4.1–4.3, azacyclic alkynes 4.4 and 4.5, and 

examples of natural products synthesized using N-containing hetarynes. 

 

The most well-known family member of the phenanthroindolizidine alkaloids is 

tylophorine (4.9, Figure 4.2), which was first isolated from Tylophora indica in 1935.48 

Tylophorine (4.9) and many of its derivatives have garnered significant attention due to their 

important biological activities, including anti-cancer,49,50 anti-inflammatory,51 and anti-viral 

properties,52 which include significant activity against SARS-CoV-2.53 Select examples of prior 

syntheses include the works of Georg,54 Opatz,55,56 Zhao,57 and Chemler.58 In considering 

alternative strategic disconnections of tylophorine (4.9), we wondered whether strained, 

azacyclic alkyne chemistry could offer a uniquely convergent approach. 

Our retrosynthetic strategy for accessing tylophorine (4.9) is shown in Figure 4.2. 

Disconnection of the B ring at two sites provides fragment 4.10 for the western portion of the 

molecule, as well as strained intermediates 4.11 or 4.5 for the eastern portion. In the forward 

sense, the fragments would be coupled via a palladium-catalyzed Larock annulation.59,60 Metal-
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mediated transformations of strained alkynes are known,61,62,63 and provide powerful tools for 

constructing multiple bonds in efficient transformations. However, examples involving strained, 

azacyclic alkynes are less common,64,65,66 and metal-catalyzed reactions of piperidynes remain 

unknown. 

 

 

Figure 4.2. Strategies for the synthesis of tylophorine (4.9) using strained azacyclic alkynes 4.11 

or 4.5 in Pd-catalyzed annulations. 

 

Herein, we disclose access to phenanthroindolizidines using the aforementioned Pd-

mediated coupling reaction of strained azacyclic alkynes. We demonstrate that either 

intermediates of the type 4.11 or 4.5 (see Figure 4.2) can be employed in the key step. For the 

latter case, we prepare the first indolizidyne precursor 4.5 and harness it to synthesize three 

natural products, including (±)-tylophorine (4.9).	 This study illustrates the first use of a 

piperidyne or indolizidyne in natural product synthesis and should prompt further synthetic 

studies of these non-traditional intermediates. 
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4.3 Results and Discussion 

4.3.1 Access to Tylophorine via a Piperidyne Annulation 

In our first approach to tylophorine (4.9), we sought to utilize a piperidyne intermediate 

4.11 (see Figure 4.2), which would bear an electron-withdrawing substituent on the nitrogen 

(R1), akin to known piperidynes.39 This intermediate would possess functionality at R2, which 

could allow for late-stage introduction of the E ring. We ultimately developed the concise route 

shown in Figure 4.3. Silyl methoxy pyridine 4.12, prepared in one step from commercially 

available 4-methoxypyridine,67 was treated sequentially with CbzCl, Grignard reagent 13, and 

aqueous HCl. This delivered vinylogous amide 14 in 99% yield via nucleophilic addition into an 

in situ generated pyridinium salt at C13a, and hydrolysis.68 Subsequent 1,4-reduction of 4.14 was 

achieved using L-selectride, and trapping with Tf2O gave piperidyne precursor 4.15.39 Notably, 

our strategy to elaborate 4.12 to 4.15 is scalable and should be amenable to the synthesis of other 

substituted piperidyne precursors.  

With 4.15 in hand, we directed our attention to the key Pd-catalyzed annulation with 

known biaryl bromide 4.10 (see Figure 4.2). In previous studies, we have found that metal-

catalyzed trappings of heterocyclic strained intermediates require careful optimization.65,66,69,70,71 

This is due to the inherent requirement that the transient, strained intermediate intercept a species 

only present in catalytic quantities. Indeed, the coupling proved challenging using conditions 

developed for benzyne annulations. Ultimately, we found that the reaction between piperidyne 

precursor 4.15 and biaryl bromide 4.10 proceeded most effectively when using 10 mol% 

Pd(dba)2 and P(o-tolyl)3, 3 equivalents of cesium carbonate, 10 equivalents of cesium fluoride, 

and a 1:20 ratio72 of acetonitrile to toluene at 110 °C. After the coupling was complete, 

quenching with aqueous acid at 23 ºC facilitated removal of the acetal protecting group. 
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Annulated product 4.17 bearing a pendant aldehyde was obtained in 60% yield. To complete the 

total synthesis of tylophorine (4.9), 4.17 was treated with H2 and Pd/C in methanol. This allowed 

for hydrogenoloysis, followed by reductive amination, to deliver (±)-tylophorine (4.9) in 90% 

yield. The route is four steps from 4.12 and establishes the viability of using piperidynes in total 

synthesis.  

 

 

Figure 4.3. Concise total synthesis of tylophorine (4.9) using piperidyne 4.16. 
 

4.3.2 Access to an Indolizidyne Precursor 

After establishing that a strained, azacyclic alkyne could be used in a metal-mediated 

Larock annulation to access to the phenanthroindolizidine core, we sought to synthesize a novel 

indolizidyne precursor. Such an intermediate could offer a uniquely divergent approach to 

phenanthroindolizidines in just one synthetic step. Although many of our attempts proved 
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unsuccessful, the route described in Figure 4.4 showed some initial promise. The strategy 

parallels the general approach shown in Figure 4.3, but with provisions to introduce the 

necessary 5-membered ring. Treatment of pyridine 4.12 with allyl bromide gave pyridinium salt 

4.18, which was directly subjected to vinylmagnesium bromide. Subsequent hydrolysis afforded 

product 4.19 bearing allyl and vinyl substituents on N and C13a, respectively. With the hope of 

accessing silyl triflate 4.20, 4.19 was treated with L-selectride, followed by Comins’ reagent. 

However, instead of obtaining the desired silyl triflate 4.20, fragmentation product 4.22 was 

isolated in 71% yield. It is hypothesized that silyl triflate 4.20 initially forms, but undergoes 

rapid and irreversible loss of triflate with C–C bond cleavage to form 4.21. Upon aqueous 

workup, iminium 4.21 is hydrolyzed to give 4.22.73  

 

Figure 4.4. Unsuccessful attempt toward accessing an indolizidyne precursor. 
 

To circumvent the undesired pathway shown in Figure 4.4, we targeted silyl tosylate 4.25 
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been used as precursors to other strained intermediates.75 We were pleased to find that treatment 

of 4.19 with L-selectride, followed by p-toluenesulfonic anhydride (Ts2O), gave 4.23 in 80% 

yield. Fragmentation product 4.22 was not observed. Next, the basic amine in 4.23 was 

protonated with p-toluenesulfonic acid (TsOH) prior to treatment with Grubbs II catalyst,76 

which yielded metathesis product 4.24 in 63% yield. Hydrogenation yielded the desired 

indolizidyne precursor 4.25.  

 

 

Figure 4.5. Synthesis of indolizidyne precursor 4.25. 
 
 

4.3.3 Access to Phenanthroindolizidines via Indolizidyne Chemistry  

With access to silyl tosylate 4.25, we were eager to evaluate indolizidyne generation and 

the key Pd-catalyzed annulation, as this would provide direct access to tylophorine (4.9) (Figure 

4.6). We first attempted the key step using conditions developed for annulating piperidyne 4.16 

(see Figure 4.3), but only observed trace conversion to tylophorine (4.9). We ultimately found 

that by altering the solvent to 1:4 DMF/PhMe, and adding tetrabutylammonium triflate to 

modulate fluoride solubility, the yield of 4.9 increased to 57%. Overall, this strategy provides 

highly convergent access to tylophorine (4.9) via a novel indolizidyne intermediate. Only one 

example of a piperidyne possessing a basic tertiary amine has been proposed in the literature, 
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arising from a flash vacuum pyrolysis experiment.77 Moreover, catalyst activity in the annulation 

is not detrimentally hampered by the presence of the basic amine. 

 

 

Figure 4.6. Pd-catalyzed annulation of indolizidyne 4.5 to furnish tylophorine (4.9). 
 
 

As highlighted in Figure 4.7, the indolizidyne annulation provides a strategy to directly 

access other phenanthroindolizidines as a final step. Use of biaryl bromide 4.27 in the annulation 

reaction with indolizidyne precursor 4.25 furnished a 1:1 ratio of tylocrebine (4.28) and 

isotylocrebine (4.29) in 68% yield. Both of these natural products demonstrate anti-cancer 

properties.78,79 Overall, the indolizidyne approach obviates the need for protecting groups and 

late-stage manipulations, while providing advances in azacyclic alkyne chemistry.  
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Figure 4.7. Indolizidyne trapping provides tylocrebine (4.28) and isotylocrebine (4.29). 
 

4.4 Conclusions 

This study demonstrates that strained azacyclic alkynes (i.e., piperidynes and 

indolizidynes) serve as valuable building blocks in total synthesis. We hope these efforts will 

prompt the further investigation and usage of strained azacyclic alkynes for the synthesis of 

complex molecules.  
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anhydride, cesium carbonate (Cs2CO3), tri(o-tolyl)phosphine (P(o-tolyl)3), Grubbs 2nd generation 

catalyst and vinylmagnesium bromide were purchased from Sigma Aldrich. Trifluoroacetic 

anhydride was distilled prior to use. 2-(2-bromoethyl)-1,3-dioxolane, p-toluenesulfonic acid 

(TsOH) and Comins’ Reagent were purchased from Combi Blocks. Benzyl chloroformate 

(CbzCl) was purchased from Acros Organics. Hydrochloric acid (12 molar in water) was 

purchased from Fischer Chemical. Cesium fluoride, bis(dibenzylidenacetone)palladium(0) 

(Pd(dba)2) and palladium (10% on activated carbon, 50–70% wetted powder) were obtained 

from Strem Chemicals and stored in a desiccator. p-Toluenesulfonic anhydride (Ts2O) was 

purchased from Acros Chemicals and recrystallized from benzene prior to use. Allyl bromide 

was obtained from Alfa Aesar. Known 4-Methoxy-3-(triethylsilyl)pyridine (4.12),80 2-bromo-

3',4,4',5-tetramethoxy-1,1'-biphenyl (4.10)81 and 2'-bromo-2,3,4',5'-tetramethoxy-1,1'-biphenyl 

(4.27)82 were prepared following 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 a combination of UV light and potassium permanganate staining 

techniques. 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 

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). 

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 
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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). 

4.5.2 Experimental Procedures 

4.5.2.1 Access to Tylophorine Through a Piperidyne 

Note: This procedure was modified from a previously reported synthesis of Grignard reagent 

4.13.83 

 

Grignard 4.13. To a flask containing magnesium (163 mg, 1.00 equiv, 6.71 mmol) was added 

THF (12.5 mL). 1,2-dibromoethane (4.31, 29.0 µL, 0.05 equiv, 0.336 mmol) was then added 

drop-wise and the reaction mixture was allowed to stir for 5 minutes. The THF in the flask was 

then removed and the magnesium was resuspended in fresh THF (12.5 mL). 2-(2-bromoethyl)-

1,3-dioxolane (4.30, 1.20 mL, 1.50 equiv, 10.1 mmol) was then added drop-wise and the solution 

was allowed to stir at 23 ºC for 1.5 hours. After this time, the magnesium was completely 

consumed. The resulting yellow Grignard solution was used as is in the subsequent step, 

assuming a quantitative yield (0.54 M in THF, 1.38 g). 
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Oxo-dihydropyridine 4.14. To a flask containing 4-methoxy-3-(triethylsilyl)pyridine (4.12, 

1.00 g, 1.00 equiv, 4.48 mmol) was added toluene (200 mL). The solution was then cooled to –

40 ºC while stirring over 10 minutes. CbzCl (639 µL, 1.00 equiv, 4.48 mmol) was then added 

drop-wise and the solution was allowed to stir at –40 ºC for 45 minutes. After this time, Grignard 

4.13 (0.54 M in THF, 1.38 g, 1.50 equiv, 6.71 mmol) was added drop-wise and the solution was 

allowed to stir for an additional 2 hours. 12M aq. HCl (780 µL, 2.10 equiv, 9.41 mmol) was then 

added drop-wise. The solution was warmed to 23 ºC and stirred for an additional 15 minutes 

before sat. aq. NH4Cl (15 mL) was added. The mixture was then transferred to a separatory 

funnel with sat. aq. NH4Cl (50 mL) and Et2O (50 mL). The layers were separated and the 

aqueous layer was extracted with Et2O (2 x 75 mL). The organic layers were combined, dried 

over MgSO4, filtered, then concentrated under reduced pressure. The resulting oil was purified 

by silica gel flash chromatography (1:5 ethyl acetate:hexanes) to afford oxo-dihydropyridine 

4.14 as a clear oil (1.97 g, 99% yield). Oxo-dihydropyridine 4.14: Rf 0.37 (4:1 hexanes:EtOAc); 

1H NMR (600 MHz, CDCl3): d 7.72 (s, 1H), 7.43 – 7.34 (m, 5H), 5.30 – 5.24 (m, 2H), 4.80 (br s, 

1H), 4.62 (br s, 1H), 3.89 (br s, 2H), 3.79 (br s, 2H), 2.79 (dd, J = 16.0, 6.6, 1H), 2.42 (d, J = 

16.2, 1H), 1.84 – 1.51 (m, 4H), 0.89 (t, J = 7.9, 9H), 0.74 – 0.63 (m, 6H); 13C NMR (125 MHz, 

CDCl3): d 201.1, 196.3, 152.9, 146.3, 135.3, 128.92, 128.86, 128.8, 128.5, 113.0, 103.8, 75.2, 

69.3, 69.0, 65.1, 65.0, 54.1, 53.1, 40.3, 30.8, 30.0, 25.1, 7.6, 3.1, 3.0; IR (film): 2953, 1725, 
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1659, 1577, 1391 cm–1; HRMS-APCI (m/z) [M + H+] calcd for C24H36NO5Si+, 446.2357; found 

446.2358. 

Note: 4.14 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from 1H and 13C NMR spectra.  

 

 

Silyl triflate 4.15. To a vial containing oxo-dihydropyridine 4.14 (150 mg, 1.00 equiv, 337 

µmol) was added THF (1.52 mL). The solution was allowed to stir for 5 minutes before being 

cooled to –40 ºC. L-selectride (1.0 M in THF, 370 µL, 1.10 equiv, 370 µmol) was then added 

drop-wise and the solution was allowed to stir for 2 hours. After this time, triflic anhydride (62.6 

µL, 1.10 equiv, 370 µM) was added and the solution was stirred for 1 hour at –40 ºC. Sat. aq. 

NaHCO3 (1.5 mL) was then added in one portion and the solution was allowed to warm to 23 ºC 

where it was stirred for 1 hour. The mixture was then transferred to a separatory funnel with sat. 

aq. NaHCO3 (20 mL) and EtOAc (20 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (2 x 20 mL). The organic layers were combined, dried over MgSO4, 

filtered, then concentrated under reduced pressure. The resulting oil was purified by silica gel 

flash chromatography (1:10 EtOAc:hexanes) to afford silyl triflate 4.15 as a clear oil (92.0 mg, 

47% yield). Silyl triflate 4.15: Rf 0.31 (1:4 EtOAc:hexanes); 1H NMR (600 MHz, CDCl3): d 7.38 

– 7.30 (m, 5H), 5.18 (d, J = 12.5, 1H), 5.11 (d, J = 12.5, 1H), 4.91 – 4.78 (m, 1H), 4.67 – 4.46 

(m, 2H), 3.98 – 3.75 (m, 4H), 3.67 – 3.53 (m, 1H), 2.89 (d, J = 14.6, 1H), 2.23 (d, J = 16.7, 1H), 

1.77 – 1.49 (m, 4H), 1.01 – 0.88 (m, 9H), 0.82 – 0.68 (m, 6H); 13C NMR (125 MHz, CDCl3): d 
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155.0, 136.5, 128.7, 128.3, 127.9, 119.4, 117.3, 103.7, 67.7, 65.11, 65.06, 49.0, 42.0, 33.1, 32.6, 

30.1, 25.2, 7.3, 2.8; IR (film): 2957, 2880, 1703, 1413, 1211 cm–1; HRMS-APCI (m/z) [M + H+] 

calcd for C25H37F3NO7SSi+, 580.2007; found 580.2010. 

Note: 4.15 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from 1H and 13C NMR spectra.  

 

 

Phenanthrene 4.17. A 1-dram vial was charged sequentially with Pd(dba)2 (3.3 mg, 10 mol%, 

5.7 µmol), biaryl bromide 4.10 (20 mg, 1.0 equiv, 57 umol), P(o-tolyl)3 (1.7 mg, 10 mol%, 5.7 

µmol), MeCN (0.017 mL), PhMe (0.34 mL), silyl triflate 4.16 (66 mg, 2.0 equiv, 0.11 mmol), an 

oven-dried magnetic stir bar, Cs2CO3 (55 mg, 3.0 equiv, 0.17 mmol) and CsF (86 mg, 10 equiv, 

0.57 mmol). 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, transferred to an 

Al-block, and stirred at 110 °C for 24 hours. After cooling to 23 °C, the mixture was filtered 

through a plug of celite, then concentrated under reduced pressure. The resulting mixture was 

resuspended in methanol (0.6 mL) and 1 M aq. HCl (0.2 mL). The mixture was allowed to stir 

vigorously at 23 ºC for 24 hours before being quenched with sat. aq. sodium bicarbonate (1 mL). 

The mixture was then suspended in sat. aq. sodium bicarbonate (15 mL) and extracted with 

EtOAc (3 x 15 mL). The organic layers were combined, dried over MgSO4, filtered, then 
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concentrated under reduced pressure. The crude residue was then purified by silica gel flash 

chromatography (1:1 hexanes:EtOAc) to afford phenanthrene 4.17 as a white solid (18 mg, 60% 

yield). Phenanthrene 4.17: Rf 0.07 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 9.81–

9.58 (m, 1H), 7.84 (s, 2H), 7.47–7.29 (m, 7H), 5.52–4.45 (m, 5H), 4.12 (s, 6H), 4.05 (s, 6H), 

3.97–3.71 (m, 2H), 3.43–3.30 (m, 1H), 3.18–3.06 (m, 2H), 2.67–2.39 (m, 1H); 13C NMR (125 

MHz, CDCl3): d 201.3, 149.24, 149.17, 148.9, 129.6, 128.8, 128.4, 124.1, 123.6, 103.8, 103.6, 

102.9, 67.6, 65.1, 56.2, 56.1, 56.0, 48.3, 46.0, 40.6, 39.0, 32.1, 30.8, 30.3, 29.8, 29.5, 29.3, 29.1, 

25.6, 24.2, 24.0, 23.1; IR (film): 2927, 2852, 1693, 1514, 1250 cm–1; HRMS-APCI (m/z) [M + 

H+] calcd for C32H34NO7+, 544.2330; found 544.2319. 

Note: 4.17 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from 1H and 13C NMR spectra.  

 

 

Tylophorine (4.9). A 1-dram vial was equipped with a magnetic stir bar, then charged with 

phenanthrene 4.17 (4.0 mg, 1.0 equiv, 7 µmol) and Pd/C (0.8 mg, 10 mol%, 0.7 µmol)The vial 

was purged with nitrogen for 5 minutes before its contents were suspended in methanol (0.2 

mL). The reaction vial was then placed under an atmosphere of hydrogen via a balloon and vent 

needle. The vent needle was removed after 20 seconds of sparging, and the reaction mixture was 

allowed to stir at 23 ºC for 10 hours under positive pressure of hydrogen from the balloon. After 

the allotted time, the reaction mixture was diluted with CH2Cl2 (1.0 mL) and passed through a 
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plug of celite. The crude reaction mixture was then concentrated under reduced pressure to 

afford the crude reaction mixture which was purified via preparative TLC (10:1 

CH2Cl2:methanol) to afford tylophorine (4.9) as a white solid (2.5 mg, 90% yield). Spectral data 

matched those reported in the literature. 84 Tylophorine (4.9): Rf 0.48 (1:10 MeOH:CH2Cl2); 1H 

NMR (600 MHz, CDCl3): d 7.84 (s, 1H), 7.83 (s, 1H), 7.32 (s, 1H), 7.17 (s, 1H), 4.64 (d, J = 

14.4, 1H), 4.12 (s, 6H), 4.06 (s, 3H), 4.05 (s, 3H), 3.68 (dt, J = 14.6, 2.1, 1H), 3.48 (td, J = 8.7, 

1.7, 1H), 3.38 (dd, J = 15.8, 2.4, 1H), 2.96 – 2.88 (m, 1H), 2.55 – 2.44 (m, 2H), 2.29 – 2.22 (m, 

1H), 2.09 – 2.00 (m, 1H), 1.97 – 1.88 (m, 1H), 1.82 – 1.74 (m, 1H). 

 

4.5.2.2 Access to the Silyl Tosylate Indolizidyne Precursor 

 

 

Pyridinium 4.18. To a flask containing 4-methoxy-3-(triethylsilyl)pyridine (4.12, 5.00 g, 1.00 

equiv, 27.6 mmol) was added acetonitrile (24 mL). 3-Bromoprop-1-ene (4.32, 2.38 mL, 1.00 

equiv, 27.6 mmol) was then added in one portion. The vial was purged with nitrogen for 5 

minutes before being capped and transferred to an aluminum block pre-heated to 50 ºC. The vial 

was allowed to stir for 12 hours at 50 ºC. The vial was then allowed to cool to 23 ºC before being 

concentrated under reduced pressure to afford an orange solid. The solid was then suspended in 

EtOAc (75 mL) and sonicated thoroughly before being filtered over a plug of celite. The product 

remained on top of the celite and was washed into a second flask using CH2Cl2 (75 mL). The 

product was concentrated and dried under high vacuum to afford 4.18 as a white solid. The yield 

was assumed to be quantitative and the crude material was carried forward to the next step.  
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Oxo-dihydropyridine 4.19. To a flask containing crude pyridinium 4.18 (8.34 g, 1.0 equiv, 24.2 

mmol) was added THF (125 mL). The flask was cooled to 0 ºC, and vinylmagnesium bromide 

(1.0 M in THF, 48.4 mL, 2.0 equiv, 48.4 mmol) was added drop-wise. The vial was warmed to 

23 ºC and allowed to stir for 1 hour. The reaction mixture was cooled back down to 0 ºC and 

water (10 mL) was added drop-wise (added slowly to avoid large exotherm). The vial was then 

warmed back up to 23 ºC and allowed to stir for 12 hours. After this time, the mixture was 

transferred to a separatory funnel with sat. aq. NH4Cl (40 mL) and EtOAc (40 mL). The layers 

were separated and the aqueous layer was extracted with EtOAc (2 x 40 mL). The organic layers 

were combined, dried over MgSO4, filtered, then concentrated under reduced pressure. The 

resulting oil was purified by silica gel flash chromatography (0 → 60% EtOAc in hexanes) to 

afford oxo-dihydropyridine 4.19 as a yellow oil (4.35 g, 65% yield). Oxo-dihydropyridine 4.19: 

Rf 0.28 (4:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6): d 6.70 (s, 1H), 5.48 (ddd, J = 17.0, 

10.3, 7.5, 1H), 5.32 (dtd, J = 10.9, 10.8, 5.8, 1H), 5.89 – 4.81 (m, 3H), 4.75 (d, J = 17.4, 1H), 

3.38 (q, J = 6.5, 1 H), 3.15 – 3.05 (m, 2H), 2.53 (dd, J = 15.7, 6.8, 1H), 2.28 (dd, J = 15.7, 5.4, 

1H), 1.13 (t, J = 7.7, 9H), 0.96 – 0.89 (m, 6H); 13C NMR (125 MHz, CDCl3): d 192.6, 156.3, 

134.0, 133.7, 117.7, 117.2, 101.6, 59.5, 55.5, 42.0, 8.0, 3.8; IR (film): 2951, 2872, 1627, 1417, 

718 cm–1; HRMS-APCI (m/z) [M + H+] calcd for C16H28NOSi+, 278.1935; found 278.1928. 

 

 

i.   Vinylmagnesium bromide (3.0 equiv) 
     THF (0.15 M), 0 ºC → 23 ºC, 1 h

ii. H2O, 12 h

(65% yield, over 2 steps) 4.19

N

MeO

Et3Si

Br

4.18

N

O

Et3Si



 236 

 
Silyl tosylate 4.23. To a flask containing oxo-dihydropyridine 4.19 (50 mg, 1.0 equiv, 180 µmol) 

was added THF (0.70 mL). The mixture was allowed to stir at 23 ºC for 5 minutes before being 

cooled to –40 ºC. L-Selectride (0.97 M in THF, 200 µL, 1.1 equiv, 200 µmol) was then added 

drop-wise and the resulting solution was stirred at –40 ºC for 2.5 hours. A solution of p-

toluenesulfonic anhydride (65 mg, 1.1 equiv, 198 µmol) in THF (0.40 mL) was then added in a 

single portion. The resulting solution was allowed to stir at –40 ºC for 12 hours. After the allotted 

time, sat. aq. NaHCO3 (1 mL) was added to the reaction mixture which was allowed to warm to 

23 ºC while stirring over 30 minutes. The mixture was then transferred to a separatory funnel 

using water (10 mL) and EtOAc (10 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (2 x 10 mL). The organic layers were combined, washed with brine (10 

mL), dried over MgSO4, filtered and concentrated under reduced pressure to obtain the crude 

reaction mixture. The crude reaction mixture was purified via basic alumina flash 

chromatography (14:1 hexanes:EtOAc) to afford silyl tosylate 4.23 as a yellow oil (63 mg, 80% 

yield). Silyl tosylate 4.23: Rf 0.44 (4:1 hexanes:EtOAc); 1H NMR (600 MHz, C6D6): d 7.78 (d, J 

= 8.2, 2H), 6.64 (d, J = 8.1, 2H), 5.84 (ddt, J = 17.3, 10.3, 6.0, 1H), 5.73 (ddd, J = 17.5, 10.6, 

7.8, 1H), 5.14 (dd, J = 17.2, 1.7, 1H). 5.05 – 4.96 (m, 3H), 3.32 (dt, J = 16.9, 2.5, 1H), 3.18 –

 3.08 (m, 3H), 2.89 (dd, J = 13.8, 6.8, 1H), 2.74 – 2.68 (m, 1H), 2.52 – 2.46 (m, 1H), 1.78 (s, 

3H), 1.04 (t, J = 7.9, 9H),  0.81 (q, J = 7.7, 6H); 13C NMR (125 MHz, CDCl3): d 151.8, 144.3, 

137.0, 136.6, 136.4, 129.8, 128.3, 120.2, 117.3, 117.1, 59.9, 56.5, 51.8, 34.1, 21.1, 7.8, 3.5; IR 

(film): 2953, 2874, 1645, 1599, 1179 cm–1; HRMS-APCI (m/z) [M + H+] calcd for 

C23H36NO3SSi+, 434.2180; found 434.2163. 

(80% yield)

i. L-selectride (1.1 equiv), THF (0.24 M), –40 °C, 2.5 h

ii. Ts2O (1.1 equiv), –40 °C, 12 h
iii. sat. aq. NaHCO3

4.19

N

O

Et3Si

4.23

N

TsO

Et3Si
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Tetrahydroindolizine silyl tosylate 4.24. In a nitrogen atmosphere glovebox, to a flask 

containing silyl tosylate 4.23 (210 mg, 1.0 equiv, 484 µmol) and p-toluenesulfonic acid (83.4 

mg, 1.0 equiv, 484 µmol) was added methylene chloride (12.5 mL), which was sparged with 

nitrogen for 30 minutes prior to use. The vial was allowed to stir for 30 minutes before being 

charged with Grubbs II catalyst (41.1 mg, 10 mol%, 48.4 µmol). The vial was capped, removed 

from the glovebox and heated to 40 ºC. The vial was allowed to stir for 14 hours. After the 

allotted time, the reaction was cooled to 23 ºC. The contents of the vial were then transferred to a 

separatory funnel using CH2Cl2 (5 mL) and 1 M aq. NaOH (5 mL). The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (2 x 5 mL). The organic layers were combined, 

dried over MgSO4, filtered and concentrated under reduced pressure to obtain the crude product. 

The crude material was purified via silica gel flash chromatography (4:1 hexanes:EtOAc with 

2% triethylamine) to afford tetrahydroindolizine silyl tosylate 4.23 as a light yellow oil (125 mg, 

63% yield). Tetrahydroindolizine silyl tosylate 4.24: Rf 0.28 (2:1 hexanes:EtOAc); 1H NMR (600 

MHz, C6D6): d 7.78 (d, J = 8.2, 2H), 6.63 (d, J = 8.1, 2H), 5.59 – 5.64 (m, 1H), 5.38 (dd, J = 6.2, 

1.0, 1H), 3.54 (dt, J = 12.8, 1.9, 1H), 3.45 (dd, J = 15.8, 2.5, 1H), 3.16 – 3.10 (m, 1H), 3.07 (ddd, 

J = 15.7, 4.2, 2.9, 1H), 2.97 – 2.92 (m, 1H), 2.77 – 2.70 (m, 1H), 2.56 (dt, J = 15.6, 3.1, 1H), 

1.77 (s, 3H), 1.05 (t, J = 8.0, 9H), 0.81 (q, J = 4.3, 6H); 13C NMR (125 MHz, CDCl3): d154.0, 

144.3, 136.3, 131.2, 129.8, 129.3, 128.5, 122.4, 64.8, 57.7, 52.1, 36.0, 21.1, 7.8, 3.5; IR (film): 

2953, 2878, 2745, 1632, 1370 cm–1; HRMS-APCI (m/z) [M + H+] calcd for C21H32NO3SSi+, 

406.1867; found 406.1866. 

Grubbs II (5 mol%)
p-toluenesulfonic acid (1.0 equiv)

CH2Cl2 (0.04 M), 40 ºC, 14 h

(63% yield)4.23

N

TsO

Et3Si

4.24

N

TsO

Et3Si
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Silyl tosylate indolizidyne precursor 4.25. To a flask containing tetrahydroindolizine silyl 

tosylate 4.24 (80 mg, 1.0 equiv, 0.20 mmol) and Pd/C (10 wt%, 21 mg, 10 mol%, 20 µmol) was 

added methanol (4.6 mL).  The reaction vial was then placed under an atmosphere of hydrogen 

via a balloon and vent needle. The vent needle was removed after 20 seconds of sparging, and 

the reaction mixture was allowed to stir at 23 ºC for 3 hours under positive pressure of hydrogen 

from the balloon. After the allotted time, the reaction mixture was diluted with CH2Cl2 (1.0 mL) 

and passed through a plug of celite with 5.0 mL of CH2Cl2. The eluent was then concentrated 

under reduced pressure to afford the silyl tosylate indolizidyne precursor 4.25 as a light brown 

oil (80 mg, quantitative yield). Silyl tosylate indolizidyne precursor 4.25: Rf 0.31 (2:1 

hexanes:EtOAc); 1H NMR (600 MHz, C6D6): d 7.81 (d, J = 8.3, 2H), 6.65 (d, J = 8.0, 2H), 3.56 

(d, J = 15.8, 1H), 2.98 (td, J = 8.6, 2.1, 1H), 2.74 (dt, J = 15.8, 3.6, 1H), 2.62–2.57 (m, 2H), 2.02 

(tt, J = 8.8, 6.5, 1H), 1.89 (q, J = 9.0, 1H), 1.78 (s, 3H), 1.69–1.61 (m, 1H), 1.59–1.38 (m, 1H), 

1.24–1.16 (m, 1H), 1.04 (t, J = 7.9, 9H), 0.79 (q, J = 4.0, 6H); 13C NMR (125 MHz, C6D6): d 

153.9, 144.3, 136.3, 129.7, 128.3, 120.7, 60.4, 54.4, 53.7, 37.0, 31.0, 22.4, 21.1, 7.8, 3.4; IR 

(film): 2954, 2874, 2788, 1641, 1192 cm–1; HRMS-APCI (m/z) [M + H+] calcd for 

C21H34NO3SSi+, 408.2023; found 408.2007. 

 

 

 

H2, Pd/C (10 mol %)

MeOH (0.04 M), 3 h, 23 ºC

(quantitative yield)4.24

N

TsO

Et3Si

4.25

N

TsO

Et3Si
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4.5.2.3 Silyl Triflate Decomposition 

 

Silyl alkyne 4.22. To a flask containing oxo-dihydropyridine 4.19 (100 mg, 1.0 equiv, 360 

µmol) was added THF (0.70 mL). The mixture was allowed to stir at 23 ºC for 5 minutes before 

being cooled to –40 ºC. L-selectride (156 mg, 1.1 equiv, 396 µmol) was then added to the 

mixture drop-wise and the resulting solution was allowed to stir at –40 ºC for 2.5 hours. A 

solution of Comins’ Reagent (65 mg, 1.1 equiv, 198 µmol) in THF (0.40 mL) was then added in 

a single portion. The resulting solution was allowed to stir at –40 ºC for 12 hours. After the 

allotted time, sat. aq. NaHCO3 (1 mL) was added to the reaction mixture which was allowed to 

warm to 23 ºC while stirring over 30 minutes. The mixture was then transferred to a separatory 

funnel using water (10 mL) and EtOAc (10 mL). The layers were separated and the aqueous 

layer was extracted with EtOAc (2 x 10 mL). The organic layers were combined, washed with 

brine (10 mL), dried over MgSO4, filtered and concentrated under reduced pressure to obtain the 

crude product. The crude reaction mixture was purified via basic alumina flash chromatography 

(4:1 hexanes:EtOAc, 1% triethylamine) to afford silyl alkyne 4.22 as a yellow oil (64 mg, 71% 

yield). Rf 0.17 (4:1 hexanes:EtOAc); Silyl alkyne 4.22: 1H NMR (600 MHz, C6D6): d 5.87 (dddd, 

J = 17.0, 10.3, 6.2, 5.3), 5.63 (ddd, J = 17.3, 10.2, 7.5, 1H), 5.19 (dq, J = 17.3, 1.9, 1H), 5.08 (dq, 

J = 17.2, 1.0, 1H), 5.03 – 4.99 (m, 2H), 3.18 (ddt, J = 14.4, 5.3, 1.6, 1H), 3.13 (q, J = 6.4, 1H), 

3.04 (ddt, J = 14.3, 6.2, 1.4, 1H), 2.30 (dd, J = 6.0, 2.3, 1H), 1.26 (br s, 1H), 1.08 (t, J = 8.0, 9H), 

0.63 (q, J = 7.8, 6H); 13C NMR (125 MHz, C6D6): d 140.3, 137.7, 116.1, 115.2, 105.8, 84.1, 

(71% yield)

i. L-selectride (1.1 equiv), THF (0.24 M), –40 °C, 2.5 h

ii. Comins’ Reagent (1.1 equiv), –40 °C, 12 h
iii. sat. aq. NaHCO3

4.19

N

O

Et3Si

4.22

HNEt3Si
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59.7, 49.9, 27.3, 7.8, 5.0; IR (film): 2876, 2956, 2174, 1463, 1315 cm–1; HRMS-APCI (m/z) [M 

+ H+] calcd for C15H28NSi+, 250.1986; found 250.1979. 

4.5.2.4 Annulations of Indolizidyne to Access Natural Products 

 

Tylophorine (4.9). A 1-dram vial was charged sequentially with Pd(dba)2 (1.1 mg, 1.98 µmol, 

10 mol%), biaryl bromide 4.10 (7.0 mg, 19.8 umol, 1.0 equiv), P(o-tolyl)3 (0.6 mg, 1.98 µmol, 

10 mol%), DMF (55 µL), PhMe (220 µL), silyl triflate 4.25 (16.2 mg, 39.6 µmol, 2.0 equiv), an 

oven-dried magnetic stir bar, Cs2CO3 (19.4 mg, 59.5 µmol, 3.0 equiv), tetrabutylammonium 

trifluoromethanesulfonate (15.5 mg, 39.6 µmol, 2.0 equiv) and CsF (30.1 mg, 198 µmol, 10.0 

equiv). 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, transferred to an Al-

block, and stirred at 110 °C for 24 hours. After cooling to 23 °C, the mixture was concentrated 

under reduced pressure to afford the crude reaction mixture. The residue was then purified by 

preparative TLC (10:1 CH2Cl2:methanol) to afford tylophorine (4.9, 4.4 mg, 57% yield). Spectral 

data matched those reported in the literature.84 Tylophorine (4.9): Rf 0.48 (1:10 MeOH:CH2Cl2); 

1H NMR (600 MHz, CDCl3): d 7.84 (s, 1H), 7.83 (s, 1H), 7.32 (s, 1H), 7.17 (s, 1H), 4.64 (d, J = 

14.4, 1H), 4.12 (s, 6H), 4.06 (s, 3H), 4.05 (s, 3H), 3.68 (dt, J = 14.6, 2.1, 1H), 3.48 (td, J = 8.7, 

Pd(dba)2 (10 mol%), P(o-tolyl)3 (10 mol%)
Cs2CO3 (3.0 equiv), CsF (10 equiv)

NtBu4OTf (2.0 equiv)

DMF/PhMe (1:4, 0.075 M)
110 ºC, 24 h

OMe

OMe
MeO

MeO

Br

N

TsO

Et3Si

(57% yield)

4.10

4.25
(2.0 equiv)

Tylophorine (4.9)

N

OMe
MeO

MeO
OMe
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1.7, 1H), 3.38 (dd, J = 15.8, 2.4, 1H), 2.96 – 2.88 (m, 1H), 2.55 – 2.44 (m, 2H), 2.29 – 2.22 (m, 

1H), 2.09 – 2.00 (m, 1H), 1.97 – 1.88 (m, 1H), 1.82 – 1.74 (m, 1H). 

 

Tylocrebine (4.28) and Isotylocrebine (4.29). A 1-dram vial was charged sequentially with 

Pd(dba)2 (1.1 mg, 10 mol%, 2.0 µmol) biaryl bromide 4.27 (7.0 mg, 1.0 equiv, 20 µmol), P(o-

tolyl)3 (0.6 mg, 10 mol%, 2.0 µmol), DMF (55 µL), PhMe (220 µL), silyl triflate 4.25 (16.2 mg, 

2.0 equiv, 39.6 µmol), an oven-dried magnetic stir bar, Cs2CO3 (19.4 mg, 3.0 equiv, 59.5 µmol), 

tetrabutylammonium trifluoromethanesulfonate (15.5 mg, 2.0 equiv, 39.6 µmol) and CsF (30.1 

mg, 10.0 equiv, 198 µmol). 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, 

transferred to an Al-block, and stirred at 110 °C for 24 hours. After cooling to 23 °C, the mixture 

was concentrated under reduced pressure to afford the crude reaction mixture. The residue was 

then purified by preparative TLC (10:1 CH2Cl2:methanol) to afford a 1:1 mixture of 

tylocrebine:isotylocrebine (4.28 + 4.29, 5.3 mg, 68% yield, 1:1 ratio of regioisomers). Spectral 

data matched those reported in the literature.85,86 Tylocrebine (4.28): Rf 0.45 (1:10 

MeOH:CH2Cl2); 1H NMR (600 MHz, CDCl3): d 9.33 (s, 1H), 7.66 (d, J = 9.1 Hz, 1H), 7.33 (s, 

1H), 7.28 (d, J = 9.1 Hz, 1H), 4.66 (d, J = 14.8 Hz, 1H), 4.07 (s, 3H), 4.03 (s, 3H), 3.92 (s, 3H), 

3.70–3.67 (m, 1H), 3.50–3.45 (m, 1H), 3.33 (dd, J = 15.8, 3.5 Hz, 1H), ), 2.91 (dd, J = 14.8, 11.3 

Pd(dba)2 (10 mol%), P(o-tolyl)3 (10 mol%)
Cs2CO3 (3.0 equiv), CsF (10 equiv)

NtBu4OTf (2.0 equiv)

DMF/PhMe (1:4, 0.075 M)
110 ºC, 24 h

OMe

MeO

MeO

N

TsO

Et3Si

4.27

4.25
(2.0 equiv)

Tylocrebine (4.28)

N

MeO

MeO
OMe

Br
+

Isotylocrebine (4.29)

MeO MeO
N

MeO

MeO
OMe

MeO

1 : 1

(68% yield)
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Hz, 1H), 2.42–2.52 (m, 2H), 2.19–2.31 (m, 1H), 2.08–2.00 (m, 1H), 1.96–1.87 (m, 1H), 1.83-

1.73 (m, 1H). Isotylocrebine (4.29): Rf 0.45 (1:10 MeOH:CH2Cl2); 1H NMR: (600 MHz, CDCl3): 

d 9.33 (s, 1H), 7.81 (d, J = 9.2, 1H), 7.30 (d, J = 9.2, 1H), 7.17 (s, 1H), 4.60 (d, J = 14.4, 1H), 

4.07 (s, 3H), 4.06 (s, 3H), 4.05 (s, 3H), 3.94 (s, 3H), 3.69 (d, J = 12.4, 1H), 3.50–3.45 (m, 1H), 

3.40 (dd, J = 16, 2, 1H),  2.97–2.87 (m, 1H), 2.51–2.42 (m, 2H), 2.28–2.20 (m, 1H), 2.08 – 2.00 

(m, 1H), 1.82–1.72 (m, 1H). 
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4.6 Spectra Relevant to Chapter Four: 

 

Total Synthesis of Phenanthroindolizidines Using Strained Azacyclic Alkynes 

Katie A. Spence, Marie Hoffmann, and Neil K. Garg. 

Manuscript Submitted. 
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Figure 4.8. 1H NMR (600 MHz, CDCl3) of compound 4.14. 

 
Figure 4.9. 13C NMR (125 MHz, CDCl3) of compound 4.14. 
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Figure 4.10. 1H NMR (600 MHz, CDCl3) of compound 4.15.  

  
 

Figure 4.11. 13C NMR (125 MHz, CDCl3) of compound 4.15. 
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Figure 4.12. 1H NMR (500 MHz, CDCl3) of compound 4.17. 

 
 

Figure 4.13. 13C NMR (125 MHz, CDCl3) of compound 4.17. 
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Figure 4.14. 1H NMR (600 MHz, CDCl3) of tylophorine (4.9). 

 
Figure 4.15. 1H NMR (600 MHz, C6D6) of compound 4.19. 
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Figure 4.16. 13C NMR (125 MHz, C6D6) of compound 4.19. 

 

 
Figure 4.17. 1H NMR (600 MHz, C6D6) of compound 4.23. 
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Figure 4.18. 13C NMR (125 MHz, C6D6) of compound 4.23. 

 

 
Figure 4.19. 1H NMR (600 MHz, C6D6) of compound 4.24. 
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Figure 4.20. 13C NMR (125 MHz, C6D6) of compound 4.24. 

 
Figure 4.21. 1H NMR (600 MHz, C6D6) of compound 4.25. 
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Figure 4.22. 13C NMR (125 MHz, C6D6) of compound 4.25. 

 
Figure 4.23. 1H NMR (600 MHz, C6D6) of compound 4.22. 
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Figure 4.24. 13C NMR (125 MHz, C6D6) of compound 4.22. 

 

 
Figure 4.25. 1H NMR (600 MHz, CDCl3) of tylocrebine (4.28) and isotylocrebine (4.29), 1:1 

ratio. 
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5.1 Abstract 

With increasing marijuana legalization, there is a growing need for technology that can 

determine if an individual is impaired due to recent marijuana usage. An electrochemical 

oxidation of D9-THC to form its corresponding quinones can be used as a framework to 

develop an electrochemical sensor for D9-THC. This study describes an electrochemical 

oxidation of D9-THC that uses a copper anode, platinum cathode, and an atmosphere of 

oxygen. The oxidation is feasible at nanomolar concentrations, which is relevant to real-world 

sensor applications, such as marijuana breathalyzer technologies. Moreover, we show that 

vaporized D9-THC can be captured directly in an electrolyte medium and subjected to 

electrochemical oxidation, thus paving the way for use in future technology development. 

 

5.2 Introduction  

The legalization and decriminalization of marijuana in the United States has continued 

to expand over the past decade (Figure 5.1).1 Currently, 39 states have legalized the use of 

medical marijuana, with 21 of these states also allowing recreational marijuana use.2 Despite 

growing legal acceptance of marijuana-based products, a simple and accurate method for 

determining one’s impairment level while under the influence of marijuana still does not exist. 
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Current detection technologies for Δ9-tetrahydrocannabinol (Δ9-THC, 5.1), the primary 

component of marijuana that is responsible for impairment, rely on blood, urine, or saliva 

tests.3,4 These methods cannot reliably distinguish between someone who is currently 

impaired from marijuana use, and someone who has used marijuana in the past days, weeks or 

sometimes months.5,6,7,8 

This puts responsible marijuana users at risk for wrongful DUI convictions, loss of employment, 

fines or imprisonment. Because Δ9-THC is only detectable on the breath for 3–4 hours, during 

the time in which impairment from marijuana use is most pronounced, a promising alternative 

method for assessing Δ9-THC impairment relies on breath analysis.9,10,11,12 One of the primary 

challenges associated with measuring Δ9-THC breath is the low concentration ranges of 1–1000 

nM that are relevant to real world application. Several approaches toward breath-based Δ9-THC 

detection technologies have been reported, including those reliant on the use of fluorescence, 

chemiresistors, and mass spectrometry.13,14,15,16,17,18,19,20 Although promising, these methods each 

possess drawbacks, such as having non-reusable or non-portable components, or requiring costly 

instrumentation.  
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Figure 5.1. Increasing marijuana legalization requires development of new tools to measure 

impairment due to D9-THC (5.1). 

 

 In 2020, we reported a strategy for D9-THC detection that relied on electrochemistry and 

could plausibly be translated to breath-based detection.21 The method is dependent on the 

selective electrochemical oxidation of D9-THC (5.1) to p-THCQ (5.2) (Figure 5.2) and was 

recently translated to establish the first cannabinoid fuel cell technology.22 Nonetheless, a 

number of questions remained regarding the applicability of this electrochemical-based strategy 

to real-world applications. For example, our initial experiments required 6.6 mM concentrations 

of D9-THC (5.1), which is significantly higher than what would be observed on breath samples. 

Studies have shown that only 5–500 ng of D9-THC (5.1) are present in 25 breaths during peak 

impairment, with the amount depending on numerous factors.23,24,25 In addition, our initial 

electrochemical oxidation was performed on liquid D9-THC (5.1) in solution, whereas a 

marijuana breathalyzer would rely on the use of captured D9-THC vapor or condensate.  
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Figure 5.2. Previously reported electrochemical oxidation of D9-THC (5.1) and goals of present 

study. 

 

Herein, we describe the development of the electrochemical oxidation of Δ9-THC (5.1) at 

low concentrations, which involved the systematic evaluation of a number of different 

electrodes, electrolytes and concentrations. It was found that copper anode materials were most 

effective at improving oxidation of 5.1, while avoiding undesired degradation. We show that 

oxidation can be achieved at concentrations as low as 1 nm, which provides a rare example of 

electrochemistry being achieved at such low concentrations. In addition, we demonstrate that 

vaporized 5.1 can be captured and subsequently oxidized using our low-concentration 

electrochemical oxidation conditions. Collectively, these studies address practical considerations 

for the electrochemical oxidation approach to Δ9-THC (5.1) detection, thus providing the 

impetus for further marijuana breathalyzer technology development. 

 

5.3 Results and Discussion 

We began the present study by examining our previously reported reaction conditions21 at 

lower concentrations (Table 5.1). All experiments were performed using the ElectraSyn 2.0 

reactor. Using a concentration of 1.0 mM of Δ9-THC (5.1), a modest decrease compared to our 

Selective
Electrochemical

Oxidation

p-THCQ (5.2)5.1

O

OH

Me

Me
Me

Me

H

H
O

O

Me

Me
Me

Me

H

H

O
4 4

C–/Pt+, 7.9 mA
0.1 M NBu4BF4
MeCN/H2O, 1 h

Low concentrations

Captured THC vapor
Relevant to real-

world applications



 268 

originally-used 6.6 mM concentration, only trace formation of quinone 5.2 was observed (1% 

yield, Table 5.1, entry 1). As substantial side-products were observed via HPLC analysis (see 

Figure 5.5), we tried reducing the reaction time from 60 to 10 min. Unfortunately, only a slight 

increase in yield was observed (entry 2). Recognizing that the observed current at a given 

potential depends on several factors, including substrate concentration,26 we decreased the 

applied current (entry 3). This led to an increase in yield to 12% (entry 3). However, further 

decreasing the concentration of Δ9-THC (5.1), to high- and mid-µM range, resulted again in low 

product formation (entries 4–5).  

 

 

Table 5.1. Initial attempts to effect oxidation at lower concentrations. 

 
a Conditions: Reactions were performed on solutions of Δ9-THC in 0.1 M NBu4BF4 with 12% water in acetonitrile using a 
graphite anode and a platinum film cathode. Polarity was switched every 60 seconds. Yield and initial Δ9-THC concentration 
were determined via PDA mode of detection. b Determined from MRM mode of detection via LC-MS/MS. 

 

 To assess the difficulty in achieving the electrochemical oxidation of Δ9-THC (5.1) at 

low concentrations, we monitored reactions by LC-MS/MS. Using this sensitive analytical 
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technique, we found that a second THCQ product was being formed in addition to p-THCQ 

(5.2). This was ultimately identified as the ortho quinone isomer, o-THCQ (5.3) (Figure 5.3), by 

comparison to an authentic sample of 5.3 we prepared by chemical oxidation of Δ9-THC (5.1) 

using stabilized 2-iodobenzoic acid.27 Fortuitously, each THCQ isomer shows slightly different 

retention times and distinctive UV-Vis signatures in the visible region. In addition, subtle 

differences in ionization behaviors exist (see Section 5.5 for details), which facilitated 

subsequent quantification of 5.2 and 5.3. 

 

 

Figure 5.3. THCQ isomers 5.2 and 5.3, with ortho quinone isomer 5.3 forming when the 

electrochemical oxidation is performed at low concentrations. 

 

 With both THCQ product isomers quantifiable by LC-MS/MS, we re-examined the 

electrochemical oxidation using 10 µM concentration of THC (5.1). Many conditions were tested 

by varying parameters such as electrodes, current, potential, and electrolytes, but these efforts 

primarily led to unidentified byproducts and unreacted Δ9-THC (5.1) (See Section 5.5). 

Fortunately, we ultimately found that the use of copper anodes led to some quinone formation 

and fewer byproducts. Key results involving the use of copper anode, platinum cathode, NEt4PF6 

as electrolyte, in acetonitrile and water under constant potential for 10 min are shown in Table 

5.2. Applying a potential of +0.65 V under a headspace of air led to a slow, but relatively clean 
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reaction, yielding 89% of recovered 1 and 4% of quinones 5.2 and 5.3 (entry 1). Inspired by 

several reports28,29,30,31 detailing the important role of oxygen in copper-promoted phenol 

oxidations, we interrogated the role of oxygen in our electrochemical reaction. With N2 sparging 

to omit oxygen from the reaction, quinones 5.2 and 5.3 were not observed (entry 2). Whereas 

sparging with air had a minimal effect (entry 3), we were delighted to find that sparging with O2 

led to significant improvement, affording quinones 5.2 and 5.3 in a combined yield of 41% 

(entry 4). To ensure consistent voltage, minimize the loss of potential, and ensure 

reproducibility,24,32 we also tested a three-electrode configuration with O2 sparging. Using a non-

aqueous Ag/AgCl reference electrode led to an increased 56% yield of 5.2 and 5.3, albeit with 

greater unproductive degradation. Applying lower potentials with referencing gave slightly lower 

yields, but with greater recovery of D9-THC (5.1) and improved mass balance (entries 6 and 7). 

Applying +0.05 V vs. Ag/AgCl gave little conversion (entry 8). We elected to pursue entry 7 

conditions for further study, given the notable conversion and overall mass recovery. 
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Table 5.2. Electrochemical oxidation screening, altering headspace and voltage.a

 
aConditions: Reactions were performed by applying constant potential for 10 min on solutions of D9-THC (5.1) (measured to be 9.6–14 
μM) in 0.1 M NEt4PF6 with 12% water in acetonitrile using platinum film cathode. Where noted, electrochemical cells were referenced 
with a jacketed Ag/AgCl reference electrode. Data reported are averaged over three independent experiments. bDetermined from MRM 
mode of detection via LC-MS/MS.  
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5
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O2 sparging

O2 sparging

O2 sparging
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28%

33%
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 As shown in Table 5.3, the conditions we had identified using a three-electrode system 

and oxygen sparging were amenable to lower concentration. Entries 1–5 show key results were 

the concentration was lowered systematically from 8970 nM to 1.01 nM. In all cases, significant 

conversion to quinones 5.2 and 5.3 was observed. Of note, even at ~1 nM concentration, 43% 

yield of THCQs 5.2 and 5.3 was observed (entry 5). Although this data point approaches the 

limit of quantification for the LC-MS/MS instrumentation, we surmise that the use of lower 

concentrations is likely viable. Nonetheless, these data demonstrate that the electrochemical 

oxidation of Δ9-THC (5.1) is indeed viable at high dilution, as would be needed to analyze breath 

samples during peak impairment. 

 

Table 5.3. Electrochemical oxidation at low concentrations.a 

 
a Conditions: Reactions were performed on solutions of 0.1 M NEt4PF6 12% water in acetonitrile with constant potential applied 
(+0.25 V vs Ag/AgCl) for 10 min using a copper anode and a platinum film cathode. Electrochemical cells were referenced with 
a Ag/AgCl reference electrode. Data reported are averaged over three independent experiments. b Determined from MRM mode 
of detection via LC-MS/MS. 
 

 In order to establish the viability of these reaction conditions for samples that would 

come from breath, a simulated vapor transfer experiment was performed. A Volcano Vaporizer 

p-THCQ (5.2)
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(Storz & Bikel) was used to vaporize Δ9-THC (5.1), which was then captured in acetonitrile. The 

resulting solution was analyzed by LC-MS/MS, which showed a 94 nM concentration Δ9-THC 

(5.1) and the absence of quinones 5.2 and 5.3. This samples was subjected to our optimized 

electrochemical oxidation conditions for 30 min affording THCQs 5.2 and 5.3 in 11% yield. 

Although the yield is lower compared to that seen in the solution-based study (see Table 5.3, 

entry 3), this experiment establishes the application of the electrochemical oxidation of Δ9-THC 

(5.1) to vapor-captured samples for the first time. 

 

 

Figure 5.4. Vaporized Δ9-THC (5.1) was captured in acetonitrile and then subjected to 

electrochemical oxidation to generate THCQ (5.2 and 5.3). 

 

5.4 Conclusions 

In summary, we have demonstrated that the electrochemical oxidation of Δ9-THC (5.1) 

can be achieved at nM concentrations. The use of copper anode materials in the presence of 
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oxygen proved most effective. Two quinone products are observed: p-THCQ (5.2), the oxidation 

product observed under earlier reported conditions, and o-THCQ (5.3), an isomer not previously 

observed. We also demonstrate that the low concentration oxidation is operative using vapor-

captured Δ9-THC (5.1). This study demonstrates a rare example of low-concentration organic 

electrochemistry and provides key advances toward the development of marijuana breathalyzer 

technologies. 

 

5.5 Experimental Section 

5.5.1 Materials and Methods 

 Synthesis reactions were conducted in flame-dried glassware under an atmosphere of nitrogen 

using anhydrous solvents (freshly distilled or passed through activated alumina columns). 

Electrochemical reactions were performed using an ElectraSyn 2.0 without flame-drying 

glassware or distilling solvents. All commercially obtained reagents were used as received unless 

otherwise specified. All commercially obtained reagents were used as received unless otherwise 

specified. D9-THC (5.1), was purchased from Sigma–Aldrich (www.sigmaaldrich.com; product 

number T2386) under DEA approval. 2-Iodoxybenzoic acid (IBX) was prepared according to a 

procedure described by Sputore.33 Spectral data matched those reported in the literature. 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, anisaldehyde, and potassium permanganate 

staining. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H-NMR spectra were recorded on a Bruker spectrometer (at 500 MHz) and are 

reported relative to the residual solvent signal. Data for 1H-NMR spectra are reported as follows: 

chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration, proton assignment). 
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13C-NMR spectra were recorded on a Bruker spectrometer (at 125 MHz) and chemical shifts are 

reported relative to the residual solvent signal. Carbons are numbered based on conventional 

numbering (See Section 5.5.2). Data for 13C-NMR spectra are reported in terms of chemical shift 

and carbon assignment. IR spectra were obtained on a Perkin-Elmer UATR Two FT-IR 

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 CH2Cl2 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). UV-Vis spectra 

were recorded using an JASCO C-770 UV-Visible/NIR spectrophotometer. The UV-Vis spectra 

were recorded using a 1-cm quartz cuvette, with ethanol. The concentration of Δ9-THC and 

quinone products from electrochemical reactions were measured using a liquid chromatograph 

tandem mass spectrometer (LC-MS/MS, Shimazdu LC-8060NX) using similar methods as 

reported in literature.34 The electrochemical reactions were performed using an IKA ElectraSyn 

2.0. Platinum-plated (IKA; product number 0040002852), copper (IKA; product number 

0040002847), graphite (IKA; product number 0040002858), and Ag/AgCl non-aqueous 

reference (IKA; product number 0040002865) electrodes were purchased from IKA and were 

used as received. Unless stated otherwise, reactions were performed at room temperature 

(approximately 21 °C).  
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5.5.2 Experimental Procedures 

5.5.2.1 LC-MS/MS Methods 

Samples were analyzed via LC-MS/MS using a Shimadzu LC-8060NX (Columbia, Maryland, 

USA). The chromatographic system consisted of a Nexera binary pump with an autosampler, 

column oven, photo-diode array detector, and a degasser. A valve in the column oven directed 

the flow-path to waste or MS/MS after the photodiode array detector. The LC-MS/MS apparatus 

was equipped with an IonFocus apparatus with a DUIS source. Separations were achieved using 

a NexLeaf CBX column (2.7 µm, 150 mm x 4.6 mm, equipped with guard column) in the 

quantitative analysis of Δ9-THC and quinone products. Elution gradients utilized Buffer A (0.1% 

formic acid in water) and Buffer B (0.1% formic acid in acetonitrile) using a flow rate of 

1.0 mL min−1 and injection volumes 30-50 μL. The elution method (as % Buffer B in Buffer A) 

was initiated with a gradient of 70% to 80% for 10 min, followed by a gradient of 80% to 98% 

for 0.5 min, followed by isocratic 100% for 1.5 min, and then isocratic 70% for 1.5 min. The 

total run time of this method was 14.0 min. Flow was diverted to waste from 0 to 5.3 min to 

remove most of the electrolyte. Autosampler and column oven temperatures were 4 °C and 35 

°C, respectively. MS/MS data were acquired via using optimized MRM in positive ion mode. 

Source parameters were nebulizing gas flow 2 L/min, heating gas flow 10 L/min, drying gas 

flow 6 L/min, interface temperature 350 °C, desolvation line temperature 200 °C, and heat block 

temperature 450 °C. Standard solutions of Δ9-THC/CBN/CBD (Phytocannabinoid Mixture 3, 

Cayman Chemical) and synthesized THC quinone products 5.2 and 5.3 were prepared for 

calibration curves over a range of 15 µM – 0.2 nM analyte concentrations with 0.1 M electrolyte 

present. MRM was used for quantification for each of the following: for Δ9-THC (5.1, rt = 9.28 
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min) via 315>123 m/z (CE –15 V), for Δ9-THCQpara (5.2, rt = 9.94 min) via 329>229 m/z (CE –

31 V), and for Δ9-THCQortho (5.3, rt = 10.09 min) via 329>259 m/z (CE –21 V). 

 

5.5.2.2 General Procedure for Electrochemical Oxidation Reactions 

A 5 mL ElectraSyn 2.0 vial was equipped with a magentic stir bar and charged with a 

solution of Δ9-THC in electrolyte solution (3.000 mL, 0.100 M in MeCN) and water (0.400 mL). 

After thorough mixing via pipet, the solution was sampled to measure the concentration of Δ9-

THC (5.1) via LC-MS/MS. Next, the vial was equipped with an anode and a cathode. Where 

specified, a reference electrode was utilized (Ag/AgCl reference electrode was filled with 

electrolyte solution and then soaked overnight prior to performing experiments). In experiments 

where gas sparging was used, a balloon was filled with the respective gas and equipped with a 

long needle (22 gauge), which was inserted through the ElectraSyn septum cap and bubbled 

vigorously into the reaction solution. This vial was then connected to the ElectraSyn 2.0 

instrument, and experiments were performed with either constant current or constant potential 

modes at a stir rate of 400 rpm. In reactions with copper electrodes, precipitates often formed 

within the first 2 minutes of the reaction. Once the reaction was complete, the reaction was 

sampled via pipet and diluted with 0.1% formic acid in water before being filtered over a 13 mm 

nylon syringe filter (0.2 µm) for analysis via LC-MS/MS. 
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5.5.2.3 Select Results from Electrochemical Oxidation Screening  

 

Figure 5.5. Conditions: Δ9-THC (5.1) (1.0 mM), 8:1 0.1 M NBu4BF3 in MeCN:H2O, 23 ºC, 1 h, 

polarity alternation every 60 s. The blue LC/MS chromatographic trace is of the starting solution. 

The overlayed black LC/MS chromatographic trace is of the crude reaction mixture. 5.1 is fully 

consumed, with a small amount of conversion to 5.2. The majority of the 5.1 has decomposed 

into unidentified side-products. 
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Table 5.4. Effects of the anode material and electrochemical condition at µM concentrations of 

Δ9-THC (5.1). The general procedure for electrochemical oxidation reactions from Section 

5.5.2.2 was used with Bu4NBF4 as the electrolyte and a platinum film cathode. Reactions were 

run for 10 minute.   

Entry 
Anode 

material Applied Current 

Measured THC 
Concentration 

(µM)* 

% THC 
(5.1)  

Remaining* 

Total % 
Yield THCQ 
(5.2 + 5.3)* 

1 Graphite 

3.5 mA, 
60 sec 

alternating 
polarity 

14 0% 0% 

2 Platinum 
film 

3.5 mA, 
60 sec 

alternating 
polarity 

13 12% 13% 

3 Nickel 

3.5 mA, 
60 sec 

alternating 
polarity 

13 0% 0% 

4 
Boron-
doped 

diamond 

3.5 mA, 
60 sec 

alternating 
polarity 

12 0% 3% 

5 Copper 

3.5 mA, 
60 sec 

alternating 
polarity 

14 97% 1% 

6 Copper 3.5 mA, 
constant polarity 13 95% 4% 

7 Copper 2.0 mA, 
constant polarity 12 97% 0% 

8 Copper 6.0 mA, 
constant polarity 11 67% 1% 

9 Copper 10.0 mA, 
constant polarity 10 63% 7% 

10 Copper 14.0 mA, 
constant polarity 8.7 72% 1% 

*Determined from MRM mode of quantification. 
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Table 5.5. Effects of applied potential at µM concentrations of Δ9-THC (5.1). The general 

procedure for electrochemical oxidation reactions from Section 5.5.2.2 was used with Bu4NBF4 

as the electrolyte, a copper anode and a platinum film cathode. Reactions were run in a sealed 

cell under air.  

Entry 
Applied 
Potential 

Reaction 
Time (min) 

THC 
Concentration 

(µM) 
% THC (5.1) 
Remaining* 

Total % 
Yield THCQ 
(5.2 + 5.3)* 

1 +0.27 V 10 11 90% 0% 
2 +0.33 V 10 7.5 85% 13% 
3 +0.39 V 10 17 69% 19% 

4 
+0.25 V  

vs 
Ag/AgCl 

10 18 96% 3% 

5 
+0.45 V  

vs 
Ag/AgCl 

10 10 92% 2% 

6 
+0.65 V  

vs 
Ag/AgCl 

10 17 82% 2% 

7 
+0.45 V  

vs 
Ag/AgCl 

30 9.8 85% 3% 

8 
+0.45 V  

vs 
Ag/AgCl 

60 9.6 78% 4% 

 *Yield determined from MRM mode of quantification. 
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5.5.2.4  Procedure for the Vaporization, Capture and Subsequent Oxidation of Δ9-THC  

5.5.2.4.1 Vaporization 

150.0 µL of a 50 mg/mL solution of Δ9-THC (5.1) in acetonitrile was deposited dropwise onto a 

mesh, circular drip pad (2.8 cm diameter x 0.2 cm height). The drip pad was dried under a stream 

of air between drops, and then for 5 continuous minutes following full addition of the solution to 

evaporate any excess acetonitrile. Approximately 7 mg of Δ9-THC (5.1) was deposited onto the 

mesh after drying. At this point, a Volcano Vaporizer was plugged in and the temperature setting 

was set to 9 (226 ºC). After 10 minutes, the yellow control lamp had switched “off”, indicating 

that the Volcano had reached temperature. A piece of PVC tubing (lab grade, 1/4 x 1/2” ID x 

OD) was connected to the top of the Volcano filling chamber. The other end of the tubing was 

connected to a gas dispersion tube (0.31 inch diameter, 170 to 220  μm pore size) which was 

situated inside a round bottom flask filled with 30 mL of acetonitrile, such that the porous 

surface was completely submerged in the solutions. The THC-laden mesh was then placed inside 

the filling chamber, and the entire chamber was secured to the top of the Volcano. The air-flow 

was started, and the vaporized Δ9-THC (5.1) air-stream was bubbled directly into the 30 mL 

acetonitrile solution. After 10 minutes, the heat was turned off while the air continued to flow for 

an additional 5 minutes. 250 µL of this solution was sampled via pipet and diluted with 250 µL 

Buffer A for analysis via LC-MS/MS to measure the concentration of Δ9-THC (5.1) in solution. 

 

5.5.2.4.2 Electrochemical Oxidation 

A 5 mL ElectraSyn vial equipped with a stir bar was charged with 3.00 mL of the acetonitrile 

solution with  vaporized Δ9-THC (5.1) from Section 5.5.2.4.1. Tetrabutylammonium 

tetrafluoroborate (100 mg, 0.100 M final concentration) and water (0.400 mL) were added to the 
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vial. 250 µL of this solution was sampled via pipet and diluted with 250 µL Buffer A for analysis 

via LC-MS/MS to measure initial concentrations. The initial concentration of 5.1 in the vapor-

transferred solution was measured to be 9.4 µM with no 5.2 or 5.3 observed. The vial was then 

equipped with a copper anode, a platinum film cathode, and a reference electrode (Ag/AgCl 

reference electrode was filled with electrolyte solution and then soaked overnight prior to the 

performing experiment). This vial was then connected to the ElectraSyn 2.0 instrument, and the 

solution was subjected to constant potential (+0.45 V with respect to reference electrode) at a stir 

rate of 400 rpm with polarity switching disabled. Once the reaction was complete, 250 µL of the 

reaction was sampled via pipet and diluted with 250 µL Buffer A for analysis via LC-MS/MS. 

 

Table 5.6. LC-MS/MS analysis at different timepoints for the electrochemical oxidation of 

vaporized, then captured  Δ9-THC (5.1). 

Entry 
Reaction time 

(min) % THC (5.1) Remaining* 
Total % Yield THCQ (5.2 

+ 5.3)* 
1 10 98% 3% 
2 20 92% 7% 
3 30 88% 11% 

*Yield determined from MRM mode of quantification. 
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5.5.2.5 Chromatographic Comparison of ortho- and para- Isomers of D9-THCQ 

 

 

Figure 5.6. Chromatograms of synthesized THC para-quinone (5.2, green trace), THC ortho-

quinone (5.3, blue trace), a 1:1 mixture of both THC para- and ortho-quinones (5.2 + 5.3, red 

trace), and the typical crude reaction products from an electro-oxidation reaction with THC (5.1, 

black trace). The chromatogram traces show UV-Vis detection via PDA at 270 nm (a) and LC-

MS detection via selected ion mode at 329.25 m/z (b, solid line, THCQ + H+), and at 351.25 m/z 

(b, dashed line, THCQ + Na+). 

 

 

 

 

 

a 

b 

THC para-quinone 

THC ortho-quinone 

THC ortho- and para-quinone 

Crude reaction products 

THC para-quinone 

THC ortho-quinone 

THC ortho- and para-quinone 

Crude reaction products 



 284 

5.5.2.6 Independent Chemical Oxidation of D 9-THC to D 9-THC ortho-Quinone (5.3) 

  

D9-THCQ (5.3). A modified procedure for the synthesis of oxidized cannabinol was followed.35 

A 1 dram vial was equipped with a magnetic stir bar and flame-dried under reduced pressure. 

The vial was then cooled to 23 ºC under nitrogen. A THC solution (0.40 mL of 25 mg/mL 

solution in ethanol; 10 mg, 1.00 Eq, 32 µmol) was added to the vial and concentrated under 

reduced pressure to give a clear oil. The contents of the vial were then suspended in ethyl acetate 

(0.53 mL). The mixture was placed in a dry ice and acetone bath (–78 ºC) and allowed to cool 

over 5 min while stirring. After this time, IBX (29 mg, 3.3 Eq, 0.10 mmol) was added in a single 

portion. The cooling bath was then removed, and the suspension was allowed to stir at 23 ºC for 

18 h. After this time, the reaction mixture was filtered through a pad of Celite with ethyl acetate 

(10 mL). The organic mixture was then washed with saturated Na2S2O3 (2 × 15 mL), dried over 

magnesium sulfate, decanted and concentrated under reduced pressure. The crude material was 

then purified via preparative TLC using 100% benzene as the mobile phase. The desired product 

was isolated as a red oil. THCQ (5.3): Rf  0.15 (Benzene); 1H-NMR (500 MHz, CDCl3): δ 6.45 

(s, 1H, H4), 6.10 (s, 1H, H10), 3.03–2.97 (m, 1H, H10a), 2.37–2.26 (m, 2H, H1’), 2.17–2.09 (m, 

2H, H8), 1.86–1.80 (m, 1H, 7b), 1.64 (s, 3H, H11), 1.62–1.52 (m, 1H, 6a), 1.49–1.44 (m, 3H, 

H12), 1.41–1.35 (m, 1H, 7a), 1.35–1.24 (m, 6H, H4’, H3’, H2’), 1.16 (s, 3H, H13), 0.88 (t, J = 

6.4 Hz, H5’); 13C-NMR (125 MHz, CDCl3): 181.4 (C2), 177.6 (C1), 163.2 (C5), 143.2 (C3), 

134.5 (C4), 134.2 (C9), 121.7 (C10), 113.4 (10b), 82.9 (C6), 44.8 (C6a), 32.1 (C10a), 31.4 (C3’), 

31.2 (C8), 28.7 (C1’), 27.5 (C2’), 27.0 (C12), 24.4 (C7), 23.2 (C11), 22.4 (C4’), 20.6 (C13), 13.9 
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(C5’);  δ IR (film): 3456, 2970, 1729, 1435, 1366; HRMS–APCI (m/z) [M + H]+ calcd for 

C21H29O3
+, 329.2112; found, 329.2136.δ IR (film): 3456, 2970, 1729, 1435, 1366. 

 

2D NMR spectroscopy was used to provide evidence of the o-quinone as opposed to the p-

quinone and supported an assignment with the alkene in the 9-position, as opposed to the more 

thermodynamically favored 8-position. The structure of 5.3 was numbered according to modern 

conventions and was assigned using a variety of NMR techniques. The alkene position was 

assigned according to COSY interaction between H10a and H10 as well as an HMBC correlation 

between H10 and C10a, and between H10a and C10. The position of the quinone carbonyl at C2 

was assigned according to HMBC correlations between H4 and C2, C5, C10b, and C3.  

 

5.5.2.7 Relevant Photophysical Data for 5.3 

 

Figure 5.7. UV–Vis absorbance spectrum of 5.3. 
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Figure 5.8. Beer–Lambert plot of 5.3 at 495 nm. (ε = 3.61 x 102 M–1 cm–1). 
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5.6 Spectra Relevant to Chapter Five: 

 

Electrochemical Oxidation of Δ9-Tetrahydrocannabinol at Nanomolar Concentrations 
 

Christina R. Forbes, Katie A. Spence, Neil K. Garg, and Evan R. Darzi. 

Manuscript Submitted. 
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Figure 5.9  1H NMR (500 MHz, CDCl3) of compound 5.3. 
 

Figure 5.10  13C NMR (125 MHz, CDCl3) of compound 5.3. 
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TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300146 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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Figure 5.11 COSY NMR (125 MHz, CDCl3) of compound 5.3. 
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Figure 5.12 NOESY NMR (125 MHz, CDCl3) of compound 5.3. 
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Figure 5.13 HMBC NMR (125 MHz, CDCl3) of compound 5.3. 
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Figure 5.14 HSQC NMR (125 MHz, CDCl3) of compound 5.3. 
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