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 This dissertation describes the development of methodologies that engage strained cyclic 

allene intermediates in complexity-generating reactions. One major effort involves palladium-

catalyzed interception of strained cyclic allenes for the synthesis of saturated polycyclic products. 

Additionally, a novel mode of reactivity of cyclic allenes is reported involving the interception of 

1,2-cyclohexadiene with a nitroxyl radical. The ability of strained cyclic allenes to engage with 

exocyclic alkenes in [2+2] cycloadditions is also described, pushing the limits of complexity in 

products formed from cyclic allene reactivity. Finally, the development of silyl tosylates as 

strained intermediate precursors is reported. 
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 Chapter one offers a current perspective on the field of strained cyclic alkynes and allenes. 

Despite being validated over fifty years ago, strained cyclic alkynes and allenes have become 

valuable building blocks for the synthesis of complex small molecules. This chapter highlights 

recent methodologies and syntheses using  strained  arynes,  allenes,  and  alkynes  to  generate 

complex  products  bearing stereodefined  quaternary  centers or generate  enantioenriched 

products with multiple fused  rings. 

Chapters two and three are related to the development of palladium-catalyzed reactions of 

strained cyclic allenes. Chapter two describes the development of a modular annulation reaction 

of strained allenes. This methodology employs aryl halides and cyclic allene precursors to generate 

fused heterocyclic products via the formation of two new bonds and a new stereocenter; moreover, 

an asymmetric variant of the transformation is employed. Chapter three details the engagement of 

strained cyclic allenes with p-allylpalladium species to afford complex polycyclic products. 

Through judicious choice of the ligand used in the transformation, either of two isomeric products 

can be accessed with high selectivity. The development of these metal-catalyzed reactions 

demonstrates that despite their high reactivity and short lifetimes, strained cyclic intermediates can 

be efficiently engaged in catalysis, to access complex products with control of abstolute 

stereochemistry.  

Chapter four details the study of a novel mode of monoradical reactivity with strained 

cyclic allenes. Use of the nitroxyl radical TEMPO allows for the interception of 1,2-

cyclohexadiene, affording a ketone product. The transformation demonstrates the viability of 

engaging cyclic allenes in one electron chemistry. 

Chapter five describes the investigation of [2+2] cycloadditions between strained cyclic 

allenes and exocyclic alkenes to afford highly substituted cyclobutanes, providing an alternative 
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strategy to photochemical methods. Under mild reaction conditions, scope studies demonstrate 

that a variety of alkene trapping partners can engage with cyclic allenes with a high degree of 

selectivity. Furthermore, the cyclobutanes accessed via this methodology contain many features 

indicative of structurally complexity such as spiro centers, multiple contiguous stereocenters, and 

vicinal quaternary centers. The strained alkylidene cyclobutanes that are accessed can undergo 

thermal isomerization. Cycloadducts are also further elaborated, demonstrating the utility of the 

transformation in providing rapid access to structurally complex scaffolds. 

 Chapter six illustrates the development of an alternative precursor toward strained cyclic 

allenes and alkynes. Our studies of strained cyclic allenes revealed that, in some cases, silyl triflate 

precursors were inaccessible. This study shows that silyl tosylates can serve as alternative 

precursors to strained cyclic allenes and alkynes.  
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NOESY Nuclear Overhauser Enhancement Spectroscopy 
o ortho 
OLED organic light-emitting diode 
ORTEP Oak Ridge Thermal-Ellipsoid Plot Program 
p para 
Ph phenyl 
PHOX phosphinooxazoline 
ppm parts per million 
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q quartet 
quant quantitative 
QUINAP 1-(2-diphenylphosphino-1-naphthyl)isoquinoline 
quint quintet 
rac racemic 
Rf retention factor 
s singlet 
sat. saturated 
SFC supercritical fluid chromatography 
t triplet 
temp temperature 
TASF tris(dimethylamino)sulfonium difluorotrimethylsilicate 
TBAF tetrabutylammonium fluoride 
TBAI tetrabutylammonium iodide 
TBAT tetrabutylammonium difluorotriphenylsilicate 
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 
TES triethylsilyl 
Tf trifluoromethanesulfonyl 
THF tetrahydrofuran 
TIPS triisopropylsilyl 
TLC thin layer chromatography 
tol tolyl 
Ts p-toluenesulfonyl (tosyl) 
UV ultraviolet 
w/w weight by weight 
wt% percentage by mass 
ZPE zero-point energy 
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CHAPTER ONE 

 

Leveraging Fleeting Strained Intermediates to Access Complex Scaffolds 

Sarah M. Anthony, Laura G. Wonilowicz,† Matthew S. McVeigh,† and Neil K. Garg*.   

JACS Au 2021, 1, 897–912.

 

1.1 Abstract  

Arynes, strained cyclic alkynes, and strained cyclic allenes were validated as plausible 

intermediates in the 1950s and 1960s. Despite initially being considered mere scientific curiosities, 

these transient and highly reactive species have now become valuable synthetic building blocks. 

This Chapter highlights recent advances in the field that have allowed access to structural and 

stereochemical complexity, including recent breakthroughs in asymmetric catalysis. 

1.2 Introduction 

In 1902, a provocative proposal was put forth by Stoermer and Kahlert, who contemplated 

the intermediacy of benzofuranyne 1.1 (Figure 1.1).1 Although the existence of 1.1 would 

ultimately be called into question,2,3,4 the proposal led chemists to consider if triple bonds could 

exist in small rings. Roughly fifty years later, benzyne (1.2) and cyclohexyne (1.3) were validated 

experimentally, thanks to pioneering efforts by Roberts,5,6 Wittig,7 and Huisgen,8 in particular. 

Soon thereafter, in 1966, Wittig showed that 1,2-cyclohexadiene (1.4), an unusual-looking 

counterpart to benzyne (1.2) and cyclohexyne (1.3), could be generated and intercepted in 

cycloaddition processes.9 These results were striking at the time, as 1.2–1.4 possess functional 

groups (i.e., alkynes and allenes) that would ordinarily be linear. The bent nature of these species 

renders them transient and highly reactive intermediates that initially received little use in chemical 
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synthesis. However, over the past few decades, the field of arynes and related strained 

intermediates has undergone a substantial period of growth, as shown in Figure 1.1.10   

The synthetic utility of arynes and related strained intermediates is often underappreciated, 

perhaps owing to common misconceptions regarding safety or high reactivity (and consequently, 

misconceptions regarding low selectivity in aryne reactions). Conversely, we highlight the impact 

of arynes and related intermediates in the syntheses of 1.5–1.9. Popular ligands, such as XPhos 

(1.5), are made using aryne chemistry.11 The medicinal chemistry route toward Chantix® (1.6) was 

enabled by an aryne cyclization.12 Syngenta has prepared isopyrazam (1.7), an important 

fungicide, using an aryne Diels–Alder reaction on multikilogram scale.13 Lastly, there are 

numerous examples of arynes and related intermediates in total synthesis,14,15,16 such as the use of 

an aryne insertion in Sarpong’s synthesis of cossonidine (1.8) and a cyclohexyne insertion in 

Carreira’s synthesis of guanacastepene N (1.9).17,18 As these examples highlight, arynes and related 

intermediates can be used to build two new bonds in a single transformation. Moreover, it should 

be noted that arynes can be generated under exceedingly mild, safe, and operationally simple 

fluoride-based reaction conditions, thanks to the advent of Kobayashi silyl triflates.19,20,21,22 In turn, 

chemists have sought to leverage the synthetic utility of these once controversial species, in 

addition to deepening our fundamental understanding through electrophilicity studies23 and 

regioselectivity studies.24,25,26 

Rather than providing a comprehensive overview of the field, several of which are 

available elsewhere,14,15,16,20,27,28 29,30,31,32,33,34,35,36,37 this Chapter examines some of the quickly 

emerging areas of aryne chemistry and related strained intermediates. We assess the following 

recent advances: a) the use of heterocyclic strained alkynes to construct scaffolds of value to 

medicinal and materials chemistry, b) access to quaternary stereocenters using non-catalytic 
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reactions of arynes and cyclic alkynes, c) catalytic asymmetric reactions of arynes, d) the assembly 

of intricate heterocyclic scaffolds via strained cyclic allene intermediates, and e) stereospecific and 

catalytic asymmetric transformations of strained cyclic allenes. We hope this discussion 

underscores the current excitement in the field and, moreover, helps to draw researchers into an 

area that continues to rapidly evolve with opportunities for discovery. 
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Figure 1.1. Historical perspective, growth of “aryne” or “benzyne” chemistry, and select 
synthetic applications. 
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1.3 Use of Heterocyclic Alkynes in the Synthesis of Medicinal and Materials Scaffolds  

New strategies to access heterocyclic compounds, especially those with a high degree of 

sp3-rich character, remain highly sought after due to the numerous applications of heterocycles in 

drugs, agrochemicals, natural products, and materials.38,39,40,41,42,43 Just within the pharmaceutical 

industry, the vast majority of small-molecule drugs approved by the U.S. Food and Drug 

Administration contain a nitrogen or oxygen-containing heterocycle.44,45 A few examples are 

Plavix® (1.10), an antiplatelet, rhoeadine (1.11), a sedative and antitussive, and the antimalarial 

drug artemisinin (1.12) (Figure 1.2).  

Strained cyclic alkynes have emerged as valuable building blocks to access sp3-rich38 

medicinally relevant heterocycles (Figure 1.2).46,47,48,49 Heteroatom-containing cyclohexyne 

derivatives, such as 2,3-piperidynes 1.13, 3,4-piperidynes 1.14, and oxacyclohexyne 1.15 have 

been far less studied than related aryne counterparts, (e.g., 3,4-pyridyne (1.16)).50,51,52,53 For 

comparison, the 3,4-pyridyne (1.16) was first disclosed in 1955,54 but studies involving 3,4-

piperidynes were only reported recently. Specifically, the Danheiser group reported access to 1.13 

in 201447 and our group described generation and interception of 1.14 and 1.15 in 2014 and 2016, 

respectively.48,49 These studies demonstrate the synthetic value of transient intermediates 1.13–

1.16. 
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Figure 1.2. Representative natural products and pharmaceuticals containing heterocycles and 
representative nitrogen- and oxygen-containing strained cyclic alkynes. 
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Figure 1.3. Selected trapping experiments involving piperidyne 1.19. 
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Figure 1.4. Selected trapping experiments of heterocyclic alkynes using silyl triflate precursors. 
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distorted toward linearity.  Furthermore, the difference between the internal angles of 1.14 and 

1.15 are 12° and 15°, respectively. The greater angle difference of 15° seen in 1.15 is consistent 

with observed regioselectivities. For example, as shown in Figure 1.4 the nitrone trapping proceeds 

with higher selectivity when using 1.15 compared to 1.14. 

 

Figure 1.5. Regioselectivity of piperidyne 1.14 and oxacyclohexyne 1.15 trappings. 
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(Figure 1.6).72,73,74,75 Heteroatom containing-derivatives of these compounds, such as 1.39, 1.40, 

1.42, and 1.43, have been gaining interest as the presence of heteroatoms can modulate electronic 

properties.76,77,78 New synthetic methods to access novel heterocyclic conjugated materials are 

highly desirable. As such, in 2017, our laboratory synthesized heterohelicene79 1.43 (and 

derivatives) using an indolyne cyclotrimerization reaction.80,81 Indole trimers have been used in 

various materials applications.76,82,83,84,85,86,87 Building on these studies, we sought to access 

heteroatom-containing 9,10-diarylanthracene scaffolds using arynes and strained alkyne building 

blocks.   

 

Figure 1.6. Notable polycyclic aromatic hydrocarbons. 
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annulations of oxadiazinones.89,90,91 As shown in Figure 1.7, our approach involved two steps. 

First, 3,4-piperidyne (1.14), generated in situ from the corresponding silyl triflate, undergoes 

reaction with oxadiazinones 1.44 to give pyrones 1.45 through a Diels–Alder/retro-Diels–Alder 

sequence.92 The oxadiazinones are easily prepared with two different aryl substituents from readily 

available starting materials.93 In a second Diels–Alder/retro-Diels–Alder sequence, pyrones 1.45, 

which are bench stable and isolable, react with an aryne or non-aromatic strained cyclic alkyne 

(i.e., 1.46) to deliver polycyclic hydrocarbon frameworks 1.47. 1.48–1.50 are representative 

products. As needed, subsequent oxidation can be performed to access more highly conjugated 

derivatives.  

 

Figure 1.7. Modular strategy to access 9,10-diphenylanthracene derivatives and representative 
products 1.48–1.50. 
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Figure 1.8 highlights two additional aspects of this chemistry.  In the first, 1.51, 1.52, and 

1.53 were shown to react at room temperature in the presence of CsF. This three-component 

coupling obviates the need to isolate a pyrone intermediate and delivers 1.54 in 56% yield. 

Additionally, the methodology could be used to access 1.55, a novel heterocyclic PAH scaffold 

that fluoresces, displaying a blue emission. In the presence of acid, pyridinium salt 1.56 forms, 

which displays an orange emission. Stimuli responsive materials are useful in a host of applications 

such as pH fluorescence sensors94,95 and solid-state fluorescent switches.96  

 

Figure 1.8. Utilizing arynes to access 9,10-diphenylanthracene derivatives. 
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transformation enables access to structurally diverse products through the formation of four 

carbon–carbon bonds. It is expected that this chemistry and variants thereof will prompt the 

development of related methods that rely on strained intermediates to access compounds of value 

to materials chemistry. 

 

1.4 Use of Arynes and Cyclic Alkynes to Access Quaternary Stereocenters (Non-Catalytic)  

The majority of reported methodologies and synthetic applications that utilize strained 

cyclic alkynes are intermolecular reactions that generate achiral or racemic products. However, 

efforts have been put forth to generate enantioenriched products, including those that rely on the 

use of chiral auxiliaries or reagents. For example, reports by Lautens99,100 and Barrett101,102 

demonstrate stereocontrolled intermolecular reactions of arynes for the introduction of tertiary 

stereocenters using Oppolzer or Schöllkopf reagents, respectively. As accessing quaternary 

stereocenters is especially valuable,103,104,105,106 we were interested in utilizing arynes and strained 

cyclic alkynes to access stereodefined quaternary centers in an intermolecular fashion. 

Our efforts, which were reported in 2018,107 concerned the reaction between b-ketoester 

1.57 and strained cyclic alkyne 1.46 to yield a-substituted product 1.58, as shown in Figure 1.9. 

Prior efforts to achieve this transformation in a racemic sense were accompanied by concomitant 

C–C bond fragmentation,108 so we considered an alternative, two-step approach. First, b-ketoester 

1.57 would be treated with amine 1.59 to afford the corresponding enamine 1.60. Enamine 1.60 

could then be used to trap aryne 1.46, affording a-substituted product 1.58 after hydrolysis. We 

envisioned that employing a chiral amine (i.e., 1.59) would render the reaction diastereoselective 

and yield 1.58 in enantioenriched form. It should be noted that enantioselective a-arylation of b-
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ketoesters, one of the net transformations we hoped to develop, had remained a challenging 

synthetic problem.109,110,111,112,113,114,115,116 

 

Figure 1.9. Intercepting arynes and cyclic alkynes for the installation of stereodefined quaternary 
stereocenters. 
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Figure 1.10.  Selected substrate scope of a-arylation methodology. 
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The synthesis of natural products and their derivatives also provides an opportunity to use 

arynes in complex settings, as has been well demonstrated in the literate.14,16,32,33 With regard to 

several recent efforts, the Hoye group has used arynes generated from hexadehydro-Diels–Alder 

reactions with readily abundant natural products to access complex derivatives.121 Additionally, 

our laboratory has performed late-stage intermolecular aryne cycloadditions to access derivatives 

of strictosidine, the last common biosynthetic precursor to all monoterpene indole alkaloids.122 

More commonly, natural products have been accessed through diastereoselective intramolecular 

aryne trappings of enantioenriched substrates. Early on, our laboratory used an “indolyne” 

cyclization to build the complex bridged bicyclic core of coveted welwitindolinone natural 

products.123,124,125,126,127 Subsequently, we targeted the tubingensin alkaloids, wherein we 

envisioned using an aryne cyclization to access a quaternary center.  

Tubingensins A and B (1.70 and 1.71, respectively) are complex indole diterpenoids first 

isolated from Aspergillus tubingensis in 1989 (Figure 1.12).128,129 Both natural products feature 

disubstituted carbazole moieties. In tubingensin A (1.70), the carbazole is fused to a cis-decalin 

containing four contiguous stereocenters, two of which are vicinal quaternary stereocenters. 

Tubingensin B (1.71), however, contains a carbazole fused to a [3.2.2]-bridged bicycle containing 

five stereocenters, four of which are contiguous. As an additional layer of complexity, three of the 

stereocenters are quaternary, two of which are vicinal. Moreover, tubingensins A and B (1.70 and 

1.71, respectively) possess antiviral activity against herpes simplex virus type 1 (HSV-1) along 

with pesticidal activity.128,129 At the time we began our efforts, there were no total syntheses of 

tubingensins A or B, although Li and Nicolaou reported an elegant route to (±)-1.70 in 2012.130 
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Figure 1.12. The tubingensin alkaloids and natural products with quaternary stereocenters 
introduced using aryne chemistry. 
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scaffolds bearing vicinal quaternary stereocenters, like those seen in the tubingensin alkaloids, 

were accessed using aryne cyclizations. 

Following our initial total synthesis of (+)-tubingensin A (1.70),137 we were well-poised to 

address the more complex family member, (–)-tubingensin B (1.71).  As summarized in Figure 

1.13, (+)-dihydrocarvone (1.74), an abundant chiral terpene building block, and 2-

hydroxycarbazole (1.75) were used as starting materials and elaborated to give carbazolyne 

precursor 1.76. Of note, 1.76 possesses all of the carbons that would be needed to complete the 

total synthesis. This key intermediate was subjected to sodium amide and tert-butanol in THF138,139 

at 23 °C to effect carbazolyne cyclization.  Although we were expecting to form a single C–C 

bond, we instead observed the formation of two new C–C bonds as evident by product 

cyclobutenol 1.78.  Although this outcome was undesired, the formation of 1.78 highlights the 

structural complexity accessible using aryne chemistry. The reaction likely proceeds via a formal 

[2+2] cycloaddition (e.g., 1.77) and occurs with excellent diastereoselectivity. Nonetheless, this 

transformation served to establish the necessary vicinal quaternary stereocenter framework, 

construct the natural product’s seven-membered ring, and preserve the phenylselenide moiety 

necessary for a late-stage radical cyclization. To complete the synthesis, cyclobutenol 1.78 was 

subjected to Murakami’s Rh-catalyzed fragmentation conditions,140  which delivered the ketone 

1.79 in 53% yield via fragmentation of the cyclobutenol ring. In turn, ketone 1.79 could be 

elaborated to (–)-tubingensin B (1.71).141 This effort demonstrates the utility of highly reactive 

aryne intermediates for the assembly of sterically congested carbon–carbon bonds in natural 

products. 



19 

 

Figure 1.13. Overview of (–)-tubingensin B total synthesis. 
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this emerging field involving the synthesis of helicenes (axial chirality)145,146 and the introduction 

of quaternary stereocenters (point chirality).120 

A breakthrough involving the use of arynes in asymmetric catalysis was reported by 

Guitián and coworkers in 2006.145 More specifically, the authors studied [2+2+2] cycloadditions 

of arynes and alkynes to access enantioenriched helicenes. Accessing helicenes in an 

enantioselective manner has remained an important area of research79,147,148 and prior aryne-based 

approaches had given rise to racemic products.149,150 As shown in Figure 1.14, silyl triflate 1.80 

was treated with CsF, alkyne 1.81, catalytic Pd2(dba)3, and BINAP to afford helicene 1.82. The 

reaction likely proceeds through a palladium-catalyzed cyclotrimerization of two in situ-generated 

aryne intermediates (from silyl triflate 1.80) and alkyne 1.81. Although the yield was modest, 

helicene 1.82 was obtained in 67% ee. This study demonstrated an important proof-of-concept 

with regard to arynes and their use in asymmetric catalysis.  

 

Figure 1.14.  Enantioselective synthesis of helicenes using arynes and asymmetric catalysis. 
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Pd2dba3•CHCl3, CsF, and (S)-QUINAP (1.86).152 This transformation features a design similar to 

the aforementioned example by Guitián and coworkers, and affords triple helicene (M,P,M)-1.85 

in 49% yield and 96% ee. Notably, despite using racemic aryne precursor 1.83, both terminal 

helicenes exclusively formed the (M)-[5]-helicenyl moiety, which suggests a kinetic resolution or 
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dynamic kinetic resolution occurs in the reaction. Overall, this study achieved the first 

enantioselective synthesis of a triple helicene, while also providing the first practical catalytic 

asymmetric aryne trapping reaction.  

 

Figure 1.15.  Enantioselective synthesis of triple helicenes via the catalytic asymmetric trapping 
of arynes. 
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approach to access benzyne and related strained intermediates, which nicely complements prior 

studies involving the use of non-electrochemical oxidation conditions for aryne 

generation.156,157,158,159,160 Moreover, this study demonstrates that arynes can be engaged in 

asymmetric catalysis to provide access to point chiral products in synthetical useful 

enantioselectivities. The ability to access stereodefined quaternary stereocenters is especially 

notable.  

 

Figure 1.16.  Catalytic enantioselective a-arylation of 1,3-dicarbonyls. 
 

1.6 Use of Strained Cyclic Allenes to Access Polycyclic Scaffolds   

Whereas arynes and strained cyclic alkynes have been studied extensively, a related 
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precursors to strained cyclic allenes and demonstrated their utility in several transformations, such 

as [4+2] cycloadditions.177,178 Subsequently, our laboratory and West’s expanded the synthetic 

utility of Kobayashi cyclic allene precursors to encompass other intermolecular cycloadditions, 

especially [3+2] cycloadditions.179,180,181,182  

Here, we feature selected recent efforts aimed at harnessing strained cyclic allenes to build 

complex polycyclic scaffolds bearing heteroatoms and sp3 centers. Generally speaking, these 

reactions proceed by treating silyl triflate precursors 1.95 with a fluoride source to generate cyclic 

allenes 1.96. In situ trapping with cycloaddition partners 1.18 provides adducts 1.97 (Figure 1.17). 

As will be discussed in the remaining sections of this Chapter, strained cyclic allene chemistry 

provides exciting opportunities for study related to regiochemistry, pertaining to which olefin of 

the allene undergoes reaction, and stereochemistry, due to the inherent chirality of cyclic allenes 

and generation of a new sp3 center. 

 

Figure 1.17. Strained cyclic allenes and representative trapping reactions. 
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TBAF to afford cycloadducts 1.100, presumably by way of cyclic allene intermediate 1.99. The 

products contain three stereocenters, set in a relative sense, including a quaternary center. 

Representative products 1.101 and 1.102 highlight that the linker length could be varied (n = 1 or 

2). In addition, heteroatoms were tolerated in the linker, as shown by cycloadducts 1.103 and 1.104. 

Of note, the transformations proceeded diastereoselectively in favor of the endo product and 

regioselectively, with the latter being governed by the tether. This methodology provides the first 

examples of an intramolecular cycloaddition with a six-membered cyclic allene and showcases the 

structural complexity that is accessible using cyclic allene chemistry.   

 

Figure 1.18. Intramolecular Diels–Alder reactions afford tetracyclic products. 
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23 °C, ultimately leading to cycloadducts 1.108.  Three cycloadducts arising from azacyclic allene 

precursor 1.105 are shown reflective of (4+2), (3+2), and (2+2) cycloadditions (entries 1–3). The 

cycloadducts, 1.109, 1.111, and 1.112, are formed in good yield and useful diastereoselectivities 

(when applicable). Similarly, oxacyclic allene precursor 1.106 could be employed in (4+2), (3+2), 

and (2+2) cycloadditions, thus giving rise to cycloadducts 1.114, 1.116, and 1.118, respectively 

(entries 4–6).  Overall, by varying the heterocyclic allene precursor and the trapping agent, one 

can now use strained cyclic allene chemistry as a strategy to synthesize structurally complex 

heterocyclic compounds. 
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Figure 1.19. Representative azacyclic and oxacyclic allene trapping experiments. 
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experiments. Our laboratory has probed this issue in the context of azacyclic allenes,191 with key 

results provided in Figure 1.20. Silyl triflate 1.119, 1.122, and 1.125 were accessed as precursors 

to the corresponding cyclic allenes 1.120, 1.123, and 1.126, in order to probe the influence of 

electron-donating and electron-withdrawing substituents (i.e., alkyl and ester groups, 

respectively). As shown by the formation of 1.121, cycloaddition occurs on the olefin of 1.120 

distal to the methyl group, whereas the cycloaddition takes place on the olefin proximal to the ester 

of 1.123. When both methyl and ester substituents were present, cycloaddition occurs proximal to 

the ester and distal to the methyl of cyclic allene 1.126, as one might expect in this matched 

scenario (1.125 + 1.113 ® 1.127). All three reactions proceeded in good yields and excellent 

diastereoselectivities to give structurally complex products, including two with quaternary centers 

(i.e., 1.124 and 1.127), further highlighting the synthetic utility of this methodology. In a 

collaboration with the Houk group at UCLA, a distortion-interaction analysis demonstrated that 

interaction energies, related to electron-factors, likely govern regioselectivity.191 With regard to 

diastereoselectivity, reactions proceed with endo selectivity with respect to the unreactive cyclic 

allene double bond.191,193 Given the synthetic utility of this methodology and the ability to 

understand the regiochemical and stereochemical outcomes, we expect this methodology will see 

increased usage in chemical synthesis. For example, Schreiber and coworkers have recently 

harnessed heterocyclic allene chemistry for the synthesis of DNA-encoded libraries.194 
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Figure 1.20. Regioselectivity investigation of substituted azacyclic allenes. 
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process would proceed with the transfer of point chirality from 1.128 to 1.130, via the intermediacy 

of axially chiral intermediates (i.e., 1.129), with potential ablation of the sole stereocenter present 

in the substrate. This approach involving enantioenriched silyl triflate precursors had not been 

examined previously. 

 

Figure 1.21. Transfer of stereochemical information in allene cycloadditions. 
 

As shown in Figure 1.22, the success of the aforementioned approach was validated in the 

context of both aza- and oxacyclic allenes.  In the first example, silyl triflate (+)-1.119 was 
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Figure 1.22. Stereospecific cycloadditions of heterocyclic allenes using enantioenriched silyl 
triflates. 

 
An exciting new approach to control the absolute stereochemistry in reactions of cyclic 

allenes was recently demonstrated. This strategy was motivated by an interest in cyclic allene 

racemization, in contrast to the aforementioned approach involving transfer of stereochemical 

information. A key result that prompted this study is shown in Figure 1.23. Silyl triflate 1.122, 

accessible in 87% ee (via chiral separation of a precursor), was subjected to cyclic allene 

generation and trapping.191 However, cycloadduct 1.135 was obtained racemically. This result 
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cyclic allene trapping. Interestingly, computational studies suggest that ester-substituted cyclic 
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Figure 1.23. Cyclic allene racemization. 
 

Only one prior example of a transition metal-mediated strained cyclic allene reaction was 

known in the literature, which involved a cyclotrimerization process.177 Our laboratory has since 

developed two variants of asymmetric transition metal-catalyzed annulations of cyclic allenes, as 
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annulation based on computations.201 As such, these methodologies not only provide an advance 
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Figure 1.24. Catalytic asymmetric reactions of cyclic allenes. 
 

1.8 Outlook and Future Directions 

The study of arynes, strained cyclic alkynes, and strained cyclic allenes has seen 
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practical use can be attributed to a combination of factors, including the mild conditions used for 
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ability to understand and predict how strained cyclic intermediates will react in complexity-

generating transformations.24,25,26  
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the form of polycyclic scaffolds. Notably, many of newly developed methods discussed herein 

have potential applications in drug discovery and materials, as well as in the synthesis of 

heterocycles, natural products, and sp3-rich compounds. Moreover, key advances to control 

absolute stereochemistry using asymmetric catalysis recently emerged and represent a particularly 

exciting area for future reaction development. As such, we curiously and enthusiastically await 

further advances from the synthetic community in the chemistry of arynes, strained cyclic alkynes, 

and strained cyclic allenes. 
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Palladium-Catalyzed Annulations of Strained Cyclic Allenes 

Andrew V. Kelleghan, Dominick C. Witkowski, Matthew S. McVeigh, and Neil K. Garg 

J. Am. Chem. Soc. 2021, 143, 9338–9342. 

 

2.1 Abstract 

 We report Pd-catalyzed annulations of in-situ-generated strained cyclic allenes. This 

methodology employs aryl halides and cyclic allene precursors as the reaction partners in order to 

generate fused heterocyclic products. The annulation proceeds via the formation of two new bonds 

and a sp3 center. Moreover, both diastereo- and enantioselective variants of this methodology are 

validated, with the latter ultimately enabling the rapid enantioselective synthesis of a complex 

hexacyclic product. Studies leveraging transition metal catalysis to intercept cyclic allenes 

represent a departure from the more common, historical modes of cyclic allene trapping which rely 

on nucleophiles or cycloaddition partners. As such, this study is expected to fuel the development 

of reactions that strategically merge transition metal catalysis and transient strained intermediate 

chemistry for the synthesis of complex scaffolds. 

2.2 Introduction 

Since the early 1900s, transient strained cyclic intermediates, exemplified by benzyne (2.1, 

Figure 2.1A), have stimulated interest in the chemical community.1 Although the proposal of 

benzyne (2.1) as a reactive intermediate led to significant controversy in the early 20th century, 

pioneering experiments by Roberts2 and Wittig3,4 in the 1950s validated its existence, despite the 
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high degree of ring strain. Indeed, this ring strain gives rise to unique and synthetically useful 

reactivity, which in turn has motivated the development of heterocyclic arynes, such as 2.25 and 

2.3,6 and more highly saturated analogs of benzyne (2.1), such as cyclohexyne (2.4).7,8 These in-

situ-generated intermediates have become increasingly prominent in the modern synthetic toolbox, 

finding applications in the construction of heterocycles,9 ligands for catalysis,10 natural 

products,11,12,13 agrochemicals,14 and organic materials.15 

Whereas strained cyclic alkynes have received significant attention from the synthetic 

community, reactions of a related class of fleeting intermediates, strained cyclic allenes (e.g., 1,2-

cyclohexadiene (2.5)), are relatively less developed.16,17 This is notable as cyclic allenes and 

alkynes were both discovered around the same time and share similar strain-promoted reactivity.18 

Moreover, cyclic allenes are advantageous for the synthesis of sp3-rich and stereochemically 

complex targets, which are becoming increasingly more valuable.19 However, to date, only three 

major intermolecular reaction classes have been reported for these intermediates (Figure 2.1B), 

the most frequently studied being nucleophilic trappings (e.g., 2.7 + KOt-Bu → 2.6) and 

cycloadditions (e.g., 2.7 + 2.8 → 2.9).16 More than fifty studies detailing such reactions have been 

reported, including more recent studies by Guitián,20,21 West,22,23,24,25 Okano and Mori,26,27 

Schreiber,28 and our laboratory.29,30,31,32 A complementary, albeit rarely studied, approach utilizes 

transition metal catalysis to intercept the cyclic allene (e.g., 2.7 + 2.10 → 2.11).20,33 However, this 

strategy poses an inherent kinetic challenge due to the requirement for reaction between a 

catalytically generated intermediate and an in-situ-generated fleeting cyclic allene, both of which 

are present in low concentration.  

Previous efforts to intercept strained cyclic allenes with transition metal catalysis have been 

limited, with only two examples known in the literature. The first was a single example wherein 
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an in-situ-generated cyclic allene was intercepted in a Pd-catalyzed [2+2+2] reaction to generate 

a mixture of tetralin products, as demonstrated by Guitián and coworkers in 2009.20 Subsequently, 

our laboratory developed a Ni-catalyzed annulation of cyclic allenes with benzotriazinones, 

including an asymmetric variant.33 These studies demonstrate that the combination of transition 

metal catalysis and cyclic allenes provides an exciting new avenue in strained intermediate 

chemistry. 

 
Figure 2.1. Selected in-situ-generated strained cyclic intermediates and overview of strained 

cyclic allene reactivity. 
 
2.3 Reaction Design 

With the aim of developing a modular new method for the metal-catalyzed interception of 

strained cyclic allenes, we designed the transformation depicted in Scheme 2.1.34 We envisioned 

that bifunctional annulation partners 2.12 containing an aryl iodide and a pendant pronucleophile 

(XH) would first react with a transition metal catalyst, generating oxidative addition intermediate 

2.15. Concurrently, silyl triflate 2.13 would be converted to strained cyclic allene 2.7 via fluoride-
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mediated desilylation. Cyclic allene 2.7 would then undergo migratory insertion into the Ar–M 

bond of 2.15, ultimately giving rise to η3-coordinated complex 2.16. Cyclization of the pendant 

pronucleophile would deliver tricycle 2.14 with regeneration of the catalyst. Herein, we 

demonstrate the successful implementation of this approach to annulate in-situ-generated cyclic 

allenes using Pd catalysis. An array of fused polycyclic products are obtained in synthetically 

useful yields by varying the cyclic allene precursor and the aryl halide substrate. Stereoselective 

examples are also demonstrated. These results highlight the value of merging transition metal 

catalysis with strained cyclic allene chemistry and should enable future reaction development in 

this emerging area.  

 
Scheme 2.1. Envisioned reaction design. 

 
2.4 Reaction Optimization 

To validate our proposed reaction design, we studied the reaction of o-iodoaniline 

derivative 2.17 with silyl triflate 2.18 using fluoride-based conditions (Table 2.1). The conditions 

we had identified previously for the aforementioned Ni-catalyzed reaction of benzotriazinones 

with cyclic allenes33 were deemed a suitable starting point for reaction discovery. Unfortunately, 

no desired product was observed with a Ni(cod)2/dppf catalyst system, even at increased 
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temperature (entries 1 and 2). Given the widespread use of palladium in academic and industrial 

settings, along with its well-established competency in heteroannulation reactions,34 we turned to 

Pd catalysis. We were gratified to observe that the use of a Pd catalyst enabled the desired 

reactivity, leading to tetrahydrocarbazole 2.19a, albeit only in 8% yield (entry 3). Because 

unreacted silyl triflate 2.18 was observed under these conditions, we increased the loading of CsF. 

This led to a significant improvement in the yield, as shown in entry 4.35 After evaluating other 

ligands (see Section 2.8.2.3 for details), we found that employing the bulky monophosphine 

Davephos was most effective,36 generating 2.19a in 71% yield (entry 5). Further optimization led 

to the use of DMF as solvent, Bu4NOTf37 as an additive, and a slight excess of silyl triflate 2.18. 

Employing these conditions delivered 2.19a in nearly quantitative yield after 1 h at 80 °C (entry 

6).  

Table 2.1. Reaction optimization. 

 
a Reaction conditions: 2.17 (1.0 equiv), 2.18 (1.0 equiv), catalyst (10 mol%), ligand (20 mol%), 
CsF (as shown), Na2CO3 (3 equiv), solvent (0.1 M), 3 h. b Yield determined by 1H NMR analysis 
using 1,3,5-trimethoxybenzene as an external standard. c 24 h. d 2.18 (1.5 equiv), Bu4NOTf (5.0 
equiv), 1 h.  
 
2.5 Scope of the Annulation Reaction 

To assess the generality of this reaction, we tested a range of o-iodoaniline derivatives 2.20 

and silyl triflates 2.13 (Figure 2.2). Although our conditions shown in Table 2.1, entry 6 were 
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generally useful, some modifications were made to obtain optimal yields based on empirical 

observations. Three different N-substituents were examined, namely tosyl (Ts), t-

butyloxycarbonyl (Boc), and acetyl (Ac), with Ts providing the highest yield (90% of 2.19a). 

Electronic and steric perturbations of the annulation partner were also tolerated, as evidenced by 

the formation of tetrahydrocarbazoles 2.22–2.30. Of note, the annulation exhibits good functional 

group compatibility, leading to products bearing nitriles or esters (2.26 and 2.27), as well as aryl 

bromides, chlorides, or fluorides (2.28–2.30).38 Given the importance of heterocycles in medicinal 

chemistry, we also assessed the compatibility of the reaction with heterocyclic annulation partners 

and heterocyclic allenes. Gratifyingly, an iodopyridyl annulation partner underwent the desired 

reaction to afford product 2.31 in excellent yield. The corresponding bromopyridine substrate 

could also be employed to give 2.31, albeit in slightly diminished yield (78%).39 Lastly, we varied 

silyl triflate 2.13 to enable further modulation of the product structure. Oxa- and aza-derivatives 

of 2.13, readily available through known routes,30,31 were employed to furnish heterocycles 2.32 

and 2.33, respectively. This highlights the value of heterocyclic allenes in our methodology for the 

modular assembly of more complex heterocyclic products. Likewise, substituting a 7-membered 

cyclic allene precursor in place of a 6-membered cyclic allene precursor gave straightforward 

access to the 6-5-7 ring system seen in 2.34.  
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Figure 2.2. Scope of the annulation reaction with iodoaniline derivatives 2.20. Reactions 

performed with 2.20 (1.0 equiv) and 2.13 (1.5 equiv). a Reaction was performed using 2-(N,N-
dimethylaminomethyl)-1-diphenylphosphanylferrocene as ligand in MeCN at 60 °C for 3 h. b 

ArX = 2-halo-6-methyl-3-N-tosylaminopyridine. c Reaction was performed using 2-(N,N-
dimethylaminomethyl)-1-diphenylphosphanylferrocene as ligand with CsF (2.5 equiv) in MeCN 
at 60 °C for 24 h; performed in the absence of Bu4NOTf. d A silyl tosylate was used as the allene 

precursor (see ref. 40). 
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delivering 2.36 and 2.38, respectively, under our standard reaction conditions. Using modified 

conditions with Xantphos as the ligand, we found that amide 2.39 was a suitable N-pronucleophile, 

delivering 2.40 in 71% yield. Lastly, we tested the viability of a C-based pronucleophile by 

employing diester 2.41. Using our standard reaction conditions, we obtained tetrahydrofluorene 

2.42, which bears a newly formed quaternary carbon. These examples underscore that the union 

of strained cyclic allenes and Pd catalysis provides a rapid entryway to the synthesis of structurally 

diverse polycyclic products, including 6-6-6 and 6-5-6 ring systems bearing ethers, lactones, 

amides, or all-carbon frameworks. 

 

 
Figure 2.3. Variation of the pronucleophile to furnish structurally diverse products. 

 
 
2.6 Development of Stereoselective Variants 

The feasibility of diastereo- and enantioselective variants of the methodology was 
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Regarding the diastereoselective annulation, it should be noted that diastereoselective reactions of 

strained cyclic allenes have been reported in the context of cycloadditions,16 but there are no prior 

examples involving transition metal catalysis. Given our success in employing a benzylic alcohol 

(i.e., 2.35, Figure 2.3), we prepared tertiary benzylic alcohol 2.43. This substrate, rapidly accessed 

from a commercially available isatin precursor, was treated with 1,2-cyclohexadiene precursor 

2.18 under standard annulation conditions. Tetracycle 2.44 was obtained as the major product, 

with d.r. = 5.6:1, thus providing the first example of substrate-guided stereocontrol in a metal-

catalyzed reaction of cyclic allenes.41  

To probe the feasibility of an enantioselective variant, we tested the reaction of 

iodopyridine 2.45 with silyl triflate 2.46 (Figure 2.4). Evaluation of chiral ligands led to the 

identification of Pd2(dba)3/Mandyphos as the optimal catalyst system. Moreover, with CH2Cl2 as 

solvent at decreased temperature (3 °C) (see Section 2.8.2.6 for extended optimization details), 

tricycle (–)-2.47 was generated in 90% ee.42 As catalytic asymmetric reactions of in-situ-generated 

strained cyclic intermediates (i.e., arynes, cyclohexynes, cyclic allenes, etc.) are rare, we hope this 

result will promote further efforts in this area.  
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Figure 2.4. Stereocontrolled annulations and synthetic elaboration of an annulation product. 

 
Finally, with unique polyheterocyclic product (–)-2.47 in hand, we questioned if the 

styrenyl olefin present in the annulation products could be leveraged as a handle for further 

elaboration. (–)-2.47 was subjected to oxacyclic allene precursor 2.48 in the presence of CsF to 

furnish (+)-2.49 via a highly diastereoselective [2+2] cycloaddition. The olefin in (+)-2.49, newly 

introduced in the cyclic allene [2+2] reaction, then underwent diastereoselective epoxidation to 

furnish (+)-2.50. This short sequence leverages the asymmetric Pd-catalyzed annulation of an 

azacyclic allene to ultimately generate an enantioenriched hexacyclic compound (i.e., (+)-2.50) 

bearing five different fused heterocycles, a highly substituted cyclobutane, and six contiguous 

stereocenters, one of which is quaternary.  
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2.7 Conclusion 

In summary, we have developed Pd-catalyzed annulations of in-situ-generated strained 

cyclic allenes. The methodology employs aryl halides and cyclic allene precursors as the reaction 

partners, ultimately forming two new bonds and generating an array of fused heterocyclic products. 

Moreover, through the syntheses of 2.44 and (–)-2.47 (see Figure 2.4), we demonstrate 

stereoselective variants of this methodology. The catalytic asymmetric annulation and resulting 

swift access to hexacycle (+)-2.50 highlight some of the opportunities afforded by the combination 

of strained intermediates and Pd catalysis. As this strategy represents a departure from the more 

common, historical modes of cyclic allene trapping using nucleophiles or cycloaddition partners, 

we hope this study will stimulate the future development of reactions that strategically merge 

transition metal catalysis and transient strained intermediate chemistry for the synthesis of 

complex scaffolds.  

 

2.8 Experimental Section 

2.8.1 Materials and Methods 

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

atmosphere of nitrogen, and commercially obtained reagents were used as received unless 

otherwise specified. Anhydrous solvents were either freshly distilled or passed through activated 

alumina columns, unless otherwise stated. Non-commercially available substrates were 

synthesized according to known preparations or following protocols specified in the Experimental 

Procedures. Prior to use, acetonitrile, dimethylformamide (DMF), 1,2-dichloroethane (DCE), 1,2-

dimethoxyethane (DME), and dichloromethane were passed through activated alumina columns 

and degassed by five freeze-pump-thaw cycles. n-Butyllithium (n-BuLi), N-(5-chloro-2-
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pyridyl)bis(trifluoromethanesulfonamide) (Comins’ Reagent), potassium tert-butoxide, potassium 

fluoride, tetrabutylammonium difluorotriphenylsilicate (TBAT), tetrabutylammonium fluoride 

monohydrate (TBAF•H2O), sodium hydride (60 wt% in oil), 4-iodoindoline-2,3-dione (2.72), 2'-

(dicyclohexylphosphino)-N,N-dimethyl-[1,1'-biphenyl]-2-amine (Davephos), sodium 

bicarbonate, meta-chloroperoxybenzoic acid (mCPBA), sodium tert-butoxide, allylpalladium 

chloride dimer ([Pd(allyl)Cl]2), sodium acetate trihydrate, sodium bis(trimethylsilyl)amide 

(NaHMDS), methylmagnesium bromide (3.0 M in diethyl ether), benzyl bromide, and 

tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF) were obtained from Sigma-

Aldrich. 1,4-diazabicyclo[2.2.2]octane (DABCO) and pyridine were obtained from Acros 

Organics. Triethylsilyl chloride, 4-toluenesulfonyl chloride (TsCl), 2-iodobenzyl alcohol (2.35), 

and 2-iodobenzoic acid (2.37) were obtained from Oakwood Chemical. 1,4,7,10,13,16-

Hexaoxacyclooctadecane (18-crown-6) was obtained from Chem-Impex. Diisopropylamine was 

obtained from Alfa Aesar. Bis(1,5-cyclooctadiene)nickel(0) (Ni(cod)2), 1,1’-

bis(diphenylphosphino)ferrocene (dppf), cesium fluoride, palladium(II) acetate, 

bis(dibenzylideneacetone)palladium(0) (Pd(dba)2), tris(dibenzylideneacetone)dipalladium(0) 

(Pd2(dba)3), palladium(II) chloride, and palladium(II) acetylacetonate (Pd(acac)2) were obtained 

from Strem Chemicals. Tetrabutylammonium trifluoromethanesulfonate was obtained from TCI 

America. Potassium phosphate dibasic and potassium carbonate were obtained from Fisher 

Scientific. All ligands used for reaction optimization (Sections 2.8.2.3 and 2.8.2.6) were obtained 

from Strem Chemicals, TCI America, Sigma-Aldrich, or Solvias. All commercially available o-

iodoanilines were obtained from Sigma-Aldrich, Enamine, or Combi-Blocks. Triethylsilyl 

chloride, pyridine, and diisopropylamine were distilled over CaH2 prior to use. Na2CO3 and K2CO3 

were dried in an oven heated to 120 °C for 48 h prior to use. Reaction temperatures at or above 23 
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°C were controlled using an IKAmag temperature modulator, and unless stated otherwise, 

performed at room temperature (approximately 23 °C). Reactions conducted at 3 °C were 

performed in a refrigerator set to 3 °C and equipped with a stir plate. 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 and potassium permanganate staining techniques. Silicycle Siliaflash P60 

(particle size 40–63 µm) was used for flash column chromatography. 1H-NMR and 2D-NOESY 

spectra were recorded on Bruker spectrometers (at 400, 500, and 600 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) and integration. 13C-NMR spectra were 

recorded on Bruker spectrometers (at 100 and 125 MHz) and are reported relative to the residual 

solvent signal. Data for 13C-NMR spectra are reported in terms of chemical shift (δ ppm) and, 

when necessary, multiplicity, and coupling constant (Hz). 19F NMR spectra were recorded on 

Bruker spectrometers (at 376 MHz) and are reported in terms of chemical shift (δ ppm), 

multiplicity, coupling constant (Hz) and integration. 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 version 3.0. The analyte was spotted onto OpenSpot sampling 

cards (IonSense Inc.) using CDCl3 or CH2Cl2 as the solvent. Ionization was accomplished using 

UHP He plasma with no additional ionization agents. The mass calibration was carried out using 

Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions (Thermo Fisher Scientific). Optical 

rotations were measured with a Rudolf Autopol III Automatic Polarimeter. Determination of 
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enantiopurity was carried out on a Mettler Toledo SFC (supercritical fluid chromatography) using 

a Daicel ChiralPak AD-H column. Data for SFC chromatograms are reported in enantiomeric 

excess (ee).  

 

Aniline derivatives 2.1743, 2.5744, 2.7945, 2.8046, 2.8147, 2.8248, and 2.8349, benzamide 2.3950, 

diester 2.4151, bromoketone 2.7452, ferrocenyl ligands 2.7853 and 2.8754, and allene precursors 

2.1829, 2.4831, 2.8433, and 2.8532 are all known compounds. The 1H NMR spectral data matched 

those reported in literature.  

 

2.8.2 Experimental Procedures 

2.8.2.1 Syntheses of Annulation Partners 

2.8.2.1.1 Syntheses of N-Tosyl-Arylamines 

Annulation partners 2.45, 2.56, 2.58, 2.60, 2.62, 2.64, 2.66, 2.69, and 2.71 were synthesized from 

the corresponding amines using the general procedures shown below. 

 

General Procedure 2.1 for the synthesis of N-tosyl-iodoanilines: 

 

N-tosyl-iodoanilines 2.52. To a solution of NaH (60 wt%, 5.0 equiv) in DME (5.8 M) at 0 °C was 

added iodoaniline 2.51 (1.0 equiv) in DME (1.2 M) dropwise over 2 min. The mixture was stirred 

at this temperature for 30 min prior to the rapid dropwise addition of TsCl (1.1 equiv) in DME (1.3 

M) over 2 min. The resulting mixture was gradually warmed to 23 °C over 16 h then quenched by 

the addition of 1 M HCl (10 mL). The resulting mixture was extracted with EtOAc (3 x 15 mL). 

i.  NaH (5.0 equiv)
    DME, 0 °C, 0.5 h

ii. TsCl (1.1 equiv)
    DME, 0 → 23 °C, 16 h

2.51 2.52

I

NH2

R
I

NHTs

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

pressure. The crude material was purified by flash column chromatography to provide N-tosyl-

iodoaniline 2.52. 

General Procedure 2.2 for the synthesis of N-tosyl-iodoanilines: 

 

N-tosyl-iodoanilines 2.52. Iodoaniline 2.51 (1.0 equiv) and TsCl (1.15 equiv) were dissolved in 

pyridine (0.4 M) at 23 °C, and the resulting mixture was stirred at this temperature for 12 h. The 

reaction was quenched by the addition of 1 M HCl (20 mL). The resulting mixture was extracted 

with EtOAc (3 x 20 mL), and the combined organic layers were then washed with water (2 x 20 

mL) and saturated aqueous NaHCO3 (20 mL). The combined organic layers were dried with 

Na2SO4, filtered, and concentrated under reduced pressure. The crude material was purified by 

flash column chromatography to provide N-tosyl-iodoaniline 2.52. 

General Procedure 2.3 for the synthesis of N-tosyl-arylamines: 

 

N-tosyl-arylamines 2.54. Iodoamine 2.53 (1.0 equiv) and TsCl (1.2 equiv) were dissolved in a 

mixture of pyridine and THF (3:1, 0.41 M), and the resulting mixture was stirred at 40 °C in a 

sealed vial for 12 h, leading to the formation of a white precipitate. After 12 h, the solvent was 

removed under reduced pressure, and the crude residue was redissolved in EtOAc (10 mL) then 

washed with water (2 x 10 mL). The organic layer was dried with Na2SO4, filtered, and 
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2.51 2.52

I

NH2

R
I

NHTs

R

2.53 2.54

TsCl (1.2 equiv)
   

pyridine:THF (3:1), 40 °C, 12 h

NH2

I

(Het)

R

NHTs

I

(Het)

R



 
 

76 

concentrated under reduced pressure. The crude material was purified by flash column 

chromatography to provide N-tosyl-arylamine 2.54. 

 

 

N-tosyl-iodoaniline 2.56. Followed General Procedure 2.2 using 2.55 (250 mg, 1.07 mmol). 

Purification by flash column chromatography (9:1 hexanes:EtOAc) provided N-tosyl-iodoaniline 

2.56 (317 mg, 74% yield) as a white solid. N-tosyl-iodoaniline 2.56: Mp: 120 °C; Rf 0.27 (9:1 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): d 7.62 (d, J = 8.3, 2H), 7.49 (d, J = 1.8, 1H), 7.48 

(d, J = 8.2, 1H), 7.21 (d, J = 8.0, 2H), 6.71 (br s, 1H), 6.65 (ddd, J = 8.1, 2.0, 0.6, 1H), 2.38 (s, 

3H), 2.30 (s, 3H); 13C NMR (100 MHz, CDCl3): d 144.2, 140.0, 138.6, 137.2, 136.0, 129.6, 128.0, 

127.5, 123.4, 88.4, 21.6, 21.2; IR (film): 3244, 2917, 1475, 1336, 1161 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C14H15INO2S+, 387.98627; found 387.98386. 

 

 

N-tosyl-iodoaniline 2.58. Followed General Procedure 2.2 using 2.57 (532 mg, 2.28 mmol). 

Purification by flash column chromatography (2:1 benzene:hexanes) provided N-tosyl-iodoaniline 

2.58 (883 mg, 99% yield) as a white solid. N-tosyl-iodoaniline 2.58: Mp: 95–96 °C; Rf 0.61 (9:1 

benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.65 (d, J = 8.3, 2H), 7.45 (d, J = 8.4, 1H), 7.19 

(d, J = 8.4, 2H), 7.15 (t, J = 8.0, 1H), 7.04 (br s, 1H), 6.96 (d, J = 8.0, 1H), 2.36 (s, 3H), 2.35 (s, 
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3H); 13C NMR (100 MHz, CDCl3): d 144.1, 142.9, 137.7, 136.0, 129.6, 128.7, 127.5, 126.5, 119.1, 

99.5, 29.7, 21.6; IR (film): 3302, 2949, 1459, 1374, 1159 cm–1; HRMS-APCI (m/z) [M – H]– calcd 

for C14H13INO2S–, 385.97062; found 385.97246. 

 

 

N-tosyl-iodoaniline 2.60. Followed General Procedure 2.2 using 2.59 (300 mg, 1.05 mmol). 

Purification by flash column chromatography (9:1 hexanes:EtOAc) provided N-tosyl-iodoaniline 

2.60 (48 mg, 31% yield) as an off-white solid. N-tosyl-iodoaniline 2.60: Mp: 171 °C; Rf 0.11 (9:1 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): d 7.88 (d, J = 1.8, 1H), 7.78 (d, J = 8.2, 1H), 7.66 

(d, J = 8.3, 2H), 7.24 (d, J = 8.1, 2H), 7.05 (ddd, J = 8.3, 2.1, 0.6, 1H), 6.94 (br s, 1H), 2.39 (s, 

3H); 13C NMR (125 MHz, CDCl3): d 144.8, 139.7, 138.4, 135.5, 132.1 (q, J = 33.3), 129.9, 127.5, 

123.3 (q, J = 272.6), 122.8 (q, J = 3.8), 118.2 (q, J = 3.8), 95.7 (q, J = 1.4), 21.6; 19F NMR (376 

MHz, CDCl3) d –63.11 (s, 3F); IR (film): 3247, 1388, 1325, 1169, 1118 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C14H12F3INO2S+, 441.95800; found 441.95871. 

 

 

N-tosyl-iodoaniline 2.62. Followed General Procedure 2.2 using 2.61 (100 mg, 0.313 mmol). 

Purification by flash column chromatography (5:1 hexanes:EtOAc) afforded N-tosyl-iodoaniline 

2.62 (140 mg, 94% yield) as an off-white solid. N-tosyl-iodoaniline 2.62: Mp: 85–86 °C; Rf 0.42 

(9:1 benzene:Et2O); 1H NMR (500 MHz, MeOD): d 6.11 (d, J = 2.0, 1H), 6.04 (d, J = 8.3, 2H), 

F3C NH2

I

F3C NHTs

I

TsCl (1.15 equiv)

pyridine, 23 °C, 12 h

(31% yield)
2.59 2.60

I

NH2
TsCl (1.15 equiv)

pyridine, 23 °C, 12 h

(94% yield)

I

NHTs

2.61 2.62

MeO2C

Me Me

MeO2C

Me Me
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5.76–5.72 (m, 4H), 2.07 (s, 3H), 1.74 (br s, 1H), 0.83 (s, 3H), 0.07 (s, 6H); 13C NMR (125 MHz, 

MeOD): d 176.6, 144.6, 143.9, 137.4, 137.0, 136.7, 129.3, 127.2, 126.3, 126.0, 95.2, 51.5, 45.7, 

25.4, 20.1; IR (film): 3267, 2950, 1728, 1336, 1161 cm–1; HRMS-APCI (m/z) [M – H]– calcd for 

C18H19INO4S– , 472.00740; found 472.00946. 

 

 

N-tosyl-iodoaniline 2.64. Followed General Procedure 2.1 using 2.63 (100 mg, 0.347 mmol). 

Purification by flash column chromatography (benzene) provided N-tosyl-iodoaniline 2.64 (28 mg, 

18% yield) as an off-white solid. N-tosyl-iodoaniline 2.64: Mp: 181 °C; Rf 0.24 (5:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.78 (d, J = 2.4, 1H), 7.68 (d, J = 8.3, 2H), 7.39 

(d, J = 2.4, 1H), 7.29 (d, J = 8.3, 2H), 6.28 (s, 1H), 2.44 (s, 3H); 13C NMR (125 MHz, CDCl3): d 

144.4, 138.3, 137.6, 134.7, 134.5, 133.9, 130.4, 129.7, 127.8, 101.2, 21.7; IR (film): 3252, 2923, 

1436, 1336, 1162 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C13H9Cl2INO2S–, 439.87702; found 

439.87871. 

 

 

N-tosyl-iodoaniline 2.66. Followed General Procedure 2.3 using 2.65 (100 mg, 0.392 mmol). 

Purification by flash column chromatography (9:1 hexanes:EtOAc ® 5:1 hexanes:EtOAc) 

provided N-tosyl-iodoaniline 2.66 (102 mg, 64% yield) as a white solid. N-tosyl-iodoaniline 2.66: 

i.  NaH (5.0 equiv)
    DME, 0 °C, 0.5 h

ii. TsCl (1.1 equiv)
    DME, 0 → 23 °C, 16 h

2.63 2.64

I

NH2

I

NHTs
Cl

Cl

Cl

Cl

(18% yield)

TsCl (1.2 equiv)
   

pyridine:THF (3:1), 40 °C, 12 h

(64% yield)
2.65 2.66

I

NH2

I

NHTs

F F

F F
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Mp: 131–133 °C; Rf 0.56 (9:1 benzene:Et2O); 1H NMR (500 MHz, MeOD): d 6.11 (dd, J = 9.5, 

8.7, 1H), 6.03 (d, J = 8.5, 2H), 5.78–5.73 (m, 3H), 0.84 (s, 3H); 13C NMR (125 MHz, MeOD): d 

149.8 (dd, J = 248.5, 13.2), 147.1 (dd, J = 251.7, 13.1), 144.1, 137.0, 135.6 (dd, J = 8.5, 3.8), 

129.4, 127.2, 127.1 (d, J = 19.6), 115.4 (d, J = 20.2), 88.0 (dd, J = 6.2,4.1), 20.1; IR (film): 3268, 

3063, 1598, 1493, 1340 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C13H9F2INO2S–, 407.93613; 

found 407.93727. 

 

 

N-tosyl-aminopyridine 2.45. Followed General Procedure 2.3 using 2.67 (175 mg, 0.748 mmol). 

Purification by flash column chromatography (98:2 benzene:Et3N ® 80:20:2 

benzene:acetone:Et3N) provided N-tosyl-aminopyridine 2.45 (235 mg, 81% yield) as a white solid. 

N-tosyl-aminopyridine 2.45: Mp: 121–123 °C; Rf 0.68 (1:1 CHCl3:Et2O); 1H NMR (500 MHz, 

CDCl3): d 7.77 (d, J = 8.2, 1H), 7.60 (d, J = 8.3, 2H), 7.23 (d, J = 8.4, 2H), 7.06 (d, J = 8.2, 1H), 

6.71 (br s, 1H), 2.46 (s, 3H), 2.39 (s, 3H); 13C NMR (125 MHz, CDCl3): d 157.2, 144.7, 135.5, 

133.3, 130.1, 129.9, 127.4, 123.3, 116.4, 23.5, 21.6; IR (film): 3269, 2970, 1739, 1454, 1315 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C13H14IN2O2S+, 388.98152; found 388.98140. 

 

 

N-tosyl-aminopyridine 2.69. Followed General Procedure 2.3 using 2.68 (200 mg, 1.07 mmol). 

Purification by flash column chromatography (98:2 benzene:Et3N ® 80:20:2 

TsCl (1.2 equiv)
   

pyridine:THF (3:1), 40 °C, 12 h

(81% yield)
2.67 2.45

N I

NH2

N I

NHTs

Me Me

TsCl (1.2 equiv)
   

pyridine:THF (3:1), 40 °C, 12 h

(87% yield)
2.68 2.69

N Br

NH2

N Br

NHTs

Me Me
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benzene:acetone:Et3N) provided N-tosyl-aminopyridine 2.69 (316 mg, 87% yield) as a white solid. 

N-tosyl-aminopyridine 2.69: Mp: 127 °C; Rf 0.68 (1:1 CHCl3:Et2O); 1H NMR (500 MHz, 

CDCl3): d 7.85 (d, J = 8.9, 1H), 7.63–7.59 (m, 2H), 7.22 (d, J = 8.5, 2H), 7.08 (d, J = 8.4, 1H), 

6.88 (br s, 1H), 2.45 (s, 3H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCl3): d 156.1, 144.7, 135.5, 

135.0, 131.1, 129.91, 129.88, 127.3, 123.3, 23.5, 21.6; IR (film): 3259, 2924, 1458, 1317, 1161 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H14BrN2O2S+, 340.99539; found 340.99548. 

 

 

N-tosyl-aminopyridine 2.71. Followed General Procedure 2.3 using 2.70 (200 mg, 1.40 mmol). 

Purification by flash column chromatography (98:2 benzene:Et3N ® 80:20:2 

benzene:acetone:Et3N) provided N-tosyl-aminopyridine 2.71 (368 mg, 88% yield) as a beige solid. 

N-tosyl-aminopyridine 2.71: Mp: 125–128 °C; Rf 0.62 (1:1 CHCl3:Et2O); 1H NMR (500 MHz, 

CDCl3): d 7.88 (d, J = 8.1, 1H), 7.62 (d, J = 8.3, 2H), 7.22 (d, J = 8.3, 2H), 7.06 (d, J = 8.2, 1H), 

6.93 (br s, 1H), 2.43 (s, 3H), 2.36 (s, 3H); 13C NMR (125 MHz, CDCl3): d 155.5, 144.6, 141.7, 

135.6, 131.5, 129.9, 128.0, 127.2, 123.0, 23.5, 21.6; IR (film): 3257, 1739, 1597, 1463, 1320 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C13H14ClN2O2S+, 297.04590; found 297.04601. 

 

  

TsCl (1.2 equiv)
   

pyridine:THF (3:1), 40 °C, 12 h

(88% yield)
2.70 2.71

N Cl

NH2

N Cl

NHTs

Me Me
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2.8.2.1.2 Synthesis of Alcohol 2.43 

 

Isatin 2.73. To a solution of NaH (washed with hexanes, 46.1 mg, 1.92 mmol, 1.05 equiv) in DMF 

(2.5 mL) at 0 °C was added isatin 2.72 (500 mg, 1.83 mmol, 1.00 equiv) in DMF (2.5 mL) dropwise 

over 2 min, giving a deep purple solution. The reaction was stirred at 0 °C for 30 min followed by 

the dropwise addition of BnBr (240 μL, 2.01 mmol, 1.10 equiv) over 2 min. The reaction was 

stirred for an additional 20 min at this temperature, then water (10 mL) was added in a single 

portion to precipitate the product. The resulting suspension was filtered, and the solid was washed 

with water (3 x 10 mL) then collected. The slightly wet solid was then dissolved in benzene (10 

mL) and concentrated under reduced pressure. This process of dissolution and concentration was 

repeated twice more to provide isatin 2.73 (536 mg, 81% yield) as an orange solid. Isatin 2.73: 

Mp: 161 °C; Rf 0.43 (2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.52 (dd, J = 8.0, 0.5, 

1H), 7.36–7.28 (m, 5H), 7.10 (t, J = 8.0, 1H), 6.75 (dd, J = 8.0, 0.5, 1H), 4.93 (s, 2H); 13C NMR 

(125 MHz, CDCl3): d 181.5, 157.4, 152.6, 138.0, 135.1, 134.2, 129.1, 128.3, 127.4, 119.3, 110.5, 

92.9, 43.8; IR (film): 3063, 1735, 1594, 1445, 1328 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C15H11INO2+, 363.98290; found 363.98161. 

  

i.  NaH (1.05 equiv)
    DMF, 0 °C, 0.5 h

ii. BnBr (1.1 equiv)
    0 °C, 0.33 h

2.72 2.73

O

I

HN O

O

I

BnN O

(81% yield)
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Alcohol 2.43. A solution of isatin 2.73 (250 mg, 0.688 mmol, 1.0 equiv) in THF (3.44 mL, 0.20 

M) was cooled to –78 °C. MeMgBr (299 µL, 2.76 M in THF, 0.826 mmol, 1.2 equiv) was added 

dropwise over 2 min, and the solution was stirred at –78 °C for 20 min. The reaction mixture was 

then quenched with a saturated aqueous solution of NH4Cl (10 mL) and extracted with EtOAc (3 

x 10 mL). The organic layers were combined, dried over Na2SO4, filtered, and concentrated to 

afford the crude residue. Purification by flash column chromatography (9:1 benzene:Et2O) 

afforded alcohol 2.43 (231 mg, 88% yield) as a light yellow solid. Alcohol 2.43: Mp: 148 °C; Rf 

0.10 (9:1 benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.44 (d, J = 8.0, 1H), 7.34–7.23 (m, 5H), 

6.89 (t, J = 8.0, 1H), 6.68 (d, J = 8.0, 1H), 4.96 (d, J = 15.6, 1H), 4.80 (d, J = 15.6, 1H), 2.85 (s, 

1H), 1.81 (s, 3H); 13C NMR (125 MHz, CDCl3): d 177.7, 143.7, 135.0, 133.6, 132.3, 130.8, 129.0, 

127.9, 127.1, 109.4, 90.3, 75.6, 43.6, 22.7; IR (film): 3394, 2925, 1710, 1600, 1577 cm–1; HRMS-

APCI (m/z) [M – HI+OH]– calcd for C16H14NO3–, 268.09682; found 268.09778. 

 

2.8.2.2 Synthesis of Silyl Triflate 2.46 

 

Silyl enol ether 2.75. To a solution of bromoketone 2.74 (1.40 g, 4.21 mmol, 1.0 equiv) in DMF 

(3.80 mL, 1.10 M) was added Et3SiCl (1.14 mL, 6.74 mmol. 1.6 equiv) and DABCO (1.09 g, 9.69 

mmol, 2.3 equiv) sequentially, and the resulting heterogeneous mixture was allowed to stir at 23 °C 

MeMgBr (1.2 equiv)

THF, –78 °C, 0.33 h

(88% yield)

2.73 2.43

O

I

BnN O

O

I

BnN OH
Me

N
Ts

O
Br DABCO (2.3 equiv)

Et3SiCl (1.6 equiv)

DMF, 23 °C, 3 h

(85% yield)

N
Ts

OSiEt3

Br

2.74 2.75
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for 3 h. The reaction was then quenched with saturated aqueous NaHCO3 (20 mL) and diluted with 

water (20 mL). The resulting mixture was extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed sequentially with water (2 x 15 mL) and brine (1 x 15 mL), dried with 

Na2SO4, filtered, and concentrated under reduced pressure to provide the crude silyl enol ether as 

a colorless oil. The crude product was purified by flash column chromatography (19:1 

hexanes:EtOAc) to provide silyl enol ether 2.75 (1.60 g, 85% yield) as a colorless oil. Silyl enol 

ether 2.75: Rf 0.23 (9:1 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): d 7.67 (d, J = 8.4, 2H), 

7.33 (d, J = 8.0, 2H), 3.81 (t, J = 2.1, 2H), 3.30 (t, J = 5.8, 2H), 2.43 (s, 3H), 2.30–2.26 (m, 2H), 

0.96 (t, J = 8.5, 9H), 0.65 (q, J = 7.5, 6H); 13C NMR (100 MHz, CDCl3): d 145.4, 143.9, 133.7, 

129.9, 127.6, 95.1, 50.1, 43.3, 31.3, 21.6, 6.6, 5.5; IR (film): 2955, 2876, 1972, 1340, 1163 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C18H29BrNO3SSi+, 446.08153; found 446.08015. 

 

 

Silyl ketone 2.76. To a solution of silyl enol ether 2.75 (1.60 g, 3.57 mmol, 1.0 equiv) in THF (42 

mL, 0.085 M) at –78 °C was added n-BuLi (2.63 M in hexanes, 1.50 mL, 3.93 mmol, 1.1 equiv) 

dropwise over 5 min. After stirring for 1 h at –78 °C, the reaction was quenched with saturated 

aqueous NaHCO3 (25 mL) and allowed to warm to 23 °C. The mixture was extracted with EtOAc 

(3 x 25 mL). The combined organic layers were then dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The resulting crude oil was purified by flash column chromatography (9:1 

hexanes:EtOAc) to afford silyl ketone 2.76 (0.91 g, 69% yield) as a colorless oil. Silyl Ketone 

2.76: Rf 0.28 (4:1 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): d 7.63 (d, J = 8.2, 2H), 7.32 (d, 

N
Ts

OSiEt3

Br

2.75

n-BuLi (1.1 equiv)

THF, –78 °C, 1 h

(69% yield)
N
Ts

O
SiEt3

2.76
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J = 8.2, 2H), 3.87–3.82 (m, 1H), 3.79 (dt, J = 11.6, 2.7, 1H), 2.90 (dd, J = 11.8, 5.1, 1H), 2.68 (td, 

11.5, 4.1, 1H), 2.59–2.50 (m, 1H), 2.41 (s, 3H), 2.40–2.35 (m, 2H), 0.97 (t, J = 8.1, 9H), 0.72 (qd, 

J = 7.4, 2.1, 6H); 13C NMR (100 MHz, CDCl3): d 206.6, 144.0, 132.7, 129.8, 127.7, 46.4, 45.4, 

42.4, 40.1, 21.5, 7.3, 2.9; IR (film): 2954, 2876, 1688, 1361, 1163 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C18H30NO3SSi+, 368.17102; found 368.16943. 

 

 

Silyl triflate 2.46. To a solution of diisopropylamine (0.40 mL, 2.80 mmol, 1.25 equiv) in 

THF (4.0 mL) at –78 °C was added n-BuLi (2.63 M in hexanes, 1.02 mL, 2.69 mmol, 1.20 equiv) 

dropwise over 2 min. The reaction was stirred at –78 °C for 30 min, warmed to 23 °C over 15 min, 

then re-cooled to –78 °C over 15 min. A solution of silyl ketone 2.76 (824 mg, 2.24 mmol, 1.00 

equiv) in THF (4.0 mL) was then added dropwise over 3 min. The mixture was stirred at –78 °C 

for 1 h followed by the dropwise addition of Comins’ Reagent (1.23 g, 3.14 mmol, 1.40 equiv) in 

THF (4.0 mL) over 3 min. The resulting mixture was stirred for 10 min at  –78 °C before being 

warmed to 23 °C. After stirring for an additional 2 h at this temperature, the reaction mixture was 

quenched by the addition of saturated aqueous NaHCO3 (20 mL), and the layers were separated. 

The aqueous layer was extracted with Et2O (3 x 20 mL), and the combined organic layers were 

dried over Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude oil was 

purified by flash column chromatography (3:1 hexanes:benzene → 1:1 hexanes:benzene) to give 

silyl triflate 2.46 (531 mg, 75% yield) as a colorless oil which solidified on standing at –20 °C. 

Silyl triflate 2.46: Mp: 36 °C; Rf 0.82 (9:1 benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.68–

N
Ts

O
SiEt3

2.76

i.  LDA (1.2 equiv) 
    THF, –78 °C, 1 h

ii. Comins’ Reagent (1.4 equiv)
    THF, –78 → 23 °C, 2 h N

Ts

OTf
SiEt3

2.46(75% yield)
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7.63 (m, 2H), 7.36–7.32 (m, 2H), 5.56–5.52 (m, 1H), 3.94 (ddd, J = 16.4, 3.6, 2.3, 1H), 3.67 (dd, 

J = 11.8, 3.6, 1H), 3.41 (dt, J = 16.4, 3.1, 1H), 2.99 (dd, J = 11.8, 4.5, 1H), 2.44 (s, 3H), 2.08–2.03 

(m, 1H), 0.99 (t, J = 8.1, 9H), 0.78–0.72 (m, 6H); 13C NMR (125 MHz, CDCl3): d 150.4, 144.2, 

132.4, 129.9, 127.7, 118.4 (q, J = 320.7), 110.0, 45.2, 43.7, 28.0, 21.6, 7.2, 2.7; IR (film): 2957, 

2914, 1419, 1210, 1168 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C19H29F3NO5S2Si+, 

533.09573; found 533.09737. 

 

2.8.2.3 Optimization of the Racemic Annulation 

Results from the optimization of the reaction between 2.17 and 2.18 appear below. Temperature, 

base, CsF loading, and ligand were varied using General Procedure 2.4, and results appear below 

in Tables 2.2, 2.3, 2.4, and 2.5 respectively. 

 

General Procedure 2.4 for the optimization of the racemic annulation: 

 

Annulation Product 2.19a. A 1-dram vial containing a magnetic stir bar was charged with 

iodoaniline 2.17 (11.3 mg, 0.03 mmol, 1.0 equiv). A separate 1-dram vial was charged with silyl 

triflate 2.18 (10.3 mg, 0.03 mmol, 1.0 equiv). A third 1-dram vial was charged with Pd(OAc)2 

(0.674 mg, 0.003 mmol, 10 mol%). All three vials were taken into a glovebox where the ligand 

(0.006 mmol, 20 mol%), the base (0.09 mmol, 3.0 equiv), and CsF were added to the vial 

containing iodoaniline 2.17. The vial containing the Pd(OAc)2 and the vial containing silyl triflate 

2.18 were then each treated with an aliquot of solvent (0.20 mL each) and agitated vigorously to 

ensure full dissolution. The solution of Pd(OAc)2 and the solution of silyl triflate were then 

2.17 2.18

+

Pd(OAc)2 (10 mol%)
ligand (20 mol%)

CsF (XX equiv)
base (3.0 equiv)

MeCN, temp.

TfO
SiEt3

2.19a

NHTs

I

Ts
N
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transferred sequentially to the reaction vial containing iodoaniline 2.17, and the vial was sealed 

with a Teflon-lined cap, removed from the glovebox, and stirred for 3 h at the desired reaction 

temperature. The mixture was then filtered through a pad of silica gel, eluting with EtOAc (10 

mL). The eluate was concentrated to provide a crude residue, which was analyzed by 1H NMR 

using 1,3,5-trimethoxybenzene an external standard. 

 

Table 2.2. Temperature screening results. 
 

 
Entry Temperature (°C) 1H NMR Yielda 

1 35 35% 
2 50  49% 
3 65 49% 
4 80 53% 

a 1H NMR yield determined using 1,3,5-trimethoxybenzene as an external standard. 
 

Table 2.3. Base screening results. 
 

 
Entry Base 1H NMR Yielda 

1 Na2CO3 53% 
2 Et3N  46% 
3 NaOtBu 0% 

a 1H NMR yield determined using 1,3,5-trimethoxybenzene as an external standard. 
 

Table 2.4. CsF loading screening results. 
 

 
Entry Equiv. CsF 1H NMR Yielda 

2.17 2.18

+

Pd(OAc)2 (10 mol%)
dppf (20 mol%)

CsF (10 equiv)
Na2CO3 (3.0 equiv)
MeCN, temp., 14 h

TfO
SiEt3

2.19a

NHTs

I

Ts
N

2.17 2.18

+

Pd(OAc)2 (10 mol%)
dppf (20 mol%)

CsF (10 equiv)
base (3.0 equiv)

MeCN, 80 °C, 14 h

TfO
SiEt3

2.19a

NHTs

I

Ts
N

2.17 2.18

+

Pd(OAc)2 (10 mol%)
Xantphos (20 mol%)

CsF (XX equiv)
Na2CO3 (3.0 equiv)
MeCN, 80 °C, 14 h

TfO
SiEt3

2.19a

NHTs

I

Ts
N
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1 2.5 11% 
2 5  39% 
3 7.5 45% 
4 10 56% 

a 1H NMR yield determined using 1,3,5-trimethoxybenzene as an external standard. 
 
 

Table 2.5. Ligand screening results. 
 

 
Entry Ligand 1H NMR Yielda 

1 PCy3 20% 
2 dppe 22% 
3 rac. BINAP 19% 
4 dtbpf 29% 
5 Xantphos 56% 
6 dppf 53% 
7 dppf Gen. 3 (10 mol%)b 42% 
8 RuPhos Gen. 3 (10 mol%)b 44% 
9 SPhos Gen. 4 (10 mol%)b 55% 
10 Johnphos 37% 
11 Xphos 54% 
12 DPEphos 55% 
13 2-(N,N-dimethylaminomethyl)-1-

diphenylphosphinoferrocene (78)c 
74% 

14 Davephos 72% 
a 1H NMR yield determined using 1,3,5-trimethoxybenzene as an external standard. 

b Pd(OAc)2 omitted from the reaction. 
c Reaction carried out at 60 °C. 

 
  

2.17 2.18

+

Pd(OAc)2 (10 mol%)
ligand (20 mol%)

CsF (10 equiv)
Na2CO3 (3.0 equiv)
MeCN, 80 °C, 3 h

TfO
SiEt3

2.19a

NHTs

I

Ts
N
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2.8.2.4 Scope of the Racemic Annulation 

General Procedure 2.5 for the scope of the racemic annulation: 

 

Annulation Products 2.21. A 1-dram vial containing a magnetic stir bar was charged with 

iodoaniline 2.20 (0.05 mmol, 1.0 equiv) and Bu4NOTf (98.7 mg, 0.25 mmol, 5.0 equiv). A separate 

1-dram vial was charged with silyl triflate 2.13 (0.075 mmol, 1.5 equiv). A third 1-dram vial was 

charged with Pd(OAc)2 (1.12 mg, 0.005 mmol, 10 mol%). All three vials were taken into a 

glovebox where Na2CO3 (15.9 mg, 0.15 mmol, 3.0 equiv) and CsF (76.0 mg, 0.50 mmol, 10 equiv) 

were added to the vial containing iodoaniline 2.20. Davephos (3.94 mg, 0.010 mmol, 20 mol%) 

was then added to the vial containing Pd(OAc)2. The vial containing the Pd(OAc)2/Davephos and 

the vial containing silyl triflate 2.13 were then each treated with an aliquot of DMF (0.25 mL each) 

and agitated vigorously to ensure full dissolution. The solution of Pd(OAc)2/Davephos and the 

solution of silyl triflate were then transferred sequentially to the reaction vial containing 

iodoaniline 2.20, and the vial was sealed with a Teflon-lined cap, removed from the glovebox, and 

stirred for 1 h at 80 °C. The mixture was then filtered through a pad of silica gel, eluting with 

EtOAc (10 mL). The eluate was concentrated by iteratively azeotroping with n-heptane (4 x 5 mL). 

The crude residue was redissolved in CH2Cl2 (1 mL) and filtered through a pad of silica gel eluting 

with CH2Cl2 (20 mL) to remove excess Bu4NOTf. The eluate was concentrated and purified by 

preparative thin layer chromatography to provide annulation products 2.21. 

 

  

2.21

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

+

Y

SiEt3

TfO
NHR

I

R
N

Y

2.20 2.13

(Het)

R’

(Het)

R’
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General Procedure 2.6 for the scope of the racemic annulation: 

 

Annulation Products 2.77. A 1-dram vial containing a magnetic stir bar was charged with 

iodoaniline 2.52 (0.05 mmol, 1.0 equiv). A separate 1-dram vial was charged with silyl triflate 

2.13 (0.075 mmol, 1.5 equiv). A third 1-dram vial was charged with Pd(OAc)2 (1.12 mg, 0.005 

mmol, 10 mol%). All three vials were taken into a glovebox where Na2CO3 (15.9 mg, 0.15 mmol, 

3.0 equiv) and CsF (19.0 mg, 0.125 mmol, 2.5 equiv) were added to the vial containing iodoaniline 

2.52. Ligand 2.78 (4.27 mg, 0.010 mmol, 20 mol%) was then added to the vial containing 

Pd(OAc)2. The vial containing the Pd(OAc)2/ligand and the vial containing silyl triflate 2.13 were 

then each treated with an aliquot of MeCN (0.25 mL each) and agitated vigorously to ensure full 

dissolution. The solution of Pd(OAc)2/ligand and the solution of silyl triflate were then transferred 

sequentially to the reaction vial containing iodoaniline 2.52, and the vial was sealed with a Teflon-

lined cap, removed from the glovebox, and stirred for 24 h at 60 °C. The mixture was then filtered 

through a pad of silica gel, eluting with EtOAc (10 mL). The eluate was concentrated and purified 

by preparative thin layer chromatography to provide annulation products 2.77. 

 

Any modification of the conditions shown in the general procedure above are   

specified in the following schemes.  

 

2.77

Pd(OAc)2 (10 mol%)
78 (20 mol%)

 
CsF (2.5 equiv)

Na2CO3 (3 equiv)
MeCN, 60 °C, 24 h

+

Y

SiEt3

TfO
Ts
N

Y

2.52 2.13

R

Fe
Ph2P

Me2N

2.78

I

NHTs

R
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2.19a. Followed General Procedure 2.5. Purification by preparative thin layer chromatography 

(4:1 hexanes:acetone) generated annulation product 2.19a (90% yield, average of two 

experiments) as a white solid. Annulation product 2.19a: Spectral data matched those reported 

in the literature.55 

 

  

2.19b. Followed General Procedure 2.5. Purification by preparative thin layer chromatography 

(2:1 hexanes:CH2Cl2, eluted three times) generated annulation product 2.19b (45% yield, average 

of two experiments) as a colorless oil. Annulation product 2.19b: Rf 0.32 (3:1 benzene:hexanes); 

1H NMR (500 MHz, DMSO-d6): d 7.75–7.59 (m, 1H), 7.39 (d, J = 7.6, 1H), 7.14 (t, J = 7.8, 1H), 

6.93 (t, J = 7.7, 1H), 5.95 (q, J = 3.4, 1H), 4.46–4.36 (m, 1H), 2.70–2.61 (m, 1H), 2.29–2.16 (m, 

2H), 1.87–1.78 (m, 1H), 1.69–1.59 (m, 1H), 1.48 (s, 9H), 1.29–1.16 (m, 1H); 13C NMR (100 MHz, 

DMSO-d6): d 152.6, 144.0, 136.8, 129.1, 128.9, 123.1, 120.3, 117.7, 115.2, 81.2, 61.8, 28.4, 28.1, 

24.4, 19.9; IR (film): 2975, 2932, 1704, 1384, 1158 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C17H22NO2+, 272.16451; found 272.16508. 

Note: 2.19b was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

2.19a

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(90% yield)

+

SiEt3

TfO
NHTs

I

Ts
N

2.17 2.18

NHBoc

I

Boc
NPd(OAc)2 (10 mol%)

Davephos (20 mol%)

CsF (10 equiv)
Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(45% yield)

TfO
SiEt3

+

2.18 2.19b2.79
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2.19c. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:acetone) generated annulation product 2.19c (22% yield, average of two experiments) as 

an off-white solid. Annulation product 2.19c: Mp: 105–107 °C; Rf 0.29 (4:1 hexanes:acetone); 

1H NMR (500 MHz, DMSO-d6): d 8.04 (br s, 1H), 7.44 (d, J = 7.6, 1H), 7.14 (t, J = 7.6, 1H), 6.99 

(t, J = 7.6, 1H), 6.00 (q, J = 3.6, 1H), 4.64 (br s, 1H), 2.67–2.49 (m, 1H), 2.31–2.18 (m, 5H), 1.84–

1.76 (m, 1H), 1.75–1.62 (m, 1H), 1.32–1.21 (m, 1H); 13C NMR (125 MHz, DMSO-d6): d 170.2, 

144.3, 137.4, 129.2, 129.0, 123.9, 120.2, 117.5, 116.8, 61.8, 28.8, 24.9, 24.1, 19.5; IR (film): 2933, 

1662, 1461, 1383, 1319 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H16NO+, 214.12264; 

found 214.12264. 

Note: 2.19c was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

 

 

2.22. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

hexanes:EtOAc) generated annulation product 2.22 (89% yield, average of two experiments) as an 

off-white solid. Annulation product 2.22: Mp: 148–150 °C; Rf 0.32 (9:1 hexanes:EtOAc); 1H 

NHAc

I

Ac
NPd(OAc)2 (10 mol%)

Davephos (20 mol%)

CsF (10 equiv)
Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(22% yield)

TfO
SiEt3

+

2.18 2.19c2.80

NHTs

I

Ts
NPd(OAc)2 (10 mol%)

Davephos (20 mol%)

CsF (10 equiv)
Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(89% yield)

Me Me
TfO

SiEt3

+

2.18 2.222.56
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NMR (400 MHz, C6D6): d 8.03–8.00 (m, 1H), 7.72 (d, J = 8.3, 2H), 6.90 (d, J = 7.9, 1H), 6.58–

6.55 (m, 1H), 6.55–6.52 (m, 2H), 5.36 (q, J = 3.6, 1H), 4.27–4.16 (m, 1H), 2.95 (dq, J = 12.1, 3.8, 

1H), 2.07 (s, 3H), 1.84–1.71 (m, 2H), 1.66 (s, 3H), 1.63–1.57 (m, 1H), 1.55–1.45 (m, 1H), 1.36–

1.23 (m, 1H); 13C NMR (100 MHz, C6D6): d 144.4, 143.4, 139.1, 135.7, 134.2, 129.3, 128.2, 127.1, 

124.7, 119.8, 116.39, 116.35, 64.4, 29.2, 24.2, 21.5, 20.7, 20.1; IR (film): 2934, 1599, 1356, 1169, 

665 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H22NO2S+, 340.13658; found 340.13751. 

 

 

2.23. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

hexanes:acetone, eluted twice) generated annulation product 2.23 (52% yield, average of two 

experiments) as a white solid. Annulation product 2.23: Mp: 99–101 °C; Rf 0.68 (9:1 

benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.68 (d, J = 8.5, 2H), 7.65 (d, J = 8.3, 1H), 7.21 

(d, J = 8.5, 2H), 7.07 (t, J = 7.7, 1H), 6.78 (d, J = 7.7, 1H), 5.90 (q, J = 3.6, 1H), 4.20–4.11 (m, 

1H), 2.88–2.81 (m, 1H), 2.35 (s, 3H), 2.32 (s, 3H), 2.32–2.27 (m, 2H), 1.96–1.89 (m, 1H), 1.76–

1.64 (m, 2H); 13C NMR (100 MHz, CDCl3): d 144.1, 143.7, 136.3, 133.7, 133.4, 129.6, 128.0, 

127.8, 127.3, 126.1, 120.7, 112.8, 63.9, 29.3, 25.1, 21.5, 20.6, 19.8; IR (film): 2942, 1585, 1458, 

1356, 1168 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H22NO2S+, 340.13658; found 

340.13733. 

 

2.23

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(52% yield)

+

SiEt3

TfO

NHTs

I

Ts
N

2.58 2.18
Me Me
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2.24. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

hexanes:EtOAc) generated annulation product 2.24 (63% yield, average of two experiments) as an 

off-white solid. Annulation product 2.24: Mp: 128–130 °C; Rf 0.22 (9:1 hexanes:EtOAc); 1H 

NMR (400 MHz, CDCl3): d 7.99 (s, 1H), 7.69 (d, J = 8.3, 2H), 7.29 (d, J = 7.9, 1H), 7.26 (d, J = 

8.2, 2H), 7.22 (d, J = 8.0, 1H), 5.98 (q, J = 3.6, 1H), 4.26–4.23 (m, 1H), 2.83–2.80 (m, 1H), 2.37 

(s, 3H), 2.30–2.29 (m, 2H), 2.00–1.97 (m, 1H), 1.71–1.67 (m, 2H); 13C NMR (125 MHz, CDCl3): 

d 144.7, 143.7, 134.7, 133.1, 132.7, 130.8 (q, J = 32.4), 129.8, 127.7, 124.0 (q, J = 272.4), 121.1, 

120.9 (q, J = 4.0), 120.1, 112.3 (q, J = 4.0), 64.5, 29.0, 24.6, 21.6, 20.0; 19F NMR (376 MHz, 

CDCl3) d –62.25 (s, 3F); IR (film): 2935, 1430, 1324, 1167, 1124 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C20H19F3NO2S+, 394.10868; found 394.10831. 

 

 

2.25. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:acetone, eluted twice) generated annulation product 2.25 (79% yield, average of two 

experiments) as a white solid. Annulation product 2.25: Mp: 104–107 °C; Rf 0.58 (9:1 

benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 8.2, 2H), 7.38 (d, J = 2.4, 1H), 7.24 

(d, J = 8.2, 2H), 7.13 (d, J = 8.2, 1H), 6.54 (dd, J = 8.2, 2,4, 1H), 5.67 (q, J = 3.6, 1H), 4.20–4.10 

NHTs

I

Ts
N

Pd(OAc)2 (10 mol%)
Davephos (20 mol%)

CsF (10 equiv)
Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(63% yield)

F3C F3C
TfO

SiEt3

+

2.18 2.242.60

2.25

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(79% yield)

+

SiEt3

TfO
NHTs

I

Ts
N

2.81 2.18

MeOMeO
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(m, 1H), 3.84 (s, 3H), 2.81–2.74 (m, 1H), 2.37 (s, 3H), 2.29–2.17 (m, 2H), 1.98–1.90 (m, 1H), 

1.75–1.59 (m, 2H); 13C NMR (100 MHz, CDCl3): d 160.8, 144.8, 144.2, 135.1, 133.4, 129.7, 127.7, 

122.4, 120.6, 115.4, 110.4, 101.2, 64.8, 55.7, 29.2, 24.4, 21.6, 20.2; IR (film): 2938, 1738, 1607, 

1489, 1355 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H22NO3S+, 356.13149; found 

356.13121. 

 

 

2.26. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:EtOAc) generated annulation product 2.26 (56% yield, average of two experiments) as a 

yellow solid. Annulation product 2.26: Mp: 187 °C; Rf 0.11 (9:1 hexanes:EtOAc); 1H NMR (400 

MHz, CDCl3): d 7.79 (d, J = 8.9, 1H), 7.72–7.67 (m, 2H), 7.49–7.43 (m, 2H), 7.30–7.26 (m, 2H), 

5.96 (q, J = 3.6, 1H), 4.31–4.21 (m, 1H), 2.86–2.74 (m, 1H), 2.39 (s, 3H), 2.34–2.22 (m, 2H), 

2.05–1.93 (m, 1H), 1.75–1.59 (m, 2H); 13C NMR (100 MHz, CDCl3): d 146.9, 145.0, 133.7, 133.4, 

133.1, 130.4, 130.0, 127.5, 123.7, 121.3, 118.9, 115.4, 107.0, 64.7, 28.9, 24.6, 21.6, 19.9; IR (film): 

2937, 2225, 1608, 1469, 1365 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H19N2O2S+, 

351.11618; found 351.11690.  

 

  

NHTs

I

Ts
NPd(OAc)2 (10 mol%)

Davephos (20 mol%)

CsF (10 equiv)
Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(56% yield)

+
NC NC

TfO
SiEt3

2.18 2.262.82
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2.27. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:acetone, eluted three times) afforded annulation product 2.27 (89% yield, average of two 

experiments) as a white solid. Annulation product 2.27: Mp: 123–125; Rf 0.30 (4:1 

hexanes:acetone); 1H NMR (500 MHz, CDCl3): d 7.60 (d, J = 8.2, 2H), 7.57 (d, J = 8.6, 1H), 7.16–

7.10 (m, 3H), 7.05 (dd, J = 9.0, 1.9, 1H), 5.76 (q, J = 3.5, 1H), 4.12–4.04 (m, 1H), 3.53 (s, 3H), 

2.73–2.64 (m, 1H), 2.27 (s, 3H), 2.21–2.10 (m, 2H), 1.90–1.81 (m, 1H), 1.61–1.53 (m, 2H), 1.43 

(s, 6H); 13C NMR (125 MHz, CDCl3): d 177.1, 144.2, 142.2, 140.3, 135.6, 133.6, 129.7, 129.4, 

127.7, 126.5, 118.2, 117.2, 115.0, 64.4, 52.3, 46.1, 29.0, 26.7 26.5, 24.5, 21.6, 20.2; IR (film): 

2947, 1730, 1478, 1361, 1167 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C24H28NO4S+, 

426.17336; found 426.17297. 

 

 

2.28. Followed a modified version of General Procedure 2.6 by altering the amount of silyl triflate 

18 (17.2 mg, 0.05 mmol, 1.0 equiv), CsF (76.0 mg, 0.500 mmol, 10.0 equiv), and MeCN (0.66 mL 

in total, 0.075 M) used and by decreasing the reaction time to 3 h. Purification by preparative thin 

layer chromatography (9:1 hexanes:EtOAc) afforded annulation product 2.28 (62% yield, average 

of two experiments) as a white solid. Annulation product 2.28: Mp: 165–166 °C; Rf 0.4 (9:1 

hexanes:EtOAc); 1H NMR (500 MHz, C6D6): d 7.82 (d, J = 8.7, 1H), 7.63 (d, J = 8.3, 2H), 7.11–

NHTs

I
TfO

SiEt3

+

Ts
N

2.62 2.18 2.27

MeO2C

Me Me

MeO2C

Me Me

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(89% yield)

2.28

Pd(OAc)2 (10 mol%)
2.78 (20 mol%)

 
CsF (10 equiv)

Na2CO3 (3 equiv)
MeCN, 60 °C, 3 h

(62% yield)

+

SiEt3

TfO
NHTs

I

Ts
N

2.83 2.18

Br Br Fe
Ph2P

Me2N

2.78
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7.07 (m, 2H), 6.57 (d, J = 8.2, 2H), 5.12 (q, J = 3.7, 1H), 4.15–4.07 (m, 1H), 2.91–2.85 (dq, J = 

12.0, 4.19, 1H), 1.71 (s, 3H), 1.69–1.63 (m, 2H), 1.52–1.42 (m, 2H), 1.27–1.18 (m, 1H); 13C NMR 

(125 MHz, CDCl3): d 144.5, 142.5, 134.5, 133.0, 131.6, 131.5, 129.8, 127.7, 123.1, 119.8, 116.9, 

116.8, 64.4, 29.0, 24.6, 21.6, 20.1; IR (film): 2935, 1458, 1361, 1166, 665 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C19H19BrNO2S+, 404.03144; found 404.03104. 

 

 

2.29. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:acetone, eluted twice) generated annulation product 2.29 (50% yield, average of two 

experiments) as a white solid. Annulation product 2.29: Mp: 119–121 °C; Rf 0.41 (4:1 

hexanes:acetone); 1H NMR (500 MHz, CDCl3): d 7.76 (d, J = 8.3, 2H), 6.93 (d, J = 1.8, 1H), 6.84 

(d, J = 1.8, 1H), 6.71 (d, J = 8.3, 2H), 5.15 (q, J = 3.5, 1H), 5.01–4.93 (m, 1H), 2.64–2.54 (m, 1H), 

1.81 (s, 3H), 1.76–1.67 (m, 2H), 1.44–1.36 (m, 1H), 1.35–1.17 (m, 2H); 13C NMR (125 MHz, 

CDCl3): d 143.6, 139.9, 138.1, 134.9, 134.4, 130.2, 130.1, 129.3, 127.0, 122.7, 120.5, 118.4, 65.1, 

28.9, 24.6, 21.6, 19.8; IR (film): 2933, 1563, 1443, 1341, 1162 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C19H18Cl2NO2S+, 394.04298; found 394.04342. 

 

  

2.29

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(50% yield)

+

SiEt3

TfONHTs

I

Ts
N

2.64 2.18

Cl

Cl Cl

Cl
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2.30. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (4:1 

hexanes:acetone, eluted twice) generated annulation product 2.30 (56% yield, average of two 

experiments) as a colorless crystalline solid. Annulation product 2.30: Mp: 169–171 °C; Rf 0.39 

(4:1 hexanes:acetone); 1H NMR (500 MHz, C6D6): d 7.97 (dd, J = 11.4, 7.0, 1H), 7.59 (d, J = 8.3, 

2H), 6.59 (d, J = 8.3, 2H), 6.51 (dd, J = 9.1, 8.3, 1H), 5.08 (q, J = 3.7, 1H), 4.17–4.04 (m, 1H), 

2.89 (dq, J = 11.1, 3.3, 1H), 1.77–1.67 (m, 2H), 1.73 (s, 3H), 1.58–1.45 (m, 2H), 1.30–1.17 (m, 

1H); 13C NMR (100 MHz, CDCl3): d 150.4 (dd, J = 247.7, 14.3), 147.6 (dd, J = 245.0, 14.3), 144.7, 

139.3 (dd, J = 9.1, 1.6), 134.2 (app. t, J = 2.1), 132.8, 129.9, 127.7, 125.5 (dd, J = 6.3, 3.4), 118.9 

(d, J = 1.8), 108.3 (d, J = 19.8), 105.2 (d, J = 24.4), 64.5, 28.9, 24.4, 21.6, 19.9; 19F NMR (376 

MHz, CDCl3): d –134.7 (ddd, J = 20.8, 11.3, 7.8, 1F), –143.2 (ddd; J = 20.8, 9.6, 6.9, 1F); IR 

(film): 2936, 1610, 1599, 1487, 1359 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C19H18F2NO2S+, 

362.10208; found 362.10203. 

 

 

2.31. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

benzene:MeCN) afforded annulation product 2.31 (99% yield, average of two experiments) as a 

white solid. Annulation product 2.31: Mp: 168–170 °C; Rf 0.27 (4:1 hexanes:acetone); 1H NMR 

2.30

Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(56% yield)

+

SiEt3

TfO
NHTs

I

Ts
N

2.66 2.18

F F
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Pd(OAc)2 (10 mol%)
DavePhos (20 mol%)

 
CsF (10 equiv)

Bu4NOTf (5 equiv)
Na2CO3 (3 equiv)
DMF, 80 °C, 1 h

(99% yield)

N

NHTs

I

TfO
SiEt3

N
+

Ts
N

2.45 2.18 2.31

Me Me
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(500 MHz, C6D6): d 8.04 (d, J = 8.3, 1H), 7.65 (d, J = 8.2, 2H), 6.59 (d, J = 8.1, 2H), 6.49 (d, J = 

8.4, 1H), 6.32 (q, J = 3.5, 1H), 4.24–4.17 (m, 1H), 2.89 (m, J = 4.1, 1H), 2.27 (s, 3H), 1.79–1.73 

(m, 2H), 1.72 (s, 3H), 1.61–1.52 (m, 1H), 1.48–1.41 (m, 1H), 1.30–1.18 (m, 1H); 13C NMR (125 

MHz, CDCl3): d 154.1, 148.1, 144.6, 136.2, 135.1, 132.9, 129.8, 127.7, 122.7, 122.4, 121.6, 63.1, 

29.0, 24.6, 23.8, 21.6, 20.2; IR (film): 3034, 2933, 1425, 1360, 1166 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C19H21N2O2S+, 341.13183; found 341.13129. 

 

 

2.31. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

benzene:MeCN) generated annulation product 2.31 (78% yield, average of two experiments) as a 

white solid. Annulation product 2.31: Spectral data matched those observed for the product 

obtained from the annulation of 2.45. 

 

 

2.31. Followed modified version of General Procedure 2.5 by adding 1,3,5-trimethoxybenzene 

(0.33 equiv) as an external standard following the workup. Analysis of the crude reaction material 

by 1H NMR showed annulation product 2.31 (9% yield, average of two experiments). Annulation 
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product 2.31: Spectral data matched those observed for the product obtained from the annulation 

of 2.45. 

 

 

2.32. Followed General Procedure 2.6. Purification by preparative thin layer chromatography (9:1 

benzene:Et2O) afforded annulation product 2.32 (60% yield, average of two experiments) as a 

white solid. Annulation product 2.32: Mp: 161–163 °C; Rf 0.47 (9:1 benzene:Et2O); 1H NMR 

(500 MHz, CDCl3): d 7.79 (d, J = 8.1, 1H), 7.73 (d, J = 8.3, 2H), 7.28–7.22 (m, 4H), 7.02 (t, J = 

7.5, 1H), 5.81 (q, J = 2.8, 1H), 4.77 (dd, J = 10.1, 5.1, 1H), 4.46–4.23 (m, 3H), 3.57 (t, J = 9.8, 

1H), 2.36 (s, 3H); 13C NMR (125 MHz, CDCl3): d 144.7, 143.5, 133.8, 132.4, 129.8, 129.7, 128.4, 

127.9, 124.2, 120.7, 115.6, 115.3, 67.4, 65.5, 59.9, 21.6; IR (film): 2925, 2874, 1599, 1459, 1354 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C18H18NO3S+, 328.10019; found 328.09993. 

 

 

2.33. Followed General Procedure 2.6. Purification by preparative thin layer chromatography (9:1 

benzene:Et2O) afforded annulation product 2.33 (72% yield, average of two experiments) as a 

beige solid. Annulation product 2.33: Mp: 185–188 °C; Rf 0.41 (9:1 benzene:Et2O); 1H NMR 

(600 MHz, CDCl3): d 7.81 (d, J = 8.3, 1H), 7.79–7.63 (m, 2H), 7.29–7.26 (m, 1H), 7.26–7.21 (m, 

Fe
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3H), 7.02 (t, J = 7.6, 1H), 5.90–5.75 (m, 1H), 5.25–4.96 (m, 1H), 4.58–4.25 (m, 1H), 4.25–4.02 

(m, 1H), 3.91–3.67 (m, 1H), 2.99–2.78 (m, 1H), 2.37 (s, 3H), 1.61–1.40 (m, 9H); 13C NMR (125 

MHz, CDCl3): d 154.8, 144.7, 143.7, 135.0, 132.8, 132.5, 129.8, 129.7, 128.1, 127.8, 124.3, 120.6, 

115.4, 114.5, 113.9, 80.4, 60.9, 46.4, 45.1, 43.9, 43.3, 29.7, 28.5, 21.6; IR (film): 2976, 2930, 

1698, 1459, 1365 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C23H27N2O4S+, 427.16860; found 

427.16787. 

Note: 2.33 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

 

 

2.34. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (97:3 

benzene:Et2O) afforded annulation product 2.34 (73% yield, average of two experiments) as a 

white solid. Annulation product 2.34: Mp: 186–188 °C; Rf 0.36 (9:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): d 7.69 (d, J = 8.3, 1H), 7.60 (d, J = 8.3, 2H), 7.23–7.15 (m, 4H), 6.99 (t, J = 

7.6, 1H), 6.20 (ddd, J = 9.0, 5.2, 2.9, 1H), 4.63 (dq, J = 11.1, 1.8, 1H), 2.50–2.43 (m, 1H), 2.32 (s, 

3H), 2.31–2.28 (m, 1H), 2.18–2.04 (m, 2H), 1.85–1.74 (m, 2H), 1.68–1.60 (m, 1H), 1.37–1.23 (m, 

1H); 13C NMR (125 MHz, CDCl3): d 143.9, 143.1, 141.7, 134.3, 129.7, 129.6, 128.8, 127.3, 124.2, 

119.9, 119.8, 116.2, 68.1, 34.7, 30.0, 28.6, 27.5, 21.6; IR (film): 2923, 1462, 1353, 1168, 578 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C20H22NO2S+, 340.13658; found 340.13645. 
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(73% yield)
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2.36. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (9:1 

hexanes:EtOAc, eluted twice) generated annulation product 2.36 (87% yield, average of two 

experiments) as a colorless oil. Annulation product 2.36: Rf 0.58 (4:1 hexanes:acetone); 1H NMR 

(500 MHz, CDCl3): d 7.58 (d, J = 7.9, 1H), 7.23–7.13 (m, 2H), 7.00 (d, J = 7.4, 1H), 6.40–6.34 

(m, 1H), 4.89 (d, J = 15.0, 1H), 4.81 (d, J = 14.8, 1H), 4.26–4.17 (m, 1H), 2.39–2.17 (m, 3H), 

1.96–1.83 (m, 1H), 1.68–1.59 (m, 2H); 13C NMR (100 MHz, CDCl3): d 133.8, 132.1, 131.4, 126.9, 

126.8, 124.6, 122.6, 121.3, 73.9, 68.3, 29.7, 26.0, 20.3; IR (film): 3032, 2938, 2863, 1721, 1447 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H15O+, 187.1174; found 187.1172. 

 

 

2.38. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (19:1 

benzene:Et2O) generated annulation product 2.38 (46% yield, average of two experiments) as a 

colorless oil. Annulation product 2.38: Rf 0.44 (CH2Cl2); 1H NMR (500 MHz, CDCl3): d 8.11 

(d, J = 7.8, 1H), 7.57 (t, J = 7.6, 1H), 7.50 (d, J = 7.8, 1H), 7.40 (t, J = 7.6, 1H), 6.52–6.43 (m, 

1H), 5.11 (app. s, 1H), 2.44–2.21 (m, 3H), 2.03–1.86 (m, 2H), 1.75–1.62 (m, 1H); 13C NMR (100 

MHz, CDCl3): d 165.3, 137.9, 133.9, 130.3, 129.3, 128.9, 128.2, 123.4, 122.7, 75.3, 29.0, 25.8, 
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19.8; IR (film): 3063, 1719, 1657, 1599, 1276 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C13H13O2+, 201.09101; found 201.08884. 

 

 

2.40. A 1-dram vial containing a magnetic stir bar was charged with benzamide 2.39 (16.9 mg, 

0.05 mmol, 1.0 equiv), Bu4NOTf (98.7 mg, 0.25 mmol, 5.0 equiv), and Xantphos (2.9 mg, 0.005 

mmol, 10 mol%). A separate 1-dram vial was charged with silyl triflate 2.18 (17.2 mg, 0.075 

mmol, 1.5 equiv). Both vials were taken into a glovebox where Na2CO3 (15.9 mg, 0.150 mmol, 

3.0 equiv) and CsF (76.0 mg, 0.500 mmol, 10.0 equiv) were added to the vial containing benzamide 

2.39. The vial containing silyl triflate 2.18 was then treated with an aliquot of MeCN (0.33 mL) 

and agitated to ensure full dissolution. Pd(OAc)2 (0.6 mg, 0.0025 mmol, 5 mol%) in MeCN (0.33 

mL) was then added to the vial containing benzamide 2.39 from a freshly prepared stock solution. 

Subsequently, silyl triflate 2.18 in MeCN was also transferred to the reaction vial containing 

benzamide 2.39. The vial was sealed with a Teflon-lined cap, removed from the glovebox, and 

stirred for 3 h at 60 °C. The mixture was then filtered through a pad of silica gel, eluting with 

EtOAc (10 mL). The eluate was concentrated and purified by preparative thin layer 

chromatography (9:1 benzene:MeCN) to provide annulation product 2.40 as a white solid (71% 

yield, average of two experiments). Annulation product 2.40: Spectral data matched those 

reported in the literature.33  
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2.42. Followed General Procedure 2.5. Purification by preparative thin layer chromatography (99:1 

benzene:MeCN, eluted twice) generated annulation product 2.42 (60% yield, average of two 

experiments) as a colorless oil. Annulation product 2.42: Rf 0.77 (CH2Cl2); 1H NMR (500 MHz, 

CDCl3): d 7.64 (d, J = 7.7, 1H), 7.45 (d, J = 7.7, 1H), 7.30 (dt, J = 7.5, 1.0, 1H), 7.24 (dt, J = 7.5, 

1.0, 1H), 6.10 (q, J = 3.5, 1H), 4.38–4.29 (m, 2H), 4.18 (dq, J = 10.9, 7.1, 1H), 4.10 (dq, J = 10.9, 

7.1, 1H), 3.64–3.54 (m, 1H), 2.32–2.15 (m, 3H), 2.03–1.95 (m, 1H), 1.76–1.65 (m, 1H), 1.37 (t, J 

= 7.0, 3H), 1.35–1.27 (m, 1H), 1.20 (t, J = 7.1, 3H); 13C NMR (100 MHz, CDCl3): d 170.0, 169.6, 

141.5, 140.1, 139.7, 128.7, 127.8, 125.9, 120.1, 118.6, 67.1, 61.7, 61.3, 47.6, 25.1, 24.9, 22.6, 14.2; 

IR (film): 2981, 2833, 1728, 1467, 1248 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C19H23O4+, 

315.15909; found 315.15538. 

 

2.8.2.5 Diastereoselective Annulation 

 

2.44 and 2.86. Followed General Procedure 2.5. Purification by preparative TLC (4:1 

hexanes:acetone, eluted 3 times) afforded major diastereomer 2.44 and minor diastereomer 2.86, 

each as a waxy amorphous solid (52% combined yield, 5.6:1 dr (determined by 1H NMR analysis 

of the crude mixture), average of two experiments). Annulation Product 2.44 (major 
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diastereomer): Rf 0.35 (4:1 hexanes:acetone); 1H NMR (500 MHz, CDCl3): d 7.33–7.23 (m, 5H), 

7.14 (t, J = 7.8, 1H), 6.91 (d, J = 7.7, 1H), 6.53 (d, J = 7.7, 1H), 6.25–6.21 (m, 1H), 5.07 (d, J = 

15.6, 1H), 4.58 (d, J = 15.6, 1H), 4.34–4.28 (m, 1H), 2.40–2.18 (m, 3H), 1.93–1.80 (m, 2H), 1.75–

1.63 (m, 1H), 1.57 (s, 3H); 13C NMR (125 MHz, CDCl3): d 178.8, 139.9, 136.0, 132.4, 131.9, 

129.4, 129.2, 128.8, 127.7, 127.4, 126.5, 117.1, 107.4, 74.6, 74.4, 43.8, 32.2, 25.9, 25.7, 21.1; IR 

(film): 2924, 2854, 1730, 1608, 1473 cm–1; HRMS-APCI (m/z) [M+H]+ calcd for C22H22NO2+, 

332.16451; found 332.16337. Annulation product 2.86 (minor diastereomer): Rf 0.32 (4:1 

hexanes:acetone); 1H NMR (500 MHz, CDCl3): d 7.34–7.28 (m, 5H), 7.13–7.03 (m, 2H), 6.44 (d, 

J = 7.2, 1H), 6.35–6.31 (m, 1H), 5.13 (d, J = 15.7, 1H), 4.88–4.83 (m, 1H), 4.46, (d, J = 15.7, 1H), 

2.32–2.23 (m, 3H), 2.01–1.93 (m, 1H), 1.83–1.71 (m, 1H), 1.77 (s, 3H), 1.68–1.61 (m, 1H); 13C 

NMR (125 MHz, CDCl3): d 179.2, 140.9, 136.0, 131.1, 129.2, 129.1, 128.8, 128.4, 127.7, 127.4, 

124.2, 114.9, 106.7, 75.4, 71.1, 43.7, 29.3, 25.8, 22.5, 20.7; IR (film): 2930, 2865, 1729, 1604, 

1469 cm–1; HRMS-APCI (m/z) [M+H]+ calcd for C22H22NO2+, 332.16451; found 332.16383. 

 

The structure of 2.86 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

2.8.2.6 Optimization of the Asymmetric Annulation  

Results from the optimization of the asymmetric annulation reaction between 2.17 and 2.18 appear 

below. Ligand, solvent, fluoride source, palladium source, and base were varied using General 

Procedure 2.7, and results appear below in Tables 2.6, 2.7, 2.8, 2.9, and 2.10 respectively. 
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General Procedure 2.7 for the optimization of the asymmetric annulation: 

 

(–)-2.19a. Inside a glovebox, a 1-dram vial was charged with the base (0.09 mmol, 3.0 equiv), the 

ligand (0.006 mmol, 20 mol%), and the fluoride source as solids. The vial was then treated 

sequentially with separate freshly prepared stock solutions of iodoaniline 2.17 (11.3 mg, 0.03 

mmol, 1.0 equiv), the palladium source (10 mol% Pd), and silyl triflate 2.18 (10.3 mg, 0.03 mmol, 

1.0 equiv) to give a final reaction concentration of 0.075 M. The vial was sealed with a Teflon-

lined cap, removed from the glovebox, and stirred for 6 h at the desired reaction temperature. After 

6 h, 6-acetylbenzothiophene (2.0 mg, 0.011 mmol, 0.38 equiv) was added to the reaction as an 

external standard for subsequent quantitative analysis by SFC. The mixture was then filtered 

through a pad of silica gel, eluting with MeCN (10 mL). The eluate was analyzed directly by SFC 

to determine the yield of (–)-2.19a and degree of enantioenrichment. 

The stereochemistry depicted for (–)-2.19a is not necessarily representative of the major 

enantiomer observed for all ligands screened. Any modification of the conditions shown in the 

general procedure above are specified in the following tables.  

 

A range of ligands (see Figure 2.5 below for ligand structures) were screened using General 

Procedure 2.7, and results of these screening reactions appear below in Table 2.6.  
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Figure 2.5. Ligand families evaluated during asymmetric reaction development. 

 

Table 2.6. Chiral ligand screen results. See Figure 2.5 above for ligand classes (absolute  
stereochemistry of product may differ between table entries). 

 

 
Entry Ligand Class R1 R2 Yielda %ee 

1 Mandyphos 3,5-
bis(trifluoro

methyl)pheny
l 

3,5-
bis(trifluoro

methyl)pheny
l 

69% 69% 

2 Mandyphos 3,5-xylyl 3,5-xylyl 74% 41% 
3 Mandyphos 4-methoxy-

3,5-xylyl 
4-methoxy-

3,5-xylyl 
63% 47% 

4 Mandyphos Cy Cy 68% 47% 
5 Mandyphos Ph Ph 52% 35% 
6 Binaphane N/A N/A 28% 4% 
7 Tunephos Ph Ph 37% 5% 
8 MeO-

BIPHEP 
Ph Ph 40% 1% 

9 Walphos Ph 3,5-
bis(trifluoro

methyl)pheny
l 

14% 13% 

10 QUINAP N/A N/A 29% 8% 
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11 PPFA Cy N/A 95% 40% 
12 BOX  

(R3 = Me) 
t-Bu t-Bu 18% 1% 

13 PyBOX i-Pr i-Pr 6% 6% 
14 BINAP 3,5-xylyl 3,5-xylyl 4% 21% 
15 SEGPHOS Ph Ph 6% 38% 
16 Norphos Ph Ph 1% 33% 
17 Duanphos N/A N/A 7% 28% 
18 Taniaphos Ph Ph 43% 9% 
19 Josiphos Ph Cy 0% N/A 
20 Chiraphos N/A N/A 0% N/A 
21 JosPOphos t-Bu Ph 12% 15% 
22 PHOX i-Pr N/A 7% 23% 
23 Phanephos N/A N/A 61% 18% 
24 DIOP N/A N/A 13% 3% 
25 Chenphos N/A N/A 77% 26% 
26 SKP Ph Ph 71% 10% 
27 BenzP* N/A N/A 0% N/A 
28 BABIBOP t-Bu t-Bu 4% 73% 
29 BoPhoz Ph Ph 74% 0% 
30 SiPHOX Ph Bn 3% 6% 
31 DUPHOS Me N/A 18% 6% 
32 Trifer N/A N/A 80% 60% 
33 FOXAP Ph i-Pr 9% 12% 
34 DIPAMP N/A N/A 10% 15% 

a Yield determined by quantitative SFC analysis using 6-acetylbenzothiophene as an external 
standard. 

 

Table 2.7. Solvent screening results.  

 
Entry Solvent Yielda %ee 

1b CH2Cl2 24% 80% 

2 1,2-dichloroethane 16% 72% 

3 acetonitrile 90% 65% 
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4 THF 63% 65% 

5 1,2-dimethoxyethane 40% 61% 

6 1,4-dioxane 79% 61% 

7 DMF 28% 45% 

8 PhMe 68% 43% 

9 pyridine 42% 34% 
a Yield determined by quantitative SFC analysis using 6-acetylbenzothiophene as an external 

standard. b Reaction carried out at 35 °C due to solvent volatility. 
 

Table 2.8. Fluoride source screening results.  

 
Entry Fluoride source NMR Yielda %ee 

1 CsF (10 equiv) 

Bu4NOTf (5 equiv) 

14% 85% 

2 TBAF•H2O (1.5 equiv) 22% 85% 

3 TASF (1.5 equiv) 38% 83% 

4 TBAT (1.5 equiv) 29% 78% 

5 KF (5 equiv) 

18-crown-6 (5 equiv) 

14% 79% 

a Yield determined by quantitative SFC analysis using 6-acetylbenzothiophene as an external 
standard. 

 
 

Table 2.9. Palladium source screening results. 
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Entry Pd source Yielda %ee 

1 Pd2(dba)3 20% 83% 

2 Pd(dba)2 43% 82% 

3 [Pd(allyl)Cl]2 49% 80% 

4 Pd(OAc)2 37% 76% 

5 PdCl2 44% 67% 

6 Pd(acac)2 16% 63% 
a Yield determined by quantitative SFC analysis using 6-acetylbenzothiophene as an external 

standard. 
 

Table 2.10. Base screening results.  

 
Entry Base Yielda %ee 

1 K2CO3 14% 85% 

2 K2HPO4 15% 85% 

3 KOtBu 12% 84% 

4 Et3N 27% 82% 

5 NaOAc•3H2O 15% 79% 

6 NaHMDS 4% 51% 
a Yield determined by quantitative SFC analysis using 6-acetylbenzothiophene as an external 

standard. 
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2.8.2.7 Synthesis of (–)-2.47 via Asymmetric Annulation 

 

(–)-2.47. A 1-dram vial containing a magnetic stir bar was charged with iodopyridine 2.45 (23.3 

mg, 0.06 mmol, 1.2 equiv) and Bu4NOTf (98.7 mg, 0.25 mmol, 5.0 equiv). A separate 1-dram vial 

was charged with silyl triflate 2.46 (25.0 mg, 0.05 mmol, 1.0 equiv). Both vials were taken into a 

glovebox where K2CO3 (20.7 mg, 0.15 mmol, 3.0 equiv) and CsF (76.0 mg, 0.50 mmol, 10 equiv) 

were added to the vial containing iodopyridine 2.45. An empty vial equipped with a stir bar was 

then charged with Mandyphos (27.3 mg, 0.020 mmol, 40 mol%) and Pd2(dba)3 (4.6 mg, 0.005 

mmol, 10 mol%) then treated with CH2Cl2 (0.33 mL) to give a deep purple solution. This vial was 

sealed with a Teflon-lined cap and stirred at 45 °C for 45 min then cooled back to 23 °C, yielding 

a yellow/brown solution. The vial containing silyl triflate 2.46 was then treated with an aliquot of 

CH2Cl2 (0.33 mL) and agitated to ensure full dissolution. The solution of Pd2(dba)3/Mandyphos 

and the solution of silyl triflate were then transferred sequentially to the reaction vial containing 

iodopyridine 2.45, and the vial was sealed with a Teflon-lined cap, removed from the glovebox, 

and stirred for 20 h at 3 °C. The mixture was then filtered through a pad of silica gel, eluting with 

9:1 benzene:MeCN (30 mL). The eluate was concentrated and purified by preparative thin layer 

chromatography (9:1 benzene:MeCN) to provide annulation product (–)-2.47 (64% yield, average 

of two experiments) as a white solid. Annulation product (–)-2.47: Mp: 161–163 °C; Rf 0.29 (9:1 

benzene:MeCN); 1H NMR (500 MHz, CDCl3): d 7.89 (d, J = 8.5, 1H), 7.76 (d, J = 8.3, 2H), 7.66 

(d, J = 8.3, 2H), 7.35 (d, J = 8.0, 2H), 7.27 (d, J = 8.0, 2H), 6.98 (d, J = 8.5, 1H), 6.22 (q, J = 3.2, 

Pd2(dba)3 (10 mol%)
Mandyphos (40 mol%) 

CsF (10 equiv)
Bu4NOTf (5 equiv)

K2CO3 (3 equiv)
CH2Cl2, 3 °C, 20 h

(64% yield, 90% ee)
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1H), 4.84 (dd, J = 11.3, 5.1, 1H), 4.41 (dt, J = 18.5, 3.6, 1H), 4.29–4.22 (m, 1H), 3.54 (dt, J = 18.5, 

3.6, 1H), 2.70 (dd, J = 11.3, 9.9, 1H), 2.452 (s, 3H), 2.448 (s, 3H), 2.40 (s, 3H); 13C NMR (125 

MHz, CDCl3): d 154.8, 146.4, 145.3, 143.9, 136.6, 134.5, 134.2, 131.7, 130.1, 129.9, 127.9, 127.4, 

123.3, 122.7, 116.2, 60.0, 47.0, 44.9, 23.8, 21.63, 21.59; IR (film): 2924, 1441, 1360, 1166, 1093 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C25H26N3O4S2+, 496.13592; found 496.13508; [α]20.9D 

–168° (c = 0.500, CH2Cl2). 

 

Note: 3 °C was selected for the practical convenience of being able to perform long reactions in 

a refrigerator. 

 

 

(±)-2.47. Followed a modified version of General Procedure 2.6 by using ligand (±)-2.87. 

Purification by preparative thin layer chromatography (9:1 benzene:MeCN) afforded annulation 

product (±)-2.47 (46% yield) as a white solid. Annulation product (±)-2.47: Spectral data 

matched those obtained for (–)-2.47. 

 

2.8.2.8 Elaboration of Annulation Product (–)-2.47 
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Pentacycle (+)-2.49. A 1-dram vial was charged with annulation product (–)-2.47 (17.3 mg, 0.035 

mmol, 1.0 equiv) and silyl triflate 2.48 (18.2 mg, 0.053 mmol, 1.5 equiv) then purged with nitrogen 

for 5 min. The reactants were then dissolved in MeCN (0.35 mL, 0.10 M) before the rapid addition 

of CsF (26.6 mg, 0.175 mmol, 5.0 equiv) in a single portion. The vial was sealed with a Teflon-

lined cap and stirred at 23 °C for 20 h. The mixture was then filtered through pad of silica gel, 

eluting with EtOAc (10 mL). The eluate was concentrated to provide a crude residue, which was 

purified by flash column chromatography (19:1 benzene:Et2O → 7:3 benzene:Et2O) to provide a 

single diastereomer of pentacycle (+)-2.49 (16.8 mg, 83% yield) as a white crystalline solid. 

Relative and absolute stereochemistry were assigned by single crystal X-ray diffraction studies of 

epoxide (+)-2.50. Pentacycle (+)-2.49: Mp: 110 ºC; Rf 0.21 (9:1 benzene:MeCN); 1H NMR (500 

MHz, CDCl3): d 7.77 (d, J = 8.3, 1H), 7.65 (d, J = 8.1, 2H), 7.61 (d, J = 8.1, 2H), 7.29 (app t, J = 

8.9, 4H), 6.99 (d, J = 8.3, 1H), 5.63–5.58 (m, 1H), 4.38 (dd, J = 10.0, 6.7, 1H), 4.23 (dd, J = 11.8, 

7.1, 1H), 4.17–4.05 (m, 2H), 4.04–3.92 (m, 2H), 3.01–2.91 (m, 1H), 2.59 (app. d, J = 2.59, 2H), 

2.48 (s, 3H), 2.40 (s, 6H), 2.28 (dd, J = 12.4, 4.8, 1H), 1.93 (t, J = 11.4, 1H); 13C NMR (125 MHz, 

CDCl3): d 155.3, 152.8, 145.0, 143.8, 135.1, 133.4, 132.44, 132.37, 130.1, 129.8, 127.6, 126.9, 

123.0, 122.6, 113.3, 65.1, 61.6, 58.3, 50.5, 49.9, 48.1, 45.8, 44.3, 23.8, 21.6, 21.5; IR (film): 2922, 

2850, 1447, 1357, 1164 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C30H32N3O5S2+, 578.17779; 

found 578.17515; [α]23.8D +38.7° (c = 0.500, CH2Cl2). 

 

 

mCPBA (1.2 equiv)
NaHCO3 (2.5 equiv)

CH2Cl2, 0 → 3 °C, 16 h 

(63% yield, >20:1 dr)
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Epoxide (+)-2.50. A 1-dram vial was charged with pentacycle (+)-2.49 (11.2 mg, 0.019 mmol, 1.0 

equiv) and CH2Cl2 (0.28 mL, 0.07 M) then cooled to 0 °C. NaHCO3 (4.1 mg, 0.049 mmol, 2.5 

equiv) and mCPBA (77 wt% purity, 5.0 mg, 0.022 mmol, 1.2 equiv) were added sequentially as 

solids, and the reaction was moved to a cold room set to 3 °C where it was stirred for 16 h. The 

reaction was quenched by addition of EtOAc (5 mL), and the organic layer was washed with 

saturated aqueous NaHCO3 (3 x 5 mL), dried with Na2SO4, filtered, and concentrated under 

reduced pressure. The resulting crude solid was purified by preparative thin layer chromatography 

(9:1 benzene:MeCN) to provide epoxide (+)-2.50 (7.4 mg, 63% yield) as a white crystalline solid. 

Crystals suitable for X-ray diffraction studies were obtained by recrystallization from a mixture of 

EtOAc and cyclohexane. Epoxide (+)-2.50: Mp: decomposes at 220 ºC; Rf 0.69 (4:1 

benzene:MeCN); 1H NMR (500 MHz, CDCl3): d 7.78 (d, J = 8.3, 1H), 7.68 (d, J = 8.2, 2H), 7.62 

(d, J = 8.2, 2H), 7.29 (app. t, J = 7.6, 4H), 6.98 (d, J = 8.3, 1H), 4.89 (dd, J = 10.4, 6.5, 1H), 4.36 

(ddd, J = 11.7, 6.5, 1.3, 1H), 4.30 (dd, J = 13.2, 4.3, 1H), 3.79 (t, J = 3.2, 1H), 3.68 (d, J = 4.2, 

1H), 3.58 (d, J = 12.6, 1H), 3.29 (dd, J = 13.4, 2.4, 1H), 2.66–2.56 (m, 2H), 2.46 (s, 3H), 2.393 (s, 

3H), 2.390 (s, 3H), 2.19 (dd, J = 12.7, 4.6, 1H), 2.14 (dd, J = 12.4, 2.2, 1H), 1.97 (t, J = 11.6, 1H); 

13C NMR (125 MHz, CDCl3): d 155.2, 152.2, 144.9, 144.0, 134.8, 132.7, 132.6, 130.1, 129.9, 

127.7, 127.0, 122.9, 122.1, 68.0, 60.5, 58.2, 53.7, 50.6, 48.9, 46.4, 44.5, 43.3, 42.0, 23.7, 21.6, 

21.5; IR (film): 2924, 2848, 1597, 1449, 1358 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C30H32N3O6S2+, 594.17270; found 594.16951; [α]24.8D +50.0° (c = 1.00, CH2Cl2). 

 

Crystal Structure Analysis 

Diffraction intensities were collected at 100 K on a Bruker Smart ApexII CCD diffractometer with 

CuKα radiation, 1.54178 Å. Absorption corrections were applied by SADABS56. All calculations 
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were performed by the SHELXL-2014 packages57. Deposition Number 2065022 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by the 

joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 

 
Figure 2.6. ORTEP representation of X-ray crystallographic structure (+)-2.50. EtOAc omitted 

for clarity. (CCDC Registry # 2065022). 
 

Table 2.11. Crystal data and structure refinement for epoxide (+)-2.50. 
   

Identification code     cu_garg2006s 
Empirical formula     C34 H39 N3 O8 S2 
Formula weight     681.80 
Temperature      100(2) K 
Wavelength      1.54178 Å 
Crystal system     Monoclinic 
Space group      P21 
Unit cell dimensions    a = 10.0508(2) Å a= 90°. 
      b = 14.2935(3) Å b= 105.5148(7)°. 
      c = 12.0393(3) Å g = 90°. 
Volume     1666.56(6) Å3 
Z      2 
Density (calculated)    1.359 Mg/m3 
Absorption coefficient   1.917 mm–1 
F(000)      720 
Crystal size     0.300 x 0.200 x 0.200 mm3 
Theta range for data collection  3.810 to 69.338°. 
Index ranges     -12<=h<=12, -16<=k<=17, -14<=l<=12 
Reflections collected    27146 
Independent reflections   5940 [R(int) = 0.0190] 
Completeness to theta = 67.679°  97.4 %  
Absorption correction    Semi-empirical from equivalents 
Max. and min. transmission   0.75 and 0.60 
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Refinement method    Full-matrix least-squares on F2 
Data / restraints / parameters   5940 / 1 / 463 
Goodness-of-fit on F2    1.054 
Final R indices [I>2sigma(I)]   R1 = 0.0308, wR2 = 0.0828 
R indices (all data)    R1 = 0.0311, wR2 = 0.0831 
Absolute structure parameter   0.031(2) 
Extinction coefficient    n/a 
Largest diff. peak and hole   0.428 and -0.291 eÅ–3 

Table 2.12. SFC conditions and data. 

Compound Column Solvent 
Flow 

Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio (er) 

 

  ChiralPak 

AD-H/40 °C 

20% 

isopropanol 

in CO2 

3.5 

mL/min 
3.61/5.00 49.8 : 50.2 

 

ChiralPak 

AD-H/40 °C 

20% 

isopropanol 

in CO2 

3.5 

mL/min 
3.64/5.03 4.9 : 95.1 
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Figure 2.7. SFC trace for (±)-2.47. 

 

 

 

  
Figure 2.8. SFC trace for (–)-2.47. 
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2.9 Spectra Relevant to Chapter Two: 

 

Palladium-Catalyzed Annulations of Strained Cyclic Allenes 

Andrew V. Kelleghan, Dominick C. Witkowski, Matthew S. McVeigh, and Neil K. Garg 

J. Am. Chem. Soc. 2021, 143, 9338–9342. 
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Figure 2.9. 1H NMR (400 MHz, CDCl3) of compound 2.56. 
 

Figure 2.10. 13C NMR (100 MHz, CDCl3) of compound 2.56. 
x 

2.56

Me

I

NHTs



 
 

120 

10 9 8 7 6 5 4 3 2 1 0 ppm

2.
34

9
2.

35
7

6.
95

8
6.

97
3

7.
03

8
7.

13
8

7.
15

4
7.

16
9

7.
18

4
7.

20
0

7.
44

1
7.

45
7

7.
63

7
7.

65
3

2.
97

2
3.

01
8

1.
02

0
0.

99
0

1.
01

3
2.

01
2

1.
00

0
2.

00
1

Current Data Parameters
NAME     AVK-2020-262a-char
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              15.36
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    3
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                   64
DW               50.000 usec
DE                 6.00 usec
TE                296.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

21
.6

1

29
.6

6

99
.5

1

11
9.

12
12

6.
46

12
7.

50
12

8.
70

12
9.

61
13

6.
02

13
7.

66
14

2.
91

14
4.

14

Current Data Parameters
NAME     AVK-2020-262a-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              21.36 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    3
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 2.11. 1H NMR (500 MHz, CDCl3) of compound 2.58. 
 

Figure 2.12. 13C NMR (125 MHz, CDCl3) of compound 2.58. 
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PROBHD   5 mm PABBO BB/
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SOLVENT           CDCl3
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DS                    0
SWH            8012.820 Hz
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======== 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
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Current Data Parameters
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EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20210212
Time              20.40 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   64
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
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TE                298.0 K
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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 2.13. 1H NMR (400 MHz, CDCl3) of compound 2.60. 
 

Figure 2.14. 13C NMR (125 MHz, CDCl3) of compound 2.60. 
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F2 - Acquisition Parameters
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Time              16.54
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SOLVENT           CDCl3
NS                    8
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======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
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PLW12        0.36111000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.00

Purified product, 19F NMR

Figure 2.15. 19F NMR (376 MHz, CDCl3) of compound 2.60. 
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TD                65536
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NS                    3
DS                    0
SWH           10000.000 Hz
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AQ            3.2767999 sec
RG                  128
DW               50.000 usec
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D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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     AVK-2020-597a-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              21.48 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT            MeOD
NS                   18
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
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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 2.16. 1H NMR (500 MHz, CD3OD) of compound 2.62. 
 

Figure 2.17. 13C NMR (125 MHz, CD3OD) of compound 2.62. 
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======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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
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PROCNO                1

F2 - Acquisition Parameters
Date_          20210119
Time              20.52 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   48
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 2.18. 1H NMR (500 MHz, CDCl3) of compound 2.64. 
 

Figure 2.19. 13C NMR (125 MHz, CDCl3) of compound 2.64. 
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P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR
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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          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified product, 13C NMR
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Figure 2.20. 1H NMR (500 MHz, CD3OD) of compound 2.66. 
 

Figure 2.21. 13C NMR (125 MHz, CD3OD) of compound 2.66. 
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======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Purified Product, 1H NMR
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EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              21.43 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    8
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 2.22. 1H NMR (500 MHz, CDCl3) of compound 2.45. 
 

Figure 2.23. 13C NMR (125 MHz, CDCl3) of compound 2.45. 
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NUC1                 1H
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PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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     AVK-2020-626a-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              21.38 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    4
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 2.24. 1H NMR (500 MHz, CDCl3) of compound 2.69. 
 

Figure 2.25. 13C NMR (125 MHz, CDCl3) of compound 2.69. 
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======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR
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PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              21.40 h
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PROBHD   Z119248_0002 (
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TD                65536
SOLVENT           CDCl3
NS                    2
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 2.26. 1H NMR (500 MHz, CDCl3) of compound 2.71. 
 

Figure 2.27. 13C NMR (125 MHz, CDCl3) of compound 2.71. 
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Figure 2.28. 1H NMR (500 MHz, CDCl3) of compound 2.73. 
 

Figure 2.29. 13C NMR (125 MHz, CDCl3) of compound 2.73. 
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Figure 2.30. 1H NMR (500 MHz, CDCl3) of compound 2.43. 
 

Figure 2.31. 13C NMR (125 MHz, CDCl3) of compound 2.43. 
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Figure 2.32. 1H NMR (400 MHz, CDCl3) of compound 2.75. 
 

Figure 2.33. 13C NMR (100 MHz, CDCl3) of compound 2.75. 
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Figure 2.34. 1H NMR (400 MHz, CDCl3) of compound 2.76. 
 

Figure 2.35. 13C NMR (100 MHz, CDCl3) of compound 2.76. 
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Figure 2.36. 1H NMR (500 MHz, CDCl3) of compound 2.46. 
 

Figure 2.37. 13C NMR (125 MHz, CDCl3) of compound 2.46. 
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Figure 2.38. 1H NMR (500 MHz, CDCl3) of compound 2.19a. 
 

Ts
N

2.19a



 
 

135 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
27

7
1.

47
9

1.
60

0
1.

60
7

1.
61

8
1.

62
6

1.
63

6
1.

64
4

1.
65

3
1.

66
3

1.
67

0
1.

80
6

1.
81

3
1.

81
9

1.
82

7
1.

83
4

1.
84

0
2.

20
2

2.
20

9
2.

21
7

2.
22

5
2.

63
9

2.
64

6
2.

65
4

2.
66

1
2.

66
9

4.
39

2
4.

40
0

4.
40

7
4.

41
3

4.
42

1
4.

42
8

5.
94

0
5.

94
7

5.
95

4
5.

96
1

6.
91

2
6.

92
7

6.
94

2
7.

12
0

7.
13

6
7.

15
1

7.
38

6
7.

40
1

7.
66

0

1.
02

7
9.

07
4

1.
08

7
1.

05
8

2.
05

9

1.
01

0

1.
02

4

1.
02

3

1.
04

6
1.

05
1

1.
07

5

1.
00

0

Current Data Parameters
NAME     AVK-2021-014a-p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20210107
Time              22.18
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            DMSO
NS                    3
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                295.2 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR
�

2030405060708090100110120130140150160170180190200210220230 ppm

19
.8

8
24

.4
4

28
.1

4
28

.4
2

61
.7

5

81
.2

1

11
5.

23
11

7.
66

12
0.

28
12

3.
05

12
8.

86
12

9.
09

13
6.

82

14
3.

98

15
2.

60

Current Data Parameters
NAME     AVK-2021-014a-p
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20210107
Time              23.29
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT            DMSO
NS                  532
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                296.4 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          100.6127701 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 2.39. 1H NMR (500 MHz, DMSO-d6) of compound 2.19b. 
 

Figure 2.40. 13C NMR (100 MHz, DMSO-d6) of compound 2.19b. 
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Current Data Parameters
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EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              15.31
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PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            DMSO
NS                    8
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SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                161.3
DW               50.000 usec
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======== CHANNEL f1 ========
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PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR
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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
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Figure 2.41. 1H NMR (500 MHz, DMSO-d6) of compound 2.19c. 
 

Figure 2.42. 13C NMR (125 MHz, DMSO-d6) of compound 2.19c. 
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Current Data Parameters
NAME     DCW-2020-029b-p
EXPNO                30
PROCNO                1

F2 - Acquisition Parameters
Date_          20201209
Time              19.00
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT            C6D6
NS                    8
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               155.85
DW               62.400 usec
DE                 6.50 usec
TE                296.4 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
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Current Data Parameters
NAME     DCW-2020-029b-p
EXPNO                31
PROCNO                1

F2 - Acquisition Parameters
Date_          20201209
Time              19.31
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                  532
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
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D1           2.00000000 sec
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======== CHANNEL f1 ========
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======== CHANNEL f2 ========
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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          100.6127701 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

Figure 2.43. 1H NMR (400 MHz, CDCl3) of compound 2.22. 
 

Figure 2.44. 13C NMR (100 MHz, CDCl3) of compound 2.22. 
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RG                  128
DW               50.000 usec
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TE                296.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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
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EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              18.51 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   25
DS                    2
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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 2.45. 1H NMR (500 MHz, CDCl3) of compound 2.23. 
 

Figure 2.46. 13C NMR (125 MHz, CDCl3) of compound 2.23. 
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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
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F2 - Acquisition Parameters
Date_          20210212
Time              20.30 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   64
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 2.47. 1H NMR (600 MHz, CDCl3) of compound 2.24. 
 

Figure 2.48. 13C NMR (125 MHz, CDCl3) of compound 2.24. 
 

2.24

F3C
Ts
N



 
 

140 

 
 

 
 
 

-170-160-150-140-130-120-110-100-90-80-70-60-50-40-30-20-10190180170160150140130120110100 90 80 70 60 50 40 30 20 10 0 ppm

-6
2.

25
3.

00

Current Data Parameters
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EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20210120
Time              16.59
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG      zgfhigqn.2
TD               262144
SOLVENT           CDCl3
NS                    8
DS                    0
SWH          150000.000 Hz
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AQ            0.8738133 sec
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======== CHANNEL f2 ========
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NUC2                 1H
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PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.00

Purified product, 19F NMR

Figure 2.49. 19F NMR (376 MHz, CDCl3) of compound 2.24. 
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Current Data Parameters
NAME     AVK-2020-665a-char
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              15.48
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                  128
DW               50.000 usec
DE                 6.00 usec
TE                296.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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     AVK-2020-665a-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              19.45 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   34
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 2.50. 1H NMR (500 MHz, CDCl3) of compound 2.25. 
 

Figure 2.51. 13C NMR (125 MHz, CDCl3) of compound 2.25. 
 

2.25

Ts
NMeO



 
 

142 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
66

9
1.

67
6

1.
68

3
1.

68
9

1.
69

3
1.

70
1

1.
70

5
1.

96
3

1.
96

8
1.

97
8

1.
99

2
2.

00
5

2.
01

2
2.

28
4

2.
29

3
2.

30
2

2.
38

9
2.

78
7

2.
79

8
2.

80
9

2.
82

0
2.

83
0

4.
23

4
4.

24
4

4.
25

5
4.

25
9

4.
26

7
4.

27
4

4.
27

9
4.

28
9

4.
29

9
5.

94
3

5.
95

2
5.

96
2

5.
97

1
7.

26
2

7.
26

4
7.

28
4

7.
28

5
7.

44
5

7.
44

9
7.

45
7

7.
46

2
7.

46
7

7.
47

1
7.

67
5

7.
68

0
7.

68
4

7.
69

6
7.

70
1

7.
70

5
7.

78
3

7.
80

6

2.
00

6

1.
01

6
2.

02
0

3.
01

6

1.
00

4

1.
01

0

1.
00

0

2.
01

1
2.

00
9

2.
04

7
1.

00
2

Current Data Parameters
NAME     DCW-2021-003a-p
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20210115
Time              21.00
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                    8
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               189.85
DW               62.400 usec
DE                 6.50 usec
TE                296.5 K
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======== CHANNEL f1 ========
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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
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Current Data Parameters
NAME     DCW-2020-031a-p
EXPNO                21
PROCNO                1

F2 - Acquisition Parameters
Date_          20210114
Time              21.22
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  500
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                297.2 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          100.6127701 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

Figure 2.52. 1H NMR (400 MHz, CDCl3) of compound 2.26. 
 

Figure 2.53. 13C NMR (100 MHz, CDCl3) of compound 2.26. 
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Current Data Parameters
NAME     AVK-2020-685a-p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20201203
Time              21.20
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                 90.5
DW               50.000 usec
DE                 6.00 usec
TE                295.7 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300740 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     AVK-2020-685a-p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20201203
Time              22.11 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    9
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 2.54. 1H NMR (500 MHz, CDCl3) of compound 2.27. 
 

Figure 2.55. 13C NMR (125 MHz, CDCl3) of compound 2.27. 
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Current Data Parameters
NAME       MSM-2020-178
EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20210106
Time              19.23
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                    8
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                295.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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       MSM-2020-178
EXPNO                16
PROCNO                1

F2 - Acquisition Parameters
Date_          20210106
Time              15.36 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   16
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 2.56. 1H NMR (500 MHz, CDCl3) of compound 2.28. 
 

Figure 2.57. 13C NMR (125 MHz, CDCl3) of compound 2.28. 
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Current Data Parameters
NAME     AVK-2020-668a-p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20201130
Time              18.48
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  128
DW               50.000 usec
DE                 6.00 usec
TE                295.8 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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     AVK-2020-668a-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210118
Time              19.50 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   34
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 2.58. 1H NMR (500 MHz, CDCl3) of compound 2.29. 
 

Figure 2.59. 13C NMR (125 MHz, CDCl3) of compound 2.29. 
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Current Data Parameters
NAME     AVK-2020-666a-p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20201130
Time              18.44
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  128
DW               50.000 usec
DE                 6.00 usec
TE                295.7 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3299636 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     AVK-2020-666a-p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20201201
Time              22.03 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  226
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 2.60. 1H NMR (500 MHz, CDCl3) of compound 2.30. 
 

Figure 2.61. 13C NMR (125 MHz, CDCl3) of compound 2.30. 
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Current Data Parameters
NAME     AVK-2020-666a-p
EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20201130
Time              22.38
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG        zgflqn30
TD               262144
SOLVENT            C6D6
NS                   64
DS                    0
SWH          150000.000 Hz
FIDRES         0.572205 Hz
AQ            0.8738133 sec
RG               189.85
DW                3.333 usec
DE                 6.50 usec
TE                296.3 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        376.4983660 MHz
NUC1                19F
P1                14.50 usec
PLW1        17.00000000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.00

Purified product, 19F NMR

Figure 2.62. 19F NMR (376 MHz, CDCl3) of compound 2.30. 
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PROCNO                1

F2 - Acquisition Parameters
Date_          20201130
Time              18.46
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT            C6D6
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  128
DW               50.000 usec
DE                 6.00 usec
TE                295.8 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Purified Product, 1H NMR
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F2 - Acquisition Parameters
Date_          20210113
Time              22.13 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   14
DS                    2
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F2 - Processing parameters
SI               131072
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WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified Product, 13C NMR

Figure 2.63. 1H NMR (500 MHz, CDCl3) of compound 2.31. 
 

Figure 2.64. 13C NMR (125 MHz, CDCl3) of compound 2.31. 
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Purified Product, 1H NMR
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F2 - Processing parameters
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LB                 1.00 Hz
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PC                 1.40

Purified Product, 13C NMR

Figure 2.65. 1H NMR (500 MHz, CDCl3) of compound 2.32. 
 

Figure 2.66. 13C NMR (125 MHz, CDCl3) of compound 2.32. 
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Figure 2.67. 1H NMR (600 MHz, CDCl3) of compound 2.33. 
 

Figure 2.68. 13C NMR (125 MHz, CDCl3) of compound 2.33. 
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Purified Product, 13C NMR

Figure 2.69. 1H NMR (500 MHz, CDCl3) of compound 2.34. 
 

Figure 2.70. 13C NMR (125 MHz, CDCl3) of compound 2.34. 
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F2 - Processing parameters
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SSB      0
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Purified product, 13C NMR

Figure 2.71. 1H NMR (500 MHz, CDCl3) of compound 2.36. 
 

Figure 2.72. 13C NMR (100 MHz, CDCl3) of compound 2.36. 
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Purified product, 13C NMR

Figure 2.73. 1H NMR (500 MHz, CDCl3) of compound 2.38. 
 

Figure 2.74. 13C NMR (100 MHz, CDCl3) of compound 2.38. 
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TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
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PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR

Figure 2.75. 1H NMR (500 MHz, CDCl3) of compound 2.40. 
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F2 - Processing parameters
SI                65536
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SSB      0
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GB       0
PC                 1.00

Purified product, 1H NMR
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F2 - Acquisition Parameters
Date_          20210205
Time              21.25
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  532
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
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DE                 6.50 usec
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D1           2.00000000 sec
D11          0.03000000 sec
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======== 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          100.6127701 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified product, 13C NMR

Figure 2.76. 1H NMR (600 MHz, CDCl3) of compound 2.42. 
 

Figure 2.77. 13C NMR (100 MHz, CDCl3) of compound 2.42. 
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F2 - Acquisition Parameters
Date_          20210120
Time              22.46 h
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NS                    1
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SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                93.07
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          500.1300146 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified product, 1H NMR

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

21
.1

2
25

.6
5

25
.8

8
32

.2
3

43
.8

2

74
.3

9
74

.5
8

10
7.

42
11

7.
13

12
6.

48
12

7.
43

12
7.

66
12

8.
79

12
9.

15
12

9.
38

13
1.

92
13

2.
38

13
5.

97
13

9.
91

17
8.

77

Current Data Parameters
NAME     AVK-2021-019a-b1-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210120
Time              22.50 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   56
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 2.78. 1H NMR (500 MHz, CDCl3) of compound 2.44. 
 

Figure 2.79. 13C NMR (125 MHz, CDCl3) of compound 2.44. 
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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
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Current Data Parameters
NAME     AVK-2021-019a-b2-char
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20210120
Time              23.00 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  132
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 2.80. 1H NMR (500 MHz, CDCl3) of compound 2.86. 
 

Figure 2.81. 13C NMR (125 MHz, CDCl3) of compound 2.86. 
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Current Data Parameters
NAME     AVK-2021-012a-p-b2
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20210111
Time              20.16 h
INSTRUM           av500
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NS                    2
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AQ            0.1024000 sec
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PLW1        13.50000000 W
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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          500.1300146 MHz
WDW               QSINE
SSB                   2
LB       0 Hz
GB       0
PC                 1.00

F1 - Processing parameters
SI                 2048
MC2         States-TPPI
SF          500.1300146 MHz
WDW               QSINE
SSB                   2
LB       0 Hz
GB       0

Purified product, NOESY

Figure 2.82. NOESY (500 MHz, CDCl3) of compound 2.86. 
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F2 - Acquisition Parameters
Date_          20210122
Time              18.20
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                203.2
DW               50.000 usec
DE                 6.00 usec
TE                297.3 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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
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F2 - Acquisition Parameters
Date_          20210122
Time              18.38 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  111
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 2.83. 1H NMR (500 MHz, CDCl3) of compound (–)-2.47. 
 

Figure 2.84. 13C NMR (125 MHz, CDCl3) of compound (–)-2.47. 
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F2 - Acquisition Parameters
Date_          20210215
Time              18.34
INSTRUM          drx500
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TD                65536
SOLVENT           CDCl3
NS                    8
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FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                228.1
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DE                 6.00 usec
TE                295.6 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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     AVK-2021-077a-p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20210210
Time              20.53 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   26
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SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
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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 2.85. 1H NMR (500 MHz, CDCl3) of compound (+)-2.49. 
 

Figure 2.86. 13C NMR (125 MHz, CDCl3) of compound (+)-2.49. 
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Figure 2.87. 1H NMR (500 MHz, CDCl3) of compound (+)-2.50. 
 

Figure 2.88. 13C NMR (125 MHz, CDCl3) of compound (+)-2.50. 
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CHAPTER THREE 

 

Catalyst-Controlled Annulations of Strained Cyclic Allenes with  

p-Allylpalladium Complexes 

Dominick C. Witkowski, Matthew S. McVeigh, Georgia M. Scherer, Sarah M. Anthony, and 

Neil K. Garg 

J. Am. Chem. Soc. 2023, 145, 10491–10496. 

 

3.1 Abstract 

 Strained cyclic allenes are a class of in situ-generated fleeting intermediates that, despite 

being discovered more than 50 years ago, has received significantly less attention from the 

synthetic community compared to related strained intermediates. Examples of trapping strained 

cyclic allenes that involve transition metal catalysis are especially rare. We report the first 

annulations of highly reactive cyclic allenes with in situ-generated p-allylpalladium species. By 

varying the ligand employed, either of two isomeric polycyclic scaffolds can be obtained with high 

selectivity.  The products are heterocyclic, sp3-rich, and bear two or three new stereocenters. This 

study should encourage the further development of fragment couplings that rely on transition metal 

catalysis and strained cyclic allenes for the rapid assembly of complex scaffolds. 

3.2 Introduction 

 In situ-generated strained intermediates that bear a functional group with a preferred linear 

geometry within a small ring have emerged as valuable synthetic building blocks. Arynes1,2,3,4,5,6 

and cyclic alkynes7,8 (e.g., 3.1–3.3, Figure 3.1A) have been most well-studied with applications 
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spanning the synthesis of heterocycles,9,10 ligands (such as XPhos),11 natural products,12,13,14 

agrochemicals,15 and organic materials.16,17 A related class of strained intermediates discovered 

around the same time as arynes and cyclic alkynes is strained cyclic allenes, such as 1,2-

cyclohexadiene (3.4).18,19 The cumulated diene confined to a small ring leads to ~30 kcal/mol of 

strain energy, making cyclic allenes well-suited for strain-promoted reactions.20,21,22 However, 

these intermediates have received significantly less attention compared to arynes and cyclic 

alkynes despite possessing many attractive attributes23 that substantiate their value as building 

blocks for the synthesis of complex sp3-rich scaffolds. Recent studies of strained cyclic allenes 

have led to advances in cyclic allene generation protocols,24,25,26 cycloaddition 

reactions,27,28,29,30,31,32,33,34,35,36 metal-catalyzed processes,37,38 trapping in a single-electron 

process,39 DNA-encoded library synthesis,40 and total synthesis.41  

 An attractive yet underdeveloped approach to leveraging strained cyclic allenes in 

synthesis utilizes transition metal catalysis.42,43 Only three reports of such transformations have 

been demonstrated in the literature.44 In these reactions, an organometallic intermediate 3.5 is 

generated catalytically and intercepts a transient cyclic allene (e.g., 3.6) (Figure 3.1B). This gives 

rise to annulated product 3.7. In the known literature reports, only s-bound metal species have 

been used, namely, palladacycle 3.8,24,45 nickelacycle 3.9,37 and arylpalladium species 3.10.38 With 

the aim of expanding the types of organometallic intermediates that can be used in reactions of 

strained cyclic allenes, we became interested in the use of p-allylpalladium species 3.11. The 

ability of 3.11 to undergo C–C bond formation at either of its termini46,47,48 is distinct from the 

reactivity of organometallic intermediates used previously in cyclic allene annulations. As will be 

described herein, the use of p-allylpalladium complexes49,50 to trap cyclic allenes provides 
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opportunities to control regiochemistry and stereoselectivity, while building diverse and sp3-rich 

scaffolds. 

 In this chapter, we demonstrate the first use of p-allylmetal complexes to trap strained 

cyclic allenes (3.12 and 3.6, respectively, Figure 3.1C). By varying the ligand employed, either of 

two different polycyclic scaffolds, 3.13 or 3.14, can be formed preferentially, via the formation of 

multiple bonds and stereocenters. Studies toward an enantioselective variant are also reported. 

These studies demonstrate the merger of transition metal catalysis and strained cyclic allenes for 

the rapid assembly of complex, sp3-rich scaffolds. 

 

Figure 3.1. (A) Strained cyclic intermediates 3.1–3.4, (B) approaches for metal-catalyzed 
reactions of strained cyclic allenes, and (C) overview of current study. 
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3.3 Reaction Optimization 

 To initiate our studies, we investigated the reaction of vinyl benzoxazinone 3.15 with silyl 

triflate 3.16 using palladium catalysis (Table 3.1). Of note, benzoxazinone 3.15, a known p-

allylmetal precursor,51,52,53,54,55 was selected for these studies as it had been demonstrated to be 

compatible with fluoride-mediated generation of benzyne.56 Based on known reactivity of 3.15, 

two products could plausibly arise, tricycle 3.17 or tetracycle 3.18. To generate soluble fluoride 

ions, CsF and Bu4NOTf57 were used in combination. Furthermore, elevated temperatures were 

employed to facilitate efficient generation of reactive intermediates. Select key results from 

reaction optimization are depicted, and additional data are available in Section 3.8.2.2. 

The use of the dialkylbiaryl ligand DavePhos, which had previously been identified as a 

competent ligand in a cyclic allene annulation,38 did not lead to a productive reaction (Table 3.1, 

entry 1). However, switching to the PPh3 ligand gave tricyclic annulation product 3.17, albeit in a 

low yield of 20% (entry 2). Alternatively, the use of the bidentate ferrocene ligand dppf delivered 

constitutional isomer 3.18 as the major product (entry 3). With initial results for the selective 

formation of annulation products 3.17 or 3.18, we performed optimization to selectively access 

each of the constitutional isomers. For practical reasons, we elected to pursue the use of Pd(PPh3)4, 

which gave 3.17 in slightly improved yield and excellent selectivity (entry 4; compared with entry 

2). Because a significant amount of decomposition of benzoxazinone 3.15 was observed under 

these conditions,58 we explored additives to mitigate deleterious side reactions. Empirically, the 

addition of water led to significant improvement, generating tricycle 3.17 in 65% yield after 2 h 

(entry 5). Extensive efforts were made to selectively generate tetracycle 3.18. We ultimately 

identified that the use of Buchwald precatalyst dppf Pd G3 and water as an additive delivered 3.18 

in 73% yield after 2 h (entry 6; compared with entry 3). Thus, either tricycle 3.17 or tetracycle 
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3.18 could be accessed by the judicious choice of ligand. It should be noted that the annulation of 

benzyne with benzoxazinone 3.15 only delivers the tetracyclic counterpart to 3.18, without 

formation of the tricyclic counterpart to 3.17.56 

Table 3.1. Select Results from Optimization Studies. 

 

a Reactions conditions: 3.15 (3.0 equiv), 3.16 (1.0 equiv), catalyst (5 mol%), ligand (as shown), 
CsF (10 equiv), Bu4NOTf (5.0 equiv), additive (as shown), DMF (0.050 M), 70 °C, 2 h. b Yield 
determined by an isolation experiment. c Ratio of 3.17:3.18 and dr were determined by 1H NMR 
analysis. In entries where 3.17 is the major product, dr = 11:1; in entries where 3.18 is the major 
product dr = >20:1. d [Pd] (10 mol%), 0.025 M. 
 
3.4 Scope of Annulation Reactions 
 

Having identified suitable reaction conditions for the selective formation of either 

constitutional isomer 3.17 or 3.18, we examined the scope of the methodology beginning with the 

formation of tricyclic products 3.21 (Figure 3.2). The parent substrate, along with its N-mesyl 

derivative, each gave 60% yield of tricyclic product (3.17 and 3.22, respectively). A variety of 

substituents on the arene (R2 = Me, F, OMe, Ph, 2-thiophene) were also tolerated, as evidenced by 

the formation of tricycles 3.23–3.29.59 The use of a naphthalene-derived substrate proceeded 

smoothly to furnish 3.30 in 64% yield. Additionally, we evaluated a benzoxazinone bearing an 

isopropenyl group, which afforded tricycle 3.31. Lastly, heterocyclic allene precursors (i.e., 3.20) 
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could be employed under modified reaction conditions to enable further modulation of the product 

structure. More specifically, interception of oxa-29 and aza-derivatives28 of 3.20 delivered 

heterocycles 3.32 and 3.33, respectively. It should be noted that formation of the corresponding 

tetracyclic products was either negligible or not observed for the results shown in Figure 3.2. 

Additionally, in most cases, the observed diastereoselectivities are synthetically useful. 

  



 
 

178 

 

Figure 3.2. Scope of the annulation reaction using PPh3 as the ligand. Reactions performed on 
0.05 mmol scale with 3.19 (3.0 equiv) and 3.20 (1.0 equiv) at 0.050 M. Yields reflect an average 
of two isolation experiments. a Reactions were performed with CsF (5.0 equiv) in MeCN (0.050 

M) at 60 °C for 6 h, without Bu4NOTf additive. 
 

Subsequently, the scope of the methodology for preparing tetracycles utilizing the dppf Pd 

G3 catalyst was assessed (Figure 3.3). Although our conditions shown in Table 3.1, entry 6 were 
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observations. Beginning with the parent substrate combination, 3.18 was isolated in 70% yield and 

>20:1 dr. Variation of the N-substituent, as well as steric and electronic perturbations of the aryl 

ring, were tolerated as seen by the formation of 3.35–3.43 in good yields. Finally, trapping of an 

oxacyclic allene gave tetracycle 3.44. Notably, the annulations to afford tetracycles 3.34 proceed 

via the formation of three new bonds and three stereocenters with excellent diastereoselectivity 

(>20:1 dr in all cases). 

 

Figure 3.3. Scope of the annulation reaction using dppf as the ligand. Reactions performed on 
0.05 mmol scale with 3.19 (3.0 equiv) and 3.20 (1.0 equiv) at 0.025 M. Yields reflect an average 

of two isolation experiments. For all isolations, dr = >20:1 and ratios of 3.34:3.21 range from 
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6.3:1 to >20:1; see Section 3.8.2.3 for details. a Reaction was performed at 100 °C. b Reaction 
was performed in MeCN (0.0125 M) at 30 °C for 14 h, without Bu4NOTf additive. 

 
3.5 Reaction Mechanism 

Plausible mechanisms for the transformations we have developed are depicted in Figure 

3.4. The Pd(0) catalyst coordinates to 3.45. Oxidative addition of the Pd(0) catalyst into the allylic 

C–O bond of 3.46 followed by decarboxylation affords zwitterionic p-allylpalladium intermediate 

3.12.51 Ligand-controlled migratory insertion of cyclic allene 3.6 (formed from fluoride-mediated 

1,2-elimination of silyl triflate 3.20) gives p-allylpalladium intermediates 3.47 and 3.48.60 These 

intermediates arise from C–C bond formation at either of the two sites of reactivity of p-

allylpalladium species 3.12. The branched or linear selectivity of the migratory insertion is 

proposed to be a result of the ligands employed.61 Cyclizations of 3.47 and 3.48 afford tricycle 

3.1362 and tetracycle 3.14, respectively, through the formation of one or two new bonds. 
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Figure 3.4. Proposed catalytic cycle. 
 

3.6 Investigating the Feasibility of an Enantioselective Variant 

 Given the notable impact of ligands on selectivity in these transformations, the feasibility 
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allene precursor 3.50. Notably, the use of two chiral racemic starting materials would represent a 

departure from previous studies that use an achiral trapping partner.37,38 Select key results are 
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enantioselective. Given the greater structural complexity of isomer (–)-3.52, we elected to assess 

other chiral diphosphine ligands in pursuit of (–)-3.52. The use of Phanephos L3.4, Segphos ligand 

L3.5, and Josiphos ligand L3.6 each gave the desired product (–)-3.52 in varying yields and 

enantioselectivities. The employment of Walphos ligand L3.7 and Mandyphos ligand L3.8 each 

resulted in increased yields and enantioselectivities. Of these, use of L3.8 provided superior results 

and delivered (–)-3.52 in 54% yield and 70% ee.64 We surmise that the absolute configuration of 

(–)-3.52 is as depicted, on the basis of an X-ray crystal structure obtained for carbocyclic derivative 

(–)-3.43. Although improving the enantioselectivity was challenging in our initial efforts,65 the 

results shown provide the most structurally complex products accessible from the merger of 

strained cyclic allenes and asymmetric catalysis to date. As enantioselective transformations of 

fleeting strained cyclic intermediates remain exceedingly rare, we hope these results will promote 

further efforts in this area. 
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Table 3.2. Evaluation of Select Chiral Ligands in the Annulation Reaction. 

 

a Reaction conditions: 3.49 (3.0 equiv), 3.50 (1.0 equiv), Pd2(dba)3 (5 mol%), ligand (20 mol%), 
CsF (10 equiv), H2O (9.0 equiv), MeCN (0.0125 M), 30 °C, 14 h. b See Section 3.8.2.6 for details 
and crystallographic data. c Yield determined by an isolation experiment. 
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3.7 Conclusion 

We have developed the first strategy for engaging strained cyclic allenes with p-allyl metal 

species. These are rare examples of cyclic allene reactions in transition metal-catalyzed processes. 

By the judicious choice of ligands, selectivity can be controlled, leading to the preferential 

formation of tri- or tetracyclic heterocycles with significant structural complexity. Of note, the 

transformations proceed by formation of either two or three new bonds and two or three new 

stereocenters. We also demonstrate the feasibility of an enantioselective variant, thus providing a 

crucial proof-of-principle study for further asymmetric reaction development. Overall, the union 

of strained cyclic allenes and p-allylpalladium chemistry expands the types of organometallic 

intermediates that can be used in cyclic allene reactions to access complex sp3-rich scaffolds. We 

hope this study promotes the further development and understanding of transition metal-catalyzed 

reactions of strained cyclic allenes. 

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, and commercially obtained reagents were used as received unless 

otherwise specified. Anhydrous solvents were either freshly distilled or passed through activated 

alumina columns, unless otherwise stated. Non-commercially available substrates were 

synthesized according to known preparations or following protocols specified in the Experimental 

Procedures. Prior to use, acetonitrile (MeCN), dimethylformamide (DMF), 1,4-dioxane, methanol 

(MeOH), methylene chloride, and tetrahydrofuran (THF) were passed through activated alumina 

columns and degassed by five freeze-pump-thaw cycles. Water and 1,4-dioxane were degassed by 

sparging with N2 gas before use. Hydrochloric acid, sodium bicarbonate, sodium hydride, ethyl 
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chloroformate, phenylboronic acid pinacol ester (3.59), and thiophene-2-boronic acid (3.64) 

pinacol ester were obtained from Sigma-Aldrich. Sodium carbonate was obtained from EMD 

Millipore. 4-Toluenesulfonyl chloride (TsCl) was obtained from Oakwood Chemical. 

Vinylmagnesium bromide (3.55) was obtained from Acros Organics. Palladium(II) acetate, 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3), methanesulfonato[1,1’-

bis(diphenylphosphino)ferrocene)](2’-amino-1,1’-biphenyl-2-yl)palladium(II) (DPPF 

Palladacycle Gen. 3), cesium fluoride, manganese dioxide, and 

tetrakis(triphenylphosphine)palladium(0) were obtained from Strem Chemicals. 

Tetrabutylammonium trifluoromethanesulfonate (Bu4NOTf) was obtained from TCI America. 

Potassium carbonate was obtained from Fisher Scientific. 2-Amino-4-bromobenzaldehyde (3.58) 

was obtained from AmBeed. All ligands used for reaction optimization (Sections 3.8.2.2, 3.8.2.4, 

and 3.8.2.5) were obtained from Strem Chemicals, TCI America, Sigma-Aldrich, or Solvias. Ethyl 

chloroformate was distilled over CaH2 prior to use. MnO2, Na2CO3, and K2CO3 were dried in an 

oven heated to 120 °C for 48 h prior to use. Reaction temperatures at or above 23 °C were 

controlled using an IKAmag temperature modulator, and unless stated otherwise, performed at 

room temperature (approximately 23 °C). 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 40–63 µm) was used for 

flash column chromatography. 1H-NMR and 2D-NOESY spectra were recorded on Bruker 

spectrometers (at 400, 500, and 600 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) and integration. 13C-NMR spectra were recorded on Bruker spectrometers (at 100, 
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125, and 150 MHz) and are reported relative to the residual solvent signal. Data for 13C-NMR 

spectra are reported in terms of chemical shift (δ ppm) and, when necessary, multiplicity, and 

coupling constant (Hz). 19F-NMR spectra were recorded on Bruker spectrometers (at 282 MHz) 

and are reported in terms of chemical shift (δ ppm), multiplicity, coupling constant (Hz) and 

integration. IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and a 

JASCO FT/IR-4100 spectrometer and are reported in terms of frequency absorption (cm–1). 

Uncorrected melting points were measured using a Digimelt MPA160 melting point apparatus. 

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 version 3.0. The analyte was spotted onto OpenSpot 

sampling cards (IonSense Inc.) using deuterated chloroform (CDCl3) or CH2Cl2 as the solvent. 

Ionization was accomplished using UHP He plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific). Optical rotations were measured with a Rudolf Autopol III Automatic 

Polarimeter. Determination of enantiopurity was carried out on a JASCO SFC (supercritical fluid 

chromatography) using a Daicel ChiralPak ID column and a Daicel ChiralPak IE column. Data for 

SFC chromatograms are reported in enantiomeric excess (ee). 

 

Alcohol 3.53,66 vinyl benzoxazinone derivatives 3.1567, 3.6956, 3.7056, 3.7168, 3.7367, 3.7468, 3.7668, 

3.8169, 3.8670, 3.8769, 3.8967, and 3.9069, and allene precursors 3.1627, 3.5029, 3.8438, and 3.8825 are 

all known compounds. The 1H NMR spectral data matched those reported in literature. 

3.8.2 Experimental Procedures 

3.8.2.1 Synthesis of N-Tosyl-vinyl Benzoxazinones 
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Aldehyde 3.54. To a solution of alcohol 3.53 (2.37 g, 8.67 mmol, 1.0 equiv) in CH2Cl2 (28.9 mL, 

0.30 M) was added MnO2 (4.52 g, 52.0 mmol, 6.0 equiv) in a single portion. The reaction vessel 

was fitted with an air condenser and the resulting mixture was stirred at 40 °C for 18 h. After 18 

h, the reaction mixture was cooled to 23 °C and filtered over a celite plug eluting with ethyl acetate 

(500 mL). The filtrate was then concentrated under reduced pressure to afford aldehyde 3.54 (1.99 

g, 85% yield) as a yellow solid, which was used in the subsequent step without purification. 

Aldehyde 3.54: Mp: 132–133 °C; Rf 0.57 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 

10.19 (br s, 1H), 10.07 (s, 1H), 8.78 (s, 1H), 8.18 (s, 1H), 7.87 (d, J = 8.2, 1H), 7.82 (d, J = 8.3, 

1H), 7.59 (t, J = 7.3, 1H), 7.42 (t, J = 7.5, 1H), 1.57 (s, 9H); 13C NMR (125 MHz, CDCl3): d 195.2, 

153.4, 140.4, 137.5, 136.5, 130.4, 129.1, 128.2, 127.8, 125.4, 122.8, 115.2, 80.9, 28.5; IR (film): 

3314, 2980, 1728, 1673, 1541 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C16H16NO3–, 270.1125; 

found 270.1112. 

 

 

Vinyl benzoxazinone 3.56. To a solution of aldehyde 3.54 (750 mg, 2.77 mmol, 1.0 equiv) in 

THF (6.0 mL, 0.46 M) at –78 °C was added vinylmagnesium bromide 3.55 (0.32 M in THF, 25.9 

mL, 8.29 mmol, 3.0 equiv) dropwise over 25 min. The solution was warmed to 23 °C and stirred 

at this temperature for 1 h. The reaction was then cooled to 0 °C and quenched with dropwise 

addition of saturated aqueous NaHCO3 (40 mL). The resulting mixture was extracted with diethyl 
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ether (3 x 50 mL). The combined organic layers were dried with Na2SO4, filtered, and concentrated 

under reduced pressure to afford a dark orange oil (828 mg). To a solution of the dark orange oil 

in MeOH (9.1 mL, 0.30 M) was added K2CO3 (1.15 g, 8.30 mmol, 3.0 equiv) and the resulting 

heterogeneous mixture was allowed to stir at 23 °C for 60 h. The reaction was then neutralized 

with 2 M HCl (4 mL) and the resulting mixture was extracted with EtOAc (3 x 50 mL). The 

combined organic layers were washed with brine (1 x 50 mL), dried with Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was purified by flash column 

chromatography (5:1 → 4:1 hexanes:EtOAc) to provide vinyl benzoxazinone 3.56 (425 mg, 68% 

yield over 2 steps) as an off-white solid. Vinyl benzoxazinone 3.56: Mp: 165 °C; Rf 0.33 (2:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 9.33 (s, 1H), 7.77 (d, J = 8.1, 1H), 7.74 (d, J = 

8.2, 1H), 7.58 (s, 1H), 7.47 (ddd, J = 8.1, 6.9, 1.2, 1H), 7.40 (ddd, J = 8.1, 6.9, 1.2, 1H), 7.29 (s, 

1H), 6.17 (ddd, J = 17.0, 10.4, 6.4, 1H), 5.97 (dd, J = 6.4, 1.0, 1H), 5.49 (dt, J = 10.4, 0.9, 1H), 

5.44 (dt, J = 17.1, 1.0, 1H); 13C NMR (125 MHz, CDCl3): d 153.4, 133.9, 133.8, 132.9, 130.2, 

128.1, 127.4, 127.1, 125.2, 124.8, 121.1, 120.3, 110.4, 80.3; IR (film): 3099, 2927, 1706, 1379, 

1032 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H12NO2+, 226.0863; found 226.0866. 

 

 

N-tosyl-vinyl benzoxazinone 3.49. To a solution of vinyl benzoxazinone 3.56 (350 mg, 1.55 

mmol, 1.0 equiv) in DMF (10.4 mL, 0.15 M) at 0 °C was added NaH (60 wt% dispersion in mineral 

oil, 160 mg, 3.88 mmol, 2.5 equiv) in one portion. The mixture was stirred at this temperature for 

1 h prior to the addition of TsCl (592 mg, 3.11 mmol, 2.0 equiv) in one portion. The resulting 
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mixture was gradually warmed to 23 °C over 1.5 h then quenched by pouring into an Erlenmeyer 

flask filled with ice. The resulting mixture was extracted with EtOAc (3 x 50 mL). The combined 

organic layers were washed with water (3 x 40 mL), dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was purified by flash column chromatography (9:1 

hexanes:EtOAc) to provide N-tosyl-vinyl benzoxazinone 3.49 (449 mg, 76% yield) as a white 

solid. N-tosyl-vinyl benzoxazinone 3.49: Mp: 148–149 °C; Rf 0.57 (2:1 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 8.14 (dt, J = 8.7, 1.9, 2H), 8.04 (s, 1H), 7.88 (d, J = 8.0, 1H), 7.81 (d, 

J = 8.0, 1H), 7.65 (s, 1H), 7.55 (ddd, J = 8.2, 6.9, 1.4, 1H), 7.51 (ddd, J = 8.1, 7.0, 1.5, 1H), 7.43–

7.38 (m, 2H), 6.11 (ddd, J = 17.2, 10.5, 6.0, 1H), 5.78 (dd, J = 6.1, 1.1, 1H), 5.52 (dt, J = 10.6, 1.1, 

1H), 5.42 (ddd, J = 17.2, 1.3, 0.7, 1H), 2.47 (s, 3H); 13C NMR (125 MHz, CDCl3): d 149.4, 145.8, 

135.7, 133.2, 132.2, 131.1, 130.8, 129.8 129.3, 128.3, 127.8 127.5, 126.9, 126.0, 124.7, 121.7, 

118.9, 79.8, 21.9; IR (film): 3065, 2927, 1744, 1368, 1168 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C21H18NO4S+, 380.0951; found 380.0957. 

 

 

Carbamate 3.58. To a solution of amino benzaldehyde 3.57 (1.50 g, 7.50 mmol, 1.0 equiv) in 

1:1:1 1,4-dioxane/water/sat. NaHCO3 (30 mL, 0.25 M) at 0 °C was added ethyl chloroformate 

(8.00 mL, 80.0 mmol, 20.0 equiv) dropwise over 5 min. The reaction was then warmed to 23 °C 

over 20 h before being diluted with brine (40 mL). The resulting mixture was extracted with EtOAc 

(3 x 30 mL). The combined organic layers were dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was purified by flash column chromatography (49:1 

hexanes:EtOAc) to provide carbamate 3.58 (1.51 g, 74% yield) as a pale yellow solid. Carbamate 

Br

O

NH2 Br

O

NHCO2Et

ethyl chloroformate (20 equiv)

1,4-dioxane/H2O/sat. NaHCO3 (aq.) (1:1:1)
0 → 23 °C, 20 h

(74% yield)3.57 3.58
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3.58: Mp: 66–67 °C; Rf 0.58 (5:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 10.60 (br s, 

1H), 9.86 (s, 1H), 8.73 (d, J = 1.2, 1H), 7.48 (d, J = 8.2, 1H), 7.31 (dd, J = 8.2, 1.7, 1H), 4.26 (q, 

J = 7.2, 2H), 1.34 (t, J = 7.2, 3H); 13C NMR (125 MHz, CDCl3): d 194.3, 153.6, 142.2, 137.0, 

131.9, 125.4, 121.6, 120.1, 61.9, 14.6; IR (film): 3231, 2995, 1728, 1515, 1216 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C10H11BrNO3+, 271.9917; found 271.9919. 

 

 

Carbamate 3.60. An 8-dram vial containing a magnetic stir bar was charged with carbamate 3.58 

(600 mg, 2.21 mmol, 1.0 equiv), potassium carbonate (762 mg, 5.51 mmol, 2.5 equiv), and 

phenylboronic acid pinacol ester 3.59 (900 mg, 4.41 mmol, 2.0 equiv). The vial was taken into a 

glovebox where Pd(PPh3)4 (255 mg, 0.221 mmol, 0.1 equiv) was added. The reaction was sealed 

with a septum cap, removed from the glovebox, and placed under a flow of N2. Then, 4:1 1,4-

dioxane:water (16 mL, 0.138 M) was added. The septum cap was then carefully replaced with a 

Teflon-lined cap and stirred for 3 h at 95 °C. The reaction mixture was then cooled to 23 °C, 

concentrated under reduced pressure, diluted with water (10 mL) and extracted with CH2Cl2 (3 x 

20 mL). The combined organic layers were dried with Na2SO4, filtered, and concentrated under 

reduced pressure. The crude material was purified by flash column chromatography (49:1 

hexanes:EtOAc) to provide carbamate 3.60 (515 mg, 87% yield) as a white solid. Carbamate 

3.60: Mp: 109–110 °C; Rf 0.66 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 10.65 (br s, 

1H), 9.94 (d, J = 0.6, 1H), 8.78 (d, J = 1.5, 1H), 7.73–7.66 (m, 3H), 7.49–7.44 (m, 2H), 7.44–7.38 

(m, 2H), 4.27 (q, J = 7.1, 2H), 1.36 (t, J = 7.1, 3H); 13C NMR (125 MHz, CDCl3): d 194.7, 154.0, 

Br

O

NHCO2Et

Pd(PPh3)4 (10 mol%)
K2CO3 (2.5 equiv)

1,4-dioxane/H2O (4:1)
95 °C, 3 h

(87% yield)
3.58

Ph
B O

O
MeMe

Me
Me

Ph

O

NHCO2Et

3.603.59

+

(2.0 equiv)
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148.8, 141.9, 139.7, 136.6, 129.1, 128.9, 127.7, 120.7, 120.3, 117.0, 61.6, 14.6; IR (film): 3272, 

2928, 1724, 1564, 1211 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H16NO3+, 270.1125; 

found 270.1127. 

 

 

Vinyl benzoxazinone 3.61. To a solution of aldehyde 3.60 (495 mg, 1.84 mmol, 1.0 equiv) in 

THF (1.0 mL, 2 M) at –78 °C was added vinylmagnesium bromide 3.55 (0.46 M in THF, 12.0 mL, 

5.51 mmol, 3.0 equiv) dropwise over 7 min. The solution was warmed to 23 °C and stirred at this 

temperature for 30 min. The reaction was then cooled to 0 °C and quenched with dropwise addition 

of saturated aqueous NaHCO3 (6 mL). The resulting mixture was extracted with diethyl ether (3 x 

7 mL). The combined organic layers were dried with Na2SO4, filtered, and concentrated under 

reduced pressure to afford an oil (550 mg). To a solution of the oil in MeOH (6.17 mL, 0.30 M) 

was added K2CO3 (767 mg, 5.55 mmol, 3.0 equiv) and the resulting heterogeneous mixture was 

allowed to stir at 23 °C for 60 h. The reaction was neutralized with 1 M HCl (6 mL), and the 

resulting mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers were 

washed with brine (10 mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (5:1 hexanes:EtOAc) to provide 

vinyl benzoxazinone 3.61 (373 mg, 80% yield over 2 steps) as an pale yellow solid. Vinyl 

benzoxazinone 3.61: Mp: 159–161 °C; Rf 0.15 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): d 7.62 (br s, 1H), 7.57–7.53 (m, 2H), 7.48–7.42 (m, 2H), 7.38 (tt, J = 7.4, 1.3, 1H), 7.30 

(dd, J = 7.9, 1.7, 1H), 7.17 (d, J = 7.8, 1H), 7.00 (d, J = 1.7, 1H), 6.10 (ddd, J = 16.9, 10.3, 6.4, 

Ph

O

NHCO2Et
Ph N

H

O

O

1.                      (3.0 equiv)
   
    THF, –78 → 23 °C, 1 h

2. K2CO3 (3.0 equiv)
    MeOH, 23 °C, 60 h

     (80% yield, 2 steps)

BrMg
3.55

3.613.60
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1H), 5.87–5.84 (m, 1H), 5.56–5.38 (m, 2H); 13C NMR (125 MHz, CDCl3 , 13 of 14 signals 

observed): d 143.0, 139.9, 135.5, 133.9, 129.0, 128.1, 127.3, 125.6, 122.4, 119.9, 118.9, 113.0, 

80.3; IR (film): 3235, 2971, 1704, 1366, 760 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C16H14NO2+, 252.1019; found 252.1018. 

 

 

N-tosyl-vinyl benzoxazinone 3.63. To a solution of vinyl benzoxazinone 3.62 (370 mg, 1.47 

mmol, 1.0 equiv) in DMF (9.82 mL, 0.15 M) at 0 °C was added NaH (60 wt% dispersion in mineral 

oil, 150 mg, 3.68 mmol, 2.5 equiv) in one portion. The mixture was stirred at this temperature for 

1 h prior to the addition of TsCl (561 mg, 2.94 mmol, 2.0 equiv) in one portion. The resulting 

mixture was gradually warmed to 23 °C over 3 h then quenched by pouring into an Erlenmeyer 

flask filled with ice. The resulting mixture was extracted with EtOAc (3 x 20 mL). The combined 

organic layers were washed with water (3 x 30 mL), dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was purified by flash column chromatography (7:1 

hexanes:EtOAc) to provide N-tosyl-vinyl benzoxazinone 3.63 (365 mg, 61% yield) as a yellow 

solid. N-tosyl-vinyl benzoxazinone 3.63: Mp: 120–121 °C; Rf  0.23 (5:1 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 8.12 (d, J = 8.3, 2H), 7.85 (s, 1H), 7.59 (d, J = 7.4, 2H), 7.51–7.45 

(m, 3H), 7.44–7.37 (m, 3H), 7.25 (overlapped with residual solvent peak, 1H), 6.07 (ddd, J = 16.9, 

10.4, 6.2, 1H), 5.69 (d, J = 6.0, 1H), 5.49 (d, J = 10.4, 1H), 5.41 (d, J = 17.1, 1H), 2.47 (s, 3H); 

13C NMR (125 MHz, CDCl3): d 149.3, 145.8, 142.8, 140.0, 135.8, 134.6, 132.2, 129.9, 129.3, 

Ph N
H

O

O

3.62

Ph N

O

O

3.63 Ts

i.  NaH (2.5 equiv)
    DMF, 0 °C, 1 h

ii. TsCl (2.0 equiv)
    DMF, 0 → 23 °C, 1.5 h

           (61% yield)
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129.2, 128.3, 127.4, 125.5, 125.3, 124.9 ,121.4, 119.9, 79.5, 21.9; IR (film): 3025, 2970, 1747, 

1364, 1166 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C23H20NO4S+, 406.1108; found 406.1109. 

 

 

Carbamate 3.65. A 50-mL round-bottomed flask containing a magnetic stir bar was charged with 

carbamate 3.58 (750 mg, 2.76 mmol, 1.0 equiv), potassium carbonate (952 mg, 6.89 mmol, 2.5 

equiv), and thiophene-2-boronic acid pinacol ester 3.64 (1.16 g, 5.51 mmol, 2.0 equiv). The flask 

was taken into a glovebox where Pd(PPh3)4 (319 mg, 0.276 mmol, 0.10 equiv) was added. The 

reaction was sealed with a septum cap, removed from the glovebox, and placed under a flow of 

N2. Then, 4:1 1,4-dioxane:water (18.8 mL, 0.147 M) was added. The reaction mixture was stirred 

for 3 h at 95 °C. The reaction mixture was then cooled to 23 °C, concentrated under reduced 

pressure, diluted with water (10 mL), and extracted with CH2Cl2 (3 x 20 mL). The combined 

organic layers were dried with Na2SO4, filtered, and concentrated under reduced pressure. The 

crude material was purified by flash column chromatography (19:1 hexanes:EtOAc) to provide 

carbamate 3.65 (745 mg, 98% yield) as a yellow solid. Carbamate 3.65: Mp: 105–106 °C; Rf 0.68 

(1:1 hexanes:CH2Cl2); 1H NMR (600 MHz, CDCl3): d 10.66 (br s, 1H), 9.87 (s, 1H), 8.82 (d, J = 

1.4, 1H), 7.62 (d, J = 8.0, 1H), 7.54 (dd, J = 3.7, 1.1, 1H), 7.43–7.38 (m, 2H), 7.13 (dd, J = 5.0, 

3.7, 1H), 4.27 (q, J = 7.2, 2H), 1.36 (t, J = 7.2, 3H); 13C NMR (125 MHz, CDCl3): d 194.2, 153.9, 

142.9, 142.1, 141.7, 136.9, 128.6, 127.5, 125.9, 120.2, 119.1, 115.0, 61.7, 14.6; IR (film): 3263, 

1734, 1610, 1212, 703 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H14NO3S+, 276.0694; 

found 276.0690. 

(2.0 equiv)

Br

O

NHCO2Et

Pd(PPh3)4 (10 mol%)
K2CO3 (2.5 equiv)

1,4-dioxane/H2O (4:1)
95 °C, 3 h

(98% yield)
3.58

B O

O
MeMe

Me
Me

O

NHCO2Et

3.653.64

+

S
S
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Vinyl benzoxazinone 3.66. To a solution of aldehyde 3.65 (500 mg, 1.82 mmol, 1.0 equiv) in 

THF (22.7 mL, 0.080 M) at –78 °C was added vinylmagnesium bromide 3.55 (0.46 M in THF, 

11.8 mL, 5.45 mmol, 3.0 equiv) dropwise over 7 min. The solution was warmed to 23 °C and 

stirred at this temperature for 30 min. The reaction was then cooled to 0 °C and quenched with 

dropwise addition of saturated aqueous NaHCO3 (8 mL). The resulting mixture was extracted with 

diethyl ether (3 x 10 mL). The combined organic layers were dried with Na2SO4, filtered, and 

concentrated under reduced pressure to afford an oil (551 mg). To a solution of the oil in MeOH 

(20.0 mL, 0.091 M) was added K2CO3 (753 mg, 5.45 mmol, 3.0 equiv) and the resulting 

heterogeneous mixture was allowed to stir at 23 °C for 84 h. The reaction was neutralized with 1 

M HCl (6 mL), and the resulting mixture was extracted with EtOAc (3 x 20 mL). The combined 

organic layers were washed with brine (10 mL), dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by flash column chromatography (5:1 

hexanes:EtOAc) to provide vinyl benzoxazinone 3.66 (284 mg, 61% yield over 2 steps) as an off-

white solid. Vinyl benzoxazinone 3.66: Mp: 163 °C; Rf 0.11 (5:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): d 7.57 (br s, 1H), 7.33–7.30 (m, 3H), 7.12–7.07 (m, 2H), 7.02 (d, J = 1.4, 1H), 6.08 

(ddd, J = 16.9, 10.3, 6.4, 1H), 5.82 (d, J = 6.4, 1H), 5.44 (d, J = 10.3, 1H), 5.39 (d, J = 17.1, 1H); 

13C NMR (125 MHz, CDCl3): d 151.8, 142.9, 136.0, 135.6, 133.8, 128.3, 125.9, 125.8, 124.1, 

121.2, 120.0, 119.0, 111.4, 80.2; IR (film): 3108, 2925, 1706, 1376, 1268 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C14H12NO2S+, 258.0589; found 258.0590. 

 

O

NHCO2Et
N
H

O

O

1.                      (3.0 equiv)
   
    THF, –78 → 23 °C, 0.5 h

2. K2CO3 (3.0 equiv)
    MeOH, 23 °C, 84 h

     (61% yield, 2 steps)

BrMg
3.55

3.663.65

S
S
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N-tosyl-vinyl benzoxazinone 3.67. To a solution of vinyl benzoxazinone 3.66 (284 mg, 1.10 

mmol, 1.0 equiv) in DMF (7.35 mL, 0.15 M) at 0 °C was added NaH (60 wt% dispersion in mineral 

oil, 110 mg, 2.75 mmol, 2.5 equiv) in one portion. The mixture was stirred at this temperature for 

1 h prior to the addition of TsCl (420 mg, 2.20 mmol, 2.0 equiv) in one portion. The resulting 

mixture was gradually warmed to 23 °C over 3 h then quenched by pouring into an Erlenmeyer 

flask filled with ice. The resulting mixture was extracted with EtOAc (3 x 20 mL). The combined 

organic layers were washed with water (30 mL), dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The crude material was purified by flash column chromatography (7:1 

hexanes:EtOAc) to provide N-tosyl-vinyl benzoxazinone 3.67 (246 mg, 54% yield) as a white 

solid. N-tosyl-vinyl benzoxazinone 3.67: Mp: 119 °C; Rf 0.18 (5:1 hexanes:EtOAc); 1H NMR 

(600 MHz, CDCl3): d 8.15 (dt, J = 8.7, 2.0, 2H), 7.84 (d, J = 1.6, 1H), 7.48 (dd, J = 8.0, 1.6, 1H), 

7.44–7.39 (m, 2H), 7.37–7.33 (m, 2H), 7.18 (d, J = 8.0, 1H), 7.12 (dd, J = 5.0, 3.7, 1H), 6.05 (ddd, 

J = 17.0, 10.4, 6.1, 1H), 5.58–5.63 (m, 1H), 5.52–5.46 (m, 1H), 5.40 (ddd, J = 17.2, 1.3, 0.6, 1H), 

2.48 (s, 3H); 13C NMR (150 MHz, CDCl3): d 149.2, 145.9, 142.9, 135.87, 135.86, 134.9, 132.1, 

129.9, 129.3, 128.5, 126.1, 125.7, 125.4, 124.5, 123.5, 121.5, 118.3, 79.5, 21.9; IR (film): 2977, 

2367, 1758, 1173, 823 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C21H18NO4S2+, 412.0677; 

found 412.0668. 

 

 

 

N
H
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O

3.66

N

O

O

3.67
Ts

i.  NaH (2.5 equiv)
    DMF, 0 °C, 1 h

ii. TsCl (2.0 equiv)
    DMF, 0 → 23 °C, 3 h

           (54% yield)
S S
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3.8.2.2. Optimization of the Racemic Annulation 

Results from the optimization of the reactions between 3.15 and 3.16 and between 3.15 and 3.50 

appear below. Reactant stoichiometry and temperature were varied using General Procedure 3.1, 

and results appear below in Table 3.3 and 3.4, respectively. Water loading, catalyst loading, and 

concentration were varied using General Procedure 3.2, and results appear below in Table 3.5, 3.6, 

and 3.7, respectively. Ligands were varied using General Procedure 3.3, and results appear below 

in Table 3.8. Initial efforts to use other metals (e.g., Ir and Ni) were unsuccessful. As such, we 

focused on Pd. 

 

Any modification of the conditions shown in the general procedures above are specified in the 

following schemes. Although reactions were performed in a glovebox for consistency, reactions 

setup on the bench-top did not suffer from a significant loss in yield. 

 

General Procedure 3.1 for the optimization of the racemic annulation: 

 

Annulation Product 3.17. A 1-dram vial containing a magnetic stir bar was charged with vinyl 

benzoxazinone 3.15 and Bu4NOTf (49 mg, 0.13 mmol, 5.0 equiv). A separate 1-dram vial was 

charged with silyl triflate 3.16. The two vials were taken into a glovebox where Pd(PPh3)4 (1.4 

mg, 0.0013 mmol, 0.05 equiv) and CsF (38 mg, 0.25 mmol, 10.0 equiv) were added to the vial 

containing vinyl benzoxazinone 3.15. To the vial containing silyl triflate 3.16 was added the 

appropriate amount of DMF to afford a 0.05 M solution. The vial was capped and shaken to ensure 

N

O

Ts
O

TfO
SiEt3

N
Ts

H

Pd(PPh3)4 (5 mol%)

CsF (10.0 equiv)
Bu4NOTf (5 equiv)

H2O (XX equiv)
DMF (0.05 M), XX °C, 3 h

+

3.173.163.15
(XX equiv) (1.0 equiv)
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full dissolution. The necessary amount of the solution of silyl triflate 3.16 (0.05 M in DMF, 500 

µL, 8.6 mg, 0.025 mmol, 1.0 equiv) was then transferred via micropipette to the reaction vial 

containing vinyl benzoxazinone 3.15. The reaction was sealed with a septum cap, removed from 

the glovebox, and placed under a flow of N2. Then, deionized water was added to the reaction 

vessel via microsyringe. The septum cap was then carefully replaced with a Teflon-lined cap under 

a stream of N2 and stirred for 3 h at the desired reaction temperature. The mixture was then filtered 

through a pad of silica gel, eluting with EtOAc (8 mL). The eluate was concentrated by iteratively 

azeotroping with n-heptane (4 x 5 mL). The crude residue was then redissolved in CH2Cl2 (1 mL) 

and filtered through a pad of silica gel eluting with CH2Cl2 (20 mL) to remove excess Bu4NOTf. 

The eluate was concentrated to afford a crude residue, which was analyzed by 1H NMR using 

mesitylene as an external standard.  

 

General Procedure 3.2 for the optimization of the racemic annulation: 

 

Annulation Products 3.17 and 3.18. A 1-dram vial containing a magnetic stir bar was charged 

with vinyl benzoxazinone 3.15 (25 mg, 0.075 mmol, 3.0 equiv) and Bu4NOTf (49 mg, 0.13 mmol, 

5.0 equiv). A separate 1-dram vial was charged with silyl triflate 3.16. The two vials were taken 

into a glovebox where dppf Pd G3 and CsF (38 mg, 0.25 mmol, 10.0 equiv) were added to the vial 

containing vinyl benzoxazinone 3.15. To the vial containing silyl triflate 3.16 was added the 

appropriate amount of DMF to afford a solution of desired concentration. The vial was capped and 

shaken to ensure full dissolution. The necessary amount of the solution of silyl triflate 3.16 (8.6 
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TfO
SiEt3
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H
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Ts
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dppf Pd G3 (XX mol%)

CsF (10.0 equiv)
Bu4NOTf (5.0 equiv)

H2O (XX equiv)
DMF (XX M), 70 °C, 3 h

+ +

3.173.183.163.15
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mg, 0.025 mmol, 1.0 equiv) was then transferred via micropipette to the reaction vial containing 

vinyl benzoxazinone 3.15. The reaction was sealed with a septum cap, removed from the glovebox, 

and placed under a flow of N2. Then, deionized water was added to the reaction vessel via 

microsyringe. The septum cap was then carefully replaced with a Teflon-lined cap under a stream 

of N2 and stirred for 3 h at 70 °C. The mixture was then filtered through a pad of silica gel, eluting 

with EtOAc (8 mL). The eluate was washed with water (2 x 5 mL), dried with Na2SO4, filtered, 

and concentrated under reduced pressure. The crude residue was redissolved in CH2Cl2 (1 mL) 

and filtered through a pad of silica gel eluting with CH2Cl2 (20 mL) to remove excess Bu4NOTf. 

The eluate was concentrated and purified by preparative thin layer chromatography (4:1:1 

hexanes:CH2Cl2:Et2O) to provide annulation products 3.17 and 3.18. 

 

General Procedure 3.3 for the optimization of the racemic annulation: 

 

Annulation Products 3.32 and 3.44. A 1-dram vial containing a magnetic stir bar was charged 

with vinyl benzoxazinone 3.15 (25 mg, 0.075 mmol, 3.0 equiv). A separate 1-dram vial was 

charged with silyl triflate 3.50. The two vials were taken into a glovebox where Pd2(dba)3 (1.1 mg, 

0.0013 mmol, 5 mol%), ligand (0.0025 mmol, 10 mol%) and CsF (38 mg, 0.25 mmol, 10.0 equiv) 

were added to the vial containing vinyl benzoxazinone 3.15. To the vial containing silyl triflate 

3.50 was added the appropriate amount of MeCN to afford a 0.05 M solution. The vial was capped 

and shaken to ensure full dissolution. The necessary amount of the solution of silyl triflate 3.50 

(0.05 M in MeCN, 500 µL, 8.6 mg, 0.025 mmol, 1.0 equiv) was then transferred via micropipette 
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CsF (5.0 equiv)
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+ +

3.32 3.443.503.15
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to the reaction vial containing vinyl benzoxazinone 3.15. The reaction was sealed with a Teflon-

lined cap, removed from the glovebox, and stirred for 2.5 h at 40 °C. The mixture was then filtered 

through a pad of silica gel, eluting with EtOAc (8 mL). The eluate was concentrated to provide a 

crude residue, which was analyzed by 1H NMR using mesitylene as an external standard. 

Table 3.3. Evaluation of Vinyl Benzoxazinone Equivalents. 

 
Entry Equiv. 3.15  1H NMR Yielda dr 

1 1.0 31% 7.4:1b 
2 3.0 54%  11:1b 
3 5.0 47% 9.3:1c 

a 1H NMR yield determined using mesitylene as an external standard. 
b dr was determined by 1H NMR analysis of crude reaction mixture. 

c dr was determined by 1H NMR analysis of isolated mixture of diastereomers. 
 

Table 3.4. Evaluation of Temperature. 

 
Entry Temperature (°C)  1H NMR Yielda drb 

1 50 46% 8.4:1 
2 70 54%  11:1 
3 90 47% 7.8:1 

a 1H NMR yield determined using mesitylene as an external standard. 
b dr was determined by 1H NMR analysis of crude reaction mixture. 
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Table 3.5. Evaluation of H2O Loading. 

 
Entry Equiv. H2O  Isolated Yielda 3.18:3.17b 

1 0.0 28% >20:1 
2 3.0 59% 10:1 
3 6.0 65% 11:1 
4 9.0 74% 10:1 
5 12.0 73% 3.8:1 

a Products isolated as a mixture. 
b For 3.18 dr = >20:1. For 3.17 dr could not be determined. Ratio of 3.18:3.17 and dr were 

determined by 1H NMR analysis of the isolated mixture. 
 

Table 3.6. Evaluation of Catalyst Loading. 

 
Entry Mol% [Pd]  Isolated Yielda 3.18:3.17b 

1 5 mol% 44% 11:1 
2 10 mol% 59% 10:1 
3 15 mol% 61% 11:1 

a Products isolated as a mixture. 
b For 3.18 dr = >20:1. For 3.17 dr could not be determined. Ratio of 3.18:3.17 and dr were 

determined by 1H NMR analysis of the isolated mixture. 
 

Table 3.7. Evaluation of Concentration. 

 
Entry Concentration  Isolated Yielda 3.18:3.17b 

1 0.05 64% 7.6:1 
2 0.025 59% 10:1 
3 0.0125 51% 15:1 

a Products isolated as a mixture. 
b For 3.18 dr = >20:1. For 3.17 dr could not be determined. Ratio of 3.18:3.17 and dr were 

determined by 1H NMR analysis of the isolated mixture. 
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Table 3.8. Evaluation of Ligands. 

 
Entry Ligand 1H NMR Yield (3.32)a,b 1H NMR Yield (3.44)a,c 

1 Pd(PPh3)4 (5 mol%)d 54% 0% 
2 PCy3 18% 4% 
3 DavePhos 13% 0% 
4 Ruphos 10% 0% 
5 Xantphos 8% 0% 
6 SPhos 8% 0% 
7 XPhos 6% 0% 
8 dppe 0% 0% 
9 dtbpf 0% 0% 
10 rac-BINAP 0% 0% 
11 DPEphos 0% 8% 
12 dppf 0% 36% 
13 dppf Pd G3 (5 mol%) d 0% 44% 

a 1H NMR yield determined using mesitylene as an external standard. 
b ~1:1 dr as determined by 1H NMR analysis of crude reaction mixture. 

c >20:1 dr as determined by 1H NMR analysis of crude reaction mixture. 
d Pd2(dba)3 omitted from the reaction. 

 

3.8.2.3. Scope of the Racemic Annulation 

General Procedure 3.4 for the scope of the racemic annulation: 

 

Annulation Products 3.21. A 1-dram vial containing a magnetic stir bar was charged with vinyl 

benzoxazinone 3.19 (0.15 mmol, 3.0 equiv) and Bu4NOTf (98 mg, 0.25 mmol, 5.0 equiv). A 

separate 1-dram vial was charged with silyl triflate 3.20. The two vials were taken into a glovebox 

where Pd(PPh3)4 (2.9 mg, 0.0025 mmol, 5 mol%) and CsF (76 mg, 0.50 mmol, 10.0 equiv) were 
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added to the vial containing vinyl benzoxazinone 3.19. To the vial containing silyl triflate 3.20 

was added the appropriate amount of DMF to afford a 0.05 M solution. The vial was capped and 

shaken to ensure full dissolution. The necessary amount of the solution of silyl triflate 3.20 (0.05 

M in DMF, 1.0 mL, 0.05 mmol, 1.0 equiv) was then transferred via micropipette to the reaction 

vial containing vinyl benzoxazinone 3.19. The reaction was sealed with a septum cap, removed 

from the glovebox, and placed under a flow of N2. Then, deionized water (8.1 µL, 0.45 mmol, 9.0 

equiv) was added to the reaction vessel via microsyringe. The septum cap was then carefully 

replaced with a Teflon-lined cap under a stream of N2 and stirred for 2 h at 70 °C. The mixture 

was then filtered through a pad of silica gel, eluting with EtOAc (8 mL). The eluate was washed 

with water (4 x 5 mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. The 

crude residue was redissolved in CH2Cl2 (1 mL) and filtered through a pad of silica gel eluting 

with CH2Cl2 (20 mL) to remove excess Bu4NOTf. The eluate was concentrated and purified by 

preparative thin layer chromatography to provide annulation products 3.21. 

 

General Procedure 3.5 for the scope of the racemic annulation: 

 

Annulation Products 3.21. A 1-dram vial containing a magnetic stir bar was charged with vinyl 

benzoxazinone 3.19 (0.15 mmol, 3.0 equiv). A separate 1-dram vial was charged with silyl triflate 

3.20. The two vials were taken into a glovebox where Pd(PPh3)4 (2.9 mg, 0.0025 mmol, 5 mol%) 

and CsF (38 mg, 0.25 mmol, 5.0 equiv) were added to the vial containing vinyl benzoxazinone 

3.19. To the vial containing silyl triflate 3.20 was added the appropriate amount of MeCN to afford 
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a 0.05 M solution. The vial was capped and shaken to ensure full dissolution. The necessary 

amount of the solution of silyl triflate 3.20 (0.05 M in MeCN, 1.0 mL, 0.05 mmol, 1.0 equiv) was 

then transferred via micropipette to the reaction vial containing vinyl benzoxazinone 3.19. The 

reaction was sealed with a septum cap, removed from the glovebox, and placed under a flow of 

N2. Then, deionized water (8.1 µL, 0.45 mmol, 9.0 equiv) was added to the reaction vessel via 

microsyringe. The septum cap was then carefully replaced with a Teflon-lined cap under a stream 

of N2 and stirred for 5 h at 60 °C. The mixture was then filtered through a pad of silica gel, eluting 

with EtOAc (8 mL). The eluate was concentrated and purified by preparative thin layer 

chromatography to provide annulation products 3.21. 

 

General Procedure 3.6 for the scope of the racemic annulation: 

 
Annulation Products 3.34. A 1-dram vial containing a magnetic stir bar was charged with vinyl 

benzoxazinone 3.19 (0.15 mmol, 3.0 equiv) and Bu4NOTf (98 mg, 0.25 mmol, 5.0 equiv). A 

separate 1-dram vial was charged with silyl triflate 3.20. The two vials were taken into a glovebox 

where dppf Pd G3 (4.7 mg, 0.0050 mmol, 10 mol%) and CsF (76 mg, 0.50 mmol, 10.0 equiv) were 

added to the vial containing vinyl benzoxazinone 3.19. To the vial containing silyl triflate 3.20 

was added the appropriate amount of DMF to afford a 0.025 M solution. The vial was capped and 

shaken to ensure full dissolution. The necessary amount of the solution of silyl triflate 3.20 (0.025 

M in DMF, 2.0 mL, 0.05 mmol, 1.0 equiv) was then transferred via micropipette to the reaction 

vial containing vinyl benzoxazinone 3.19. The reaction was sealed with a septum cap, removed 
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from the glovebox, and placed under a flow of N2. Then, deionized water (8.1 µL, 0.45 mmol, 9.0 

equiv) was added to the reaction vessel via microsyringe. The septum cap was then carefully 

replaced with a Teflon-lined cap under a stream of N2 and stirred for 2 h at 70 °C. The mixture 

was then filtered through a pad of silica gel, eluting with EtOAc (8 mL). The eluate was washed 

with water (4 x 5 mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. The 

crude residue was redissolved in CH2Cl2 (1 mL) and filtered through a pad of silica gel eluting 

with CH2Cl2 (20 mL) to remove excess Bu4NOTf. The eluate was concentrated and purified by 

preparative thin layer chromatography to provide annulation products 3.34. 

 

General Procedure 3.7 for the scope of the racemic annulation: 

 

Annulation Products 3.34. A 2-dram vial containing a magnetic stir bar was charged with vinyl 

benzoxazinone 3.19 (0.15 mmol, 3.0 equiv). A separate 1-dram vial was charged with silyl triflate 

3.20. The two vials were taken into a glovebox where dppf Pd G3 (4.7 mg, 0.0050 mmol, 10 mol%) 

and CsF (75 mg, 0.50 mmol, 10.0 equiv) were added to the vial containing vinyl benzoxazinone 

3.19. To the vial containing silyl triflate 3.20 was added the appropriate amount of MeCN to afford 

a 0.0125 M solution. The vial was capped and shaken to ensure full dissolution. The necessary 

amount of the solution of silyl triflate 3.20 (0.0125 M in MeCN, 4.0 mL, 0.05 mmol, 1.0 equiv) 

was then transferred via micropipette to the reaction vial containing vinyl benzoxazinone 3.19. 

The reaction was sealed with a septum cap, removed from the glovebox, and placed under a flow 

of N2. Then, deionized water (8.1 µL, 0.45 mmol, 9.0 equiv) was added to the reaction vessel via 
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microsyringe. The septum cap was then carefully replaced with a Teflon-lined cap under a stream 

of N2 and stirred for 14 h at 30 °C. The mixture was then filtered through a pad of silica gel, eluting 

with EtOAc (8 mL). The eluate was concentrated and purified by preparative thin layer 

chromatography to provide annulation products 3.34. 

Any modification of the conditions shown in the general procedures above are specified in the 

following schemes. Although reactions were performed in a glovebox for consistency, reactions 

setup on the bench-top did not suffer from a significant loss in yield. 

 

 

3.17 and 3.68. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.17 and 

minor diastereomer 3.68 (60% combined yield, 9.4:1 dr, average of two experiments) as a white 

solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the isolated mixture (Ha 3.17: 4.81 ppm; 3.68: 5.88 ppm). Annulation Products 3.17 

and 3.68: Rf 0.70 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.17): 7.85 (dd, J = 

8.2, 0.9, 1H), 7.43 (dt, J = 8.3, 1.7, 2H), 7.26–7.21 (overlapped with residual solvent peak, 1H), 

7.16–7.12 (m, 2H), 7.10 (td, J = 7.4, 1.2, 1H), 6.96 (dd, J = 7.5, 1.5, 1H), 5.57–5.53 (m, 1H), 4.81 

(ddd, J = 17.1, 10.0, 5.4, 1H), 4.70–4.58 (m, 2H), 4.42 (dt, J = 9.9, 1.8, 1H), 3.68–3.65 (m, 1H), 

2.60 (dq, J = 11.7, 4.3, 1H), 2.35 (s, 3H), 2.08–1.90 (m, 2H), 1.85–1.79 (m, 1H), 1.77–1.65 (m, 

1H), 1.62–1.52 (overlapped with residual H2O peak, 1H); 13C NMR (125 MHz, CDCl3, 3.17): d 
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143.5, 137.5, 136.3, 136.2, 135.9, 134.9, 129.4, 127.8, 127.7, 127.5, 126.0, 125.7, 124.8, 115.2, 

56.4, 51.8, 32.7, 24.5, 21.6, 21.2; IR (film): 2972, 2864, 1484, 1359, 1164 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C22H24NO2S+, 366.1522; found 366.1522. 

The structure of 3.17 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

3.22. Followed General Procedure 3.4. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.22 (60% yield, >20:1 dr (determined by 1H NMR analysis 

of the crude mixture), average of two experiments) as a white solid. Annulation Product 3.22: 

Mp: 107–108 °C; Rf 0.52 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3): d 7.70 (d, J 

= 8.2, 1H), 7.26–7.22 (overlapped with residual solvent peak, 1H), 7.17–7.10 (m, 2H), 5.94 (ddd, 

J = 17.3, 10.3, 3.6, 1H), 5.69–5.64 (m, 1H), 5.20–5.15 (m, 1H), 5.08–5.02 (m, 1H), 4.75–4.69 (m, 

1H), 3.93–3.89 (m, 1H), 2.80 (s, 3H), 2.44 (dq, J = 11.7, 3.9, 1H), 2.11–2.05 (m, 1H), 2.04–1.94 

(m, 1H), 1.84–1.79 (m, 1H), 1.77–1.65 (m, 1H), 1.56–1.46 (overlapped with residual H2O peak, 

1H); 13C NMR (125 MHz, CDCl3): d 139.0, 135.7, 135.2, 135.0, 128.1, 128.0, 125.7, 125.4, 124.6, 

116.8, 56.5, 51.3, 39.5, 32.5, 24.5, 21.1; IR (film): 2931, 2862, 1485, 1341, 1155 cm–1; HRMS-
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APCI (m/z) [M + H]+ calcd for C16H20NO2S+, 290.1209; found 290.1209. Relative stereochemistry 

was assigned by analogy to the 1H NMR data of 3.17 and 3.68. 

 

 

3.23. Followed General Procedure 3.4. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.23 (65% yield, >20:1 dr (determined by 1H NMR analysis 

of the crude mixture), average of two experiments) as a white solid. Annulation Product 3.23: 

Mp: 109–111 °C; Rf 0.62 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3): d 7.69 (d, J 

= 8.2, 1H), 7.43 (dt, J = 8.3, 1.9, 2H), 7.16–7.09 (m, 3H), 6.96 (d, J = 7.4, 1H), 5.57–5.53 (m, 1H), 

4.83 (ddd, J = 17.1, 10.1, 5.5, 1H), 4.68–4.60 (m, 2H), 4.48 (dt, J = 10.0, 1.8, 1H), 3.89–3.84 (m, 

1H), 2.58 (dq, J = 12.0, 4.3, 1H), 2.35 (s, 3H), 2.19 (s, 3H), 2.07–1.90 (m, 2H), 1.84–1.79 (m, 1H), 

1.76–1.65 (m, 1H), 1.60–1.52 (overlapped with residual H2O peak, 1H); 13C NMR (125 MHz, 

CDCl3): d 143.4, 136.6, 136.5, 136.3, 134.92, 134.89, 134.1, 129.3, 127.9, 127.3, 126.7, 124.6, 

123.9, 115.6, 56.2, 48.0, 32.6, 24.5, 21.6, 21.2, 19.0; IR (film): 2926, 1739, 1351, 1163, 665 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C23H26NO2S+, 380.1684; found 380.1685. Relative 

stereochemistry was assigned by analogy to the 1H NMR data of 3.17 and 3.68. 
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3.24 and 3.72. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.24 and 

minor diastereomer 3.72 (61% combined yield, 12:1 dr, average of two experiments) as a white 

solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the crude reaction mixture (Ha 3.24: 4.62–4.55 ppm; Hb 3.72: 5.16 ppm). Annulation 

Products 3.24 and 3.72: Rf 0.69 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (600 MHz, CDCl3, 3.24): 

d 7.72 (d, J = 8.2, 1H), 7.43 (dt, J = 8.3, 1.6, 2H), 7.17–7.13 (m, 2H), 7.04 (dd, J = 8.3, 1.8, 1H), 

6.77 (d, J = 1.8, 1H), 5.54–5.52 (m, 1H), 4.76 (ddd, J = 17.0, 9.9, 5.5, 1H), 4.68 (dt, J = 17.1, 1.8, 

1H), 4.62–4.55 (m, 1H), 4.40 (dt, J = 9.8, 1.8, 1H), 3.62–3.59 (m, 1H), 2.58 (dq, J = 11.9, 4.3, 1H), 

2.36 (s, 3H), 2.29 (s, 3H), 2.04–1.90 (m, 2H), 1.83–1.78 (m, 1H), 1.75–1.65 (m, 1H), 1.60–1.52 

(overlapped with residual H2O peak, 1H); 13C NMR (150 MHz, CDCl3, 3.24): d 143.4, 137.6, 

136.42, 136.36, 135.7, 135.6, 132.2, 129.4, 128.20, 128.19, 127.8, 126.0, 124.6, 115.0, 56.3, 52.0, 

32.6, 24.5, 21.6, 21.2, 21.0; IR (film): 2925, 1494, 1351, 1166, 567 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C23H26NO2S+, 380.1684; found 380.1685. Relative stereochemistry was assigned 

by analogy to the 1H NMR data of 3.17 and 3.68. 
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3.25. Followed General Procedure 3.4. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.25 (56% yield, >20:1 dr (determined by 1H NMR analysis 

of the crude mixture), average of two experiments) as a white solid. Annulation Product 3.25: 

Mp: 150–154 °C; Rf 0.67 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3): d 7.67 (d, J 

= 8.4, 1H), 7.47–7.39 (m, 2H), 7.21–7.13 (m, 3H), 6.85 (td, J = 8.5, 0.7, 1H), 5.64–5.60 (m, 1H), 

4.79 (ddd, J = 17.1, 9.8, 5.1, 1H), 4.68 (dt, J = 17.1, 1.5 1H), 4.65–4.58 (m, 1H), 4.46 (dt, J = 9.9, 

1.8, 1H), 4.10–4.06 (m, 1H), 2.62 (dq, J = 11.8, 4.3, 1H), 2.36 (s, 3H), 2.08–1.92 (m, 2H), 1.86–

1.80 (m, 1H), 1.77–1.65 (m, 1H), 1.62–1.52 (overlapped with residual H2O peak, 1H); 13C NMR 

(125 MHz, CDCl3): d 158.8 (d, J = 244.1), 143.8, 136.5 (d, J = 6.4), 136.1, 136.0, 135.0, 129.5, 

127.8, 127.6 (d, J = 9.3), 125.8, 123.2 (d, J = 19.9), 121.6 (d, J = 3.2), 115.8, 112.1 (d, J = 22.0), 

56.3, 43.4 (d, J = 3.7), 32.8, 24.5, 21.6, 21.1; 19F NMR (282 MHz, CDCl3): d –121.39 (m, 1F); IR 

(film): 2928, 2864, 1584, 1465, 1352 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C22H23FNO2S+, 

384.1428; found 384.1428. Relative stereochemistry was assigned by analogy to the 1H NMR data 

of 3.17 and 3.68. 
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3.26, 3.75, and 3.39. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.26, 

minor diastereomer 3.75, and constitutional isomer 3.39 (38% combined yield, 8.4:1 dr, 14:2.3:1.0 

3.26:3.75:3.39, average of two experiments) as a waxy white solid. Diastereomeric ratio was 

determined by integrating the following peaks in the 1H-NMR spectrum of the crude reaction 

mixture (Ha 3.26: 4.59–4.54 ppm; Hb 3.75: 5.25 ppm). Ratio of constitutional isomers was 

determined by integrating the following peaks in the 1H-NMR spectrum of the isolated mixture 

(Ha 3.26: 4.59–4.54 ppm; Hb 3.75: 5.25 ppm; Hc 3.39: 5.51–5.49 ppm). Annulation Products 

3.26, 3.75, and 3.39: Rf 0.63 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.26): d 

7.82 (dd, J = 9.0, 5.1, 1H), 7.43–7.39 (m, 2H), 7.18–7.14 (m, 2H), 6.93 (td, J = 8.5, 3.0, 1H), 6.68 

(dd, J = 8.3, 3.0, 1H), 5.57–5.54 (m, 1H), 4.77–4.64 (m, 2H), 4.59–4.54 (m, 1H), 4.41 (dt, J = 9.3, 

2.1, 1H), 3.63–3.60 (m, 1H), 2.59 (dq, J = 11.7, 4.1, 1H), 2.37 (s, 3H), 2.07–1.91 (m, 2H), 1.85–

1.80 (m, 1H), 1.76–1.64 (m, 1H), 1.60–1.50 (overlapped with residual H2O peak, 1H); 13C NMR 

(125 MHz, CDCl3, 3.26): d 160.4 (d, J = 246.6), 143.7, 138.1 (d, J = 7.4), 136.7, 136.1, 135.7, 

129.5, 127.9, 127.8, 127.1, 125.4, 115.6, 114.3 (d, J = 16.7), 114.1 (d, J = 16.2), 56.2, 51.8, 32.6, 

24.5, 21.6, 21.2; 19F NMR (282 MHz, CDCl3): d –116.79 (m, 1F); IR (film): 2929, 1741, 1488, 
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1351, 1164 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C22H23FNO2S+, 384.1428; found 

384.1430. Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.17 and 3.68. 

 

 

3.27 and 3.77. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.27 and 

minor diastereomer 3.77 (61% combined yield, 8.9:1 dr, average of two experiments) as a colorless 

clear oil. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the crude reaction mixture (Ha 3.27: 4.59–4.51 ppm; Hb 3.77: 5.23 ppm). Annulation 

Products 3.27 and 3.77: Rf 0.54 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.27): 

d 7.76 (d, J = 9.0, 1H), 7.40 (dt, J = 8.3, 2.0, 2H),  7.17–7.13 (m, 2H), 6.78 (dd, J = 9.0, 3.0, 1H), 

6.51 (d, J = 3.0, 1H), 5.55–5.51 (m, 1H), 4.72–4.67 (m, 2H), 4.59–4.51 (m, 1H), 4.39–4.35 (m, 

1H), 3.78 (s, 3H), 3.61–3.58 (m, 1H), 2.57 (dq, J = 11.8, 4.3, 1H), 2.36 (s, 3H), 2.06–1.90 (m, 2H), 

1.84–1.78 (m, 1H), 1.75–1.64 (m, 1H), 1.61–1.50 (overlapped with residual H2O peak, 1H); 13C 

NMR (125 MHz, CDCl3, 3.27): d 157.5, 143.4, 137.5, 137.2, 136.24, 136.18, 129.4, 127.8, 127.7, 

127.5, 124.9, 115.2, 112.9, 112.5, 56.2, 55.5, 52.1, 32.6, 24.5, 21.6, 21.2; IR (film): 2935, 1600, 

1494, 1163, 567 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C23H26NO3S+, 396.1633; found 

396.1631. Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.17 and 3.68. 

 

N
Ts

H

N
Ts

H

+
MeO

MeO

Hb

Ha
N

O

O
Ts

TfO

SiEt3
Pd(PPh3)4 (5 mol%)

CsF (10 equiv)
Bu4NOTf (5.0 equiv)

H2O (9.0 equiv)
DMF (0.05 M), 70 °C, 2 h

(61% yield)

+

3.76 3.16 3.27 3.77

MeO



 
 

212 

 

3.28 and 3.78. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.28 and 

minor diastereomer 3.78 (66% combined yield, 10:1 dr, average of two experiments) as a colorless 

clear oil. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the crude reaction mixture (Ha 3.28: 4.67–4.63 ppm; Hb 3.78: 5.27 ppm). Annulation 

Products 3.28 and 3.78: Rf 0.76 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.28): 

d 8.12 (d, J = 1.8, 1H), 7.66–7.62 (m, 2H), 7.49–7.42 (m, 4H), 7.37–7.33 (m, 2H), 7.17–7.13 (m, 

2H), 7.03 (d, J = 7.8, 1H), 5.60–5.56 (m, 1H), 4.85 (ddd, J = 17.1, 10.0, 5.4, 1H), 4.70 (dt, J = 

17.1, 1.6, 1H), 4.67–4.63 (m, 1H), 4.45 (dt, J = 10.0, 1.8, 1H), 3.73–3.70 (m, 1H), 2.63 (dq, J = 

11.8, 4.3, 1H), 2.35 (s, 3H), 2.05–1.95 (m, 2H), 1.86–1.81 (m, 1H), 1.78–1.67 (m, 1H), 1.66–1.59 

(overlapped with residual H2O peak, 1H); 13C NMR (125 MHz, CDCl3, 3.28): d 143.6, 140.54, 

140.52, 137.5, 136.3, 136.1, 135.3, 134.8, 129.4, 128.9, 128.0, 127.9, 127.6, 127.2, 125.0, 124.7, 

124.3, 115.3, 56.4, 51.6, 32.7, 24.6, 21.6, 21.2; IR (film): 2927, 1599, 1482, 1165, 665 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C28H28NO2S+, 442.1841; found 442.1841. Relative 

stereochemistry was assigned by analogy to the 1H NMR data of 3.17 and 3.68. 
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3.29 and 3.79. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.29 and 

minor diastereomer 3.79 (50% combined yield, 5.2:1 dr, average of two experiments) as an off-

white solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H 

NMR spectrum of the crude reaction mixture (Ha 3.29: 4.88 ppm; Hb 3.79: 4.59–4.55 ppm). 

Annulation Products 3.29 and 3.79: Rf 0.57 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, 

CDCl3, 3.29): d 8.12 (d, J = 1.8, 1H), 7.50 (dt, J = 8.3, 1.9, 2H), 7.36–7.31 (m, 2H), 7.28 (dd, J = 

5.1, 1.1, 1H), 7.17–7.14 (m, 2H), 7.11–7.07 (m, 1H), 6.96 (d, J = 7.8, 1H), 5.59–5.56 (m, 1H), 

4.88 (ddd, J = 17.0, 10.1, 5.3, 1H), 4.71–4.64 (m, 2H), 4.47 (dt, J = 10.0, 1.9, 1H), 3.70–3.67 (m, 

1H), 2.64 (dq, J = 11.6, 4.2, 1H), 2.35 (s, 3H), 2.05–1.95 (m, 2H), 1.86–1.81 (m, 1H), 1.78–1.67 

(m, 1H), 1.65–1.56 (overlapped with residual H2O peak, 1H); 13C NMR (125 MHz, CDCl3, 3.29, 

23 of 24 signals observed): d 144.0, 143.7, 137.4, 136.2, 136.0, 135.5, 134.8, 133.8, 129.4, 128.2, 

128.1, 128.0, 125.01, 125.00, 123.5, 123.1, 115.4, 56.4, 51.5, 32.7, 24.5, 21.6, 21.2;  IR (film): 

2973, 2363, 1742, 1165, 667 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C26H26NO2S2+, 

448.1405; found 448.1408. Relative stereochemistry was assigned by analogy to the 1H NMR data 

of 3.17 and 3.68. 
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3.30 and 3.80. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.30 and 

minor diastereomer 3.80 (64% combined yield, 8.8:1 dr, average of two experiments) as a white 

solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the crude reaction mixture (Ha 3.30: 5.03 ppm; Hb 3.80: 5.30 ppm). Annulation 

Products 3.30 and 3.80: Rf 0.61 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.30): 

d 8.32 (s, 1H), 7.86–7.82 (m, 1H), 7.72–7.68 (m, 1H), 7.48 (dt, J = 8.3, 2.0, 2H), 7.47–7.38 (m, 

3H), 7.11–7.07 (m, 2H), 5.64–5.60 (m, 1H), 5.03 (ddd, J = 17.1 10.1, 5.0, 1H), 4.82–4.75 (m, 1H), 

4.71 (ddd, J = 17.2, 1.9, 1.7, 1H), 4.52 (ddd, J = 10.1, 2.1, 1.6, 1H), 3.90–3.87 (m, 1H), 2.64 (dq, 

J = 11.8, 4.3, 1H), 2.31 (s, 3H), 2.09–2.02 (m, 1H), 2.01–1.90 (m, 1H), 1.87–1.81 (m, 1H), 1.81–

1.69 (m, 1H), 1.65–1.55 (m, 1H); 13C NMR (125 MHz, CDCl3, 3.30): d 143.6, 137.6, 136.5, 136.0, 

135.0, 133.1, 132.9, 131.4, 129.3, 128.2, 127.9, 127.1, 126.0, 125.8, 125.5, 123.4, 115.7, 56.6, 

52.0, 32.5, 24.7, 21.6, 21.2; IR (film): 2927, 2862, 1460, 1353, 1165 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C26H26NO2S+, 416.1679; found 416.1676. Relative stereochemistry was assigned 

by analogy to the 1H NMR data of 3.17 and 3.68. 
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3.31 and 3.82. Followed General Procedure 3.4. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.31 and 

minor diastereomer 3.82 (65% combined yield, 8.9:1 dr, average of two experiments) as a white 

solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the isolated mixture (Ha 3.31: 4.78–4.71 ppm; 3.82: 4.56–4.51 ppm). Annulation 

Products 3.31 and 3.82: Rf 0.63 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.31): 

d 7.86–7.83 (m, 1H), 7.50 (dt, J = 8.3, 2.0, 2H), 7.24–7.19 (m, 1H), 7.12–7.08 (m, 2H), 7.05 (td, J 

= 7.5, 1.2, 1H), 6.95 (dd, J = 7.5, 1.6, 1H), 5.60–5.57 (m, 1H), 4.78–4.71 (m, 1H), 4.35–4.30 (m, 

1H), 4.15–4.13 (m, 1H), 3.60 (s, 1H), 2.59 (dq, J = 11.8, 4.3, 1H), 2.34 (s, 3H), 2.11–2.04 (m, 1H), 

2.04–1.93 (m, 1H), 1.86–1.81 (m, 1H), 1.80–1.68 (m, 1H), 1.59–1.54 (m, 1H), 1.26–1.24 (m, 3H); 

13C NMR (125 MHz, CDCl3, 3.31): d 143.3, 143.0, 136.9, 135.8, 135.01, 134.95, 129.5, 129.1, 

129.0, 128.1, 127.4, 127.0, 126.0, 125.05, 125.01, 112.5, 56.7, 54.5, 32.6, 24.6, 21.7, 21.6, 21.3; 

IR (film): 2928, 2863, 1484, 1344, 1160 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C23H26NO2S+, 380.1679; found 380.1678. 

The structure of 3.31 was verified by 2D-NOESY, as the following interaction was observed: 
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3.32 and 3.83. Followed General Procedure 3.5. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 3.32 and 

minor diastereomer 3.83 (64% combined yield, 1.8:1 dr, average of two experiments) as a white 

solid. Diastereomeric ratio was determined by integrating the following peaks in the 1H NMR 

spectrum of the crude reaction mixture (Ha 3.32: 3.36 ppm; 3.83: 3.30 ppm). Annulation Products 

3.32 and 3.83: Rf 0.37 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.32): d 7.91–

7.88 (m, 1H), 7.40 (dt, J = 8.3, 2.0, 2H), 7.31–7.27 (m, 1H), 7.17–7.11 (m, 3H), 6.98 (dd, J = 7.5, 

1.6, 1H), 5.58 (q, J = 2.7, 1H), 4.71 (ddd, J = 17.1, 9.9, 5.0, 1H), 4.67–4.55 (m, 3H), 4.35 (dt, 9.8, 

2.0, 1H), 4.20–4.10 (m, 1H), 4.05 (ddd, J = 16.7, 3.9, 2.0, 1H), 3.76–3.73 (m, 1H), 3.36 (dd, J = 

10.0, 9.3, 1H), 2.36 (s, 3H); 1H NMR (500 MHz, CDCl3, 3.83): d 7.66 (dd, J = 8.0, 1.2, 1H), 7.34–

7.30 (m, 3H), 7.22–7.17 (m, 3H), 6.94 (dt, J = 7.7, 1.3, 1H), 5.85 (dt, J = 16.8, 10.0, 1H), 5.32–

5.27 (m, 2H), 4.76 (ddd, J = 17.0, 1.8, 0.3, 1H), 4.67–4.55 (m, 1H), 4.39 (dd, J = 10.4, 5.6, 1H), 

4.20–4.10 (m, 1H), 3.98 (ddt, J = 18.6, 4.1, 2.3, 1H), 3.30 (t, J = 10.0, 1H), 2.40 (s, 3H), 2.28 (d, 

J = 9.3, 1H); 13C NMR (125 MHz, CDCl3, 3.32 and 3.83): d 144.0, 143.9, 137.4, 136.7, 136.6, 

135.3, 135.2, 134.8, 134.6, 134.4, 134.2, 133.3, 129.7, 129.6, 128.6, 128.0, 127.9, 127.8, 127.6, 

127.2, 126.9, 126.4, 126.1, 124.3, 122.3, 120.2, 118.5, 115.6, 69.1, 68.6, 64.9, 64.9, 54.0, 52.2, 

50.5, 45.3, 21.63, 21.61; IR (film): 2925, 2852, 1349, 1165, 1088 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C21H22NO3S+, 368.1315; found 368.1332. Relative stereochemistry was assigned by 

analogy to the 1H NMR data of 3.33 and 3.85. 
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3.33 and 3.85. Followed General Procedure 3.5. Purification by preparative thin layer 

chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of major diastereomer 33 and 

minor diastereomer 3.85 (69% combined yield, 1.3:1 dr, average of two experiments) as a waxy 

white-yellow solid. Diastereomeric ratio was determined by integrating the following peaks in the 

1H NMR spectrum of the crude reaction mixture (Ha 3.33: 3.14 ppm; 3.85: 3.05 ppm). To obtain 

an analytical sample, the mixture of diastereomers was then purified by preparative thin layer 

chromatography (2:1 Et2O:hexanes) to afford 3.85 as a waxy pale yellow solid. Annulation 

Products 3.33 and 3.85: Rf 0.33 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.33): 

d 7.85 (dd, J = 8.2, 1.0, 1H), 7.74 (dt, J = 8.3, 1.9, 2H), 7.37 (dt, J = 8.3, 1.9, 2H), 7.35–7.27 (m, 

2H), 7.26–7.21 (overlapped with residual solvent peak, 1H), 7.21–7.13 (m, 2H), 7.10 (td, J = 7.5, 

1.2, 1H), 6.92 (dd, J = 7.5, 1.6, 1H), 5.50 (dt, J = 4.0, 2.3, 1H), 4.68–4.58 (m, 3H), 4.53–4.47 (m, 

1H), 4.29 (ddd, J = 9.9, 2.1, 1.4, 1H), 4.14–4.07 (m, 1H), 3.71–3.66 (m, 1H),  3.14 (ddd, J = 17.2, 

3.5, 2.3, 1H), 2.43–2.35 (m, 7H); 1H NMR (500 MHz, CDCl3, 3.85): d 7.70 (dt, J = 8.3, 1.9, 2H), 

7.62 (dd, J =  8.0, 1.2, 1H), 7.35–7.27 (m, 5H), 7.21–7.13 (m, 3H), 6.88 (dt, J = 7.6, 1.2, 1H), 5.76 

(dt, J = 16.9, 9.9, 1H), 5.27 (dd, J = 10.1, 1.8, 1H), 5.20 (sext, J = 2.3, 1H), 4.71 (dd, J = 17.0, 1.3, 

1H), 4.68–4.58 (m, 1H), 4.43–4.39 (m, 1H), 4.03 (dq, J = 16.9, 3.1, 1H), 3.05 (ddt, J = 17.1, 3.5, 

2.5, 1H), 2.43–2.35 (m, 6H), 2.31 (dd, J = 11.1, 10.1, 1H), 2.21 (d, J = 9.2, 1H); 13C NMR (125 

MHz, CDCl3, 3.33 and 3.85): d 144.0, 143.9, 143.72, 143.70, 137.3, 137.1, 136.1, 135.2, 135.1, 

135.0, 134.6, 134.2, 133.84, 133.77, 133.4, 132.7, 129.8, 129.6, 129.4, 128.5, 127.81, 127.75, 

127.70, 127.66, 127.5, 127.1, 127.0, 126.3, 126.1, 124.1, 120.4, 119.5, 115.7, 115.5, 54.9, 52.9, 
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50.2, 48.7, 48.3, 45.1, 44.1, 44.0, 21.53, 21.50; IR (film): 3065, 2923, 1483, 1348, 1162 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C28H29N2O4S2+, 521.1563; found 521.1567. 

The structure of 3.85 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

3.18. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of 3.18 and constitutional isomer 3.17 (70% 

combined yield, >20:1 dr, 12:1 3.18:3.17, average of two experiments) as a white solid. Ratio of 

constitutional isomers was determined by integrating the following peaks in the 1H NMR spectrum 

of the isolated mixture (Ha 3.18: 5.51–5.49 ppm; Hb 3.17: 4.81 ppm). Annulation Products 3.18 
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1478, 1355, 1167 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C22H24NO2S+, 366.1522; found 

366.1523. Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 

 

 

3.35. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.35 (53% yield, >20:1 dr, average of two experiments) as 

a white solid. Annulation Product 3.35: Mp: 126–128 °C; Rf 0.42 (4:1:1 hexanes:CH2Cl2:Et2O); 

1H NMR (500 MHz, CDCl3): d 7.41 (d, J = 8.2, 1H), 7.25–7.20 (m, 2H), 7.05 (t, J = 7.4, 1H), 

5.52–5.50 (br m, 1H), 4.55 (dt, J = 10.1, 7.3, 1H), 3.34 (t, J = 9.3, 1H), 2.94 (dd, J = 15.9, 8.0, 

1H), 2.86 (s, 3H), 2.73–2.68 (m, 1H), 2.30–2.27 (m, 2H), 2.05–2.01 (m, 2H), 1.87–1.82 (m, 1H), 

1.53–1.42 (m ,1H), 1.34–1.24 (m, 1H); 13C NMR (125 MHz, CDCl3): d 141.3, 140.3, 135.0, 128.5, 

124.7, 124.1, 119.3, 114.2, 66.7, 52.7, 46.2, 41.3, 35.5, 29.2, 24.9, 22.4; IR (film): 2926, 2854, 

1479, 1348, 1159 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H20NO2S+, 290.1209; found 

290.1211. Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 
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combined yield, >20:1 dr, 7.6:1 3.36:3.23, average of two experiments) as a white solid. Ratio of 

constitutional isomers was determined by integrating the following peaks in the 1H NMR spectrum 

of the isolated mixture (Ha 3.36: 5.52–5.50 ppm; Hb 3.23: 4.83 ppm). Annulation Products 3.36 

and 3.23: Rf 0.61 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.36): d 7.62 (d, J = 

8.2, 2H), 7.49 (d, J = 8.0, 1H), 7.18 (d, J = 8.0, 2H), 7.10 (t, J = 7.9, 1H), 6.80 (d, J = 7.6, 1H), 

5.52–5.50 (br m, 1H), 4.41 (dt, J = 9.8, 7.5, 1H), 3.12–3.07 (m, 1H), 2.96 (dd, J = 15.6, 7.7, 1H), 

2.79–2.73 (m, 1H), 2.35 (s, 3H), 2.31–2.26 (m, 2H), 2.23 (s, 3H), 2.02–1.99 (m, 2H), 1.83–1.78 

(m, 1H), 1.51–1.40 (m, 1H), 1.26–1.17 (m, 1H); 13C NMR (125 MHz, CDCl3, 3.36): d 143.9, 

141.4, 140.6, 134.9, 134.8, 133.8, 129.7, 128.0, 127.5, 125.6, 119.2, 113.0, 66.1, 51.9, 45.1, 41.2, 

30.1, 24.9, 22.7, 21.7, 20.2; IR (film): 2923, 1739, 1355, 1166, 663 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C23H26NO2S+, 380.1684; found 380.1683. Relative stereochemistry was assigned 

by analogy to the 1H NMR data of 3.43. 

 

 

3.37. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of 3.37 and constitutional isomer 3.24 (64% 

combined yield, >20:1 dr, 6.3:1 3.37:3.24, average of two experiments) as a colorless clear oil. 

Ratio of constitutional isomers was determined by integrating the following peaks in the 1H NMR 

spectrum of the isolated mixture (Ha 3.37: 5.50–5.48 ppm; Hb 3.24: 4.76 ppm). Annulation 

Products 3.37 and 3.24: Rf 0.74 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 37): 
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d 7.63 (dt, J = 8.3, 1.9, 2H), 7.53 (d, J = 8.3, 1H), 7.20–7.16 (m, 2H), 7.03–6.99 (m, 1H), 6.91–

6.88 (m, 1H), 5.50–5.48 (br m, 1H), 4.39 (dt, J = 10.0, 7.7, 1H), 3.02–2.93 (m, 2H), 2.73–2.66 (m, 

1H), 2.35 (s, 3H), 2.28 (s, 3H), 2.24–2.17 (m, 2H), 2.02–1.98 (m, 2H), 1.83–1.77 (m, 1H), 1.51–

1.40 (m, 1H), 1.23–1.13 (m, 1H); 13C NMR (125 MHz, CDCl3, 37): d 143.9, 140.5, 139.0, 135.8, 

134.7, 133.9, 129.7, 128.7, 127.4, 124.9, 119.0, 115.4, 65.9, 52.2, 46.1, 41.3, 29.4, 24.9, 22.4, 21.7, 

21.1; IR (film): 2922, 1739, 1485, 1354, 1165 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C23H26NO2S+, 380.1684; found 380.1684. Relative stereochemistry was assigned by analogy to 

the 1H NMR data of 3.43. 

 

 

3.38. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of 3.38 and constitutional isomer 3.25 (45% 

combined yield, >20:1 dr, 11:1 3.38:3.25, average of two experiments) as a waxy light yellow 

solid. Ratio of constitutional isomers was determined by integrating the following peaks in the 1H 

NMR spectrum of the isolated mixture (Ha 3.38: 5.54–5.50 ppm; Hb 3.25: 4.79 ppm). Annulation 

Products 3.38 and 3.25: Rf 0.65 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.38): 

d 7.65 (dt, J = 8.3, 2.2, 2H), 7.44 (d, J = 8.1, 1H), 7.23–7.14 (m, 3H), 6.73–6.67 (m, 1H), 5.54–

5.50 (br m, 1H), 4.46 (dt, J = 10.5, 7.6, 1H), 3.20 (dd, J = 10.3, 7.7, 1H), 3.00 (dd, J = 15.6, 8.0, 

1H), 2.75–2.67 (m, 1H), 2.37 (s, 3H), 2.35–2.31 (m, 2H), 2.02–1.96 (m, 2H), 1.83–1.76 (m, 1H), 

1.51–1.39 (m, 1H), 1.23–1.13 (m, 1H); 13C NMR (125 MHz, CDCl3, 3.38): d 159.6 (d, J = 246.1), 
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144.3, 144.0 (d, J = 8.7), 139.9, 134.6, 129.8, 129.7, 127.4, 121.7 (d, J = 22.4), 119.6, 111.1 (d, J 

= 3.4), 110.9 (d, J = 20.3), 66.5, 49.7 (d, J = 1.4), 45.5, 41.5, 29.1 (d, J = 2.4), 24.9, 22.4, 21.7; 19F 

NMR (282 MHz, CDCl3): d –116.72 (m, 1F); IR (film): 2926, 2856, 1620, 1457, 1355 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C22H23FNO2S+, 384.1428; found 384.1431. Relative 

stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 

 

 

3.39. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of 3.39 and constitutional isomer 3.26 (43% 

combined yield, >20:1 dr, 13:1 3.39:3.26, average of two experiments) as a light yellow solid. 

Ratio of constitutional isomers was determined by integrating the following peaks in the 1H NMR 

spectrum of the isolated mixture (Ha 3.39: 5.51–5.49 ppm; Hb 3.26: 5.57–5.54 ppm). Annulation 

Products 3.39 and 3.26: Rf 0.72 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.39): 

d 7.62–7.58 (m, 3H), 7.22–7.18 (m, 2H), 6.90 (tdd, J = 8.8, 2.7, 0.6, 1H), 6.78 (ddd, J = 8.0, 2.6, 

0.8, 1H), 5.51–5.49 (br m, 1H), 4.42 (dt, J = 10.3, 7.5, 1H), 3.02–2.93 (m, 2H), 2.73–2.65 (m, 1H), 

2.36 (s, 3H), 2.24–2.14 (m, 2H), 2.03–1.96 (m, 2H), 1.83–1.78 (m, 1H), 1.51–1.39 (m, 1H), 1.21–

1.12 (m, 1H); 13C NMR (125 MHz, CDCl3, 3.39): d 160.1 (d, J = 242.5), 144.2, 139.9, 137.7 (d, J 

= 8.1), 137.4, 134.4, 129.8, 127.4, 119.4, 116.8 (d, J = 8.6), 114.7 (d, J = 23.4), 111.5 (d, J = 23.7), 

66.3, 52.1 (d, J = 1.7), 46.0, 41.2, 29.3, 24.8, 22.3, 21.7; 19F NMR (282 MHz, CDCl3): d –119.18 

(m, 1F); IR (film): 2926, 2853, 1479, 1355, 1166 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 
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C22H23FNO2S+, 384.1428; found 384.1430. Relative stereochemistry was assigned by analogy to 

the 1H NMR data of 3.43. 

 

 

3.40. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded a mixture of 3.40 and constitutional isomer 3.27 (54% 

combined yield, >20:1 dr, 8.5:1 3.40:3.27, average of two experiments) as a colorless clear oil. 

Ratio of constitutional isomers was determined by integrating the following peaks in the 1H NMR 

spectrum of the isolated mixture (Ha 3.40: 5.49–5.47 ppm; Hb 3.27: 5.55–5.51 ppm). Annulation 

Products 3.40 and 3.27: Rf 0.57 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (600 MHz, CDCl3, 3.40): 

d 7.60–7.56 (m, 3H), 7.19–7.16 (m, 2H), 6.75 (dd, J = 8.8, 2.4, 1H), 6.63–6.61 (m, 1H), 5.49–5.47 

(br m, 1H), 4.37 (dt, J = 10.2, 7.6, 1H), 3.77 (s, 3H), 2.98–2.91 (m, 2H), 2.71–2.65 (m, 1H), 2.35 

(s, 3H), 2.24–2.14 (m, 2H), 2.02–1.98 (m, 2H), 1.82–1.77 (m, 1H), 1.49–1.40 (m, 1H), 1.20–1.12 

(m, 1H); 13C NMR (150 MHz, CDCl3, 3.40): d 157.1, 143.9, 140.3, 137.6, 134.7, 134.4, 129.7, 

127.5, 119.1, 116.9, 113.0, 110.2, 66.1, 55.8, 52.2, 45.9, 41.1, 29.4, 24.8, 22.4, 21.7; IR (film): 

2928, 1597, 1485, 1164, 665 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C23H26NO3S+, 396.1633; 

found 396.1632. Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 
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3.41. Followed a modified version of General Procedure 3.6 by altering the temperature (100 °C). 

Purification by preparative thin layer chromatography (4:1:1 hexanes:CH2Cl2:Et2O) afforded a 

mixture of 3.41 and constitutional isomers 3.28 and 3.78 (41% combined yield, >20:1 dr, 

20:1.1:1.0 3.41:3.28:3.78, average of two experiments) as an off-white solid. Ratio of 

constitutional isomers was determined by integrating the following peaks in the 1H NMR spectrum 

of the isolated mixture (Ha 3.41: 5.53–5.49ppm; Hb 3.28: 5.60–5.56 ppm; Hb 3.78: 5.92 ppm). 

Annulation Products 3.41, 3.28, and 3.78: Rf 0.82 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 

MHz, CDCl3, 3.41): d 7.90 (d, J = 1.6, 1H), 7.68 (dt, J = 8.4, 1.6, 2H), 7.63–7.59 (m, 2H), 7.48–

7.43 (m, 2H), 7.39–7.34 (m, 1H), 7.24 (dd, J = 7.8, 1.7, 1H), 7.22–7.18 (m, 2H), 7.15 (d, J = 7.8, 

1H), 5.53–5.49 (br m, 1H), 4.48 (dt, J = 10.2, 7.6, 1H), 3.09 (dd, J = 10.1, 8.0, 1H), 3.01 (dd, J = 

15.6, 7.9, 1H), 2.79–2.72 (m, 1H), 2.35 (s, 3H), 2.30–2.21 (m, 2H), 2.05–1.99 (m, 2H), 1.85–1.78 

(m, 1H), 1.53–1.43 (m, 1H), 1.27–1.17 (m, 1H); 13C NMR (125 MHz, CDCl3, 3.41): d 144.0, 

142.0, 141.4, 140.9, 140.3, 134.7, 134.6, 129.7, 128.8, 127.4, 127.3, 127.2, 124.4, 123.1, 119.0, 

113.9, 66.1, 51.9, 46.0, 41.3, 29.2, 24.8, 22.3, 21.5; IR (film): 3220, 2928, 2367, 1483, 1356 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C28H28NO2S+, 442.1841; found 442.1842. Relative 

stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 
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3.42. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.42 (44% yield, >20:1 dr, average of two experiments) as 

a white solid. Annulation Product 3.42: Mp: 188–190 °C; Rf 0.74 (4:1:1 hexanes:CH2Cl2:Et2O); 

1H NMR (500 MHz, CDCl3): d 7.92 (s, 1H), 7.68 (d, J = 8.1, 2H),  7.35 (d, J = 3.5, 1H), 7.29 (d, 

J = 5.0, 1H), 7.25–7.23 (overlapped with residual solvent peak, 1H), 7.20 (d, J = 8.0, 2H), 7.11–

7.06 (m, 2H), 5.52–5.50 (br m, 1H), 4.47 (dt, J = 10.0, 7.6, 1H), 3.09–2.97 (m, 2H), 2.78–2.71 (m, 

1H), 2.35 (s, 3H), 2.27–2.19 (m, 2H), 2.03–1.99 (m, 2H), 1.84–1.79 (m, 1H), 1.51–1.41 (m, 1H), 

1.26–1.15 (m, 1H); 13C NMR (125 MHz, CDCl3): d 144.4,  144.2, 142.2, 140.3, 134.9, 134.73, 

134.66, 129.8, 128.2, 127.5, 125.0, 124.7, 123.5, 122.1, 119.2, 112.7, 66.3, 52.1, 46.2, 41.4, 29.3, 

24.9, 22.4, 21.7; IR (film): 2965, 2367, 1423, 1356, 1212 cm–1; HRMS-APCI (m/z) [M + H]+ calcd 

for C26H26NO2S2+, 448.1405; found 448.1409. Relative stereochemistry was assigned by analogy 

to the 1H NMR data of 3.42. 

 

 

3.43. Followed General Procedure 3.6. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.43 (59% yield, >20:1 dr, average of two experiments) as 

a white solid. Annulation Product 3.43: Mp: 181–183 °C; Rf 0.64 (4:1:1 hexanes:CH2Cl2:Et2O); 
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1H NMR (500 MHz, CDCl3): d 8.01 (s, 1H), 7.84–7.80 (m, 1H), 7.72 (dt, J = 8.3, 2.0, 2H), 7.71–

7.67 (m, 1H), 7.53–7.5 (m, 1H), 7.43 (ddd, J = 8.2, 6.9, 1.3, 1H), 7.36 (ddd, J = 8.1, 6.8, 1.2, 1H), 

7.19–7.15 (m, 2H), 5.54–5.50 (br m, 1H), 4.53 (ddd, J = 10.3, 7.5, 6.8, 1H), 3.24–3.19 (m, 1H), 

3.03 (dd, J = 15.8, 7.9, 1H), 2.83–2.76 (m, 1H), 2.35–2.28 (m, 5H), 2.07–2.00 (m, 2H), 1.88–1.81 

(m, 1H), 1.52–1.42 (m, 1H), 1.33–1.22 (m, 1H); 13C NMR (125 MHz, CDCl3): d 144.2, 140.7, 

140.2, 136.4, 134.8, 133.9, 131.1, 129.8, 127.9, 127.41, 127.39, 126.0, 124.8, 122.9, 119.2, 111.3, 

66.2, 51.9, 46.5, 41.4, 29.3, 24.9, 22.4, 21.6; IR (film): 2923, 2852, 1454, 1356, 1163 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C26H26NO2S+, 416.1678; found 416.1682. Relative stereochemistry 

was assigned by X-ray crystallography; see Section 3.8.2.6 for details. See Table 3.11, Entry 1 and 

Figure 3.8 for SFC data. 

 

 

3.44. Followed General Procedure 3.7. Purification by preparative thin layer chromatography 

(4:1:1 hexanes:CH2Cl2:Et2O) afforded 3.44 (51% yield, >20:1 dr (determined by 1H NMR analysis 

of the crude mixture), average of two experiments) as a white solid. Annulation Product 3.44: 

Mp: 128–130 °C; Rf 0.22 (4:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (600 MHz, CDCl3): d 7.68–7.62 

(m, 3H), 7.25–7.22 (m, 1H), 7.21–7.18 (m, 2H), 7.05–7.00 (m, 2H), 5.54–5.51 (m, 1H), 4.45 (dt, 

J = 10.4, 7.5, 1H), 4.33 (dd, J = 10.5, 6.1, 1H), 4.16 (dq, J = 16.2, 3.0, 1H), 4.10–4.03 (m, 1H), 

3.19 (t, J = 10.3, 1H), 3.10–3.04 (m, 2H), 2.77–2.70 (m, 1H), 2.60–2.56 (m, 1H), 2.35 (s, 3H); 13C 

NMR (125 MHz, CDCl3): d 144.2, 141.3, 138.3, 134.8, 134.5, 129.8, 128.5, 127.4, 124.53, 124.52, 
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117.4, 115.8, 69.0, 65.6, 65.0, 47.9, 44.6, 40.9, 21.7; IR (film): 2955, 2819, 1460, 1349, 1158 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C21H22NO3S+, 368.1315; found 368.1331. Relative 

stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 

 

 
Figure 3.5. Unsuccessful and low yielding substrates evaluated during scope studies. 
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3.8.2.4 Representative Asymmetric Annulations 

General Procedure 3.8 for the asymmetric annulation: 

 

A 1-dram vial containing a magnetic stir bar was charged with vinyl benzoxazinone 3.49 (28 mg, 

0.075 mmol, 3.0 equiv). A separate 1-dram vial was charged with silyl triflate 3.50. The two vials 

were taken into a glovebox where Pd2(dba)3 (1.1 mg, 0.0013 mmol, 5 mol%), ligand (0.005 mmol, 

20 mol%), and CsF (38 mg, 0.25 mmol, 10 equiv) were added to the vial containing vinyl 

benzoxazinone 3.49. To the vial containing silyl triflate 3.50 was added the appropriate amount of 

MeCN to afford a 0.0125 M solution. The vial was capped and shaken to ensure full dissolution. 

The necessary amount of the solution of silyl triflate 3.50 (0.0125 M in MeCN, 2.0 mL, 8.7 mg, 

0.025 mmol, 1.0 equiv) was then transferred via micropipette to the reaction vial containing vinyl 

benzoxazinone 3.49. The reaction was sealed with a septum cap, removed from the glovebox, and 

placed under a flow of N2. Then, deionized water (4.1 µL, 0.23 mmol, 9.0 equiv) was added to the 

reaction vessel via microsyringe. The septum cap was then carefully replaced with a Teflon-lined 

cap under a stream of N2 and stirred for 14 h at 30 °C. The mixture was then filtered through a pad 

of silica gel, eluting with EtOAc (8 mL). The eluate was concentrated and purified by preparative 

thin layer chromatography to provide annulation products (–)-3.52, 3.51, and 3.91 which were 

analyzed by SFC using a chiral stationary phase. 
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(–)-3.52. Followed General Procedure 3.8. Purification by preparative thin layer chromatography 

(8:3:3 hexanes:CH2Cl2:Et2O) afforded annulation product (–)-3.52 (54% yield, >20:1 dr, 70% ee) 

as a white solid. (–)-3.52: Mp: 157–159 °C; Rf 0.37 (8:3:3 hexanes:CH2Cl2:Et2O); 1H NMR (500 

MHz, CDCl3): d 8.02, (s, 1H),  7.83 (d, J = 8.1, 1H), 7.73–7.68 (m, 3H), 7.47–7.42 (m, 2H), 7.40–

7.35 (m, 1H), 7.17 (d, J = 8.0, 2H),  5.56–5.54 (br m, 1H), 4.56 (dt, J = 10.0, 7.5, 1H), 4.44 (dd, J 

= 10.4, 6.1, 1H), 4.21–4.15 (m, 1H), 4.12–4.06 (m, 1H), 3.31–3.20 (m, 2H), 3.11 (dd, J = 15.6, 

7.7, 1H), 2.84–2.76 (m, 1H), 2.69–2.65 (m, 1H), 2.33 (s, 3H); 13C NMR (125 MHz, CDCl3): d 

144.4, 140.0, 138.6, 135.4, 134.8, 134.0, 131.2, 129.9, 127.9, 127.5, 127.3, 126.3, 125.0, 123.3, 

117.6, 111.7, 69.0, 66.0, 65.0, 47.5, 44.9, 40.9 21.7; IR (film): 2926, 1457, 1356, 1164, 590 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C25H24NO3S+, 418.1471; found 418.1505. [a]19.9D–8.0° (c 

= 1.00, CH2Cl2). Relative stereochemistry was assigned by analogy to the 1H NMR data of 3.43. 

See Table 3.11, Entry 5 and Figure 3.12 for SFC data. 
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(–)-3.52, 3.51, and 3.91. Followed General Procedure 3.8. Purified by preparative thin layer 

chromatography (8:3:3 hexanes:CH2Cl2:Et2O) afforded (–)-3.52 (11% yield, >20:1 dr (determined 

by 1H NMR analysis of the crude mixture), 12% ee) as a white solid and an mixture of major 

diastereomer 3.51 and minor diastereomer 3.91 (26% yield, 2.8:1 dr, ~38% ee and ~38% ee, 

respectively) as an off-white solid. Diastereomeric ratio was determined by integrating the 

following peaks in the 1H-NMR spectrum of the crude reaction mixture (Ha 3.51: 3.41–3.31 ppm; 

3.91: 3.41–3.31 ppm). Spectral data matched those obtained for (–)-3.52, 3.51 and 3.91: Rf 0.54 

(8:3:3 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, CDCl3, 3.51): d 8.37 (s, 1H), 7.91–7.86 (m, 

1H), 7.76–7.70 (m, 1H), 7.50–7.41 (m, 3H), 7.35–7.31 (m, 2H), 7.13–7.09 (m, 2H), 5.65 (q, J = 

2.7, 1H), 4.89 (ddd, J = 17.1, 10.1, 4.9, 1H), 4.81–4.72 (m, 1H), 4.67 (ddd, J = 17.2, 2.0, 1.4, 1H), 

4.62 (dd, J = 10.4, 5.5, 1H), 4.45–4.39 (m, 1H), 4.22–4.11 (m, 1H), 4.04 (ddd, 16.9, 3.9, 1.9, 1H), 

4.01–3.94 (m, 1H), 3.41–3.31 (m, 1H), 2.33 (s, 3H); 1H NMR (500 MHz, CDCl3, 3.91): d 8.15 (s, 

1H), 7.91–7.86 (m, 1H), 7.76–7.70 (m, 1H), 7.50–7.41 (m, 5H), 7.19–7.15 (m, 2H), 5.99 (dt, J = 

19.4, 9.9, 1H), 5.40–5.34 (m, 2H), 4.83 (dd, J = 17.1, 1.5, 1H), 4.81–4.72 (m, 1H), 4.45–4.39 (m, 

1H), ), 4.22–4.11 (m, 1H), 4.01–3.94 (m, 1H), 3.41–3.31 (m, 1H), 2.48–2.44 (m, 1H), 2.39 (s, 3H); 

13C NMR (125 MHz, CDCl3, 3.51 and 3.91, 45 of 46 signals observed): d 144.0, 143.9, 136.7, 

136.1, 136.0, 135.7, 135.6, 134.3, 133.9, 133.2, 133.1, 132.7, 132.4, 132.0, 131.5, 129.7, 129.5, 
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(37% yield)
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128.3, 128.2, 127.9, 127.5, 127.2, 127.11, 127.05, 126.6, 126.3, 126.22, 126.21, 126.17, 124.1, 

123.0, 122.9, 120.3, 119.1, 116.1, 69.0, 68.5, 65.1, 65.1, 54.3, 52.4, 50.7, 45.7, 21.63, 21.60; IR 

(film): 2926, 2853, 1356, 1167, 1091 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C25H24NO3S+, 

418.1471; found 418.1465. Optical rotation could not be determined for 3.51 and 3.91 due to 

difficulty of separation. Relative stereochemistry was assigned by analogy to the 1H NMR data of 

3.33 and 3.85. See Table 3.11, Entry 7 and Figure 3.14 for SFC data for 3.51 and see Table 3.11, 

Entry 9 and Figure 3.16 for SFC data for 3.91. 

 

 

(±)-3.52. Followed a modified version of General Procedure 3.7 by performing on 0.025 mmol 

scale. Purification by preparative thin layer chromatography (4:1:1 hexanes:CH2Cl2:Et2O) 

afforded an analytical sample of annulation product (±)-3.52 (79% yield by 1H NMR using 

mesitylene as an internal standard, >20:1 dr (determined by 1H NMR analysis of the crude 

mixture)) as a white solid. Annulation Product (±)-3.52: Spectral data matched those obtained 

for (–)-3.52. See Table 3.11, Entry 4 and Figure 3.11 for SFC data. 
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(±)-3.51 and (±)-3.91. Followed a modified version of General Procedure 3.5 by performing on 

0.025 mmol scale. Purification by preparative thin layer chromatography (8:3:3 

hexanes:CH2Cl2:Et2O) afforded an analytical sample of a mixture of major diastereomer (±)-3.51 

and minor diastereomer (±)-3.91 (48% yield by 1H NMR using mesitylene as an internal standard, 

1.3:1 dr) as a white solid. Diastereomeric ratio was determined by integrating the following peaks 

in the 1H-NMR spectrum of the crude reaction mixture (Ha (±)-3.51: 3.41–3.31 ppm; (±)-3.91: 

3.41–3.31 ppm). Spectral data matched those obtained for 3.51 and 3.91. See Table 3.11, Entry 6 

and Figure 3.13 for SFC data for (±)-3.51 and see Table 3.11, Entry 8 and Figure 3.15 for SFC 

data for (±)-3.91. 

 

3.8.2.5. Extended Evaluation of Chiral Ferrocenyl Phosphine Ligands 

General Procedure 3.9 for the evaluation of the asymmetric annulation: 

 

A 1-dram vial containing a magnetic stir bar was charged with vinyl benzoxazinone 3.15 (28 mg, 

0.075 mmol, 3.0 equiv). A separate 1-dram vial was charged with silyl triflate 3.50. The two vials 

were taken into a glovebox where Pd2(dba)3 (1.1 mg, 0.0013 mmol, 5 mol%), ligand (0.005 mmol, 

20 mol%), and CsF (17 mg, 0.13 mmol, 5.0 equiv) were added to the vial containing vinyl 
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benzoxazinone 3.15. To the vial containing silyl triflate 3.50 was added the appropriate amount of 

MeCN to afford a 0.05 M solution. The vial was capped and shaken to ensure full dissolution. The 

necessary amount of the solution of silyl triflate 3.50 (0.05 M in MeCN, 500 µL, 8.7 mg, 0.025 

mmol, 1.0 equiv) was then transferred via micropipette to the reaction vial containing vinyl 

benzoxazinone 3.15. The reaction was sealed with a Teflon-lined cap, removed from the glovebox, 

and stirred for 3 h at 40 °C. The mixture was then filtered through a pad of silica gel, eluting with 

EtOAc (8 mL). The eluate was concentrated and purified by preparative thin layer chromatography 

to provide annulation products (–)-3.44 which were analyzed by SFC using a chiral stationary 

phase. 

 

The stereochemistry depicted for (–)-3.44 is not necessarily representative of the major 

enantiomer observed for all ligands evaluated. Any modification of the conditions shown in the 

general procedure above are specified in the following scheme. 

 

A range of ligands (see Figure 3.6 below for ligand structures) were tested using General Procedure 

3.9, and results of these studies appear below in Table 3.9. 
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Figure 3.6. Ligand families evaluated during asymmetric reaction development. 
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Table 3.9. Ligand evaluation results. See Figure 3.6 above for ligand classes (absolute 
stereochemistry of product may differ between table entries). 

 
Entry Ligand Class R1 R2 Yielda %ee 

1 Mandyphosb Ph Ph 19% 77% 

2 Mandyphosb 4-methoxy-

3,5-xylyl 

4-methoxy-

3,5-xylyl 

18% 73% 

3 Mandyphosb 3,5-

bis(trifluoro

methyl)pheny

l 

3,5-

bis(trifluoro

methyl)pheny

l 

0% N/A 

4 Mandyphosb 3,5-xylyl 3,5-xylyl 5% 19% 

5 Mandyphosb Cy Cy 0% N/A 

6 BINAPHAN

E 

N/A N/A 0% N/A 

7 Chenphos N/A N/A 0% N/A 

8 FOXAP Ph i-Pr 0% N/A 

9 Walphos Ph Ph 13% 46% 

10 Walphos Ph 3,5-xylyl 5% N/A 

11 Walphos 3,5-xylyl 3,5-xylyl 5% N/A 

12 Walphos Ph Cy 10% N/A 

13 Josiphosb Ph Cy 0% N/A 

14 Josiphos 2-furyl 3,5-xylyl 16% N/A 

15 Josiphos 1-naphthyl 3,5-xylyl 4% N/A 

16 Josiphos Ph t-Bu 8% N/A 

17 Taniaphos Ph Ph 0% N/A 

18 BoPhoz Ph Ph 18% 0% 

Pd2(dba)3 (5 mol%)
ligand (20 mol%)

CsF (5.0 equiv)
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19 PPFAb Ph N/A 0% N/A 

20c No ligand N/A N/A 0% N/A 
a 1H NMR yield determined using mesitylene as an external standard. b 10 mol% ligand.  

c Conditions: Pd2(dba)3 (2.5 mol%), CsF (10 equiv), H2O (3.0 equiv), MeCN (0.0125 M),  
30 °C, 16 h. 

 

3.8.2.6. Assignment of Absolute Stereochemical Configuration 

To determine the major enantiomer formed in the annulation reaction, annulation product (–)-3.43 

was synthesized. 

 

(–)-3.43. A 1-dram vial containing a magnetic stir bar was charged with vinyl benzoxazinone 3.49 

(28 mg, 0.075 mmol, 3.0 equiv) and Bu4NOTf (49 mg, 0.13 mmol, 5.0 equiv). A separate 1-dram 

vial was charged with silyl triflate 3.16. The two vials were taken into a glovebox where Pd2(dba)3 

(1.1 mg, 0.0013 mmol, 5 mol%), Mandyphos (4.1 mg, 0.005 mmol, 20 mol%), and CsF (38 mg, 

0.25 mmol, 10.0 equiv) were added to the vial containing vinyl benzoxazinone 3.49. To the vial 

containing silyl triflate 3.16 was added the appropriate amount of DMF to afford a 0.025 M 

solution. The vial was capped and shaken to ensure full dissolution. The necessary amount of the 

solution of silyl triflate 3.16 (0.025 M in DMF, 1.0 mL, 8.6 mg, 0.025 mmol, 1.0 equiv) was then 

transferred via micropipette to the reaction vial containing vinyl benzoxazinone 3.49. The reaction 

was sealed with a septum cap, removed from the glovebox, and placed under a flow of N2. Then, 

deionized water (4.1 µL, 0.23 mmol, 9.0 equiv) was added to the reaction vessel via microsyringe. 

The septum cap was then carefully replaced with a Teflon-lined cap under a stream of N2 and 
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stirred for 2 h at 70 °C. The mixture was then filtered through a pad of silica gel, eluting with 

EtOAc (8 mL). The eluate was washed with water (2 x 5 mL), dried with Na2SO4, filtered, and 

concentrated under reduced pressure. The crude residue was redissolved in CH2Cl2 (1 mL) and 

filtered through a pad of silica gel eluting with CH2Cl2 (20 mL) to remove excess Bu4NOTf. The 

eluate was concentrated and purified by preparative thin layer chromatography (4:1:1 

hexanes:CH2Cl2:Et2O) to provide annulation product (–)-3.43 (41% yield, >20:1 dr, 58% ee) as an 

off-white solid. Crystals suitable for X-ray diffraction studies were obtained by liquid diffusion 

crystallization: (–)-3.43 in a 1-dram vial was dissolved in minimal amounts of CH2Cl2 then EtOH 

was layered on top resulting in ~1:5 CH2Cl2:EtOH (solvents were filtered through a 0.22 µm filter 

prior to use). The ee for the crystals of (–)-3.43 evaluated by X-ray analysis was ~80%, with the 

major enantiomer seen by SFC analysis corresponding to the major enantiomer observed after 

chromatography. (–)-3.43: Spectral data matched those previous reported in Section 3.8.2.3 for 

3.43. [a]18.1D–203° (c = 1.00, CH2Cl2). See Table 3.11, Entries 2 and 3 and Figures 3.9 and 3.10 

for SFC data. 

 

Crystal Structure Analysis 

Diffraction intensities were collected at 100 K on a Bruker Smart ApexII CCD diffractometer with 

CuKa radiation, 1.54178 Å. Absorption corrections were applied by SADABS.71 All calculations 

were performed by the SHELXL-2014 packages.72 Deposition Number 2238913 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by the 

joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 
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Figure 3.7. ORTEP representation of X-ray crystallographic structure (–)-3.43. (CCDC Registry 

# 2238913). 

 

Table 3.10. Crystal data and structure refinement for compound (–)-3.43. 

Identification code cu_garg2209_a 

Empirical formula C26 H25 N O2 S 

Formula weight 415.53 

Temperature 100(2) K 

Wavelength 1.54178 Å 

Crystal system Monoclinic 

Space group P21 

Unit cell dimensions a = 14.1629(10) Å a = 90° 

 b = 5.4284(4) Å b = 107.696(3)° 

 c = 14.3334(10) Å g = 90° 

Volume 1049.84(13) Å3 

Z 2 

Density (calculated) 1.314 Mg/m3 

Absorption coefficient 1.544 mm–1 

F(000) 440 

Crystal size 0.400 x 0.030 x 0.030 mm3 

Theta range for data collection 3.236 to 69.429 ° 
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Index ranges –17<=h<=15, –5<=k<=6, –14<=I<=17 

Reflections collected 13355 

Independent reflections 3750 [R(int) = 0.0405] 

Completeness to theta = 67.679° 97.9 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.75 and 0.58 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3750 / 1 / 272 

Goodness-of-fit on F2 1.061 

Final R indices [I>2sigma(I)] R1 = 0.0295, wR2 = 0.0742 

R indices (all data) R1 = 0.0311, wR2 = 0.0748 

Absolute structure parameter 0.037(7) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.180 and –0.333 e.Å–3 

 

Table 3.11. SFC conditions and data. 

Compound Column Solvent 
Flow 

Rate 

Retention 

Times (min) 

Enantiomeric 

Ratio (er) 

 

Daicel 

ChiralPak 

IE / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
12.463/13.523 47.7 : 52.3 

 
From reaction 

mixture 

Daicel 

ChiralPak 

IE / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
12.485/13.522 20.9 : 79.1 
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Crystals used for X-

ray analysis 

Daicel 

ChiralPak 

IE / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
12.507/13.567 10 : 90 a 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
11.740/12.933 49.2 : 50.8 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
11.730/12.940 84.9 : 15.1 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
9.830/10.103 48.6 : 51.4b 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
9.890/10.170 69 : 31b 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
9.017/9.453 52.3 : 47.7b 

 

Daicel 

ChiralPak 

ID / 30 °C 

5–40% 

isopropanol 

in CO2 

4.0 

mL/min 
9.070/9.500 69 : 31b 

a The ee for (–)-3.43 (Crystals) is approximated due to low concentration and a non-zero 
baseline. 

 b Due to difficulty resolving peaks, the ee reported for 3.51 and 3.94 (see Section 3.8.2.4) is 
approximated. 
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Figure 3.8. SFC trace of (±)-3.43. 

 

 
Figure 3.9. SFC trace of (–)-3.43 (from reaction mixture). 
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Figure 3.10. SFC trace of (–)-3.43 (Crystals used for X-ray analysis). 
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Figure 3.11. SFC trace of (±)-3.52. 

 

 
Figure 3.12. SFC trace of (–)-3.52. 
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Figure 3.13. SFC trace of (±)-3.51. 

 

 
Figure 3.14. SFC trace of 3.51. 
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Figure 3.15. SFC trace of (±)-3.91. 

 

 
Figure 3.16. SFC trace of 3.91. 
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3.9 Spectra Relevant to Chapter Three: 

 

Catalyst-Controlled Annulations of Strained Cyclic Allenes with  

p-Allylpalladium Complexes 

Dominick C. Witkowski, Matthew S. McVeigh, Georgia M. Scherer, Sarah M. Anthony, and 

Neil K. Garg 

J. Am. Chem. Soc. 2023, 145, 10491–10496. 
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Figure 3.17. 1H NMR (500 MHz, CDCl3) of compound 3.54. 
 

Figure 3.18. 13C NMR (125 MHz, CDCl3) of compound 3.54. 
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Figure 3.19. 1H NMR (500 MHz, CDCl3) of compound 3.56. 
 

Figure 3.20. 13C NMR (125 MHz, CDCl3) of compound 3.56. 
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Figure 3.22. 13C NMR (125 MHz, CDCl3) of compound 3.49. 
 

Figure 3.21. 1H NMR (500 MHz, CDCl3) of compound 3.49. 
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Figure 3.24. 13C NMR (125 MHz, CDCl3) of compound 3.58. 
 

Figure 3.23. 1H NMR (600 MHz, CDCl3) of compound 3.58. 
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Figure 3.26. 13C NMR (125 MHz, CDCl3) of compound 3.60. 
 

Figure 3.25. 1H NMR (500 MHz, CDCl3) of compound 3.60. 
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Figure 3.28. 13C NMR (125 MHz, CDCl3) of compound 3.61. 
 

Figure 3.27. 1H NMR (500 MHz, CDCl3) of compound 3.61. 
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Figure 3.30. 13C NMR (125 MHz, CDCl3) of compound 3.63. 
 

Figure 3.29. 1H NMR (500 MHz, CDCl3) of compound 3.63. 
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Figure 3.32. 13C NMR (125 MHz, CDCl3) of compound 3.65. 
 

Figure 3.31. 1H NMR (600 MHz, CDCl3) of compound 3.65. 
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Figure 3.34. 13C NMR (125 MHz, CDCl3) of compound 3.66. 
 

Figure 3.33. 1H NMR (500 MHz, CDCl3) of compound 3.66. 
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Figure 3.36. 13C NMR (150 MHz, CDCl3) of compound 3.67. 
 

Figure 3.35. 1H NMR (600 MHz, CDCl3) of compound 3.67. 
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Figure 3.38. 13C NMR (125 MHz, CDCl3) of compounds 3.17 and 3.68. 
 

Figure 3.37. 1H NMR (500 MHz, CDCl3) of compounds 3.17 and 3.68. 
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Figure 3.39. NOESY (500 MHz, CDCl3) of compound 3.17. 
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Figure 3.41. 13C NMR (125 MHz, CDCl3) of compound 3.22. 
 

Figure 3.40. 1H NMR (500 MHz, CDCl3) of compound 3.22. 
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Figure 3.43. 13C NMR (125 MHz, CDCl3) of compound 3.23. 
 

Figure 3.42. 1H NMR (500 MHz, CDCl3) of compound 3.23. 
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Figure 3.45. 13C NMR (150 MHz, CDCl3) of compounds 3.24 and 3.72. 

Figure 3.44. 1H NMR (600 MHz, CDCl3) of compounds 3.24 and 3.72. 
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Figure 3.47. 13C NMR (125 MHz, CDCl3) of compound 3.25. 
 

Figure 3.46. 1H NMR (500 MHz, CDCl3) of compound 3.25. 
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Figure 3.49. 1H NMR (500 MHz, CDCl3) of compounds 
3.26, 3.75, and 3.39 (trace). 

 

Figure 3.50. 13C NMR (125 MHz, CDCl3) of compounds 
3.26, 3.75, and 3.39 (trace). 
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Figure 3.51. 19F NMR (282 MHz, CDCl3) of compounds 3.26, 
3.75, and 3.39 (trace). 
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Figure 3.53. 13C NMR (125 MHz, CDCl3) of compounds 3.27 and 3.77. 

Figure 3.52. 1H NMR (500 MHz, CDCl3) of compounds 3.27 and 3.77. 
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Figure 3.55. 13C NMR (125 MHz, CDCl3) of compounds 3.28 and 3.78. 

Figure 3.54. 1H NMR (500 MHz, CDCl3) of compounds 3.28 and 3.78. 
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Figure 3.57. 13C NMR (125 MHz, CDCl3) of compounds 3.29 and 3.79. 

Figure 3.56. 1H NMR (500 MHz, CDCl3) of compounds 3.29 and 3.79. 
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Figure 3.59. 13C NMR (125 MHz, CDCl3) of compounds 3.30 and 3.80. 

Figure 3.58. 1H NMR (500 MHz, CDCl3) of compounds 3.30 and 3.80. 
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Figure 3.61. 13C NMR (125 MHz, CDCl3) of compounds 3.31 and 3.82. 

Figure 3.60. 1H NMR (500 MHz, CDCl3) of compounds 3.31 and 3.82. 
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Figure 3.64. 13C NMR (125 MHz, CDCl3) of compounds 3.32 and 3.83. 

Figure 3.63. 1H NMR (500 MHz, CDCl3) of compounds 3.32 and 3.83. 
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Figure 3.66. 13C NMR (125 MHz, CDCl3) of compounds 3.33 and 3.85. 

Figure 3.65. 1H NMR (500 MHz, CDCl3) of compounds 3.33 and 3.85. 
 



 
 

274 

 

 

 

 

 
 

  

11 10 9 8 7 6 5 4 3 2 1 0 ppm
11

10

9

8

7

6

5

4

3

2

1

0

ppm

Current Data Parameters
NAME     MSM-2022-109-2D
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20230115
Time              19.18 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG       noesygpph
TD                 2048
SOLVENT           CDCl3
NS                   52
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          500.1300135 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 2048
MC2         States-TPPI
SF          500.1300135 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

3.85

N
Ts

NTs

H

H

Figure 3.67.  NOESY (500 MHz, CDCl3) of compound 3.85. 
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Figure 3.69. 13C NMR (125 MHz, CDCl3) of compounds 3.18 and 3.17. 

Figure 3.68. 1H NMR (500 MHz, CDCl3) of compounds 3.18 and 3.17. 
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Figure 3.71. 13C NMR (125 MHz, CDCl3) of compound 3.35. 

Figure 3.70. 1H NMR (500 MHz, CDCl3) of compound 3.35. 
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Figure 3.73. 13C NMR (125 MHz, CDCl3) of compound 3.36 and 3.23. 

Figure 3.72. 1H NMR (500 MHz, CDCl3) of compounds 3.36 and 3.23. 
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Figure 3.75. 13C NMR (125 MHz, CDCl3) of compound 3.37 and 3.24. 

Figure 3.74. 1H NMR (500 MHz, CDCl3) of compounds 3.37 and 3.24. 
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Figure 3.77. 13C NMR (125 MHz, CDCl3) of compound 3.38 and 3.25. 

Figure 3.76. 1H NMR (500 MHz, CDCl3) of compounds 3.38 and 3.25. 
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Figure 3.78. 19F NMR (282 MHz, CDCl3) of compound 3.38 and 3.25. 
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Figure 3.80. 13C NMR (125 MHz, CDCl3) of compound 3.39 and 3.26. 

Figure 3.79. 1H NMR (500 MHz, CDCl3) of compounds 3.39 and 3.26. 
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Figure 3.81. 19F NMR (282 MHz, CDCl3) of compound 3.39 and 3.26. 
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Figure 3.83. 13C NMR (150 MHz, CDCl3) of compound 3.40 and 3.27. 

Figure 3.82. 1H NMR (600 MHz, CDCl3) of compounds 3.40 and 3.27. 
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Figure 3.85. 13C NMR (125 MHz, CDCl3) of compounds 3.41, 3.28, and 3.78. 

Figure 3.84. 1H NMR (500 MHz, CDCl3) of compounds 3.41, 3.28, and 3.78. 
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Figure 3.87. 13C NMR (125 MHz, CDCl3) of compound 3.42. 

Figure 3.86. 1H NMR (500 MHz, CDCl3) of compound 3.42. 
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Figure 3.89. 13C NMR (125 MHz, CDCl3) of compound 3.43. 

Figure 3.88. 1H NMR (500 MHz, CDCl3) of compound 3.43. 
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Figure 3.91. 13C NMR (125 MHz, CDCl3) of compound 3.44. 

Figure 3.90. 1H NMR (600 MHz, CDCl3) of compound 3.44. 
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Figure 3.93. 13C NMR (125 MHz, CDCl3) of compound 3.52. 

Figure 3.92. 1H NMR (500 MHz, CDCl3) of compound 3.52. 
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Figure 3.95. 13C NMR (125 MHz, CDCl3) of compounds 3.51 and 3.91. 

Figure 3.94. 1H NMR (500 MHz, CDCl3) of compounds 3.51 and 3.91. 
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CHAPTER FOUR 

 

Interception of 1,2-Cyclohexadiene with TEMPO Radical 

Matthew S. McVeigh and Neil K. Garg 

Tetrahedron Lett. 2021, 87, 153539. 

 

4.1 Abstract 

 Transient strained cyclic intermediates, such as strained cyclic allenes, are useful 

building blocks for the synthesis of structurally and stereochemically complex scaffolds. 

Trappings of strained cyclic allenes are thought to occur primarily through either two or one 

electron processes. Regarding the latter, diradical intermediates have been invoked in (2+2) 

cycloadditions and (3+2) nitrone cycloadditions. The present study questions if a monoradical 

pathway could exist for strained cyclic allene reactivity, as examined in the reaction of 1,2-

cyclohexadiene and TEMPO radical. Our findings suggest the viability of this monoradical 

pathway. 

4.2 Introduction 

The structure and reactivity of transient strained cyclic intermediates, such as arynes, cyclic 

alkynes, and cyclic allenes (e.g., 4.1–4.5, Figure 4.1A) have drawn interest from the scientific 

community over the last century.1,2,3 Of particular interest to our laboratory are strained cyclic 

allenes, such as 1,2-cyclohexadiene (4.5), which were first experimentally validated in the 

1960s.4,5 Recently, a number of synthetic transformations using strained cyclic allenes have been 

reported,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20 with cycloaddition reactions providing an opportunity to 
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generate structural and stereochemical complexity (Figure 4.1B). Notably, strained cyclic allenes 

are thought to react through both two and one electron pathways.21 For example, the (4+2) 

cycloaddition between 4.5 and furan (4.6) to afford 4.7 is suggested to be a concerted and 

asynchronous process,16,22 whereas the (3+2) cycloaddition between 4.5 and nitrone 4.8 to provide 

4.9 is believed to involve competing two and one electron pathways.15 In the case of the (2+2) 

cycloaddition between styrene (4.10) and 4.5 to furnish 4.11, one electron chemistry is thought to 

occur.23 This latter example indicates the presence of diradical intermediate 4.12. In the present 

study, we questioned if a strained cyclic allene could be intercepted to give monoradical 

intermediates 4.13.24,25  

 

Figure 4.1. Selected in situ generated strained intermediates and the reactivity of 1,2-
cyclohexadiene (4.5) in cycloaddition reactions. 
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4.3 Reactivity of 1,2-Cyclohexadiene with TEMPO Radical 

 To investigate the reactivity of strained cyclic allenes with monoradicals, we pursued the 

transformation shown in Figure 4.2. Silyl triflate 4.14, a well-established precursor to 1,2-

cyclohexadiene, was treated with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, 4.15) in the 

presence of CsF at 80 °C. To our surprise, ketone 4.16 formed as the major product (>20:1 dr). 

Compound 4.16 had previously been prepared by Studer and co-workers, which provided 

validation of our structural assignment.26  

 

Figure 4.2. The reaction of in situ generated 1,2-cyclohexadiene and 4.15 to afford ketone 4.16. 
 

4.4 Reaction Mechanism 

 A plausible mechanism for the formation of ketone 4.16 is shown in Figure 4.3. 

Generation of 4.5 would occur via standard fluoride-mediated 1,2-elimination of silyl triflate 4.14.6 

Subsequently, one molecule of TEMPO (4.15) would react with 4.5 in situ to afford monoradical 

intermediate 4.17. An additional equivalent of 4.15 would then combine with 4.17, providing 

bis(alkoxyamine) 4.18. Formation of a-carbonyl radical 4.19 would arise from homolytic 

fragmentation of 4.18.27 Trapping of radical 4.19 with a third equivalent of 4.15 would furnish the 

observed ketone 4.16.28 
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Figure 4.3. Potential mechanism for the formation of ketone 4.16. 
 

4.5 Isotopic Labeling Study 

 To provide evidence for the proposed mechanism, an isotope labeling study was 

performed, as summarized in Figure 4.4. 18O-enriched 4.15, prepared from the corresponding N-

oxoammonium salt,29 was combined with silyl triflate 4.14 and CsF at 80 °C to afford ketone 4.16. 

Analysis of the isotopic distribution of ketone 4.16 by high resolution mass spectrometry 

demonstrated incorporation of 18O at three sites in 4.16 (33% 18O/18O/18O). Additionally, the 

experimental isotopic distribution of 4.16 agreed with the expected distribution values when 

considering the proposed mechanism. We postulate that the observed labeling of the ketone 

oxygen arises from TEMPO (4.15) reacting with a strained cyclic allene intermediate to give 

monoradical 4.17. Of note, no reaction between 4.14 and 4.15 occurs in the absence of CsF, which 

is indicative of cyclic allene formation en route to 4.16. Moreover, exposure of non-labeled 4.16 

to H218O under standard reaction conditions did not lead to 18O incorporation.  
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Figure 4.4. Isotope labeling study leveraging 18O enriched TEMPO (4.15). 

 
4.6 Conclusion 

In summary, we have demonstrated the trapping of 1,2-cyclohexadiene (4.5) with TEMPO 

radical (4.15). The transformation gives rise to ketone 4.16, which we surmise involves the 

consumption of three TEMPO (4.15) molecules. This suggests the possible trapping of a cyclic 

allene to give a monoradical intermediate and should prompt further investigation into one electron 

chemistry of strained cyclic allenes. 

 

4.7 Experimental Section 

4.7.1 Materials and Methods 

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

atmosphere of nitrogen using anhydrous solvents (passed through activated alumina columns). All 

commercially obtained reagents were used as received unless otherwise specified. (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO, 4.15) was purchased from Sigma-Aldrich. Cesium 

fluoride (CsF) was obtained from Strem Chemicals. Reaction temperatures were controlled using 

an IKAmag temperature modulator. 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 
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chromatography) and visualized using a combination of UV and potassium permanganate staining 

techniques. 1H NMR spectra were recorded on Bruker spectrometers (500 and 600 MHz) and are 

reported relative to residual solvent signals. 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).  

 

Note: Supporting information for the synthesis of silyl triflate 4.14,13 has been published, and 

spectral data match those previously reported. 

 

4.7.2 Experimental Procedures 

4.7.2.1 1,2-Cyclohexadiene trapping with TEMPO (4.15) 

 
Ketone 4.16. To a stirred solution of silyl triflate 4.14 (17.2 mg, 50.0 µmol, 1.0 equiv) and TEMPO 

(4.15) (39.1 mg, 250 µmol, 5.0 equiv) in MeCN (0.5 mL, 0.1 M) was added CsF (38.0 mg, 250 

µmol, 5.0 equiv). The reaction vessel was purged with N2, sealed with a teflon cap, and placed in 

a preheated, 80 °C aluminum heating block. After stirring for 3 h, the reaction was cooled to 23 

°C. The resultant dark red solution was filtered through a plug of silica gel (EtOAc eluent, 10 mL) 
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and concentrated under reduced pressure to afford a crude red solid. Purification by preparative 

thin layer chromatography (9:1 hexanes:ethyl acetate) provided ketone 4.16 (29% yield, >20:1 dr 

by 1H NMR analysis of the crude material, average of two experiments) as a pale-brown solid. 

Ketone 4.16: Spectral data match those previously reported.26 

4.7.2.2 Isotope labeling study with 18O-enriched 4.15 

18O-enriched TEMPO (4.15) was synthesized according to literature procedures.29 

Approximately 68% 18O-enriched 4.15 was accessed (see Figure 4.5). 

 

 
Ketone 4.16. To a stirred solution of silyl triflate 4.14 (8.0 mg, 23.2 µmol, 1.0 equiv) and 18O 

enriched TEMPO (4.15) (18.1 mg, 116 µmol, 5.0 equiv) in MeCN (0.23 mL, 0.1 M) was 

added CsF (17.6 mg, 116 µmol, 5.0 equiv). The reaction vessel was purged with N2, sealed with a 

teflon cap, and placed in a preheated, 80 °C aluminum heating block. After stirring for 3 h, the 

reaction was cooled to 23 °C. The resultant dark red solution was filtered through a plug of silica 

gel (EtOAc eluent, 10 mL) and concentrated under reduced pressure to afford a crude red solid. 

Purification by preparative thin layer chromatography (9:1 hexanes:ethyl acetate) provided ketone 

4.16 (18% yield, >20:1 dr by 1H NMR analysis of the crude material) as a pale-brown solid. Ketone 

4.16: Spectral data match those previously reported.Error! Bookmark not defined. The isotopic distribution 

of ketone 4.16 amounted to 33% 18O/18O/18O, 42% 18O/18O/16O, 21% 18O/16O/16O, 4% 16O/16O/16O 

(see Figure 4.6). 
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4.8 Spectra Relevant to Chapter Four: 

 

Interception of 1,2-Cyclohexadiene with TEMPO Radical 

Matthew S. McVeigh and Neil K. Garg 

Tetrahedron Lett. 2021, 87, 153539. 
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CHAPTER FIVE 

 

Access to Complex Scaffolds Through [2+2] Cycloadditions of Strained Cyclic Allenes 

Matthew S. McVeigh,† Jacob P. Sorrentino,† Allison T. Hands, and Neil K. Garg 

J. Am. Chem. Soc. 2024, In Press. doi.org/10.1021/jacs.4c03369 

 

5.1 Abstract 

 We report the strain-induced [2+2] cycloadditions of cyclic allenes for the assembly of 

highly substituted cyclobutanes. By judicious choice of trapping agent, complex scaffolds bearing 

heteroatoms, fused rings, contiguous stereocenters, spirocycles, and quaternary centers are 

ultimately accessible. Moreover, we show that the resulting cycloadducts can undergo thermal 

isomerization. This study provides an alternative strategy to photochemical [2+2] cycloadditions 

for accessing highly functionalized cyclobutanes, while validating the use of underexplored 

strained intermediates for the assembly of complex architectures. 

5.2 Introduction 

 Stereochemically complex scaffolds have become increasingly desirable in the discovery 

of bioactive molecules.1,2 One such motif, the substituted cyclobutane, is present in biologically 

relevant compounds and many natural products.3,4,5,6 Its rigid scaffold possesses distinct exit 

vectors that can be used to ultimately improve biological properties.3,6 Several representative 

cyclobutane-containing compounds are shown in Figure 5.1A: anti-viral agent Lobucavir (5.1),7 

kinase inhibitor 5.2,8 cannabinoid 5.3,9 and natural products such as welwitindolinone A isonitrile 

(5.4),10,11 arnamial (5.5),12 and scopariusicide A (5.6).13 
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 Cyclobutanes are commonly introduced synthetically using feedstock fragments or 

cycloaddition reactions. Methods to introduce cyclobutanes have been reviewed3,14,15  and several 

elegant approaches have recently been reported, including those by Wilkerson–Hill,16 Yoon,17,18 

and Brown.19,20,21 With regard to cycloadditions, photochemical [2+2] cycloadditions, which 

leverage in situ-generated photoexcited intermediates, are most common.22,23 Notably, harnessing 

these intermediates for regio- and stereoselective syntheses intermolecularly can be difficult, 

necessitating specialized reagents or catalysts.24 As such, new methods for the synthesis of highly 

functionalized cyclobutanes bearing multiple stereocenters remain coveted. 

 An attractive yet underutilized approach to access highly functionalized cyclobutanes 

relies on strain-promoted reactivity. For example, arynes (e.g., 5.7a and 5.7b)25,26,27,28,29,30,31 and 

non-aromatic cyclic alkynes (e.g., 5.7c and 5.7d)32,33,34 are highly reactive, in situ-generated 

intermediates that can readily engage in [2+2] cycloadditions35 due to their significant strain 

energies, typically ranging from 40–50 kcal/mol (Figure 5.1B).36 A comparatively less well-

studied class of compounds is strained cyclic allenes 5.8.37,38,39 Like cyclic alkynes, strained cyclic 

allenes 5.8 contain a functional group that typically prefers a linear geometry, but is bent due to 

ring constraint, leading to significant strain energy (~30 kcal/mol).40,41 Although historically 

understudied, cyclic allenes 5.8 are emerging building blocks in the synthetic 

community.42,43,44,45,46,47,48,49  Recent advances include cycloaddition chemistry by 

West,44,50,51,52,53,54 the synthesis of DNA-encoded libraries by Schreiber,55 and several studies from 

our laboratory,45,56,57,58,59,60,61,62,63,64,65,66,67 including the recent use of strained cyclic allenes in total 

synthesis.68 With regard to [2+2] cycloadditions of strained cyclic allenes, seminal studies by 

Christl and others validated reactivity.69,70,71,72,73 More recently, elegant studies by West have 

demonstrated [2+2] cycloadditions of acetoxy-substituted carbocyclic allenes,53 as well as 
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intramolecular trappings,54 using silyl bromide precursors to cyclic allenes. Our laboratory has also 

reported scattered examples of [2+2] cycloadditions of cyclic allenes.56,57,62,66,74 

 As part of a general program aimed at exploring the use of unconventional strained 

intermediates for the construction of complex scaffolds, we sought to investigate strain-driven 

[2+2] cycloadditions of cyclic allenes using the reaction design shown in Figure 5.1C. Cyclic 

allenes 5.8, generated via fluoride-mediated 1,2-elimination of silyl triflates 5.9, would engage 

with highly substituted alkenes 5.10 to afford densely functionalized cycloadducts 5.11. As in 

other [2+2] cycloadditions, two new C–C bonds would form. Moreover, through the judicious 

choice of trapping partner, features indicative of structural complexity,75,76 such as heterocyclic 

frameworks,77 spiro centers, contiguous stereocenters, and vicinal quaternary centers could be 

accessible under mild conditions. The transformation is accomplished without the need for     

metal-, Lewis acid-, or Brønsted acid catalysts; directing or auxiliary groups are also not required. 

Herein, we report the success of this approach to access highly functionalized cyclobutanes, which 

pushes the limits of complexity accessible from strained cyclic allene intermediates. 
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Figure 5.1. (A) Cyclobutane-containing, biologically relevant molecules 5.1–5.6. (B) Strained 
cyclic intermediates 5.7a–d and 5.8. (C) Overview of the current study. 
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spirocyclic products.6,78 Silyl triflate 5.12, a precursor to oxacyclic allene 5.13,57,79 was treated 

with CsF in the presence of exocyclic alkenes 5.14 at ambient temperatures to afford cycloadducts 

5.15. Reaction outcomes were then determined by 1H NMR analysis. Notably, using unactivated 

alkene 5.16 afforded cycloadduct 5.17 in 42% yield (entry 1). Improved yields were seen when 

substrates containing an alkene with delocalized p-electrons were employed. For example, the 

electron-deficient alkene in a,b-unsaturated lactone 5.18 reacted to give cycloadduct 5.19 in high 

yield and moderate diastereoselectivity (entry 2). Similarly, electron-rich alkenes 5.20, 5.22, and 

5.24 bearing heteroatoms could be employed and afforded cycloadducts 5.21, 5.23, and 5.25, 

respectively (entries 3–5).80 Lastly, leveraging styrene 5.26 in the transformation provided 

cycloadduct 5.27 in 94% yield and 2.8:1 diastereomeric ratio (dr) (entry 6). Based on the synthetic 

efficiency observed, we elected to further pursue trappings of substrates related to dienamine 5.24 

and styrene 5.26 and further push the limits of complexity in the products.81 

 Several features of the reactions shown in Figure 5.2 should be noted: a) the reactions 

occur at ambient temperatures, b) yields and diastereomeric ratios are generally synthetically 

useful, although some variation in the latter was observed,80 c) excellent regioselectivity is 

observed in each transformation,82 d) the general transformation allows for the formation of two 

new C–C bonds and typically two contiguous stereocenters, with access to further complexity 

being foreseeable based on the potential use of modified substrates, e) despite that strained cyclic 

allenes have historically been avoided, they can be used to readily access products containing three 

or more rings, including the desired spirocyclobutane and various heterocycles. 
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Figure 5.2. Survey of olefin partners 5.14 in [2+2] cycloaddition of oxacyclic allene 5.13. 
Reactions conditions are as follows: 5.12 (1.0 equiv, 0.050 mmol), trapping partners 5.14 (5.0 
equiv), CsF (5.0 equiv), MeCN (0.1 M), 23 °C, 3–4 h. Yields and dr determined by 1H NMR 

analysis of the crude reaction mixture using mesitylene as an external standard. 
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(Figure 5.3). Silyl triflate 5.12 and dienamines 5.28 were combined in the presence of CsF to afford 

cyclobutanes 5.29. During early optimization efforts, it was found that a substoichiometric amount 

of tetrabutylammonium triflate (Bu4NOTf) in dichloromethane as solvent was preferred when 

compared to acetonitrile.83 Tetrabutylammonium salts are known to improve the solubility of 

fluoride ion in organic solvents84,85 and have been beneficial in prior studies of cyclic allene 

trapping reactions.60,62,64,68 Tosyl (Ts) and tert-butyloxycarbonyl (Boc) N-substituted substrates 

5.24 and 5.30 could be employed, providing cycloadducts 5.25 and 5.31 in high yields and 

diastereoselectivities (entry 1). The use of tetrahydroazepine derivative 5.32 afforded 5.33 in 88% 

yield and 10:1 dr (entry 2). Increasingly substituted dienamines were tested as well. When 5.34 

and 5.36 were utilized in the reaction, products 5.35 and 5.37 were obtained, which possess 

additional substitution on the cyclobutyl ring (entries 3 and 4, respectively). Notably, the trapping 

with 5.34 proceeds with moderate stereospecificity82,86 and results in cyclobutane 5.35, containing 

three contiguous stereocenters. Substitution on the ring of the dienamine trapping partner was also 

tolerated. Employing iodo-substituted substrate 5.38 in the cycloaddition led to product 5.39, 

whereas employment of 5.40 bearing a gem-dimethyl group furnished 5.41 (entries 5 and 6, 

respectively). The erosion in stereoselectivity when comparing the formation of 5.41 to 5.25 is 

attributed to the increased steric bulk from the gem-dimethyl group present in 5.41.87 Of note, 

cycloadduct 5.41 contains vicinal quaternary carbons. 
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Figure 5.3. Scope of [2+2] cycloadditions with dienamine trapping partners 5.28. Reaction 
conditions unless otherwise stated: 5.12 (1.0 equiv, 0.15 mmol), trapping partners 5.28 (3.0 

equiv), CsF (5.0 equiv), Bu4NOTf (50 mol%), CH2Cl2 (0.1 M), 23 °C, 24 h. Yields reflect an 
average of two isolation experiments; dr determined by 1H NMR analysis. aThe 2.2:1 ratio 
reflects the ratio of the major diastereomer (2.2) to the sum of all minor diastereomers (1). 

bReaction was performed with CsF (5.0 equiv) in MeCN (0.1 M) at 23 °C for 24 h. 
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5.5 Scope of [2+2] Cycloadditions with Styrenyl Partners 

 The use of styrenyl trapping partners (Figure 5.4, i.e., 5.42 or 5.43) in the methodology, 

including heterocyclic substrates, delivered structurally complex spiro cyclobutyl products bearing 

four or more interconnected rings. Using similar reaction conditions to those mentioned earlier 

(see Figure 5.3), employment of styrene 5.26 provided cycloadduct 5.27 in 80% yield and 4.0:1 dr 

(entry 1). Substrates 5.46 and 5.48, which possess six-membered heterocyclic rings, could be 

employed, thus giving rise to cycloadducts 5.47 and 5.49 (entries 2 and 3). Moreover, employment 

of substrate 5.50 furnished pentacyclic product 5.51 containing a spiro tetrahydrocarbazole in 86% 

yield and 15:1 dr (entry 4). Substitution on the exocyclic alkene was also tolerated, as demonstrated 

by the cycloaddition of tri- and tetra-substituted alkenes 5.52, 5.54, 5.56, and 5.58. The use of 

these substrates generated cycloadducts 5.53, 5.55, 5.57, and 5.59 (entries 5–8, respectively), 

which possess interesting features, such as three contiguous stereocenters (i.e., 5.53), as well as 

vicinal fully substituted carbons (i.e., 5.55, 5.57 and 5.59). Lastly, we were delighted to find that 

trapping of the strained cyclic allene intermediate with pyridyl-substituted alkene 5.60 bearing a 

gem-dimethyl unit afforded cycloadduct 5.61 in high yield and excellent diastereoselectivity (entry 

9).  The structure of this product, bearing vicinal quaternary carbons, was verified by X-ray 

crystallography. 
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Figure 5.4. Scope of [2+2] cycloadditions with (het)aryl-substituted alkenes 5.42 and 5.43. 
Reaction conditions unless otherwise stated: 5.12 (1.0 equiv, 0.15 mmol), trapping partners 5.42 
or 5.43 (3.0 equiv), CsF (5.0 equiv), Bu4NOTf (50 mol%), CH2Cl2 (0.1 M), 23 °C, 24 h. Yields 
reflect an average of two isolation experiments; dr determined by 1H NMR analysis. aTrapping 
partner (5.0 equiv). bBu4NOTf (20 mol%). cSee Section 5.10.2.6 for details and crystallographic 

data. 
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previously developed to generate the corresponding 1,2-cycloheptadiene (5.66),59 again using 

dienamine 5.24 as the trapping partner.  These conditions resulted in the formation of cycloadduct 

5.67 in 24% yield and 5.9:1 dr. Dimerization of the presumed allene intermediate 5.66 occurred 

competitively in this case.51 1,2-Dienes in smaller rings (i.e., 5-membered rings) are not yet 

accessible for use in synthesis,88,89 but remain an opportunity for future discovery. 

 

Figure 5.5. [2+2] cycloadditions of carbocyclic allenes 5.63 and 5.66 with dienamine 5.24. 
Reaction conditions: 5.62 or 5.65 (1.0 equiv, 0.1 mmol), dienamine 5.24 (3.0–5.0 equiv), CsF 

(5.0 equiv), MeCN (0.1 M), 80 °C, 4–20 h. 
 

5.7 Thermal Isomerization of Cycloadducts 

 Many products obtained from our studies possess strained alkylidene cyclobutanes with an 

adjacent p-system (i.e., alkene or aromatic ring), which could be susceptible to thermal 

isomerizations based on earlier studies by Christl and co-workers.72 Figure 5.6 highlights several 

key experimental findings, as well as computed DG values for each reaction shown. Cycloadduct 

5.25, which was accessed in high diastereoselectivity (see Figure 5.3, entry 1) was heated at 110 

°C. We observed an erosion of dr, affording epi-5.25 as the major isomer. This result was 

consistent with a computationally-determined DG value of –0.3 kcal/mol. Moreover, this finding 

suggested that comparing the ground state energetics of cycloadduct diastereomers could be used 
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to predict the results of thermal isomerization studies. Thus, we considered cycloadducts 5.41 and 

5.61 obtained in our earlier experiments. Computational analysis indicated that epi-5.41 and epi-

5.61 were each thermodynamically more stable relative to the major cycloadducts obtained in our 

cyclic allene trapping experiments (DG = –3.8 and –2.7 kcal/mol, respectively). Gratifyingly, 

experimental results were consistent with computational predictions, allowing for the efficient 

conversion of 5.41 (1.5:1 dr) to epi-5.41 (>19:1 dr) and 5.61 (>19:1 dr) to epi-5.61 (>19:1 dr) 

under thermal conditions. Mechanistically, these isomerizations may occur by thermal homolytic 

cleavage of the strained bond between C6 and C4’ indicated (see substrate 5.25), followed by 

radical recombination, ultimately reaching a thermodynamic equilibrium of the two isomers.  Our 

findings suggest that the selectivities observed in the aforementioned cyclic allene [2+2] trappings 

(see Figures 5.3 and 5.4) reflect kinetic distributions of products.  
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Figure 5.6. Thermal isomerization of cycloadducts 5.25, 5.41, and 5.61. Yields and dr 
determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external standard.  Free 

energies calculated using density functional theory (B3LYP/6-31G(d)). 
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a platform to quickly access exceedingly complex cyclobutane-containing structures. Figure 5.7 
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functional handles provide opportunities for further elaboration. Treatment of 5.70 with 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) in nitromethane delivered 5.71 in 51% yield and >19:1 dr, 

ΔG =  –0.3 kcal/mol

1.5:1 dr

O

H

N

O

H

N

Me
Me

O

H

N
Ts

O

H

N

Me
Me

>19:1 dr

16:1 dr

O

H

N

Me
Me

Toluene-d8
 

110 °C

Toluene-d8

 110 °C

O

H

N
Ts

1.3:1 dr

>19:1 dr

>19:1 dr

Toluene-d8
 

110 °C

(98% yield)

(92% yield)

(74% yield)

Me
Me

TsTs

5.25 epi-5.25

5.41 epi-5.41

5.61 epi-5.61

ΔG = –3.8 kcal/mol

ΔG = –2.7 kcal/mol
*

*

*
4'

6



 
 

330 

introducing a quaternary stereocenter. By cross-coupling 5.71 with heterocyclic boronate 5.72, 

highly decorated product 5.73 was obtained bearing four contiguous stereocenters, two of which 

are quaternary, and five rings in the core scaffold. In another example, azacyclic allene 5.75, 

generated from silyl triflate 5.74, was intercepted with cyclobutyl methylidene 5.76 to afford 

cycloadduct 5.77. Subsequent epoxidation with meta-chloroperoxybenzoic acid (m-CPBA) 

yielded 5.78, a polyspiro compound possessing four small rings and three contiguous 

stereocenters. Lastly, oxacyclic allene 5.13 was trapped with trisubstituted alkene 5.7991 to provide 

cycloadduct 5.80 in 84% yield, introducing vicinal quaternary carbons and three contiguous 

stereocenters with a high degree of stereospecificity with respect to alkene geometry of 5.79. 

Cycloadduct 5.80 was then subjected to nitrile oxide (3+2) cycloaddition to deliver 5.82. This 

hexacyclic product possesses five contiguous stereocenters and three fully substituted carbons, 

including two quaternary centers. Cyclobutane-containing compounds 5.73, 5.78, and 5.82 are 

each accessible in either one or two steps from [2+2] cycloadducts, underscoring the structural 

complexity now readily accessible using strained cyclic allene methodology. 
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Figure 5.7. Synthetic elaborations of cycloadducts 5.70, 5.77, and 5.80 to access complex 
products 5.73, 5.78, and 5.82, respectively. aThe 13:1 ratio reflects the ratio of the major 

diastereomer (13) to the sum of all minor diastereomers (1). 
 

5.9 Conclusion 

Cyclobutanes are desirable motifs typically introduced using photochemical 

cycloadditions. As an alternative approach, we utilize the strain-driven reactivity of cyclic allenes, 

which are emerging synthetic building blocks, to promote [2+2] cycloadditions. We have shown 

that exceedingly complex structures can be accessed by intercepting cyclic allenes with highly 

substituted exocyclic alkenes at ambient temperature. The products obtained directly from the 

methodology, along with their isomers and derivatives, contain the desirable cyclobutane motif 

and a number of attractive features, such as heterocycles, spiro centers, contiguous stereocenters, 

and vicinal quaternary centers. We expect this study should not only provide a versatile tool to 

access highly substituted cyclobutanes but should also prompt the further strategic use of 

unconventional strained intermediates for the rapid assembly of complex architectures. 
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5.10 Experimental Section 

5.10.1 Materials and Methods 

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

atmosphere of nitrogen, and commercially obtained reagents were used as received unless 

otherwise specified. Unless stated otherwise, anhydrous solvents were either freshly distilled or 

passed through activated alumina columns. Non-commercially available substrates were 

synthesized according to known preparations or following protocols specified in the Experimental 

Procedures. Acetonitrile (MeCN), dichloromethane, diethyl ether (Et2O), benzene, triethylamine 

(Et3N), toluene, dimethylformamide (DMF), and tetrahydrofuran (THF) were passed through an 

activated alumina column prior to use. Pyridine, diisopropylamine , and trifluoromethanesulfonic 

anhydride (Tf2O) were distilled over CaH2 prior to use. Ethyl acetate (EtOAc) was distilled over 

P2O5 prior to use. Tetrabutylammonium trifluoromethanesulfonate (Bu4NOTf), n-butyllithium (n-

BuLi), p-toluenesulfonyl chloride (TsCl), methylenecyclopentane (5.16), potassium t-butoxide (t-

BuOK), isopropyltriphenylphosphonium iodide (i-PrPPh3I), potassium bis(trimethylsilyl) amide 

(KHMDS), Hexamethylphosphoric acid triamide (HMPA), methyl cyanoformate, nitromethane 

(MeNO2), 6-(Morpholin-4-yl)pyridine-3-boronic acid pinacol ester (5.78), sodium hydride (60 

wt% in mineral oil), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), and 3-chloroperoxybenzoic acid 

(m-CPBA, 77 wt%) were all purchased from Sigma-Aldrich and used as received. Cesium fluoride 

was obtained from Strem Chemicals, stored in a desiccator, and used as received. trans-

Dichlorobis(triphenylphosphine)palladium(II) (Pd(PPh3)2Cl2) was obtained from Strem 

Chemicals, stored in a glovebox, and used as received. 2-((difluoromethyl)sulfonyl)pyridine 

(5.87), 6,7-Dihydro-4-benzo[b]thiophenone (5.92), ethyltriphenylphosphonium bromide 

(EtPPh3Br), methyltriphenylphosphonium bromide (MePPh3Br), 3-methylenedihydrofuran-
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2(3H)-one (5.18), chroman-4-one (5.91), and chromium(III) acetylacetonate (Cr(acac)3) were 

purchased from Combi Blocks. Iodine was obtained from Alpha Aesar. Iodomethane (MeI), 

sodium sulfate, sodium thiosulfate, and sodium bicarbonate were obtained from Thermo Fisher. 

1-tosyl-2,3-dihydroquinolin-4(1H)-one (5.90) and tert-butyl 6-methylene-2-azaspiro[3.3]heptane-

2-carboxylate (5.76) were obtained from Enamine. tert-Butyl 1-oxo-1,3-dihydrospiro[indene-2,4'-

piperidine]-1'-carboxylate (5.94) was obtained from Ambeed. Ethyl 2-chloro-2-

(hydroxyimino)acetate (5.81) was purchased from Tokyo Chemical Industry. Potassium carbonate 

and Tf2O were obtained from Oakwood Chemical. Reaction temperatures at or above 23 °C were 

controlled using an IKAmag temperature modulator, and unless stated otherwise, performed at 

room temperature (approximately 23 °C). 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, anisaldehyde, and 

potassium permanganate staining techniques. Silicycle Siliaflash P60 (particle size 40–63 µm) was 

used for flash column chromatography and RediSep Gold Silica (20-40 µm) was used for 

automated chromatography on a CombiFlash NextGen 300+ instrument unless otherwise 

specified. 1H-NMR and 2D-NOESY spectra were recorded on Bruker spectrometers (at 400, 500, 

and 600 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), and 

integration. 13C-NMR spectra were recorded on Bruker spectrometers (at 125 and 150 MHz) and 

are reported relative to the residual solvent signal. Data for 13C-NMR spectra are reported in terms 

of chemical shift (δ ppm) and, when necessary, multiplicity, and coupling constant (Hz). 19F-NMR 

spectra were recorded on a Bruker spectrometer (at 376 MHz) and are reported in terms of 

chemical shift (δ ppm), multiplicity, and integration. 1H NMR Yields were determined by addition 
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of trimethoxybenzene or an aliquot of a stock solution of external standard, mesitylene, in CDCl3 

to the concentrated crude reaction mixture followed by further dilution with CDCl3 and subsequent 

1H NMR analysis. 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 

version 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CDCl3 

or CH2Cl2 as the solvent. Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific). High-resolution mass spectra for compounds 

5.64 and 5.67 were obtained on Agilent 6545 Q-TOF LC/MS with 1260 Infinity LC. Melting 

points were measured using a DigiMelt MPA160 melting point apparatus. To note, multiple 

stereoisomers are present in some NMR spectra. In these instances, the structures will be indicated 

on the spectrum. 

 

3-(Triethylsilyl)-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (5.12),57 2-

methylenetetrahydrofuran (5.20),92 2-methylene-1-tosylpiperidine (5.22),93 1-tosyl-2,3-

dihydropyridin-4(1H)-one (5.83),94 1-methylene-2,3-dihydro-1H-indene (5.26),95 tert-butyl 4-

methylene-3,4-dihydropyridine-1(2H)-carboxylate  (5.30),96 1,5,6,7-tetrahydro-4H-azepin-4-one 

(5.84),97 4-methylenechromane (5.46),98 4-methylene-9-tosyl-2,3,4,9-tetrahydro-1H-carbazole 

(5.50),99 (E)-1-ethylidene-2,3-dihydro-1H-indene (5.52),100 4-(difluoromethylene)chromane 

(5.54),101 1-methyl-3-(propan-2-ylidene)indolin-2-one (5.58),102 6-(triethylsilyl)cyclohex-1-en-1-

yl trifluoromethanesulfonate (5.62),45 7-(triethylsilyl)cyclohept-1-en-1-yl 4-
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methylbenzenesulfonate (5.65),59 6,6-dimethyl-5,6-dihydro-7H-cyclopenta[b]pyridin-7-one 

(5.93),103 2-(triethylsilyl)cyclohexan-1-one (5.95),46 and 1-tosyl-3-(triethylsilyl)-1,2,3,6-

tetrahydropyridin-4-yl trifluoromethanesulfonate (5.74),62 are all known compounds. The 1H 

NMR spectral data matched those reported in literature. 

5.10.2 Experimental Procedures 

5.10.2.1 Syntheses of Trapping Partners 

 

Dienamine 5.24. A 100 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br 

(4.90 g, 13.7 mmol, 2.3 equiv), and THF (30 mL). The flask was cooled to 0 °C. To the resulting 

stirring heterogenous solution was added n-BuLi (2.4 M in hexanes, 4.50 mL, 10.8 mmol, 1.8 

equiv) dropwise over 5 min. The orange heterogeneous solution was then allowed to warm to 23 °C 

over 25 min before dihydropyridone 5.83 (1.50 g, 5.97 mmol, 1.0 equiv) in THF (10 mL) was 

added dropwise over 2 min at this temperature for a final reaction concentration of 0.13 M. After 

3.5 h, the reaction was filtered through a pad of silica, eluting with Et2O (200 mL). The eluate was 

then concentrated under reduced pressure. The crude material was purified by flash column 

chromatography (4:1 hexanes:EtOAc) to afford dienamine 5.24 (670 mg, 45% yield) as a white 

solid. Dienamine 5.24: Mp: 109–110 °C; Rf 0.55 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): d 7.66 (d, J = 9.0, 2H), 7.30 (d, J = 8.2, 2H), 6.68 (d, J = 8.1, 1H), 5.52 (d, J = 8.2, 1H), 

4.76 (s, 1H), 4.60 (s, 1H), 3.41 (t, J = 6.02, 2H), 2.43–2.36 (m, 5H); 13C NMR (150 MHz, CDCl3): 

d 144.1, 136.7, 134.8, 130.0, 127.2, 126.2, 111.0, 110.1, 44.1, 29.3, 21.7; IR (film): 2919, 1635, 

i.  MePPh3Br (2.3 equiv)
    n-BuLi (1.8 equiv)
    THF, 0 → 23 °C, 25 min

ii. 5.83, THF
    23 °C, 3.5 h

(45% yield)5.83 5.24

N

O

N
TsTs
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1596, 1346, 1164. HRMS-APCI (m/z) [M + H]+ calcd for C13H16NO2S+, 250.0897; found 

250.0899. 

 

Azepinone 5.85.  A 100 mL round bottom flask was charged with a magnetic stir bar, azepinone 

5.84 (289 mg, 2.60 mmol, 1.0 equiv), and DMF (17 mL). Then, the flask was cooled to 0 °C. To 

the resulting stirring solution was added NaH (260 mg, 60% Wt, 6.50 mmol, 2.5 equiv) in one 

portion. The reaction was allowed to stir at this temperature for 1 h before TsCl (991 mg, 5.20 

mmol, 2.0 equiv) was added in one portion. The resulting mixture was gradually warmed to 23 °C 

and stirred for 2 h before pouring the mixture into a 500 mL Erlenmeyer flask filled with ice (50 

g) over 10 seconds. The resulting mixture was then extracted with EtOAc (3 x 75 mL). The 

combined organic layers were washed with water (5 x 75 mL) and brine (1 x 100 mL), dried with 

Na2SO4, filtered, and concentrated under reduced pressure. The crude material was purified by 

flash column chromatography (3:1 → 1:1 Hexanes:EtOAc) to provide azepinone 5.85 (285 mg, 

41% yield) as an off-white solid. Azepinone 5.85: Mp: 65–66 °C; Rf 0.37 (1:1 hexanes:EtOAc); 

1H NMR (600 MHz, CDCl3): d 7.71–7.68 (m, 2H), 7.36 (d, J  = 8.1, 2H), 7.33 (d, J  = 10.6, 1H), 

5.26 (d, J  = 10.8, 1H), 3.72–3.69 (m, 2H), 2.58 (t, J = 6.2, 2H), 2.45 (s, 3H), 1.97–1.92 (m, 2H); 

13C NMR (150 MHz, CDCl3): d  199.9, 145.2, 136.2, 134.7, 130.3, 127.2, 109.1, 49.0, 42.7, 22.0, 

21.7; IR (film): 1640, 1607, 1349, 1168, 931 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C13H16NO3S+, 266.0845; found 266.0841. 
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     DMF, 0 °C, 1 h
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Dienamine 5.32. A 25 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br 

(310 mg, 867 mmol, 2.3 equiv), and THF (1.1 mL). Then, the flask was cooled to 0 °C. To the 

resulting   stirring heterogenous solution was then added n-BuLi (2.1 M in hexanes, 323 μL, 678 

μmol, 1.8 equiv) dropwise over 5 min. The orange heterogeneous solution was then allowed to 

warm to 23 °C over 25 min before azepinone 5.85 (100 mg, 377 μmol, 1.0 equiv) in THF (5.0 mL) 

was added dropwise over 2 min at this temperature for a final reaction concentration of 0.06 M. 

After 2 h, the reaction filtered through a pad of silica, eluting with CH2Cl2 (50 mL). The eluate 

was then concentrated under reduced pressure. Purification of the crude material by flash column 

chromatography (hexanes ® 1:1 hexanes:EtOAc) afforded dienamine 5.32 (28.5 mg, 29% yield) 

as a yellow solid. Dienamine 5.32: Mp: 109–110 °C; Rf 0.38 (3:1 hexanes:EtOAc); 1H NMR (600 

MHz, CDCl3): d 7.72–7.68 (m, 2H), 7.31 (d, J = 8.6, 2H), 6.50 (d, J = 9.5, 1H), 5.44 (d, J = 9.4, 

1H), 4.82 (s, 1H), 4.80 (s, 1H), 3.63–3.57 (m, 2H), 2.43 (s, 3H), 2.31 (t, J = 6.5, 2H), 1.82–1.76 

(m, 2H); 13C NMR (150 MHz, CDCl3): d 143.9, 143.6, 136.4, 130.0, 127.4, 127.0, 115.1, 115.0, 

50.9, 34.7, 27.9, 21.7; IR (film): 2919, 1635, 11596, 1346, 1164 cm–1. HRMS-APCI (m/z) [M + 

H]+ calcd for C14H18NO2S+, 264.1053; found 264.1049. 
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Dienamine 5.34. A 100 mL round bottom flask was charged with a magnetic stir bar, EtPPh3Br 

(7.51 g, 18.0 mmol, 2.1 equiv), and THF (42 mL). To the stirring heterogenous solution was then 

added n-BuLi (2.5 M in hexanes, 5.50 mL, 13.7 mmol, 1.6 equiv) dropwise over 5 min at 23 °C. 

The orange heterogenous solution was then stirred at this temperature for 30 min before 

dihydropyridone 5.83 (2.15 g, 8.56 mmol, 1.00 equiv) in THF (20 mL) was added dropwise over 

2 min at 23 °C for a final reaction concentration of 0.15 M. After 15 h, the reaction was quenched 

with MeOH (4.0 mL) and the solution was concentrated under reduced pressure. The material was 

then filtered through a pad of silica, eluting with Et2O (300 mL). The eluate was concentrated 

under reduced pressure. Purification of the crude material by flash column chromatography 

(hexanes → 4:1 hexanes:EtOAc) afforded a mixture of dienamines 5.34 and Z-5.34 (5.34:Z-5.34, 

1.4:1 (determined by 1H NMR analysis of the isolated material); 748 mg, 33% yield) as a colorless 

oil. 5.34 and Z-5.34 (2.1 g, 8.0 mmol)  were then separated by preparative SFC (5.34 rt 6.53 min, 

ColumnTek Enantiocel® AD-H; 250 (L) x 30 (ID) mm, 20% iPrOH (0.1% diethylamine), flow 

rate 85 mL/min, 35 °C) to give 5.34 (473 mg) which was then further purified by flash column 

chromatography (hexanes → 4:1 hexanes:EtOAc) to afford dienamine 5.34 (5.34:Z-5.34, 6.6:1 

(determined by 1H NMR analysis of the isolated material); 278 mg) as a colorless oil. Dienamine 

5.34: Rf  0.83 (4:1 hexanes:EtOAc); 1H NMR (600 MHz, C6D6): δ 7.68–7.65 (m, 2H), 7.31–7.28 

(m, 2H), 6.54 (d, J = 8.1, 1H), 5.45 (d, J = 8.1, 1H), 5.29 (q, J = 7.0, 1H), 3.39 (t, J = 5.9, 2H), 

2.41 (s, 3H), 2.36–2.33 (m, 2H), 1.59 (d, J = 7.1, 3H); 13C NMR (150 MHz, C6D6): δ 129.7, 128.3, 

128.1, 128.0, 127.4, 124.1, 120.1, 113.2, 43.8, 23.7, 21.1, 12.9; IR (film) 2923, 2856, 1609, 1348, 

1165, 1095, 678, 548 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H18NO2S+, 264.1053; found 

264.1056. 

The structure of 5.34 was verified by 2D-NOESY, as the following interaction was observed: 
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Compound 5.34 was separated by Lotus Separation on a 2.1 g scale. 

Preparative Method: 
Column: ColumnTek Enantiocel® AD-H; 250 (L) x 30 (ID) mm  
Temperature: 35 °C 
Moblile Phase CO2 Modifier: 20% iPrOH (0.1% diethylamine) 
Flow Rate: 85 mL/min  
Back Pressure: 100 bar 
Injection Volume: 1.0 mL of ~8 mg/mL solution in MeOH  
 
Analytical Method: 
Column: ColumnTek Enantiocel® AD-H; 250 (L) x 4.6 (ID) mm  
Temperature: ambient 
Moblile Phase CO2 Modifier: 20% iPrOH (0.1% diethylamine) 
Flow Rate: 2 mL/min  
Back Pressure: 100 bar 
 
Mixture of 5.34 and Z-5.34: 

 
Figure 5.8. SFC trace for mixture of 5.34 and Z-5.34. 
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Enriched 5.34: 

 
Figure 5.9. SFC trace for 5.34. 

 

Table 5.1. SFC data for 5.34 

Index Time (min) Area (%) 

Z-5.34 6.08 4.0 

Impurity 6.31 4.5 

5.34 6.53 91.5 

Total  100.0 

 

 

Dienamine 5.36. A 100 mL round bottom flask was charged with a magnetic stir bar, 

dihydropyridone 5.86 (1.18 g, 6.00 mmol, 1.2 equiv), pyridine 5.87 (966 mg, 5.00 mmol, 1.0 

equiv), and DMF (20 mL, 0.37 M). The flask was cooled to -50 °C. Then, a solution of t-BuOK 

(1.01 g, 9.00 mmol, 1.8 equiv) in DMF (10 mL) was added dropwise over 2 min to the reaction 

mixture. The solution was stirred at this temperature for 15 min where it turned a dark red color. 

i.  t-BuOK (1.8 equiv)
    DMF, –50 °C, 45 min

ii. NH4Cl(aq.), 3.0 M HCl,
    THF, –50 → 23 °C, 30 min

(55% yield)5.86 5.36

N

O

N

5.87

N F

S F
O O

+

F F

Boc Boc
(1.2 equiv)

5.34

N

Me

Ts
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Then, ammonium chloride (saturated in H2O, 10 mL) and HCl (3.0 M in H2O, 10 mL) were 

subsequently added to the reaction mixture over 2 min, and the flask was warmed to 23 °C over 

30 min, where the heterogeneous reaction mixture turned yellow. After this time, the mixture was 

extracted with Et2O (2 x 100 mL) and washed with brine (1 x 100 mL). The combined organic 

layers were then dried over Na2SO4, filtered, and concentrated under reduced pressure. Purification 

of the crude material by flash column chromatography (4:1 hexanes:EtOAc → EtOAc) afforded 

dienamine 5.36 (631 mg, 55% yield) as a colorless oil. Dienamine 5.36: Rf 0.72 (9:1 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 6.99–6.67 (m, 1H), 5.46–5.23 (m, 1H), 3.66–

3.56 (m, 2H), 2.50–2.40 (m, 2H), 1.49 (s, 9H); 13C NMR (150 MHz, CDCl3): δ 154.8, 152.5, 152.1, 

151.6, 150.8 (dd, J = 291.7, 286.4), 126.2 (dd, J = 10.8, 3.0), 98.9, 98.5, 85.1, 84.6 (dd, J = 25.3, 

18.7) 81.4, 79.9, 41.4, 40.1, 28.54, 28.48, 28.4, 28.3, 24.1, 20.9; 19F NMR (565 MHz, CDCl3): δ -

95.39 (dd, J = 84.6, 43.2), -96.64 (dd, J = 181.6, 43.8); IR (film) 2982, 1725, 1355, 1158, 763 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C11H16F2NO2+, 232.1144; found 232.1136. 

Note: 5.36 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

 

 

Dihydropyridone 5.88. A 50 mL round bottom flask was charged with a magnetic stir bar, 

dihydropyridone 5.83 (1.00, 3.98 mmol, 1.0 equiv), and a mixture of CH2Cl2:pyridine (2:1; 18 mL, 

0.22 M). Subsequently, the flask was cooled to 0 °C. Then, iodine (4.04 g, 15.9 mmol, 4.0 equiv) 

was quickly added to the stirring solution in one portion. The reaction was stirred at this 

(62% yield)5.83 5.88

O

N

O

N

II2 (4.0 equiv)

2:1 CH2Cl2:pyridine 
0 → 23 °C, 18 h

Ts Ts
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temperature for 10 min before the flask was warmed to 23 °C and stirred for 18 h. The resulting 

mixture was then diluted with Et2O (40 mL) and washed with a solution of saturated aqueous 

Na2S2O3 (3 x 30 mL), and brine (30 mL). The organic layer was dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was purified by flash column 

chromatography (3:1 → 1:1 hexanes:EtOAc) to afford dihydropyridone 5.88 (932 mg, 62% yield) 

as a pale yellow solid. Dihydropyridone 5.88: Mp: 138–139 °C; Rf  0.23 (3:1 hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 8.22 (s, 1H), 7.75–7.70 (m, 2H), 7.42–7.37 (m, 2H), 3.80 (t, J = 

7.1, 2H), 2.72 (t, J = 6.7, 2H), 2.48 (s, 3H); 13C NMR (125 MHz, CDCl3): 185.7, 148.3, 145.9, 

133.3, 130.6, 127.4, 76.2, 44.1, 34.2, 21.7; IR (film): 2921, 1678, 1568, 1373, 1169. HRMS-APCI 

(m/z) [M – I]+ calcd for C12H12NO3S+, 250.0532; found 250.0527. 

 

 

Dienamine 5.38. A 100 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br 

(3.40 g, 9.51 mmol, 2.3 equiv), and THF (20 mL). Then,  the flask was cooled to 0 °C.  To the 

stirring heterogenous solution was added n-BuLi (1.9 M in hexanes, 3.94 mL, 7.44 mmol, 1.8 

equiv) dropwise over 1 min. The orange heterogeneous solution was then allowed to warm to 23 °C 

over 30 min before dihydropyridone 5.88 (1.56 g, 4.14 mmol, 1.0 equiv) in THF (5.0 mL) was 

added dropwise over 2 min at this temperature for a final reaction concentration of 0.14 M. After 

5 h, the reaction was filtered through a pad of silica, eluting with CH2Cl2 (200 mL). The eluate 

was then concentrated under reduced pressure. Purification of the crude material by flash column 

chromatography (30:1 hexanes:EtOAc ® 9:1 hexanes:EtOAc) afforded dienamine 5.38 (275 mg, 

i.  MePPh3Br (2.3 equiv)
    n-BuLi (1.8 equiv)
    THF, 0 → 23 °C, 30 min

ii. 5.88, THF
    23 °C, 5 h

(18% yield)5.88 5.38

N

O

N

I I

TsTs
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18% yield) as yellow waxy solid. Dienamine 5.38: Rf 0.58 (3:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): d 7.69–7.65 (m, 2H), 7.34 (d, J = 8.0, 2H), 7.31–7.29 (m, 1H), 5.06 (s, 1H), 4.92–

4.90 (m, 1H), 3.49 (t, J = 6.1, 2H), 2.60–2.55 (m, 2H), 2.44 (s, 3 H); 13C NMR (150 MHz, CDCl3): 

d 144.6, 137.2, 134.5, 133.1, 130.2, 127.2, 117.6, 77.0, 43.9, 29.3, 21.7; IR (film): 2924, 1738, 

1618, 1365, 1161 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H15INO2S+, 375.9863; found 

375.9870. 

 

 

Dihydropyridone 5.89. A 100 mL round bottom flask was charged with a magnetic stir bar, t-

BuOK (929 mg, 8.28 mmol, 2.6 equiv), and THF (24 mL). Then, the flask was cooled to –78 °C. 

Subsequently, a solution of dihydropyridone 5.83 (800 mg, 3.18 mmol, 1.0 equiv) and MeI (1.39 

mL, 22.3 mmol, 7.0 equiv) in THF (6.0 mL) was added dropwise over 2 min. After stirring for 3 

h at this temperature, the flask was removed from the –78 °C bath and placed in an ice/water bath 

where it was warmed to 0 °C before the reaction was quenched with a saturated aqueous solution 

of NH4Cl (10 mL). The resulting mixture was extracted with EtOAc (3 x 30 mL), and the combined 

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

crude material was purified by flash column chromatography (3:1 hexanes:EtOAc) to provide 

dihydropyridone 5.89 (724 mg, 81% yield) as a white solid. Dihydropyridone 5.89: Mp: 83 °C; 

Rf 0.47 (3:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): 7.74–7.70 (m, 2H), 7.64 (d, J = 8.4, 

1H), 7.38 (d, J = 8.2, 2H), 5.27 (d, J = 8.8, 1H), 3.38 (s, 2H), 2.46 (s, 3H), 1.03 (s, 6H); 13C NMR 

(150 MHz, CDCl3): 197.7, 145.4, 141.9, 134.1, 130.4, 127.4, 106.1, 55.0, 40.6, 22.2, 21.8; IR 

5.83

Ts

O

N
Ts

Me
Me

O
t-BuOK (2.6 equiv)

MeI (7.0 equiv)

THF, –78 °C, 3 h N

5.89(81% yield)
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(film): 2970, 1671, 1597, 1364, 1169. HRMS-APCI (m/z) [M + H]+ calcd for C14H18NO3S+, 

280.1002; found 280.1005. 

 

 

Dienamine 5.40. A 25 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br 

(709 mg, 1.99 mmol, 2.1 equiv), and THF (3.1 mL). Then, to the stirring heterogenous solution 

was added n-BuLi (2.4 M in hexanes, (591 µL, 1.42 mmol, 1.5 equiv) dropwise over 1 min at 23 

ºC. The orange heterogeneous solution was then stirred for 30 min before dihydropyridone 5.89 

(264 mg, 945 µmol, 1.0 equiv) in THF (3.1 mL) was added dropwise over 2 min for a final reaction 

concentration of 0.14 M. After 21 h, the reaction was filtered through a pad of silica, eluting with 

CH2Cl2 (100 mL). The eluate was then concentrated under reduced pressure. Purification of the 

crude material by flash column chromatography (9:1 hexanes:EtOAc) afforded dienamine 5.40 

(55.1 mg, 21% yield) as a pale yellow solid. Dienamine 5.40: Rf  0.69 (3:1 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 7.68 (d, J = 7.7, 2H), 7.31 (d,  J = 7.7, 2H), 6.66 (d, J = 8.7, 1H), 5.44 

(d, J = 8.2, 1H), 4.76 (s, 1H), 4.70 (s, 1H), 2.98 (s, 2H), 2.42 (s, 3H), 1.04 (s, 6H); 13C NMR (150 

MHz, CDCl3): d 146.6, 143.9, 134.9, 129.8, 127.1, 124.5, 109.9, 106.7, 54.6, 34.2, 25.7, 21.6; IR 

(film): 2973, 1738, 1633, 1365, 1165 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H20NO2S+, 

278.1209; found 278.1216. 

 

i.  MePPh3Br (2.1 equiv)
    n-BuLi (1.5 equiv)
    THF, 23 °C, 30 min

ii. 5.89, THF
    23 °C, 21 h

(21% yield)5.89 5.40
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Olefin 5.48. A 50 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br (1.25 

g, 3.48 mmol, 2.1 equiv), and THF (6 mL). Then, to the stirring heterogenous solution was added 

n-BuLi (2.5 M in hexanes, 1.06 mL, 2.66 mmol 1.60 equiv) dropwise over 1 min at 23 °C. The 

orange heterogenous solution was then allowed to stir at this temperature for 30 min until 

dihydroquinolinone 5.90 (500.0 mg, 1.659 mmol, 1.00 equiv) in THF (5 mL) was added dropwise 

over 2 min for a final reaction concentration of 0.15 M. The flask was then heated to 50 °C. After 

3 h, the flask was cooled to 23 °C, then the reaction was quenched with methanol (4.0 mL), and 

the solution was concentrated under reduced pressure. The crude material was then filtered through 

a pad of silica, eluting with Et2O (100 mL). The eluate was concentrated under reduced pressure. 

Purification of the crude material by flash column chromatography (4:1 hexanes:EtOAc) afforded 

olefin 5.48 (323 mg, 65% yield) as a colorless solid. Olefin 5.48: Mp: 101 °C; Rf  0.62 (7:3 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 7.77 (dd, J = 8.3, 1.0, 1H), 7.59 (dd, J = 7.9, 1.4, 

1H), 7.28–7.24 (m, 2H), 7.26 (overlapped with residual solvent peak, 1H), 7.20–7.16 (m, 2H), 

7.16–7.11 (m, 2H), 5.45–5.43 (m, 1H), 4.79–4.76 (m, 1H), 3.90–3.86 (m, 2H), 2.37 (s, 3H), 2.36–

2.33 (m, 2H); 13C NMR (150 MHz, CDCl3): δ 143.6, 137.3, 137.2, 136.2, 129.6, 128.4, 128.2, 

127.1, 125.4, 125.3, 124.4, 110.1, 46.2, 29.9, 21.5; IR (film) 3068, 2925, 1348, 1163, 1090, 577 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C17H18NO2S+,  300.1053; found 300.1042. 

 

i.  MePPh3Br (2.1 equiv)
    n-BuLi (1.6 equiv)
    THF, 23 °C, 30 min

ii. 5.90, THF
    23 → 50 °C, 3 h

(65% yield)5.90 5.48
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Olefin 5.54. A 100 mL round bottom flask was charged with a magnetic stir bar, chromanone 5.91 

(920 mg, 6.21 mmol, 1.2 equiv), pyridine 5.87 (1.00 g, 5.18 mmol, 1.0 equiv), and DMF (20 mL, 

0.31 M). Then, the flask was cooled to -50 °C. To the stirring solution was added a solution of t-

BuOK (1.05 g, 9.32 mmol, 1.8 equiv) in DMF (10 mL) dropwise over 2 min. The reaction was 

then allowed to stir for 45 min at this temperature where it turned a dark red color. Then, 

ammonium chloride (saturated in H2O, 11 mL) and HCl (3.0 M in H2O, 10 mL) were subsequently 

added to the reaction over 2 min, and the flask was warmed to 23 °C over 30 min, where the 

heterogeneous reaction mixture turned yellow. Then, the flask was heated to 60 °C and stirred at 

this temperature for 30 min where the reaction became fully homogeneous. The flask was then 

cooled to 23 °C, and the mixture was extracted with Et2O (1 x 100 mL) and washed with brine (1 

x 100 mL) and 10% LiCl in H2O (3 x 20 mL). The combined organic layers were then dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Purification of the crude material by 

flash column chromatography (hexanes → 3:1 hexanes:EtOAc) afforded olefin 5.54 (570 mg, 3.13 

mmol, 60% yield) as a colorless solid. The 1H NMR spectral data matched those reported in 

literature.101 

 

O F
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O O
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5.54

i.  t-BuOK (1.8 equiv)
    DMF, –50 °C, 45 min

ii. NH4Cl(aq.), 3.0 M HCl , THF
    –50 → 23 → 60 °C, 1 h

(60% yield)

i.  i-PrPPh3I (2.4 equiv)
    KHMDS (1.5 equiv)
    2:1 Toluene:THF
    0 → 23 °C, 30 min

ii. 5.92, Toluene
    23 → 100 °C, 5 h

Me Me
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(66% yield)5.92 5.56
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Olefin 5.56. A 100 mL round bottom flask was charged with a magnetic stir bar, i-PrPPh3I (6.70 

g, 15.0 mmol, 2.4 equiv), and toluene (20 mL). Then, the flask was cooled to 0 ºC. To the stirring 

heterogenous solution was added KHMDS (1.0 M in THF, 10.0 mL, 10.0 mmol, 1.5 equiv) 

dropwise over 5 min. The red heterogenous solution then stirred at this temperature for 5 min 

before it was warmed to 23 °C over 30 min. Next, a solution of ketone 5.92 (1.00 g, 6.60 mmol, 

1.0 equiv) in toluene (10 mL) was added dropwise over 4 min for a total reaction concentration of 

0.16 M. Subsequently, a flame dried reflux condenser was attached to the reaction vessel. The 

stirring solution was heated to 100 °C, and the reaction stirred at this temperature for 5 h. The dark 

red solution was then cooled to 23 °C, and the mixture was filtered through a pad of silica, eluting 

with CH2Cl2 (200 mL) . The eluate was then concentrated under reduced pressure. Purification by 

flash column chromatography (hexanes) afforded olefin 5.56 (775 mg, 66% yield) as a pale brown 

oil. Olefin 5.56: Rf 0.90 (5:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.18 (d, J = 5.4, 

1H), 7.04 (d, J = 5.4, 1H), 2.87 (t, J = 6.5, 2H), 2.44–2.40 (m, 2H), 1.99 (s, 3H), 1.95–1.88 (m, 

2H), 1.84 (s, 3H); 13C NMR (150 MHz, CDCl3): d 138.1, 136.5, 128.0, 126.3, 124.5, 120.4, 28.4, 

25.9, 24.7, 23.2, 21.8;  IR (film): 2927, 1444, 1367, 1049, 727 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C11H15S+, 179.0889; found 179.0889. 

 

 

Olefin 5.60. A 25 mL round bottom flask was charged with a magnetic stir bar, MePPh3Br (1.33 

g, 3.72 mmol, 2.4 equiv), and THF (4.0 mL). Then, to the stirring heterogenous solution was added 

n-BuLi (2.5 M in hexanes, 1.00 mL, 2.48 mmol, 1.6 equiv) dropwise over 2 min at 23 °C. The 

i.  MePPh3Br (2.4 equiv)
    n-BuLi (1.6 equiv)
    THF, 23 °C, 40 min

ii. 5.93, THF
    23 °C, 19 h

(50% yield)5.93 5.60
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orange heterogenous solution then stirred for 40 min at this temperature. Subsequently, a solution 

of ketone 5.93 (250 mg, 1.55 mmol, 1.0 equiv) in THF (3.0 mL) was added dropwise over 4 min, 

for a total reaction concentration of 0.2 M. After 19 h, the purple solution was then filtered through 

a pad of silica, eluting with CH2Cl2 (200 mL).  The eluate was then concentrated under reduced 

pressure. Purification of the crude material by flash column chromatography (5:1 hexanes:EtOAc) 

afforded olefin 5.60 (123 mg, 50% yield) as a pale yellow oil. Olefin 5.60: Rf 0.60 (5:1 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 8.46–8.43 (m, 1H), 7.53–7.50 (m, 1H), 7.10 (dd, 

J = 7.3, 4.9, 1H), 5.97 (s, 1H), 5.08 (s, 1H), 2.80 (s, 2H), 1.25 (s, 6H); 13C NMR (150 MHz, 

CDCl3): d 158.7, 158.4, 148.6, 137.0, 133.3, 123.0, 105.0 , 44.5, 40.9, 29.6;  IR (film): 3064, 2925, 

1647, 1424, 802 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C11H14N+, 160.1121; found 

160.1120. 

 

 

Olefin 5.79. A 50 mL round bottom flask was charged with a magnetic stir bar, EtPPh3Br (4.30 g, 

12.0 mmol, 2.3 equiv), and THF (14 mL). Then, the flask was cooled to 0 °C. To the stirring 

heterogenous solution was added n-BuLi (2.5 M in hexanes, 3.20 mL, 8.00 mmol, 1.6 equiv) 

dropwise over 5 min. The red heterogenous solution was stirred at this temperature for 5 min before 

it was warmed to 23 °C over 30 min. After this time, the flask was cooled again to 0 °C, and a 

solution of ketone 5.94 (1.50 g, 5.00 mmol, 1.0 equiv) in THF (12 mL) was added dropwise over 

7 min for a total reaction concentration of 0.17 M. The reaction was then warmed to 23 °C and 

stirred for 2 h. After this time, the solution was then filtered through a pad of silica, eluting with 

i.  EtPPh3Br (2.3 equiv)
    n-BuLi (1.6 equiv)
    THF, 0 → 23 °C, 30 min

ii. 5.94, THF
     0 → 23 °C, 2 h

(96% yield, 8.6:1 E:Z)5.94 5.79

O
BocN BocN
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CH2Cl2 (300 mL). The eluate was then concentrated under reduced pressure. Purification of the 

crude material by flash column chromatography (hexanes → 13:1 hexanes:EtOAc → 4:1 

hexanes:EtOAc) and separation of two sets of fractions afforded olefin 5.79 (1.51 g, 96% yield, 

8.6:1 E:Z mixture, determined by 1H NMR analysis of isolated material) as a waxy white solid. 

Olefin 5.79: (10:1 E:Z mixture): Mp: 71–73 °C; Rf 0.66 (9:1 hexanes:EtOAc); 1H NMR (600 MHz, 

CDCl3): d 7.38–7.33 (m, 1H), 7.21–7.13 (m, 3H), 6.11 (q, J = 7.5, 1H), 4.28–3.95 (m, 2H), 2.99 

(s, 2H), 2.96–2.79 (m, 2H), 2.26–2.14 (m, 2H), 1.94 (d, J = 7.6, 3H), 1.50–1.45 (m, 11H); 13C 

NMR (125 MHz, CDCl3): d 155.1, 148.1, 141.6, 141.5, 128.4, 127.5, 126.7, 125.3, 119.7, 115.4, 

79.5, 44.9, 42.3, 34.4, 28.5, 14.0;  IR (film): 2932, 1689, 1421, 1169, 752 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C20H28NO2+, 314.2115; found 314.2115. 

The structure of 5.79 was verified by 2D-NOESY, as the following interaction was observed: 

 

Note: 5.79 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

 

5.10.2.2 Synthesis of Silyl Triflate 5.68 

 

Enol 5.96. A 25 mL round bottom flask was charged with a magnetic stir bar,  diisopropylamine 

(410 µL, 2.85 mmol, 1.2 equiv), and Et2O (2.4 mL). Then, the flask was cooled to –78 °C. To the 

5.79
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H

i.  LDA (1.2 equiv), Et2O
     –78 °C, 1 h

ii. HMPA (1.0 equiv) 
    methyl cyanoformate (1.2 equiv)
    –78 °C, 4 h

5.95 5.96(73% yield)
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stirring solution was added n-BuLi (2.5 M in hexanes, 1.22 mL, 2.82 mmol, 1.2 equiv) dropwise 

over 1 min. The reaction was stirred at –78 °C for 20 min, then warmed to 23 °C over 10 min. 

Then the flask was cooled to –78 °C and a solution of ketone 5.95 (500 mg, 2.35 mmol, 1.0 equiv) 

in Et2O (10 mL) was added dropwise over 5 min. After stirring for 1 h at –78 °C, HMPA (410 µL, 

2.35 mmol, 1.0 equiv) and methyl cyanoformate (225 µL, 2.82 mmol, 1.2 equiv) were added 

dropwise sequentially over 2 min. The reaction was stirred at –78 °C for 2 h, then quenched by the 

addition of cooled deionized water (0 °C, 8 mL) and allowed to warm to 23 °C. The layers were 

separated and the aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic layers 

were dried over Na2SO4, filtered, and concentrated under reduced pressure. Purification of the 

crude material by flash column chromatography (19:1 hexanes:EtOAc) afforded enol 5.96 (465 

mg, 73% yield) as a yellow oil. Enol 5.96: Rf 0.80 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): d 12.46 (s, 1H), 3.73 (s, 3H), 2.34–2.27 (m, 1H), 2.17–2.09 (m, 1H), 2.06–2.00  (m, 1H), 

1.87–1.76 (m, 1H), 1.72–1.65 (m, 1H), 1.65–1.56 (m, 1H), 1.54–1.42 (m, 1H), 0.96 (t, J = 7.9, 

9H), 0.69–0.64 (m, 6H); 13C NMR (150 MHz, CDCl3): d 177.0, 173.2, 95.5, 51.2, 27.6, 24.3, 22.7, 

22.6, 7.5, 3.3; IR (film): 2950, 1747, 1256, 1028, 716 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for 

C14H27O3Si+, 271.1724; found 271.1721. 

 

 

Silyl triflate 5.68. A 100 mL round bottom flask was charged with a magnetic stir bar, NaH (60 

wt% dispersion in mineral oil, 320 mg, 8.00 mmol, 2.1 equiv), and CH2Cl2 (26 mL). Then, the 

flask was cooled to 0 °C. To the stirring heterogenous solution was added a solution of silyl alcohol 

SiEt3

OH
CO2Me i.  NaH (2.1 equiv), CH2Cl2

    0 → 23 °C, 1 h

ii. Tf2O (1.4 equiv)
   –78 → 23 °C, 1.5 h

5.96 5.68(67% yield)

SiEt3

OTf
CO2Me
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5.96 (1.02 g, 3.77 mmol. 1.0 equiv) in CH2Cl2 (8.0 mL) dropwise over 6 min for a total reaction 

concentration of 0.11 M. The flask was then allowed to warm to 23 °C. After 1 h, the reaction was 

cooled to –78 °C and Tf2O (900 μL, 5.33 mmol, 1.4 equiv) was added dropwise over 1 min. After 

stirring for 5 min, the reaction was allowed to warm to 23 °C and stirred for 1.5 h. Then, the flask 

was cooled to 0 °C and the reaction was quenched with deionized water (15 mL). The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (3 x 40 mL). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated under reduced pressure. Purification of 

the crude material by flash column chromatography (hexanes → 5:1 hexanes:EtOAc) afforded 

silyl triflate 5.68 (1.01 g, 67% yield) as a colorless oil. Silyl triflate 5.68: 1H NMR (500 MHz, 

CDCl3): d 3.76 (s, 3H), 2.8–2.71 (m, 1H), 2.25–2.14 (m, 1H), 2.14–2.06 (m, 1H), 2.03–1.91 (m, 

1H), 1.79–1.70 (m, 1H), 1.70–1.61 (m, 1H), 1.53–1.44 (m, 1H), 0.97 (t, J = 7.9, 9H), 0.69 (q, J = 

7.7, 6H); 9F NMR (282 MHz, CDCl3): δ 74.2; 13C NMR (150 MHz, CDCl3): d 165.7, 156.6, 119.3, 

118.6 (q, J = 320), 52.0, 28.4, 26.8, 25.6, 21.2, 7.2, 2.8; IR (film): 2956, 2880, 1722, 1645, 1422, 

1206; HRMS-APCI (m/z) [M + H]+ calcd for C15H26F3O5SSi+, 403.1217; found 403.1198. 

 

5.10.2.3 Survey of [2+2] Cycloadditions with Exocyclic Alkenes 

General Procedure 5.1 for the survey of [2+2] cycloadditions with exocyclic alkenes 

 

Cycloadducts 5.15. To a stirred solution of silyl triflate 5.12 (17.3 mg, 50 μmol, 1.0 equiv) and 

trapping partners 5.14 (250 μmol, 5.0 equiv) in MeCN (500 µL, 0.1 M) was added CsF (38.0 mg, 

250 μmol, 5.0 equiv) in a single portion. The vial was then sealed with a Teflon-lined cap and 

CsF (5.0 equiv)

MeCN, 23 °C, 3–4 h

(5.0 equiv)
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OTf

SiEt3
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B
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+
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stirred at >900 RPM for 3–4 h at 23 °C. The mixture was then filtered through a pad of silica 

(monster pipette, ~2 cm silica), eluting with EtOAc (10 mL). The eluate was concentrated under 

reduced pressure to afford a crude residue, which was analyzed by 1H NMR using mesitylene as 

an external standard. 

 

 

Cycloadduct 5.17. Followed General Procedure 5.1. Cycloadduct 5.17 was obtained in 42% yield 

by 1H NMR analysis of the crude reaction mixture.  An analytical sample was obtained by 

preparative thin layer chromatography (1:1 hexanes:CH2Cl2) to afford cycloadduct 5.17 as a 

colorless oil. Cycloadduct 5.17: Rf 0.50 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 

5.33–5.29 (m, 1H), 4.24–4.17 (m, 1H), 4.13–4.07 (m, 1H), 3.91 (dd, J = 10.0, 6.6, 1H), 3.16 (app. 

t, J = 9.8, 1H), 2.99–2.91 (m, 1H), 2.74–2.69 (m, 1H), 2.43–2.37 (m, 1H), 1.69–1.64 (m, 2H), 

1.65–1.53 (overlapped with residual H2O peak, 2H), 1.53–1.43 (m, 4H); 13C NMR (125 MHz, 

CDCl3): d 136.1, 112.1, 65.5, 64.4, 48.8, 47.3, 44.2, 39.6, 32.0, 23.5, 23.3;  IR (film): 2925, 2857, 

1451, 1215, 1092 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C11H17O+, 165.1274; found 

165.1274. 
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Cycloadduct 5.19. Followed General Procedure 5.1. Cycloadduct 5.19 was obtained in 85% 

combined yield and 4.3:1 dr by 1H NMR analysis of the crude reaction mixture. An analytical 

sample was obtained through two purifications by preparative thin layer chromatography (1:1 

hexanes:EtOAc then 3:1 benzene:acetone, respectively) to afford cycloadduct 5.19 as a white 

solid. Cycloadduct 5.19: Mp: 77–79 °C; Rf 0.46 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): d 5.51–5.45 (m, 1H), 4.26–4.18 (m, 3H), 4.16–4.09 (m, 1H), 3.96 (dd, J = 10.2, 6.6, 1H), 

3.60–3.52 (m, 1H), 3.37–3.30 (m, 1H), 3.20 (app. t, J = 9.8, 1H), 2.64 (d, J = 13.6, 1H), 2.32 (app. 

dt, J = 13.0, 7.7, 1H), 2.20 (app. dt, J = 13.0, 5.7, 1H); 13C NMR (125 MHz, CDCl3): d 178.6, 

133.3, 114.2, 65.7, 65.2, 63.0, 44.8, 44.6, 42.1, 29.4; IR (film): 2966, 1761, 1458, 1012, 886 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C10H13O3+, 181.0859; found 181.0859. 

The structure of 5.19 was verified by 2D-NOESY, as the following interaction was observed: 

 
 

 

Cycloadducts 5.21 and epi-5.21. Followed General Procedure 5.1. Cycloadducts 5.21 and epi-

5.21 were obtained in 53% combined yield and 2.7:1 dr by 1H NMR analysis of the crude reaction 

mixture. An analytical sample was obtained by preparative thin layer chromatography (2:1 

hexanes:EtOAc, eluted 3 times ) to afford a mixture of major diastereomer 5.21 and minor 

diastereomer epi-5.21 as a colorless oil. Further purification by preparative thin layer 
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chromatography (2:1:1 hexanes:CH2Cl2:Et2O, eluted 3 times) afforded 5.21 as a colorless oil 

(analytical sample used to determine 1H NMR shifts and for 2D-NOESY experiment). 

Cycloadducts 5.21 and epi-5.21: Rf 0.78 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3, 5.21): 

d 5.45–5.42 (m, 1H), 4.22–4.17 (m, 1H), 4.10–4.00 (m, 2H), 3.86–3.82 (m, 1H), 3.82–3.76 (m 

1H), 3.26–3.21 (m, 1H), 3.17 (app. t, J = 9.7, 1H), 3.07–3.02 (m, 1H), 2.68–2.63 (m, 1H), 1.93–

1.72 (m, 4H); 1H NMR (500 MHz, CDCl3, epi-5.21, characterized from an inseparable mixture of 

5.21 and epi-5.21): d 5.46–5.41 (m, 1H), 4.25–4.12 (m, 2H), 3.90 (dd, J = 10.0, 6.8, 1H), 3.83–

3.79 (m, 1H), 3.67–3.61 (m, 1H), 3.36 (app. t, J = 9.8, 1H), 3.04–2.98 (m, 2H), 2.73 (d, J = 14.4, 

1H), 2.00–1.83 (m, 4H); 13C NMR (125 MHz, CDCl3, 5.21 and epi-5.21, 19 out of 20 signals 

observed): d 134.6, 131.2, 113.9, 113.8, 85.7, 83.2, 67.6, 67.4, 65.3, 63.9, 62.3, 49.8, 49.5, 46.4, 

44.0, 36.5, 30.4, 25.1, 24.8; IR (film): 2925, 1120, 1063, 1032, 732 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C10H15O2+, 167.1067; found 167.1063. 

The structure of 5.21 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadduct 5.23. Followed General Procedure 5.1. Cycloadducts 5.23 and epi-5.23 were 

obtained in 57% combined yield and 1.2:1 dr by 1H NMR analysis of the crude reaction mixture. 

An analytical sample was obtained by preparative thin layer chromatography (4:1:1 
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hexanes:CH2Cl2:Et2O) which allowed for a separation of the diastereomers, affording 

cycloadducts 5.23  and epi-5.23 as colorless oils. Cycloadduct 5.23: Rf  0.42 (4:1 hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): δ 7.72–7.68 (m, 2H), 7.29–7.25 (overlapped with residual solvent 

peak, 2H), 5.43–5.40 (m, 1H), 4.20–4.00 (m, 3H), 3.71–3.64 (m, 1H), 3.31–3.23 (m, 2H), 3.22–

3.12 (m, 1H), 2.88–2.77 (m, 2H), 2.41 (s, 3H), 1.80–1.58 (m, 6H); 13C NMR (150 MHz, CDCl3): 

δ 142.8, 141.1, 133.4, 129.1, 126.9, 113.6, 67.2, 65.8, 64.7, 50.0, 47.6, 42.7, 39.5, 25.5, 22.5, 21.5; 

IR (film): 2929, 2865, 1321, 1150, 706 cm–1; HRMS-APCI (m/z) [M+H]+ calcd for C18H24NO3S+, 

334.1471; found 334.1478. Cycloadduct epi-5.23: Rf  0.35 (4:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3) δ 7.72–7.69 (m, 2H), 7.28–7.23 (overlapped with residual solvent peak, 2H), 4.68–

4.63 (m, 1H), 4.34–4.26 (m, 1H), 4.17 (dd, J = 9.4, 6.3, 1H), 4.14–4.07 (m, 1H), 3.89–3.80 (m, 

1H), 3.44 (d, J = 16.3, 1H), 3.15 (app. t, J = 9.7, 1H), 2.96–2.88 (m, 1H), 2.74–2.67 (m, 1H), 2.51–

2.44 (m, 1H), 2.41 (s, 3H), 2.01 (app. td, J = 13.3, 4.0 Hz, 1H), 1.88–1.80 (m, 1H), 1.73 (dt, J = 

13.3, 3.0, 1H), 1.68 – 1.43 (overlapped with residual water peak, 3H); 13C NMR (150 MHz, 

CDCl3): δ 142.7, 141.2, 132.5, 129.7, 126.2, 114.7, 65.5, 63.5, 62.4, 47.9, 45.5, 43.2, 28.8, 25.4, 

21.51, 21.46. IR (film) 2925, 2856, 1319, 1148, 882 cm–1; HRMS-APCI (m/z) [M+H]+ calcd for 

C18H24NO3S+, 334.1471; found 334.1477. 

The structure of epi-5.23 was verified by 2D-NOESY, as the following interaction was observed: 
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Cycloadduct 5.25. Followed General Procedure 5.1. Cycloadduct 5.25 was obtained in 93% 

combined yield and 17:1 dr by 1H NMR analysis of the crude reaction mixture. Cycloadduct 5.25: 

See Section 5.10.2.5 Scope of [2+2] Cycloadditions with Dienamines for characterization data. 

 

 

Cycloadducts 5.27. Followed General Procedure 5.1. Cycloadduct 5.27 was obtained in 94% 

combined yield and 2.8:1 dr by 1H NMR analysis of the crude reaction mixture.  Cycloadduct 

5.27: See Section 5.10.2.6 Scope of [2+2] Cycloadditions with (Het)aryl-Substituted Alkenes for 

characterization data. 

 

5.10.2.4 Optimization of [2+2] Cycloadditions with Exocyclic Alkenes 

Results from the optimization of the reactions between 5.12 and 5.58 and between 5.12 and 5.24 

appear below. Reactant stoichiometry, solvent, additive equivalents, and time were varied using 

General Procedure 5.2, and results appear below in Tables 5.2, 5.3, 5.4, and 5.5, respectively. 
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General Procedure 5.2 for the optimization of the [2+2] cycloaddition: 

 

Cycloadducts 5.97. To a stirred solution of silyl triflate 5.12 (17.3 mg, 50.0 µmol, 1.0 equiv), 

additive, and trapping partners 5.10 in solvent (500 µL, 0.1 M) was added CsF (38.0 mg, 250 

µmol, 5.0 equiv) in one portion. The vial was then sealed with a Teflon-lined cap and stirred at 

>900 RPM for the allotted time at 23 °C. The mixture was then filtered through a pad of silica 

(monster pipette, ~2 cm silica), eluting with EtOAc (10 mL). The eluate was concentrated under 

reduced pressure affording a crude residue, which was analyzed by 1H NMR using mesitylene as 

an external standard. 

 

Table 5.2. Evaluation of Equivalents of Trapping Partner 5.58. 

 
 

Entry Equiv 5.58  1H NMR Yielda,b 

1 1.0 17% 
2 5.0 55%  
3 10 72% 

aYield determined by 1H NMR analysis of crude reaction mixture using mesitylene as an external 
standard 

bdr of cycloadduct ranges from 1.0:1–1.1:1 for all examples (determined by 1H NMR analysis of 
crude reaction mixture) 
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Table 5.3. Evaluation of Solvent and Equivalents of Additive. 

 
 

Entry Solvent Additive  1H NMR Yielda,b 
1 MeCN none 55%c 

2 CH2Cl2 Bu4NOTf (1.0 equiv) 66%  
3 CH2Cl2 Bu4NOTf (0.5 equiv) 70%  
4 CH2Cl2 Bu4NOTf (0.2 equiv) 66%  
5 CH2Cl2 Bu4NOTf (0.2 equiv) 81%d  

aYield determined by 1H NMR analysis of crude reaction mixture using mesitylene as an external 
standard 

bdr of cycloadduct ranges from 1.0:1–1.1:1 for all examples (determined by 1H NMR analysis of 
crude reaction mixture) 

cReaction was performed for 4 h 
dReaction was performed for 21 h 

 
Table 5.4. Evaluation of Equivalents of Trapping Partner 5.24. 

 
 

Entry Equiv 5.24  1H NMR Yielda,b 

1 1.2 62% 
2 3.0 93%  
3 5.0 93% 

aYield determined by 1H NMR analysis of crude reaction mixture using mesitylene as an external 
standard 

bdr of cycloadduct >15:1 for all examples (determined by 1H NMR analysis of crude reaction 
mixture) 
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Table 5.5. Evaluation of Solvent and Additive. 

 
 

Entry Solvent Additive  1H NMR Yielda,b 
1 MeCN none 93%c 

2 CH2Cl2 Bu4NOTf (0.2 equiv) 100%  
3 CH2Cl2 Bu4NOTf (0.2 equiv) 76%d 

aYield determined by 1H NMR analysis of crude reaction mixture using mesitylene as an external 
standard 

bdr of cycloadduct >15:1 for all examples (determined by 1H NMR analysis of crude reaction 
mixture) 

cReaction was performed for 4 h 
dReaction was performed with trapping partner 5.24 (1.3 equiv) 

 

5.10.2.5 Scope of [2+2] Cycloadditions with Dienamines  

General Procedure 5.3 for the scope of [2+2] cycloadditions with dienamines 

 

Cycloadducts 5.29. To a stirred solution of silyl triflate 5.12 (52.0 mg, 0.15 mmol, 1.0 equiv), 

trapping partner 5.28 (0.45 mmol, 3.0 equiv), and Bu4NOTf (29.4 mg, 0.08 mmol, 0.5 equiv) in 

CH2Cl2 (1.5 mL, 0.1 M) was added CsF (114 mg, 0.75 mmol, 5.0 equiv). The vial was then sealed 

with a Teflon-lined cap and stirred at >900 RPM for 24 h at 23 °C. The mixture was then filtered 

through a pad of silica (monster pipette, ~2 cm silica) eluting with EtOAc (10 mL). The eluate was 

concentrated under reduced pressure then purified by silica chromatography to provide 

cycloadducts 5.29. 
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Any modification of the conditions shown in the general procedures above are specified in the 

following schemes. 

 

 

Cycloadduct 5.25. Followed General Procedure 5.3. Purification by flash column chromatography 

(6:1 hexanes:EtOAc → 1:1 hexanes:EtOAc) afforded cycloadduct 5.25 (83% combined yield, 

average of two experiments) as a clear oil. The dr, as determined by 1H NMR analysis of each 

crude reaction mixture, was 17:1. Cycloadduct 5.25: Rf 0.36 (3:1 hexanes:EtOAc); 1H NMR (600 

MHz, CDCl3): d 7.66–7.62 (m, 2H), 7.31 (d, J = 8.1, 2H), 6.56 (d, J = 8.2, 1H), 5.37–5.35 (m, 1H), 

5.03 (d, J = 8.1, 1H), 4.18–4.13 (m, 1H), 4.08–4.02 (m, 1H), 3.76 (dd, J = 10.2, 6.4, 1H), 3.38 

(ddd, J = 12.3, 6.4, 3.6, 1H), 3.13 (ddd, J = 12.0, 9.1, 3.4, 1H), 3.05 (app. t, J = 9.7, 1H), 2.98–

2.93 (m, 1H), 2.83–2.78 (m, 1H), 2.43 (s, 3H), 2.20 (d, J = 14.1 1H), 1.68–1.58 (m, 2H); 13C NMR 

(150 MHz, CDCl3): d 143.9, 135.0, 134.6, 129.9, 127.2, 124.0, 116.3, 114.0, 65.6, 63.0, 49.0, 46.3, 

42.1, 38.2, 27.0, 21.7; IR (film): 2876, 1671, 1639, 1343, 1166 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C18H22NO3S+, 332.1315; found 332.1314. 

The structure of 5.25 was verified by 2D-NOESY, as the following interaction was observed: 
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Cycloadduct 5.31. Followed General Procedure 5.3. Purification by flash column chromatography 

(30:1 hexanes:EtOAc ® 15:1 hexanes:EtOAc) afforded cycloadduct 5.31 (82% combined yield, 

average of two experiments) as a pale yellow oil. The dr, as determined by 1H NMR analysis of 

each crude reaction mixture, was 15:1. Cycloadduct 5.31: Rf 0.38 (3:1 hexanes:EtOAc); 1H NMR 

(600 MHz, CDCl3): d  6.85–6.59 (m, 1H), 5.44–5.37 (m, 1H), 5.02–4.79 (m, 1H), 4.25–4.16 (m, 

1H), 4.15–4.05 (m, 1H), 3.91 (dd, J = 9.6, 7.0, 1H), 3.68–3.49 (m, 1H), 3.38–3.27 (m, 1H), 3.20 

(app. t, J = 9.9 1H), 3.07–3.00 (m, 1H), 2.92–2.82 (m, 1H), 2.40–2.31 (m, 1H), 1.81–1.69 (m, 2H), 

1.48 (s, 9H); 13C NMR (125 MHz, CDCl3): d 152.5, 152.1, 135.1, 135.0, 124.4, 124.1, 114.0, 

113.7, 113.6, 113.5 81.0, 80.8, 65.5, 63.1, 49.1, 46.2, 44.6, 40.6, 39.6, 38.5, 38.4, 28.3; IR (film): 

2926, 1704, 1640, 1409, 1371 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H24NO3+, 278.1751; 

found 278.1749. 

The structure of 5.31 was verified by 2D-NOESY, as the following interactions were observed: 

 

Note: 5.31 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H, and 13C-NMR spectra. 
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Cycloadducts 5.33. Followed General Procedure 5.3. Purification by flash column 

chromatography (13:1 hexanes:EtOAc → 6:1 hexanes:EtOAc) afforded cycloadduct 5.33 (88% 

combined yield, average of two experiments) as a white solid. The dr, as determined by 1H NMR 

analysis of each crude reaction mixture, was 10:1. Cycloadduct 5.33: Mp: 51–52 °C; Rf 0.62 (3:1 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.69–7.66 (m, 2H), 7.31 (d, J = 8.1, 2H), 6.37 

(d, J = 9.3, 1H), 5.39–5.35 (m, 1H), 5.02 (d, J = 9.3, 1H), 4.17–4.13 (m, 1H), 4.09–4.03 (m, 1H), 

3.80 (dd, J = 10.3, 6.6, 1H), 3.48–3.40 (m, 1H), 3.40–3.34 (m, 1H), 3.14 (app. t, J = 9.8, 1H), 3.05–

2.96 (m, 1H), 2.78–2.72 (m, 1H), 2.49–2.43 (m, 1H), 2.43 (s, 3H), 1.71–1.65 (m, 3H), 1.54–1.50 

(overlapped with residual water peak, 1H); 13C NMR (125 MHz, CDCl3): d 143.7, 136.3, 135.2, 

129.8, 126.9, 126.1, 123.4, 114.0, 65.4, 63.4, 51.4, 49.9, 45.2, 44.0, 29.2, 25.5, 21.6; IR (film): 

2925, 1644, 1598, 2343, 1162 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C19H24NO3S+, 

346.1471; found 346.1477. 

The structure of 5.33 was verified by 2D-NOESY, as the following interactions were observed: 
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Cycloadduct 5.35. Followed General Procedure 5.3. Purification by preparative thin layer 

chromatography (9:1 hexanes:EtOAc) afforded cycloadduct 5.35 (72% combined yield, average 

of two experiments) as a colorless oil. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was 2.2:1. The 2.2:1 ratio reflects the ratio of the major diastereomer (2.2) to the 

sum of all minor diastereomers (1). Cycloadduct 5.35: Rf 0.16 (9:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): δ 7.66–7.60 (m, 2H), 7.30 (d, J = 8.0, 2H), 6.57 (d, J = 8.2, 1H), 5.31–5.27 

(m, 1H), 4.96 (d, J = 8.2, 1H), 4.16–4.09 (m, 1H), 4.05–3.99 (m, 1H), 3.69 (dd, J = 10.2, 6.5, 1H), 

3.35 (ddd, J = 12.1, 6.8, 3.9, 1H), 3.01–2.91 (m, 3H), 2.90–2.83 (m, 1H), 2.42 (s, 3H), 1.54–1.49 

(m, 2H), 0.85 (d, J = 6.9, 3H); 13C NMR (150 MHz, CDCl3): δ 143.8, 140.7, 134.7, 129.7, 127.1, 

124.3, 116.7, 110.8, 65.4, 62.8, 49.9, 48.1, 42.3, 40.4, 22.4, 21.6, 10.6; IR (film): 2910, 2842, 

1335, 1144, 875 cm–1. HRMS-APCI (m/z) [M + H]+ calcd for C19H24NO3S+, 346.1471; found 

346.1479.  

The structure of 5.35 was verified by 2D-NOESY, as the following interactions were observed: 
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Cycloadduct 5.37. On 0.15 mmol scale, followed modified General Procedure 5.1 using three 

equivalents of dienamine 5.36 and an extended reaction time of 24 h. Purification by preparative 

thin layer chromatography (9:1 hexanes:EtOAc) afforded cycloadduct 5.37 (81% yield, average 

of two experiments) as a colorless oil. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was >19:1. Cycloadduct 5.37: Rf 0.45 (9:1 hexanes:EtOAc); 1H NMR (600 

MHz, CDCl3): δ 7.05–6.83 (m, 1H), 6.08–6.05 (m, 1H), 4.96–4.77 (m, 1H), 4.35–4.26 (m, 1H), 

4.18–4.12 (m, 1H), 4.09–4.02 (m, 1H), 3.70–3.57 (m, 1H), 3.46–3.36 (m, 1H), 3.10 (app. t, J = 

9.8, 1H), 2.94–2.88 (m, 1H), 2.00–1.89 (m, 1H), 1.67–1.60 (m, 1H), 1.48 (s, 9H); 13C NMR (150 

MHz, CDCl3): δ 152.2, 151.8, 134.8, 127.6, 127.4, 121.1 (dd, J = 299.7, 273.0), 120.1, 120.0, 

103.7, 103.2, 81.3, 81.2, 64.6, 63.1, 49.6, 42.9, 42.8, 40.4, 39.4, 28.2, 22.9, 22.8; 19F NMR (565 

MHz, CDCl3) δ –107.76 (dd, J = 205.3, 103.6), –109.51 (dd, J = 205.3, 43.1); IR (film) 2977, 

2927, 1707, 1261, 770 cm–1. HRMS-APCI (m/z) [M + H]+ calcd for C16H22F2NO3+, 314.1562; 

found 314.1570. 

The structure of 5.37 was verified by 2D-NOESY, as the following interaction was observed: 

 

Note: 5.37 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H, 19F, and 13C-NMR spectra. 
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Cycloadduct 5.39. Followed General Procedure 5.3. Purification by flash column chromatography 

(30:1 hexanes:EtOAc ® 1:1 hexanes:EtOAc) afforded cycloadduct 5.39 (78% combined yield, 

average of two experiments) as a pale yellow oil. The dr, as determined by 1H NMR analysis of 

each crude reaction mixture, was 18:1. Cycloadduct 5.39: Rf 0.38 (3:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): d  7.65–7.61 (m, 2H), 7.33 (d, J  = 8.1, 2H), 7.14 (s, 1H), 5.42–5.37 (m, 1H), 

4.21–4.13 (m, 1H), 4.09–4.02 (m, 1H), 3.74 (dd, J = 10.2, 6.6, 1H), 3.38–3.26 (m, 3H), 3.10 (d,  J 

= 14.03, 1H), 3.01 (app. t, 9.8, 1H), 2.44 (s, 3H), 2.11 (d, J = 13.3, 1H) 1.92–1.79 (m, 2H); 13C 

NMR (125 MHz, CDCl3): d 144.3, 134.5, 133.8, 131.2, 130.0, 127.1, 114.6, 89.5, 65.4, 62.7, 49.1, 

46.2, 43.5, 41.8, 27.5, 21.6; IR (film): 2965, 1599, 1345, 1168, 1647 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calc’d for C18H21INO3S+, 458.0281; found 458.0288. 

The structure of 5.39 was verified by 2D-NOESY, as the following interactions were observed: 
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Cycloadducts 5.41 and epi-5.41. Followed General Procedure 5.3. Purification by flash column 

chromatography (30:1 hexanes:EtOAc → 9:1 hexanes:EtOAc) afforded a mixture of major 

diastereomer 5.41 and minor diastereomer epi-5.41 (85% combined yield, average of two 

experiments) as a pale yellow oil. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was 1.5:1. An analytical sample of cycloadduct epi-5.41 was obtained from the 

thermal isomerization experiment (see Section 5.10.2.8 Thermal Isomerizations of [2+2] 

Cycloadducts for details). Cycloadducts 5.41 and epi-5.41: 1H NMR (600 MHz, CDCl3, 5.41, 

characterized from an inseparable mixture of 5.41 and epi-5.41): d 7.66–7.63 (m, 2H), 7.30 (d, J 

= 8.1, 2H), 6.48 (d, J = 7.9, 1H), 5.16–5.13 (m, 1H), 4.99 (d, J = 8.0, 1H), 4.26–4.18 (m, 1H), 

4.13–4.12 (m, 1H), 3.96–3.85 (m, 1H), 3.55 (app. t, J = 10.0, 1H), 3.15–3.07 (m, 1H), 3.03–3.00 

(m, 1H), 2.70–2.63 (m, 1H), 2.52–2.47 (m, 1H), 2.44–2.39 (m, 4H), 1.07 (s, 3H), 0.75 (s, 3H); 1H 

NMR (500 MHz, CDCl3, epi-5.41): d 7.63 (d, J = 8.3, 2H), 7.30 (d, J = 8.1, 2H), 6.62 (d, J = 8.4, 

1H), 5.45–5.39 (m, 1H), 4.94 (d, J = 8.2, 1H), 4.18–4.10 (m, 1H),  4.10–4.03 (m, 1H), 3.40–3.32 

(m, 1H), 3.05 (d, J = 11.4, 1H), 3.01–2.93 (m, 2H), 2.92–2.85 (m, 1H), 2.57 (d, J = 11.4, 1H), 2.42 

(s, 3H), 2.11 (d, J = 13.2, 1H), 0.92 (s, 3H), 0.83 (s, 3H); 13C NMR (150 MHz, CDCl3, 5.41 and 

epi-5.41, 32 out of 36 signals observed): d 143.8, 143.7, 136.1, 135.4, 134.8, 132.9, 129.74, 129.70, 

127.01, 126.99, 123.5, 121.1, 117.6, 114.2, 111.0, 110.0, 66.1, 65.4, 64.7, 53.1, 52.3, 50.9. 47.2, 

46.7, 44.2, 39.7, 33.33, 33.30, 22.6, 22.5, 21.6, 21.4. IR (film): 2965, 1647, 1598, 1345, 1167 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C20H26NO3S+, 360.1623; found 360.1635 
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The structure of 5.41 was verified by 2D-NOESY, as the following interactions were observed: 

 

 

5.10.2.6 Scope of [2+2] Cycloadditions with (Het)aryl-Substituted Alkenes 

General Procedure 5.4 for the scope of [2+2] cycloadditions with (het)aryl-substituted 

alkenes 

 

Cycloadducts 5.44 or 5.45. To a stirred solution of silyl triflate 5.12 (52.0 mg, 0.15 mmol, 1.0 

equiv), trapping partners 5.42 or 5.43 (0.45 mmol, 3.0 equiv), and Bu4NOTf (29.4 mg, 0.08 mmol, 

0.5 equiv) in CH2Cl2 (1.5 mL, 0.1 M) was added CsF (114 mg, 0.75 mmol, 5.0 equiv). The vial 

was then sealed with a Teflon-lined cap and stirred at >900 RPM for 24 h at 23 °C. The mixture 

was then filtered through a pad of silica (monster pipette, ~2 cm silica) eluting with EtOAc (10 

mL). The eluate was concentrated under reduced pressure then purified by silica chromatography 

to provide cycloadducts 5.44 or 5.45. 

Any modification of the conditions shown in the general procedures above are specified in the 

following schemes. 
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Cycloadduct 5.27. Followed General Procedure 5.5. Purification by preparative thin layer 

chromatography (9:1 hexanes:EtOAc) afforded cycloadduct 5.27 (80% combined yield, average 

of two experiments) as a colorless oil. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was 4.0:1. An analytical sample was obtained by preparative thin layer 

chromatography (19:1 hexanes:EtOAc) to provide major diastereomer 5.27. Cycloadduct 5.27: Rf 

0.66 (9:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 7.41 (d, J = 7.5, 1H), 7.26 (overlapped 

with residual solvent peak, 1H), 7.23–7.15 (m, 2H), 5.48–5.45 (m, 1H), 4.29–4.23 (m, 1H), 4.21–

4.15 (m, 1H), 3.92 (dd, J = 10.0, 6.4, 1H), 3.43–3.38 (m, 1H), 3.34 (app. t, J = 9.8, 1H), 3.11–3.05 

(m, 1H), 2.87 (app. dt, J = 15.6, 7.9, 1H), 2.80–2.69 (m, 2H), 2.21 (app. dt, J = 12.6, 7.4, 1H), 2.04 

(ddd, J = 12.8, 7.6, 5.3, 1H); 13C NMR (150 MHz, CDCl3): δ 148.4, 143.4, 135.5, 126.9, 126.7, 

124.4, 122.0, 113.0, 65.5, 63.9, 52.1, 48.5, 45.4, 33.5, 30.2; IR (film) 2957, 2832, 1358, 1072, 712 

cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H17O+, 213.1274; found 213.1280. 

The structure of 5.27 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

O

OTf

SiEt3

5.12

+

5.26 5.27

(3.0 equiv)

O

HCsF (5.0 equiv) 
Bu4NOTf (50 mol%)

CH2Cl2, 23 °C, 24 h

(80% yield, 4.0:1 dr)

O

H
H

5.27



 
 

369 

 

Cycloadducts 5.47. Followed General Procedure 5.5. Purification by flash column 

chromatography (hexanes → 12:1 hexanes:EtOAc) afforded cycloadduct 5.47 (86% combined 

yield, average of two experiments) as a pale yellow oil. The dr, as determined by 1H NMR analysis 

of each crude reaction mixture, was 7.2:1. Cycloadduct 5.47: Rf 0.56 (5:1 hexanes:EtOAc); 1H 

NMR (600 MHz, CDCl3): d 7.57 (dd, J = 7.9, 1.3, 1H), 7.15–7.11 (m, 1H), 7.00–6.96 (m, 1H), 

6.80 (dd, J = 8.2, 1.0, 1H), 5.56–5.53 (m, 1H), 4.30–4.23 (m, 1H), 4.20–4.14 (m, 1H), 4.11 (ddd, 

J = 11.3, 8.0, 2.7, 1H), 4.06 (ddd, J = 10.9, 6.3, 2.9, 1H), 3.95 (dd, J = 10.2, 6.6, 1H), 3.60–3.53 

(m, 1H), 3.28–3.21 (m, 2H), 2.62 (d, J = 13.4, 1H), 2.09 (ddd, J = 14.0, 8.9, 2.9, 1H), 1.97 (ddd, J 

= 14.0, 6.9, 2.6, 1H); 13C NMR (150 MHz, CDCl3): d 154.1, 134.6, 128.2, 128.0, 127.1, 121.0, 

116.9, 115.0, 65.7, 64.4, 63.5, 49.8, 48.4, 39.8, 28.9; IR (film): 3031, 2923, 1606, 1487, 1180 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C15H17O2+, 229.1223; found 229.1222. 

The structure of 5.47 was verified by 2D-NOESY, as the following interaction was observed: 
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Cycloadduct 5.49. Followed General Procedure 5.5. Purification by flash chromatography (19:1 

hexanes:EtOAc → 4:1 hexanes:EtOAc) afforded cycloadduct 5.49 (90% combined yield, average 

of two experiments) as a colorless solid. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was 7.1:1. Cycloadduct 5.49: Mp: 56 °C; Rf 0.31 (4:1 hexanes:EtOAc); 1H NMR 

(600 MHz, CDCl3): δ 7.82–7.77 (m, 1H), 7.59–7.55 (m, 1H), 7.46–7.42 (m, 2H), 7.24–7.21 (m, 

2H), 7.19 (d, J = 8.2, 2H), 5.48–5.44 (m, 1H), 4.22–4.15 (m, 1H), 4.10–4.04 (m, 1H), 3.90 (ddd, J 

= 13.8, 5.9, 3.4, 1H), 3.59 (ddd, J = 13.5, 10.1, 2.9, 1H), 3.52 (dd, J = 10.2, 6.6, 1H), 3.45–3.39 

(m, 1H), 2.97–2.93 (m, 1H), 2.90 (app. t, J = 9.7, 1H), 2.40–2.36 (m, 4H), 1.58 (ddd, J = 13.7, 5.9, 

2.9, 1H), 1.51 (ddd, J = 13.6, 10.1, 3.2, 1H); 13C NMR (150 MHz, CDCl3): δ 143.7, 136.9, 136.0, 

135.0, 134.1, 129.5, 127.1, 126.99, 126.98, 125.5, 124.5, 115.0, 65.4, 63.0, 50.0, 48.9, 44.5, 41.1, 

26.9, 21.5; IR (film) 2957, 2888, 1358, 1162, 1072 cm–1; HRMS-APCI (m/z) [M+H]+ calcd for 

C22H24NO3S+, 382.1471; found 382.1455. 

The structure of 5.49 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadduct 5.51. Followed General Procedure 5.5. Purification by flash column chromatography 
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average of two experiments) as a white solid. The dr, as determined by 1H NMR analysis of each 

crude reaction mixture, was 15:1.  Cycloadduct 5.51: Mp: 67–70 °C; Rf 0.20 (5:1 

hexanes:EtOAc); 1H NMR (600 MHz, C6D6): d 8.58 (d, J = 8.6, 1H), 7.65 (d, J = 8.1, 1H), 7.63–

7.59 (m, 2H), 7.20–7.14 (overlapped with residual solvent peak, 1H), 7.03 (app. t, J = 7.9, 1H), 

6.47–6.44 (m, 2H), 5.27–5.24 (m, 1H), 4.27–4.20 (m, 1H), 4.03–3.96 (m, 1H), 3.87–3.80 (m, 1H), 

3.64 (dd, J = 10.1, 7.0, 1H), 3.51–3.46 (m, 1H), 3.08–2.99 (m, 3H), 2.17 (d, J = 14.6, 1H), 1.66–

1.57 (overlapped with residual water peak, 4H), 1.47–1.35 (m, 2H), 1.28–1.20 (m, 1H); 13C NMR 

(125 MHz, CDCl3): d 144.7, 136.6, 136.3, 135.7, 135.5, 129.9, 128.7, 126.5, 123.7, 123.1, 122.3, 

120.0, 114.9, 114.7, 65.7, 63.6, 47.3, 43.8, 41.3, 30.4, 25.3, 21.6, 21.2; IR (film): 2925, 1598, 

1110, 985, 849 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C25H26NO3S+, 420.1628; found 

420.1629. 

The structure of 5.51 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadduct 5.53. Followed General Procedure 5.5. Purification by preparative thin layer 
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reaction mixture, was 5.9:1. Cycloadduct 5.53: Rf 0.44 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.39 (d, J = 7.5, 1H), 7.26 (overlapped with residual solvent peak, 1H), 7.23–7.16 (m, 

2H), 5.40–5.37 (m, 1H), 4.28–4.21 (m, 1H), 4.16 (app. dq, J = 15.7, 3.8, 1H), 3.93–3.86 (m, 1H), 

3.42–3.35 (m, 1H), 3.30–3.24 (m, 2H), 2.82 (app. dt, J = 15.5, 7.2, 1H), 2.72 (ddd, J = 15.5, 7.8, 

5.7, 1H), 2.09 (ddd, J = 13.2, 7.7, 5.7, 1H), 1.94 (ddd, J = 13.0, 7.8, 6.7, 1H), 1.08 (d, J = 6.8, 3H); 

13C NMR (150 MHz, CDCl3): δ 148.4, 143.4, 141.8, 126.9, 126.7, 124.4, 122.0, 110.1, 65.4, 63.9, 

54.9, 50.4, 47.6, 30.6, 27.5, 11.9; IR (film) 3018, 2957, 1216, 1098, 760 cm–1. HRMS-APCI (m/z) 

[M + H]+ calcd for C16H19O+, 227.1430; found 227.1435. 

The structure of 5.53 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadducts 5.55 and epi-5.55. Followed General Procedure 5.5. Purification by preparative thin 

layer chromatography (9:1 hexanes:EtOAc) allowed for the separation of the diastereomers, 
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J = 8.2, 1.0, 1H), 6.22–6.19 (m, 1H), 4.41–4.34 (m, 1H), 4.32 (app. dt, J = 11.2, 3.5, 1H), 4.26–

4.19 (m, 1H), 4.11–4.06 (m, 1H), 4.07–4.04 (m, 1H), 3.54–3.48 (m, 1H), 3.21 (app. t, J = 9.73, 

1H), 2.18–2.12 (m, 1H), 1.94–1.86 (m, 1H); 13C NMR (150 MHz, CDCl3): δ 155.1, 134.53 (dd, J 

= 25.3, 21.5), 129.6 (d, J = 4.2), 129.2, 121.4 (d, J = 3.1), 121.1 (dd, J = 299.7, 276.8), 120.4, 

118.3, 117.2, 64.9, 63.9 (d, J = 3.1), 63.6 (d, J = 1.8), 50.4 (dd, J = 22.9, 18.0), 41.9 (d, J = 14.3), 

24.8; 19F NMR (565 MHz, CDCl3): δ –107.44 (d, J = 201.7), –108.92 (d, J = 201.7); IR (film) 

2970, 1490, 1253, 1100, 757 cm–1. HRMS-APCI (m/z) [M + H]+ calcd for 

C15H15F2O2+, 265.10346; found 265.1046. Cycloadduct epi-5.55: Rf 0.38 (9:1 hexanes:EtOAc); 

1H NMR (600 MHz, CDCl3): δ 7.33 (ddd, J = 7.9, 4.0, 1.5, 1H), 7.17 (ddd, J = 8.6, 7.2, 1.6, 1H), 

6.86 (ddd, J = 8.0, 7.2, 1.2, 1H), 6.82 (dd, J = 8.2, 1.0, 1H), 6.22–6.18 (m, 1H), 4.44–4.33 (m, 2H), 

4.23–4.16 (m, 1H), 3.95–3.89 (m, 1H), 3.89–3.83 (m, 1H), 2.92–2.84 (m, 2H), 2.36 (ddd, J = 14.1, 

12.3, 3.8, 1H), 2.20–2.13 (m, 1H). 13C NMR (150 MHz, CDCl3): δ 154.3, 135.5 (dd, J = 27.2, 

20.7), 128.9, 128.1 (d, J = 5.1), 120.2 (dd, J = 300.3, 272.5), 119.8, 119.3 (d, J = 3.5), 117.50 (d, 

J = 2.9), 117.45, 64.6 (d, J = 1.3), 64.0 (d, J = 2.3), 63.2, 53.5 (dd, J = 25.3, 19.3), 46.6 (dd, J = 

12.2, 1.6), 29.3 (d, J = 8.4 Hz); 19F NMR (565 MHz, CDCl3): δ –103.10 (d, J = 208.6 Hz), –107.27 

(dd, J = 208.5, 3.9 Hz); IR (film) 2967, 1490, 1225, 1051, 758 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C15H15F2O2+,  265.10346; found 265.1045. 

The structure of 5.55 was verified by 2D-NOESY, as the following interaction was observed: 
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Cycloadducts 5.57 and epi-5.57. Followed a modified General Procedure 5.5 by altering the 

amount of trapping partner 5.56 (134 mg, 0.75 mmol, 5.0 equiv). Purification by preparative thin 

layer chromatography (9:1 hexanes:Et2O, eluted 2x) allowed for a separation of the diastereomers, 

affording cycloadduct 5.57 as a yellow oil and cycloadduct epi-5.57 as a colorless oil (46% 

combined yield, average of two experiments). The dr, as determined by 1H NMR analysis of each 

crude reaction mixture, was 2.9:1. Cycloadduct 5.57: Rf 0.53 (9:1 hexanes:Et2O); 1H NMR (500 

MHz, CDCl3): d 7.15 (d, J = 5.4, 1H), 7.06 (d, J = 5.2, 1H), 5.41–5.38 (m, 1H), 4.23 (app. dt, J = 

15.7, 2.6, 1H), 4.15 (ddd, J = 15.7, 3.7, 2.6, 1H), 3.88 (dd, J = 10.0, 6.8, 1H),  3.61–3.54 (m, 1H), 

3.27 (app. t, J = 10.0, 1H), 2.84–2.77 (m, 1H), 2.74–2.61 (m, 1H), 2.11 (ddd, J = 13.3, 4.7, 2.2 

1H), 1.95–1.87 (m, 1H), 1.81–1.70 (m, 1H), 1.41–1.33 (m, 1H), 1.20 (s, 3H), 1.16 (s, 3H); 13C 

NMR (125 MHz, CDCl3): d 145.6, 137.9, 137.7, 128.4, 120.6, 110.9, 65.6, 63.6, 54.5, 46.6, 46.4, 

27.4, 25.3, 25.2, 21.8, 21.1;  IR (film): 2927, 1364, 1218, 1098, 689 cm–1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C16H21OS+, 261.1308; found 261.1313. Cycloadduct epi-5.57: Rf 0.59 (9:1 

hexanes:Et2O); 1H NMR (500 MHz, CDCl3): d 7.29–7.23 (overlapped with residual solvent peak, 

1H), 7.00 (d, J = 5.3, 1H), 5.38–5.35 (m, 1H), 4.23–4.18 (m, 2H), 3.72 (dd, J = 10.5, 7.2, 1H), 

3.31–3.25 (m, 1H), 3.21–3.14 (m, 1H), 2.75–2.68 (m, 2H), 2.04–1.97 (m, 1H), 1.87–1.79 (m, 1H), 

1.78–1.64 (m, 2H), 1.37 (s, 3H), 0.98 (s, 3H); 13C NMR (125 MHz, CDCl3): d 145.9, 138.1, 135.7, 

128.5, 119.7, 109.2, 65.0, 63.3, 52.1, 49.2, 47.6, 32.8, 25.7, 24.2, 22.1, 21.7; IR (film): 2928, 1463, 
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1099, 877, 692 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H21OS+, 261.1308; found 

261.1313. 

The structure of 5.57 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadducts 5.59 and epi-5.59. Followed a modified General Procedure 5.5 by altering the 

amount of trapping partner 5.58 (141 mg, 0.75 mmol, 5.0 equiv) and Bu4NOTf (11.7 mg, 0.03 

mmol, 0.2 equiv). Purification by flash column chromatography (8:1:1 hexanes:CH2Cl2:Et2O → 

4:1:1 hexanes:CH2Cl2:Et2O) afforded cycloadducts 5.59 and epi-5.59 as a mixture of 

diastereomers (77% combined yield, average of two experiments). The dr, as determined by 1H 

NMR analysis of each crude reaction mixture, was 1.2:1. Analytical samples were obtained by 

preparative thin layer chromatography (2:1:1 hexanes:CH2Cl2:Et2O, 2x elution) to provide 

cycloadduct 5.59 as a waxy clear solid and cycloadduct epi-5.59 as a colorless oil. Cycloadduct 

5.59: Mp: 124–126 °C; Rf 0.56 (2:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (600 MHz, CDCl3): d 7.42 

(dd, J = 7.5, 0.6, 1H), 7.28 (ddd, J = 8.0, 7.7, 1.2, 1H), 7.06 (ddd, J = 8.2, 7.5, 0.8, 1 H), 6.78 (d, J 

= 7.7, 1H), 5.46–5.43 (m, 1H), 4.33–4.25 (m, 2H), 3.86–3.80 (m, 1H), 3.74–3.68 (m, 2H), 3.14 (s, 

5.57

Me

O

H
Me

S

H

N
Me

O

H
Me

O

Me

N

Me

O

Me Me

CsF (5.0 equiv) 
Bu4NOTf (20 mol%)

CH2Cl2, 23 °C, 24 hO

OTf

SiEt3

5.12

+

5.58 5.59

(77% yield, 1.2:1 dr)

epi-5.59

NMe

O

H
Me

+
Me

O

(5.0 equiv)



 
 

376 

3H), 1.43 (s, 3H), 1.19 (s, 3H); 13C NMR (150 MHz, CDCl3): d 176.0, 144.1, 142.7, 128.2, 127.9, 

124.9, 121.8, 111.1, 107.7, 65.6, 62.1, 56.4, 55.0, 43.3, 25.8, 25.3, 21.2;  IR (film): 2971, 1738, 

1375, 1085, 755 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C17H20NO2+, 270.1489; found 

270.1489. Cycloadduct epi-5.59: Rf 0.63 (2:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 MHz, 

CDCl3): d 7.40–7.37 (m, 1H), 7.28–7.24 (overlapped with residual solvent peak, 1H), 7.03 (ddd, 

J = 8.1, 7.6, 1.0, 1H), 6.82–6.79 (m, 1H), 5.48 (ddd, J = 6.0, 2.5, 0.6, 1H), 4.32–4.20 (m, 2H), 

3.93–3.86 (m, 1H), 3.72–3.67 (m, 1H), 3.39 (dd, J = 11.1, 8.9, 1H), 3.17 (s, 3H), 1.60 (s, 3H), 0.99 

(s, 3H); 13C NMR (125 MHz, CDCl3): d 175.0, 144.9, 144.0, 127.8, 127.0, 125.9, 121.2, 110.1, 

108.1, 65.0, 62.3, 55.23, 55.16, 42.6, 26.3, 23.6, 22.4; IR (film): 2958, 1703, 1469, 1047, 746 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C17H20NO2+, 270.1489; found 270.1489. 

The structure of epi-5.59 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Cycloadduct 5.61. Followed General Procedure 5.5. Purification by flash column chromatography 

(12:1 hexanes:EtOAc → 5:1 hexanes:EtOAc) afforded cycloadduct 5.61 (82% yield, average of 

two experiments) as a white solid. The dr, as determined by 1H NMR analysis of each crude 

reaction mixture, was >19:1. Crystals suitable for X-ray diffraction studies were obtained by 
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solvent evaporation (cyclohexane and 5.61 were filtered through a 0.22 µm filter prior to 

crystallization): 5.61 (5.0 mg) in a 1-dram vial was dissolved in boiling cyclohexane (1.0 mL). The 

vial was then placed on the bench with the cap loosely sealed, and the solution was allowed to cool 

to 23 °C and sit over 3 d. After this point, the cyclohexane had evaporated, leaving behind crystals 

of 5.61. Cycloadduct 5.61: Mp: 118–119°C; Rf 0.29 (5:1 hexanes:EtOAc); 1H NMR (600 MHz, 

CDCl3): d 8.42–8.38 (m, 1H), 7.45–7.40 (m, 1H), 7.03 (dd, J = 7.4, 5.1, 1H), 5.34–5.28 (m, 1H), 

4.34–4.28 (m, 1H), 4.24–4.15 (m, 2H), 4.04 (dd, J = 9.8, 6.1, 1H), 3.63 (app. t, J = 9.9, 1H), 3.15–

3.09 (m, 1H), 2.69 (d, J = 15.2, 1H), 2.67–2.60 (m, 1H), 2.44 (d, J = 15.1, 1H), 1.38 (s, 3H), 0.87 

(s, 3H); 13C NMR (150 MHz, CDCl3): d 168.9, 147.6, 136.5, 134.0, 132.3, 121.4, 111.5, 66.2, 

65.2, 58.5, 44.9, 44.3, 44.0, 39.8, 25.9, 23.3; IR (film): 2960, 1579, 1419, 1057, 790 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C16H20NO+, 242.1539; found 242.1539.  

Crystal structure analysis for 5.61 

Diffraction intensities were collected at 100 K on a Bruker Smart ApexII CCD diffractometer with 

CuKα radiation, 1.54178 Å. Absorption corrections were applied by SADABS.104 All calculations 

were performed by the SHELXL-2014 packages.105 Deposition Number 2323505 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by the 

joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 

 

Figure 5.10. ORTEP representation of X-ray crystallographic structure 5.61. (CCDC Registry # 

2323505). 
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Table 5.6. Crystal data and structure refinement for compound 5.61. 

Identification code cu_garg2302s_a 

Empirical formula C16 H19 N O 

Formula weight 241.32 

Temperature 100(2) K 

Wavelength 1.54178 Å 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions a = 6.0725(3) Å a = 90° 

 b = 12.8665(6) Å b = 90° 

 c = 16.4285(8) Å g = 90° 

Volume 1283.59(11) Å3 

Z 4 

Density (calculated) 1.249 Mg/m3 

Absorption coefficient 0.601 mm–1 

F(000) 520 

Crystal size 0.22 x 0.04 x 0.04 mm3 

Theta range for data collection 4.365 to 69.709° 

Index ranges –6<=h<=7, –15<=k<=15, –19<=I<=19 

Reflections collected 7472 

Independent reflections 2326 [R(int) = 0.0460] 

Completeness to theta = 67.679° 99.1% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.75 and 0.65 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2326 / 0 / 165 

Goodness-of-fit on F2 1.117 

Final R indices [I>2sigma(I)] R1 = 0.0382, wR2 = 0.0977 

R indices (all data) R1 = 0.0435, wR2 = 0.1020 
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Absolute structure parameter 0.0(2) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.357 and –0.178 e.Å–3 

 

 

Figure 5.11. Unsuccessful and low yielding trapping partners evaluated during scope studies. 

 

5.10.2.7 [2+2] Cycloadditions of 1,2-Cyclohexadiene (5.63) and 1,2-Cycloheptadiene (5.66) 

 

Cycloadduct 5.64. On 0.1 mmol scale, followed a modified General Procedure 5.1 by using silyl 
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mmol, 3.0 equiv), and a reaction temperature of 80 °C. Purification by preparative thin layer 

chromatography (5:1 hexanes:EtOAc) afforded cycloadduct 5.64 (75% yield, average of two 

experiments) as a colorless oil. The dr, as determined by 1H NMR analysis of each crude reaction 

mixture, was 7.1:1. Cycloadduct 5.64: Rf 0.58 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6): 

δ 7.65–7.61 (m, 2H), 6.74 (d, J = 8.2, 1H), 6.72–6.68 (m, 2H), 5.18–5.12 (m, 1H), 4.70 (d, J = 8.3, 

1H), 3.29 (ddd, J = 12.1, 7.3, 3.2, 1H), 3.06 (ddd, J = 12.1, 9.0, 2.6, 1H), 2.45–2.39 (m, 1H), 2.39–

2.34 (m, 1H), 1.93–1.83 (m, 1H), 1.83–1.70 (m, 5H), 1.51–1.44 (m, 1H), 1.41–1.31 (m, 1H), 1.19–

1.09 (m, 3H), 0.72–0.62 (m, 1H); 13C NMR (125 MHz, CDCl3): δ 143.6, 136.8, 135.0, 129.7, 

127.0, 123.5, 117.3, 115.4, 50.8, 45.5, 42.1, 37.6, 26.9, 24.9, 21.6, 21.3, 21.0; IR (film) 2930, 1637, 

1351, 1168, 940 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C19H24NO2S+, 330.1522; found 

330.1522. 

The structure of 5.64 was verified by 2D-NOESY, as the following interaction was observed: 
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cycloadduct 5.67 (24% yield, average of two experiments) as a colorless oil. The dr, as determined 

by 1H NMR analysis of each crude reaction mixture, was 5.9:1. Cycloadduct 5.67: Rf 0.70 (3:1 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 7.66–7.63 (m, 2H), 7.31–7.28 (m, 2H), 6.54 (d, 

J = 8.2, 1H), 5.40–5.36 (m, 1H), 4.98 (d, J = 8.3, 1H), 3.51 (ddd, J = 12.1, 6.7, 3.3, 1H), 3.10 (ddd, 

J = 12.3, 9.5, 2.8, 1H), 2.76–2.69 (m, 1H), 2.56–2.50 (m, 1H), 2.42 (s, 3H), 2.13–2.05 (m, 1H), 

2.05–1.99 (m, 1H), 2.00–1.92 (m, 1H), 1.92–1.86 (m, 1H), 1.83–1.76 (m, 1H), 1.67 (ddd, J = 13.2, 

9.5, 2.9, 1H), 1.53–1.50 (overlapped with residual water peak, 1H), 1.47–1.41 (m, 1H), 1.30–1.23 

(m, 2H), 1.16–1.08 (m, 1H); 13C NMR (150 MHz, CDCl3): δ 143.6, 141.1, 135.1, 129.7, 127.1, 

123.5, 122.7, 117.8, 54.1, 43.4, 41.6, 34.4, 29.6, 29.3, 29.1, 28.2, 27.4, 21.6; IR (film) 2922, 1598, 

1361, 1168, 952 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C20H26NO2S+, 344.1679; found 

344.1683. 

The structure of 5.67 was verified by 2D-NOESY, as the following interaction was observed: 

 

5.10.2.8 Thermal Isomerizations of [2+2] Cycloadducts  

General Procedure 5.6 for the thermal isomerizations of [2+2] cycloadducts 
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solution was then transferred to an oven dried 5 mm NMR tube. Subsequently, the tube was sealed 

with an NMR cap and placed in a preheated oil bath at 110 °C. After the indicated reaction time, 

the tube was taken out of the bath and cooled to 23 °C. Residual oil was removed from the exterior 

of the NMR tube and the sample was analyzed directly by1H NMR spectroscopy. 

 

Isomers epi-5.25 and 5.25. Followed General Procedure 5.6 where reaction was performed for 6 

d. Isomers epi-5.25 and 5.25 were obtained in a 98% combined yield and 1.3:1 dr by 1H NMR 

analysis of the crude reaction mixture. An analytical sample was obtained by preparative thin layer 

chromatography (3:1 Hexanes:EtOAc) to afford a mixture of  diastereomers epi-5.25 and 5.25 as 

a yellow oil. Isomer 5.25: See Section 5.10.2.5 Scope of [2+2] Cycloadditions with Dienamines 

for characterization details; Isomer epi-5.25 (characterized from an inseparable mixture of 5.25 

and epi-5.25): 1H NMR (500 MHz, CDCl3, epi-5.25): 7.62–7.60 (m, 2H), 7.31 (d, J = 7.9, 2H), 

6.62(d, J = 8.15, 1H), 5.42–5.37 (m, 1H), 5.03 (d, J = 8.29, 1H), 4.20–4.10 (m, 1H), 4.09–4.01 (m, 

1H), 3.63–3.55 (m, 1H), 3.44–3.39 (m, 1H), 2.96 (app. t, J = 10.2, 1H), 2.87–2.80 (m, 1H), 2.80–

2.73 (m, 1H), 2.68–2.61 (m, 1H), 2.47–2.40 (m, 4H), 1.87–1.80 (m, 1H), 1.79–1.72 (m, 1H). 13C 

NMR (125 MHz, CDCl3, 5.25 and epi-5.25): d 143.9, 143.8, 134.9, 134.5, 134.4, 133.4, 129.8, 

129.7, 127.1, 127.0, 124.9, 123.9, 116.2, 114.0, 113.9, 111.0, 65.4, 65.23, 65.35, 64.4, 62.8, 51.3, 

48.9, 46.2, 44.3, 42.04, 41.99, 39.0, 38.0, 34.7, 26.8, 21.6. 
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Isomer epi-5.41. Followed General Procedure 5.6 where reaction was performed for 4 h. Isomer 

epi-5.41 was obtained in a 92% yield and >19:1 dr by 1H NMR analysis of the crude reaction 

mixture. An analytical sample was obtained by preparative thin layer chromatography (3:1 

Hexanes:EtOAc) to afford Isomer epi-5.41 as a yellow oil. Isomer epi-5.41: See Section 5.10.2.5 

Scope of [2+2] Cycloadditions with Dienamines for characterization details. 

 

 

Isomer epi-5.61. Followed General Procedure 5.6 where reaction was performed for 6.5 d. Isomer 

epi-5.61 was obtained in a 74% yield and >19:1 dr by 1H NMR analysis of the crude reaction 

mixture. An analytical sample was obtained by preparative thin layer chromatography (2:1 

hexanes:EtOAc) to afford isomer epi-5.61 as a white solid. Isomer epi-5.61: Mp: 80–82 °C; Rf 
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d 166.4, 147.4, 135.4, 133.8, 132.2, 121.5, 112.9, 65.7, 63.6, 58.3, 45.2, 43.6, 43.5, 36.4, 24.1, 

23.9;  IR (film): 2955, 1593, 1419, 1049, 784 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C16H20NO+, 242.1539; found 242.1540. 

 

5.10.2.9 Elaborations of [2+2] Cycloadducts 

 

Cycloadduct 5.70. On 0.57 mmol scale, followed a modified General Procedure 5.3 by using silyl 

triflate 5.68 (230 mg, 0.571 mmol, 1.0 equiv) and two equivalents of trapping partner 5.38 (429 

mg, 1.14 mmol, 2.0 equiv). Purification by flash column chromatography (hexanes → 3:2 

hexanes:EtOAc) afforded cycloadduct 5.70 (240 mg, 82% combined yield), as a white solid. The 

dr, as determined by 1H NMR analysis of the crude reaction mixture, was >19:1. Cycloadduct 

5.70: Mp: decomposes at 135 °C; Rf 0.48 (3:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 

7.64 (d, J = 8.1, 2H), 7.33 (d, J = 8.1, 2H), 7.17 (s, 1H), 3.67 (s, 3H), 3.38–3.30 (m, 2H), 3.25 

(ddd, J = 15.6, 4.6, 3.0, 1H), 3.18–3.11 (m, 1H), 2.52 (d, J = 15.6, 1H), 2.44 (s, 3H), 2.32–2.25 

(m, 1H), 2.23–2.14 (m, 1H), 1.91–1.85 (m, 2H), 1.69–1.64 (m, 1H), 1.52–1.42 (m, 2H), 1.00–0.92 

(m, 1H); 13C NMR (150 MHz, CDCl3): 167.4, 153.4, 144.4, 134.7, 131.5, 130.1, 127.2, 120.5, 

90.0, 52.4, 51.2, 48.0, 43.0, 41.9, 28.1, 24.4, 21.7, 21.3, 20.7; IR (film): 2935, 1710, 1610, 1435, 

1168 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C21H25INO4S+, 514.0544; found 514.0527. 

CsF (5.0 equiv) 
Bu4NOTf (50 mol%)

CH2Cl2, 23 °C, 24 h
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SiEt3
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+

5.38 5.70

(82% yield, >19:1 dr)
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The structure of 5.70 was verified by 2D-NOESY, as the following interactions were observed: 

 

 

Compound 5.71. A 1-dram vial was charged with a magnetic stir bar, cycloadduct 5.70 (31.5 mg, 

61.4 μmol, 1.0 equiv), DBU (11.0 μL, 73.6 μmol, 1.2 equiv), and MeNO2 (0.66 mL, 0.092 M). 

The sealed vial was heated to 70 °C and stirred at this temperature for 33 h. After this time, the 

reaction mixture was cooled to 23 °C, diluted with EtOAc (2 mL), and washed with H2O (0.5 mL). 

The organic layer was then dried over Na2SO4 and concentrated under reduced pressure. 

Purification of the crude material by preparative thin layer chromatography (3:1 hexanes:EtOAc) 

afforded compound 5.71 (17.8 mg, 51% yield) as a colorless oil. The dr, as determined by 1H NMR 

analysis of the crude reaction mixture, was >19:1. Compound 5.71: Rf 0.22 (3:1 hexanes:EtOAc); 

1H NMR (600 MHz, CDCl3): d 7.66–7.63 (m, 2H), 7.36–7.33 (m, 2H), 7.13 (s, 1H), 4.63 (d, J  = 

13.3, 1H), 4.58 (d, J = 12.9, 1H), 3.62 (s, 3H), 3.47 (ddd, J = 12.3, 7.3, 3.3, 1H), 3.23 (ddd, J = 

12.2, 9.6, 2.8, 1H), 2.82–2.76 (m, 2H), 2.50 (d, J = 13.8, 1H), 2.45 (s, 3H), 2.21 (ddd, J = 14.1, 

9.5, 3.3, 1H), 2.08 (ddd, J = 13.8, 7.3, 2.7, 1H), 2.05 (d, J = 14.1, 1H), 1.87–1.81 (m, 1H), 1.60–

1.51 (m, 2H), 1.48–1.42 (m, 1H), 1.42–1.37 (m, 2H); 13C NMR (150 MHz, CDCl3): d 173.3, 144.4, 

134.3, 131.4, 130.1, 127.1, 93.2, 79.0, 51.8, 47.4, 46.8, 44.1, 41.3, 40.6, 35.9, 31.5, 21.9, 21.6, 
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20.2, 19.2; IR (film): 2949, 1732, 1910, 1551, 1435, 1362 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C22H28IN2O6S+, 575.0707; found 575.0689. 

The structure of 5.71 was verified by 2D-NOESY, as the following interactions were observed: 

 

 

 

Compound 5.73. A 10 mL round bottom flask was charged with a magnetic stir bar, vinyl iodide 

5.71 (37.0 mg, 64.4 mmol, 1.1 equiv), boronic ester 5.72 (15.0 µL, 58.6 µmol, 1.0 equiv),  

Pd(PPh3)2Cl2 (2.1 mg, 2.93 µmol, 0.05 equiv), a mixture of 8:1 toluene:EtOH (1.2 mL, 0.04M), 

and an aqueous saturated solution of K2CO3 (135 uL). The flask was then equipped with a reflux 

condenser and the reaction was heated to 100 °C and stirred at this temperature for 3 h. After this 

time, the solution was cooled to 23 °C and Na2SO4 was added. The contents were then diluted with 

EtOAc (5 mL) and filtered through a pad of silica, eluting with EtOAc (6 mL). The eluate was 

then concentrated under reduced pressure. The crude material was then purified by preparative 

thin layer chromatography (1:1 hexanes:EtOAc) to provide 5.73 (11.3 mg, 32% yield) as a 

5.71
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colorless oil. Compound 5.73: Rf 0.21 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.88–

7.83 (m, 1H), 7.63 (d, J = 7.8, 2H), 7.33 (d, J = 7.9, 2H), 7.27–7.20 (overlapped with residual 

solvent peak, 1H), 6.62 (d, J = 8.6, 1H), 6.44 (s, 1H), 4.10 (d, J = 12.6, 1H), 3.88–3.81 (m, 5H), 

3.67–3.61 (m, 1H), 3.59 (s, 3H), 3.53 (t, J = 5.0, 4H), 3.19–3.08 (m, 1H), 2.85 (dd, J = 12.6, 4.8, 

1H), 2.48–2.41 (m, 4H), 2.35 (d, J = 13.6, 1H), 2.15–2.05 (m, 2H), 2.03 (d, J = 13.5, 1H), 1.88–

1.76 (m, 1H), 1.58–1.52 (overlapped with residual water peak, 1H), 1.50–1.42 (m, 2H), 1.40–1.31 

(m, 2H); 13C NMR (125 MHz, CDCl3): d 173.4, 158.8, 149.1, 144.1, 139.7, 134.2, 129.9, 127.1, 

124.3, 124.1, 123.4, 106.1, 79.4, 66.7, 51.7, 46.7, 45.6, 42.4, 41.8, 40.4, 37.9, 36.2, 31.8, 22.0, 

21.6, 20.4, 19.2; IR (film): 2952, 1732, 1599, 1550, 1492 cm–1; HRMS-APCI (m/z) [M + H]+ calcd 

for C31H39N4O7S+, 611.2534; found 611.2512. 

 

 

Cycloadduct 5.77. On 0.10 mmol scale, followed a modified General Procedure 5.4 by using silyl 

triflate 5.74 (49.6 mg, 0.10 mmol, 1.0 equiv), 10 equivalents of trapping partner 5.76 (215 mg, 

1.03 mmol, 10 equiv), and a reaction time of 21 h. Purification by flash column chromatography 

(hexanes → 1:1 hexanes:EtOAc → EtOAc) afforded cycloadduct 5.77 as a mixture with a small 

amount of an allene dimer impurity. Subsequent repurification by preparative thin layer 

chromatography (1:1 hexanes:Et2O) afforded cycloadduct 5.77 (19.0 mg, 43% yield) as a clear oil. 

Cycloadduct 5.77: Rf 0.44 (2:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.67–7.64 (m, 

CsF (5.0 equiv) 
Bu4NOTf (50 mol%)

CH2Cl2, 23 °C, 21 hTsN
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(43% yield)(10 equiv)
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2H), 7.33–7.29 (m, 2H), 5.24–5.21 (m, 1H), 4.09–4.03 (m, 1H), 3.90 (dd, J = 10.8, 6.7, 1H), 3.87–

3.80 (m, 3H), 3.76 (d, J = 8.7, 1H), 3.20–3.13 (m, 1H), 2.93–2.86 (m, 1H), 2.84–2.78 (m, 1H), 

2.46 (d, J = 13.5, 1H), 2.43 (s, 3H), 2.23–2.11 (m, 3H), 2.08 (d, J = 12.0, 1H), 1.89 (dd, J = 12.1, 

2.6, 1H), 1.42 (s, 9H); 13C NMR (150 MHz, CDCl3): d 156.2, 143.4, 135.6, 134.5, 129.7, 127.4, 

110.7, 79.4, 47.3, 44.8, 44.4, 44.0, 43.6, 39.3, 39.1, 33.4, 28.4, 21.5; IR (film): 2921, 1698, 1456, 

1366, 1091 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C24H33N2O4S+, 445.2156; found 

445.2154. 

Note: 5.77 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 

 

 

Compound 5.78. An oven-dried 1-dram vial was charged with a magnetic stir bar, cycloadduct 

5.77 (4.5 mg, 0.010 mmol, 1.0 equiv), and CH2Cl2 (0.10 mL, 0.10 M). The vial was cooled to 0 

°C. Subsequently, m-CPBA (77 wt%, 3.2 mg, 0.014 mmol, 1.4 equiv) was added to the solution 

in one portion, and the reaction stirred at 0 °C for 4 h. The vial was then warmed to 23 °C and 

stirred for 45 min. After this time, the reaction was quenched with saturated aqueous solutions of 

sodium thiosulfate (0.5 mL) and sodium bicarbonate (0.5 mL). The mixture was then extracted 

with CH2Cl2 (2 x 3 mL), and the combined organic layers were washed with saturated sodium 

bicarbonate (2 x 1 mL), dried over sodium sulfate, filtered, and concentrated under reduced 

pressure. Purification of the crude mixture by preparative thin layer chromatography (1:1 

TsN

H

NBoc
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O
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CH2Cl2, 0 → 23 °C, 5 h

(47% yield, >19:1 dr) 5.785.77
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hexanes:EtOAc) afforded epoxide 5.78 (2.2 mg, 47% yield) as a colorless oil. The dr, as 

determined by 1H NMR analysis of the crude reaction mixture, was >19:1. Compound 5.78: Rf 

0.54 (1:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.66–7.62 (m, 2H), 7.32 (d, J = 8.0, 

2H), 3.90 (s, 2H), 3.86 (d, J = 8.8, 1H), 3.81 (d, J = 8.8, 1H), 3.47–3.25 (m, 2H), 3.22–3.19 (m, 

1H), 3.14 (dd, J = 12.7, 7.5, 1H), 2.84–2.72 (m, 1H), 2.62 (d, J = 12.3, 1H), 2.56 (app. t, J = 6.8, 

1H), 2.47–2.41 (m, 4H), 2.28–2.23 (m, 2H), 2.21 (dd, J = 11.9, 3.5, 1H), 2.05–1.99 (m, 1H), 1.43 

(s, 9H); 13C NMR (150 MHz, CDCl3): d 156.2, 143.7, 134.2, 129.8, 127.5, 79.5, 55.4, 52.4, 46.5, 

44.8, 43.2, 42.6, 42.1, 39.8, 33.8, 33.6, 28.4, 21.6; IR (film): 2971, 1738, 1478, 1164, 1090 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C24H33N2O5S+, 461.2105; found 461.2105. 

The structure of 5.78 was verified by 2D-NOESY, as the following interaction was observed: 

 

Note: 5.78 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 
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Cycloadduct 5.80. On 0.22 mmol scale, followed a modified General Procedure 5.4 by altering 

amount of trapping partner 5.79 (113 mg, 0.361 mmol, 1.7 equiv). Purification by flash column 

chromatography (hexanes → 19:1 hexanes:EtOAc → 2:1 hexanes:EtOAc) afforded cycloadduct 

5.80 (72.1 mg, 84% yield) as a foamy white solid. The dr, as determined by 1H NMR analysis of 

the crude reaction mixture, was 13:1. The 13:1 ratio reflects the ratio of the major diastereomer 

(13) to the sum of all minor diastereomers (1). Cycloadduct 5.80: Mp: 69–71 °C; Rf 0.52 (5:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.33 (d, J = 7.6, 1H), 7.25–7.21 (overlapped with 

residual solvent peak, 1H), 7.20–7.12 (m, 2H), 5.26–5.22 (m, 1H), 4.36–4.28 (m, 1H), 4.28–4.19 

(m, 1H), 4.12–3.70 (m, 4H), 3.69–3.61 (m, 1H), 3.21–3.12 (m, 1H), 3.04 (d, J = 15.1, 1H), 2.95–

2.69 (m, 3H), 2.16 (br s, 2H), 1.47 (br s, 9H), 1.34 (d, J = 7.2, 3H), 1.23–1.13 (m, 1H), 1.11–1.01 

(m, 1H); 13C NMR (125 MHz, CDCl3): d 155.0, 151.4, 142.9, 139.5, 127.0, 126.4, 125.0, 121.5, 

107.2, 79.5, 66.1, 65.0, 63.5, 56.7, 49.0, 43.6, 41.1, 39.1, 31.4, 28.5, 15.2;  IR (film): 2971, 1690, 

1365, 1164, 753 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C25H34NO3+, 396.2533; found 

396.2532.  

The structure of 5.80 was verified by 2D-NOESY, as the following interactions were observed: 

 

Note: 5.80 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra. 
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Cycloadduct 5.82. An oven-dried 1-dram vial was charged with a magnetic stir bar, cycloadduct 

5.80 (20.0 mg, 0.051 mmol, 1.0 equiv), oxime 5.81 (15.3 mg, 0.101 mmol, 2.0 equiv),  sodium 

bicarbonate (34.0 mg, 0.405 mmol, 8.0 equiv), and EtOAc (0.20 mL, 0.12 M). The heterogenous 

solution was then stirred at >900 RPM and 23 °C. Every 10–14 h, additional oxime 5.81 (7.6 mg, 

0.050 mmol, 1.0 equiv) was added to the reaction mixture with a total reaction time of 4.5 d (total 

oxime 5.81 used in reaction – 66.0 mg, 0.404 mmol, 8.0 equiv). After this time, the reaction was 

filtered over a pad of celite eluting with EtOAc (5 mL) and concentrated under reduced pressure 

to afford a colorless oil. Subsequent purification by preparative thin layer chromatography (2:1 

hexanes:EtOAc) afforded cycloadduct 5.82 (8.6 mg, 33% yield) as a clear oil. The dr, as 

determined by 1H NMR analysis of the crude reaction mixture, was >19:1. Cycloadduct 5.82: Rf 

0.56 (2:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.33 (d, J = 7.6, 1H), 7.28–7.23 

(overlapping with residual solvent peak, 1H), 7.20–7.14 (m, 2H), 4.45–4.31 (m, 3H), 4.26 (d, J = 

13.8, 1H), 4.13–3.81 (m, 3H), 3.64–3.57 (m, 1H), 3.15–3.08 (m, 2H), 3.02 (d, J = 15.6, 1H), 2.97–

2.76 (m, 4H), 2.32 (ddd, J = 13.8, 12.9, 4.9, 1H), 1.93–1.82 (m, 1H), 1.81–1.70 (m, 1H), 1.64–

1.60 (m, 1H), 1.47 (s, 9H), 1.39 (t, J = 7.1, 3H), 1.23 (d, J = 7.5, 3H); 13C NMR (125 MHz, CDCl3): 

d 160.5, 155.1, 152.5, 151.7, 139.3, 127.2, 126.7, 125.0, 121.5, 85.9, 79.5, 65.7, 65.1, 62.3, 55.7, 

53.9, 50.1, 43.0, 40.5, 38.2, 31.8, 28.5, 14.1, 12.6; IR (film): 2972, 1745, 1688, 1165, 737 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C29H39N2O6+, 511.2803; found 511.2796. 
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The structure of 5.82 was verified by 2D-NOESY, as the following interaction was observed: 

 

Note: 5.82 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H and 13C-NMR spectra 
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5.11 Spectra Relevant to Chapter Five: 

 

Access to Complex Scaffolds Through [2+2] Cycloadditions of Strained Cyclic Allenes 

Matthew S. McVeigh,† Jacob P. Sorrentino,† Allison T. Hands, and Neil K. Garg 

J. Am. Chem. Soc. 2024, In Press. doi.org/10.1021/jacs.4c03369 
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Figure 5.13. 13C NMR (150 MHz, CDCl3) of compound 5.24. 
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Figure 5.14. 1H NMR (600 MHz, CDCl3) of compound 5.85. 
 

Figure 5.15. 13C NMR (150 MHz, CDCl3) of compound 5.85. 
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Figure 5.16. 1H NMR (600 MHz, CDCl3) of compound 5.32. 
 

Figure 5.17. 13C NMR (150 MHz, CDCl3) of compound 5.32. 
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Figure 5.18. 1H NMR (600 MHz, CDCl3) of compound 5.34. 
 

Figure 5.19. 13C NMR (150 MHz, CDCl3) of compound 5.34. 
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Figure 5.20. NOESY (400 MHz, CDCl3) of compound 5.34. 
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Figure 5.21. 1H NMR (600 MHz, CDCl3) of compound 5.36. 
 

Figure 5.22. 13C NMR (150 MHz, CDCl3) of compound 5.36. 
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Figure 5.23. 19F NMR (565 MHz, CDCl3) of compound 5.36. 
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Figure 5.24. 1H NMR (500 MHz, CDCl3) of compound 5.88. 
 

Figure 5.25. 13C NMR (125 MHz, CDCl3) of compound 5.88. 
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Figure 5.26. 1H NMR (500 MHz, CDCl3) of compound 5.38. 
 

Figure 5.27. 13C NMR (150 MHz, CDCl3) of compound 5.38. 
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Figure 5.28. 1H NMR (600 MHz, CDCl3) of compound 5.89. 
 

Figure 5.29. 13C NMR (150 MHz, CDCl3) of compound 5.89. 
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Figure 5.30. 1H NMR (500 MHz, CDCl3) of compound 5.40. 
 

Figure 5.31. 13C NMR (125 MHz, CDCl3) of compound 5.40. 
 



 
 

405 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

2.
33

3
2.

33
6

2.
33

8
2.

34
6

2.
35

4
2.

35
6

2.
35

9
2.

37
1

3.
87

4
3.

88
5

3.
89

5

4.
77

8
4.

78
0

4.
78

3
5.

44
4

7.
12

2
7.

12
4

7.
13

6
7.

14
7

7.
14

9
7.

17
1

7.
18

5
7.

24
5

7.
24

8
7.

26
0

7.
27

1
7.

27
4

7.
48

8
7.

50
2

7.
58

3
7.

58
6

7.
59

7
7.

59
9

7.
76

7
7.

76
9

7.
78

1
7.

78
3

1.
98

1
3.

15
9

1.
99

6

0.
99

3

1.
00

0

0.
96

1
2.

16
7

1.
42

8
1.

97
9

0.
96

8
0.

96
9

Current Data Parameters
NAME       JPS-2023-085
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20230308
Time              12.02 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                  101
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300147 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Purified product, 1H NMR

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

21
.5

2

29
.8

8

46
.1

8

11
0.

07
12

4.
37

12
5.

28
12

5.
35

12
7.

08
12

8.
22

12
8.

44
12

9.
64

13
6.

17
13

7.
19

13
7.

31
14

3.
63

Current Data Parameters
NAME       JPS-2023-085
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230308
Time              12.06 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD               131072
SOLVENT           CDCl3
NS                   64
DS                    0
SWH           35714.285 Hz
FIDRES         0.544957 Hz
AQ            1.8350080 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.15000001 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028137 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

N

5.48

Ts

Figure 5.32. 1H NMR (600 MHz, CDCl3) of compound 5.48. 
 

Figure 5.33. 13C NMR (150 MHz, CDCl3) of compound 5.48. 
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Figure 5.34. 1H NMR (600 MHz, CDCl3) of compound 5.56. 
 

Figure 5.35. 13C NMR (150 MHz, CDCl3) of compound 5.56. 
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Figure 5.36. 1H NMR (600 MHz, CDCl3) of compound 5.60. 
 

Figure 5.37. 13C NMR (150 MHz, CDCl3) of compound 5.60. 
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Figure 5.38. 1H NMR (600 MHz, CDCl3) of compound 5.79. 
 

Figure 5.39. 13C NMR (150 MHz, CDCl3) of compound 5.79. 
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Figure 5.40. NOESY (400 MHz, CDCl3) of compound 5.79. 
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Figure 5.41. 1H NMR (500 MHz, CDCl3) of compound 5.96. 
 

Figure 5.42. 13C NMR (125 MHz, CDCl3) of compound 5.96. 
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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                15.00 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
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F2 - Acquisition Parameters
Date_          20240104
Time              11.33 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
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          125.7577892 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

5.68

SiEt3

OTf
CO2Me

Figure 5.43. 1H NMR (500 MHz, CDCl3) of compound 5.68. 
 

Figure 5.44. 13C NMR (125 MHz, CDCl3) of compound 5.68. 
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WDW                  EM
SSB                   0
LB                 0.30 Hz
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Figure 5.45. 19F NMR (282 MHz, CDCl3) of compound 5.68. 
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F2 - Processing parameters
SI                65536
SF          500.1300146 MHz
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PC                 1.00

Purified product, 1H NMR
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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

5.17

O

H

Figure 5.46. 1H NMR (500 MHz, CDCl3) of compound 5.17. 
 

Figure 5.47. 13C NMR (125 MHz, CDCl3) of compound 5.17. 
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F2 - Acquisition Parameters
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Time              18.46 h
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PROBHD   Z119248_0002 (
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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 product, 1H NMR
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EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230914
Time              18.49 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          125.7577892 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR
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Figure 5.48. 1H NMR (500 MHz, CDCl3) of compound 5.19. 
 

Figure 5.49. 13C NMR (125 MHz, CDCl3) of compound 5.19. 
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F2 - Acquisition Parameters
Date_          20230423
Time              11.52 h
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NS                    5
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FIDRES         5.744485 Hz
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GPZ1              40.00 %
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======== F1 INDIRECT DIMENSION ========
td1      256
sw_F1    9.801752

F1 - Acquisition parameters
TD                  244
SFO1           600.1328 MHz
FIDRES        48.216007 Hz
SW                9.802 ppm
FnMODE             TPPI

F2 - Processing parameters
SI                 1024
SF          600.1300153 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
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SF          600.1300149 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
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Figure 5.50. NOESY (600 MHz, CDCl3) of compound 5.19. 
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F2 - Acquisition Parameters
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Time              19.08 h
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NS                    8
DS                    0
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FIDRES         0.305176 Hz
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RG                33.91
DW               50.000 usec
DE                15.00 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
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F2 - Acquisition Parameters
Date_          20240108
Time              19.11 h
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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          125.7577892 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR
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Figure 5.51. 1H NMR (500 MHz, CDCl3) of compounds 5.21 and epi-5.21. 
 

Figure 5.52. 13C NMR (125 MHz, CDCl3) of compounds 5.21 and epi-5.21. 
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Current Data Parameters
NAME       MSM-2024-002
EXPNO                62
PROCNO                1

F2 - Acquisition Parameters
Date_          20240111
Time              19.16 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                  101
DW               42.000 usec
DE                13.70 usec
TE                298.1 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300150 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

ppm

Current Data Parameters
NAME       MSM-2024-002
EXPNO                65
PROCNO                1

F2 - Acquisition Parameters
Date_          20240111
Time              19.46 h
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PULPROG       noesygpph
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    4
SWH            5882.353 Hz
FIDRES         5.744485 Hz
AQ            0.1740800 sec
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D8           0.30000001 sec
D16          0.00020000 sec
IN0          0.00017000 sec
TDav                  1
SFO1        600.1328206 MHz
NUC1                 1H
P1                12.00 usec
P2                24.00 usec
PLW1        19.40099907 W
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

======== F1 INDIRECT DIMENSION ========
td1      256
sw_F1    9.801752

F1 - Acquisition parameters
TD                  256
SFO1           600.1328 MHz
FIDRES        45.955883 Hz
SW                9.802 ppm
FnMODE             TPPI

F2 - Processing parameters
SI                 1024
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2                TPPI
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
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Figure 5.53. 1H NMR (600 MHz, CDCl3) of compound 5.21. 
 

Figure 5.54.  NOESY (600 MHz, CDCl3) of compound 5.21. 
 



 
 

418 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
63

7
1.

64
6

1.
65

5
1.

66
5

1.
67

4
1.

68
5

1.
69

2
1.

71
5

1.
73

4
1.

74
1

1.
76

4
2.

41
1

2.
78

4
2.

81
0

2.
82

0
2.

82
9

2.
86

0
3.

14
4

3.
14

9
3.

16
4

3.
17

1
3.

19
2

3.
24

2
3.

26
1

3.
27

1
3.

29
0

3.
65

8
3.

66
7

3.
67

9
3.

68
6

4.
03

2
4.

06
4

4.
08

0
4.

10
2

4.
11

0
4.

12
2

4.
12

6
4.

13
0

4.
15

4
4.

15
8

5.
41

4
7.

26
5

7.
28

2
7.

69
1

7.
70

7

6.
42

7

3.
15

9

2.
19

4

1.
12

3
2.

09
8

1.
03

2

3.
03

8

1.
00

0

2.
28

9

2.
10

7

Current Data Parameters
NAME       JPS-2023-126
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230414
Time              12.01
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                296.2 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                14.80 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Purified product, 1H NMR

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

21
.4

68
22

.5
24

25
.5

44

39
.5

60
42

.7
55

47
.6

60
49

.9
92

64
.7

01
65

.8
25

67
.2

10

11
3.

60
3

12
6.

91
3

12
9.

08
2

13
3.

44
2

14
1.

12
4

14
2.

75
4

Current Data Parameters
NAME       JPS-2023-126
EXPNO             10002
PROCNO                1

F2 - Acquisition Parameters
Date_          20230920
Time               8.37 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD                57142
SOLVENT           CDCl3
NS                  256
DS                    0
SWH           35714.285 Hz
FIDRES         1.250019 Hz
AQ            0.7999880 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.15000001 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028085 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

5.23

O

H

NTs

Figure 5.55. 1H NMR (500 MHz, CDCl3) of compound 5.23. 
 

Figure 5.56. 13C NMR (150 MHz, CDCl3) of compound 5.23. 
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Figure 5.57. 1H NMR (500 MHz, CDCl3) of compound epi-5.23. 
 

Figure 5.58. 13C NMR (150 MHz, CDCl3) of compound epi-5.23. 
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Figure 5.59.  NOESY (600 MHz, CDCl3) of compound epi-5.23. 
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Figure 5.60. 1H NMR (600 MHz, CDCl3) of compound 5.25. 
 

Figure 5.61. 13C NMR (150 MHz, CDCl3) of compound 5.25. 
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Figure 5.62.  NOESY (600 MHz, CDCl3) of compound 5.25. 
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Figure 5.63. 1H NMR (600 MHz, CDCl3) of compound 5.31. 
 

Figure 5.64. 13C NMR (125 MHz, CDCl3) of compound 5.31. 
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Figure 5.65.  NOESY (500 MHz, CDCl3) of compound 5.31. 
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Figure 5.66. 1H NMR (600 MHz, CDCl3) of compound 5.33. 
 

Figure 5.67. 13C NMR (125 MHz, CDCl3) of compound 5.33. 
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Figure 5.68.  NOESY (600 MHz, CDCl3) of compound 5.33. 
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Figure 5.69. 1H NMR (500 MHz, CDCl3) of compound 5.35. 
 

Figure 5.70. 13C NMR (150 MHz, CDCl3) of compound 5.35. 
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Figure 5.71.  NOESY (400 MHz, CDCl3) of compound 5.35. 
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Figure 5.72. 1H NMR (600 MHz, CDCl3) of compound 5.37. 
 

Figure 5.73. 13C NMR (150 MHz, CDCl3) of compound 5.37. 
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F2 - Processing parameters
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WDW               QSINE
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Figure 5.74. 19F NMR (565 MHz, CDCl3) of compound 5.37. 
 

Figure 5.75. NOESY (400 MHz, CDCl3) of compound 5.37. 
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SWH           10000.000 Hz
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AQ            3.2767999 sec
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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
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LB                 0.30 Hz
GB                    0
PC                 1.00
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Time              18.50 h
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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          125.7577892 MHz
WDW                  EM
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Figure 5.76. 1H NMR (500 MHz, CDCl3) of compound 5.39. 
 

Figure 5.77. 13C NMR (125 MHz, CDCl3) of compound 5.39. 
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F1 - Acquisition parameters
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SW               19.995 ppm
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F2 - Processing parameters
SI                 2048
SF          500.1300146 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
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Figure 5.78. NOESY (500 MHz, CDCl3) of compound 5.39. 
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Current Data Parameters
NAME     ATH-2023-084-p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20230717
Time              18.47 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                   64
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300143 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     ATH-2023-084-c13
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230717
Time              19.00 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD               131072
SOLVENT           CDCl3
NS                   32
DS                    0
SWH           35714.285 Hz
FIDRES         0.544957 Hz
AQ            1.8350080 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028085 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

5.41

O

H

N
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Me

epi-5.41
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N
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+

Ts
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Figure 5.79. 1H NMR (600 MHz, CDCl3) of compounds 5.41 and epi-5.41. 
 

Figure 5.80. 13C NMR (150 MHz, CDCl3) of compounds 5.41 and epi-5.41. 
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Current Data Parameters
NAME       MSM-2022-191
EXPNO                12
PROCNO                1

F2 - Acquisition Parameters
Date_          20221113
Time              12.12
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG     noesygpphpp
TD                 2048
SOLVENT             Tol
NS                    2
DS                    8
SWH            3546.099 Hz
FIDRES         1.731494 Hz
AQ            0.2887680 sec
RG                83.63
DW              141.000 usec
DE                 6.50 usec
TE                297.3 K
D0           0.00012190 sec
D1           2.00000000 sec
D8           0.75000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
D16          0.00020000 sec
IN0          0.00028200 sec

======== CHANNEL f1 ========
SFO1        400.1315611 MHz
NUC1                 1H
P1                15.00 usec
P2                30.00 usec
P17             2500.00 usec
PLW1        13.00000000 W
PLW10        4.32690001 W

====== GRADIENT CHANNEL =====
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

F1 - Acquisition parameters
TD                  256
SFO1           400.1316 MHz
FIDRES        27.703901 Hz
SW                8.862 ppm
FnMODE      States-TPPI

F2 - Processing parameters
SI                 1024
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2         States-TPPI
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

O

H

N

Me
Me

5.41
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Ts

Figure 5.81. NOESY (400 MHz, toluene-d8) of compound 5.41. 
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Current Data Parameters
NAME     ATH-2023-089-1H
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20240107
Time              18.35 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                 37.5
DW               50.000 usec
DE                15.00 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          500.1300129 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     ATH-2023-089-1H
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20240107
Time              19.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  700
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
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Figure 5.82. 1H NMR (500 MHz, CDCl3) of compound epi-5.41. 
 

Figure 5.83. 13C NMR (125 MHz, CDCl3) of compound epi-5.41. 
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Current Data Parameters
NAME       JPS-2023-113
EXPNO                41
PROCNO                1

F2 - Acquisition Parameters
Date_          20230411
Time               7.50 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                   57
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300151 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       JPS-2023-113
EXPNO                42
PROCNO                1

F2 - Acquisition Parameters
Date_          20230411
Time               7.59 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD                50000
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           35714.285 Hz
FIDRES         1.428571 Hz
AQ            0.7000000 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.15000001 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028142 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

5.27

O
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O

H

epi-5.27
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+

Figure 5.84. 1H NMR (600 MHz, CDCl3) of compound 5.27. 
 

Figure 5.85. 13C NMR (150 MHz, CDCl3) of compound 5.27. 
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Current Data Parameters
NAME       JPS-2023-113
EXPNO                72
PROCNO                1

F2 - Acquisition Parameters
Date_          20230411
Time               8.29
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG     noesygpphpp
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    8
SWH            3246.753 Hz
FIDRES         1.585329 Hz
AQ            0.3153920 sec
RG                83.63
DW              154.000 usec
DE                 6.50 usec
TE                296.4 K
D0           0.00013490 sec
D1           2.00000000 sec
D8           0.75000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
D16          0.00020000 sec
IN0          0.00030800 sec

======== CHANNEL f1 ========
SFO1        400.1316468 MHz
NUC1                 1H
P1                15.00 usec
P2                30.00 usec
P17             2500.00 usec
PLW1        13.00000000 W
PLW10        4.32690001 W

====== GRADIENT CHANNEL =====
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

F1 - Acquisition parameters
TD                  256
SFO1           400.1316 MHz
FIDRES        25.365259 Hz
SW                8.114 ppm
FnMODE      States-TPPI

F2 - Processing parameters
SI                 1024
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2         States-TPPI
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

O

H
H

5.27

Figure 5.86. NOESY (400 MHz, CDCl3) of compound 5.27. 
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Current Data Parameters
NAME     MSM-2023-063-char
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20230905
Time              18.31 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                  101
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300147 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     MSM-2023-063-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20230905
Time              18.32 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD               131072
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           35714.285 Hz
FIDRES         0.544957 Hz
AQ            1.8350080 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9027906 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

O

H

O

5.47

O
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epi-5.47
(minor)

Figure 5.87. 1H NMR (600 MHz, CDCl3) of compound 5.47. 
 

Figure 5.88. 13C NMR (150 MHz, CDCl3) of compound 5.47. 
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Current Data Parameters
NAME       MSM-2022-029
EXPNO                82
PROCNO                1

F2 - Acquisition Parameters
Date_          20220130
Time              16.47
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG     noesygpphpp
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    8
SWH            3703.704 Hz
FIDRES         1.808449 Hz
AQ            0.2764800 sec
RG                 94.6
DW              135.000 usec
DE                 6.50 usec
TE                296.7 K
D0           0.00011590 sec
D1           2.00000000 sec
D8           0.75000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
D16          0.00020000 sec
IN0          0.00027000 sec

======== CHANNEL f1 ========
SFO1        400.1319184 MHz
NUC1                 1H
P1                15.00 usec
P2                30.00 usec
P17             2500.00 usec
PLW1        13.00000000 W
PLW10        4.32690001 W

====== GRADIENT CHANNEL =====
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

F1 - Acquisition parameters
TD                  256
SFO1           400.1319 MHz
FIDRES        28.935184 Hz
SW                9.256 ppm
FnMODE      States-TPPI

F2 - Processing parameters
SI                 1024
SF          400.1300189 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2         States-TPPI
SF          400.1300180 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

O

H

O

H
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Figure 5.89. NOESY (400 MHz, CDCl3) of compound 5.47. 
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Current Data Parameters
NAME        JPS-2023-86
EXPNO               101
PROCNO                1

F2 - Acquisition Parameters
Date_          20230313
Time              14.17 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                  101
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300149 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     JPS-2023-086 and 084
EXPNO              1002
PROCNO                1

F2 - Acquisition Parameters
Date_          20230309
Time              15.08 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD                71428
SOLVENT           CDCl3
NS                  228
DS                    0
SWH           35714.285 Hz
FIDRES         1.000008 Hz
AQ            0.9999920 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.20000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028171 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

O
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N

5.49
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Figure 5.90. 1H NMR (600 MHz, CDCl3) of compound 5.49. 
 

Figure 5.91. 13C NMR (150 MHz, CDCl3) of compound 5.49. 
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Current Data Parameters
NAME     JPS-2023-086 and 084
EXPNO               102
PROCNO                1

F2 - Acquisition Parameters
Date_          20230308
Time              14.39 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG       noesygpph
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    4
SWH            5555.556 Hz
FIDRES         5.425347 Hz
AQ            0.1843200 sec
RG                   16
DW               90.000 usec
DE                14.86 usec
TE                298.0 K
D0           0.00007242 sec
D1           2.00000000 sec
D8           0.30000001 sec
D16          0.00020000 sec
IN0          0.00017540 sec
TDav                  1
SFO1        600.1328206 MHz
NUC1                 1H
P1                12.00 usec
P2                24.00 usec
PLW1        19.40099907 W
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

======== F1 INDIRECT DIMENSION ========
td1      256
sw_F1    9.500000

F1 - Acquisition parameters
TD                  256
SFO1           600.1328 MHz
FIDRES        44.541111 Hz
SW                9.500 ppm
FnMODE             TPPI

F2 - Processing parameters
SI                 1024
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2                TPPI
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

Figure 5.92. NOESY (600 MHz, CDCl3) of compound 5.49. 
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Current Data Parameters
NAME     MSM-2023-084-2D
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20230507
Time              12.59 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT            C6D6
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                   36
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1299956 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     MSM-2023-086-char
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230801
Time              19.30 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    5
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
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Figure 5.93. 1H NMR (600 MHz, C6D6) of compound 5.51. 
 

Figure 5.94. 13C NMR (125 MHz, CDCl3) of compound 5.51. 
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Current Data Parameters
NAME     MSM-2023-084-2D
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230507
Time              13.11 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG       noesygpph
TD                 2048
SOLVENT            C6D6
NS                    1
DS                    4
SWH           11904.762 Hz
FIDRES        11.625744 Hz
AQ            0.0860160 sec
RG                   36
DW               42.000 usec
DE                13.36 usec
TE                298.0 K
D0           0.00006972 sec
D1           2.00000000 sec
D8           0.30000001 sec
D16          0.00020000 sec
IN0          0.00017000 sec
TDav                  1
SFO1        600.1336008 MHz
NUC1                 1H
P1                12.00 usec
P2                24.00 usec
PLW1        19.40099907 W
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

======== F1 INDIRECT DIMENSION ========
td1      256
sw_F1    9.801739

F1 - Acquisition parameters
TD                  230
SFO1           600.1336 MHz
FIDRES        51.150894 Hz
SW                9.802 ppm
FnMODE             TPPI

F2 - Processing parameters
SI                 1024
SF          600.1299989 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2                TPPI
SF          600.1299975 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY

5.51
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N
Ts

H

Figure 5.95. NOESY (600 MHz, C6D6) of compound 5.51. 
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Current Data Parameters
NAME       JPS-2023-106
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230402
Time              14.30
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                296.2 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                14.80 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 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       JPS-2023-106
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20230403
Time               8.05 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD                57142
SOLVENT           CDCl3
NS                  256
DS                    0
SWH           35714.285 Hz
FIDRES         1.250019 Hz
AQ            0.7999880 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.15000001 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028157 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

O

H

5.53

Me

+

epi-5.53
(minor)

O
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Figure 5.96. 1H NMR (500 MHz, CDCl3) of compound 5.53. 
 

Figure 5.97. 13C NMR (150 MHz, CDCl3) of compound 5.53. 
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Current Data Parameters
NAME       JPS-2023-106
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20230403
Time               9.13 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG       noesygpph
TD                 2048
SOLVENT           CDCl3
NS                    4
DS                    4
SWH            5882.353 Hz
FIDRES         5.744485 Hz
AQ            0.1740800 sec
RG                   16
DW               85.000 usec
DE                13.61 usec
TE                298.0 K
D0           0.00006972 sec
D1           1.50000000 sec
D8           0.30000001 sec
D16          0.00020000 sec
IN0          0.00017000 sec
TDav                  1
SFO1        600.1328206 MHz
NUC1                 1H
P1                12.00 usec
P2                24.00 usec
PLW1        19.40099907 W
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

======== F1 INDIRECT DIMENSION ========
td1      256
sw_F1    9.801752

F1 - Acquisition parameters
TD                  256
SFO1           600.1328 MHz
FIDRES        45.955883 Hz
SW                9.802 ppm
FnMODE             TPPI

F2 - Processing parameters
SI                 1024
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2                TPPI
SF          600.1300000 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY
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H
H
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Figure 5.98. NOESY (600 MHz, CDCl3) of compound 5.53. 
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Current Data Parameters
NAME     JPS-2023-110-f2
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20230406
Time               8.32 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                  101
DW               42.000 usec
DE                13.70 usec
TE                298.0 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300149 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     JPS-2023-110-f2
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230406
Time               8.49 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD                42856
SOLVENT           CDCl3
NS                 1060
DS                    0
SWH           35714.285 Hz
FIDRES         1.666711 Hz
AQ            0.5999840 sec
RG                  101
DW               14.000 usec
DE                18.00 usec
TE                298.0 K
D1           0.15000001 sec
D11          0.03000000 sec
TD0                   1
SFO1        150.9178988 MHz
NUC1                13C
P0                 3.33 usec
P1                10.00 usec
PLW1        86.29599762 W
SFO2        600.1324005 MHz
NUC2                 1H
CPDPRG[2        waltz65
PCPD2             80.00 usec
PLW2        19.40099907 W
PLW12        0.43652001 W
PLW13        0.21922000 W

F2 - Processing parameters
SI                65536
SF          150.9028124 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Purified product, 13C NMR

120125130135 ppm

1
1
7
.
2
2
3

1
1
8
.
2
6
5

1
1
9
.
1
7
9

1
2
0
.
4
2
7

1
2
1
.
0
1
3

1
2
1
.
1
6
4

1
2
1
.
4
0
2

1
2
1
.
4
2
2

1
2
3
.
0
0
0

1
2
9
.
1
6
7

1
2
9
.
5
6
2

1
2
9
.
5
9
0

1
3
4
.
3
7
0

1
3
4
.
5
1
2

1
3
4
.
5
3
8

1
3
4
.
6
8
1

5051525354 ppm

5
0
.
2
2
4

5
0
.
3
4
2

5
0
.
3
7
5

5
0
.
4
9
4

5.55

F

O

H
F

O

Figure 5.99. 1H NMR (600 MHz, CDCl3) of compound 5.55. 
 

Figure 5.100. 13C NMR (150 MHz, CDCl3) of compound 5.55. 
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Figure 5.101. 19F NMR (565 MHz, CDCl3) of compound 5.55. 
 

Figure 5.102. NOESY (400 MHz, CDCl3) of compound 5.55. 
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Figure 5.103. 1H NMR (600 MHz, CDCl3) of compound epi-5.55. 
 

Figure 5.104. 13C NMR (150 MHz, CDCl3) of compound epi-5.55. 
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Figure 5.105. 19F NMR (565 MHz, CDCl3) of compound epi-5.55. 
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Figure 5.106. 1H NMR (500 MHz, CDCl3) of compound 5.57. 
 

Figure 5.107. 13C NMR (150 MHz, CDCl3) of compound 5.57. 
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Figure 5.108. NOESY (400 MHz, CDCl3) of compound 5.57. 
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Figure 5.109. 1H NMR (500 MHz, CDCl3) of compound epi-5.57. 
 

Figure 5.110. 13C NMR (125 MHz, CDCl3) of compound epi-5.57. 
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Figure 5.111. 1H NMR (600 MHz, CDCl3) of compound 5.59. 
 

Figure 5.112. 13C NMR (150 MHz, CDCl3) of compound 5.59. 
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Figure 5.113. 1H NMR (500 MHz, CDCl3) of compound epi-5.59. 
 

Figure 5.114. 13C NMR (125 MHz, CDCl3) of compound epi-5.59. 
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Figure 5.115. NOESY (600 MHz, CDCl3) of compound epi-5.59. 
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Figure 5.116. 1H NMR (600 MHz, CDCl3) of compound 5.61. 
 

Figure 5.117. 13C NMR (150 MHz, CDCl3) of compound 5.61. 
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Figure 5.118. 1H NMR (500 MHz, CDCl3) of compound 5.64. 
 

Figure 5.119. 13C NMR (125 MHz, CDCl3) of compound 5.64. 
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Figure 5.120. NOESY (400 MHz, CDCl3) of compound 5.64. 
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Figure 5.121. 1H NMR (600 MHz, CDCl3) of compound 5.67. 
 

Figure 5.122. 13C NMR (150 MHz, CDCl3) of compound 5.67. 
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Figure 5.123. NOESY (600 MHz, CDCl3) of compound 5.67. 
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Figure 5.124. 1H NMR (500 MHz, CDCl3) of compounds epi-5.25 and 5.25. 
 

Figure 5.125. 13C NMR (125 MHz, CDCl3) of compounds epi-5.25 and 5.25. 
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Figure 5.126. 1H NMR (500 MHz, CDCl3) of compound epi-5.61. 
 

Figure 5.127. 13C NMR (125 MHz, CDCl3) of compound epi-5.61. 
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Figure 5.128. 1H NMR (600 MHz, CDCl3) of compound 5.70. 
 

Figure 5.129. 13C NMR (150 MHz, CDCl3) of compound 5.70. 
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Figure 5.130. NOESY (400 MHz, CDCl3) of compound 5.70. 
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Figure 5.131. 1H NMR (600 MHz, CDCl3) of compound 5.71. 
 

Figure 5.132. 13C NMR (150 MHz, CDCl3) of compound 5.71. 
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Figure 5.133. NOESY (400 MHz, CDCl3) of compound 5.71. 
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Figure 5.134. 1H NMR (500 MHz, CDCl3) of compound 5.73. 
 

Figure 5.135. 13C NMR (125 MHz, CDCl3) of compound 5.73. 
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Figure 5.136. 1H NMR (600 MHz, CDCl3) of compound 5.77. 
 

Figure 5.137. 13C NMR (150 MHz, CDCl3) of compound 5.77. 
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Figure 5.138. 1H NMR (600 MHz, CDCl3) of compound 5.78. 
 

Figure 5.139. 13C NMR (150 MHz, CDCl3) of compound 5.78. 
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Figure 5.140. NOESY (600 MHz, CDCl3) of compound 5.78. 
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Figure 5.141. 1H NMR (500 MHz, CDCl3) of compound 5.80. 
 

Figure 5.142. 13C NMR (125 MHz, CDCl3) of compound 5.80. 
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Figure 5.143. NOESY (600 MHz, CDCl3) of compound 5.80. 
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DW               42.000 usec
DE                13.70 usec
TE                298.1 K
D1           1.00000000 sec
TD0                   1
SFO1        600.1337058 MHz
NUC1                 1H
P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300153 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     MSM-2023-165-char
EXPNO                33
PROCNO                1

F2 - Acquisition Parameters
Date_          20240111
Time              17.10 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   88
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
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Figure 5.144. 1H NMR (600 MHz, CDCl3) of compound 5.82. 
 

Figure 5.145. 13C NMR (125 MHz, CDCl3) of compound 5.82. 
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Current Data Parameters
NAME     MSM-2023-161-2D
EXPNO               442
PROCNO                1

F2 - Acquisition Parameters
Date_          20231023
Time              21.03
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG     noesygpphpp
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    8
SWH            3164.557 Hz
FIDRES         1.545194 Hz
AQ            0.3235840 sec
RG                 94.6
DW              158.000 usec
DE                 6.50 usec
TE                298.5 K
D0           0.00013890 sec
D1           2.00000000 sec
D8           0.75000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
D16          0.00020000 sec
IN0          0.00031600 sec

======== CHANNEL f1 ========
SFO1        400.1316451 MHz
NUC1                 1H
P1                15.00 usec
P2                30.00 usec
P17             2500.00 usec
PLW1        13.00000000 W
PLW10        4.32690001 W

====== GRADIENT CHANNEL =====
GPNAM[1]     SMSQ10.100
GPZ1              40.00 %
P16             1000.00 usec

F1 - Acquisition parameters
TD                  256
SFO1           400.1316 MHz
FIDRES        24.723101 Hz
SW                7.909 ppm
FnMODE      States-TPPI

F2 - Processing parameters
SI                 1024
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0
PC                 1.00

F1 - Processing parameters
SI                 1024
MC2         States-TPPI
SF          400.1300184 MHz
WDW               QSINE
SSB                   2
LB                    0 Hz
GB                    0

Purified product, NOESY
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Figure 5.146. NOESY (400 MHz, CDCl3) of compound 5.82. 
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5.12 Computational Section 

5.12.1 Computational Methods 

Conformational searches were performed in Spartan ’20 V1.1.4106 using Molecular Mechanics. 

Conformers were then optimized in Spartan ’20 V1.1.4 using DFT (B3LYP/6-31G*).107,74 

5.12.2 Calculated Energies for Thermal Isomerization Products 

Table 5.7. Computed energies of thermal isomerization products at 25 °C using DFT (B3LYP/6-
31G(d)). All units are in Hartrees. 

STRUCTURE E ZPE H S·T G 

5.25 –1377.03122 0.34597 –1376.66616 0.06261 –1376.72905 

epi-5.25 –1377.03182 0.34602 –1376.66673 0.06261 –1376.72952 

5.41 –1455.64919 0.39948 –1455.22801 0.06857 –1455.29566 

epi-5.41 –1455.65503 0.39918 –1455.23410 0.06857 –1455.30173 

5.61 –751.056906 0.30369 –750.738150 0.06559 –750.792224 

epi-5.61 –751.060092 0.30279 –750.742131 0.05367 –750.796459 

 

5.12.3 Cartesian Coordinates and Energies of Optimized Structures 

Compound 5.25: 
C       -2.599320      2.458494     -3.005626 
C       -3.330434      3.768171     -2.816761 
O       -2.694804      4.666391     -1.911667 
C       -2.143275      4.051269     -0.743593 
C       -1.004522      3.139711     -1.196613 
C       -1.487623      2.244033     -2.309342 
C       -0.629720      1.087493     -1.857562 
C       -0.958184      0.031604      1.273214 
N        0.309391      0.361082      1.947910 
C        1.199899      1.210338      1.263506 
C        0.855743      1.890346      0.159866 
C       -0.512258      1.828762     -0.454690 
C       -1.506885      1.282248      0.581356 
H       -0.136121      3.747561     -1.484894 
S        0.947209     -0.791035      3.021316 
H       -3.053522      1.711809     -3.655322 
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H       -3.413251      4.321374     -3.760753 
H       -4.362388      3.557441     -2.479063 
H       -2.916709      3.481305     -0.206896 
H       -1.816705      4.876374     -0.104144 
H       -1.068234      0.082060     -1.855538 
H        0.343243      1.043969     -2.362094 
H       -1.654962     -0.334782      2.028669 
H       -0.793776     -0.766564      0.532761 
H        2.171803      1.308272      1.732092 
H        1.596265      2.546613     -0.290137 
H       -1.703556      2.044796      1.344088 
H       -2.464564      1.029997      0.111995 
O        2.125929     -0.170413      3.626113 
O       -0.187329     -1.260185      3.816711 
C        1.504880     -2.160794      2.005406 
C        2.346233     -4.250239      0.340160 
C        0.634958     -3.218013      1.733021 
C        2.792059     -2.134376      1.461537 
C        3.200871     -3.176876      0.634464 
C        1.063063     -4.253436      0.902758 
H       -0.352234     -3.233779      2.182318 
H        3.465699     -1.318463      1.700637 
H        4.203788     -3.160616      0.214488 
H        0.389378     -5.080727      0.693901 
C        2.813940     -5.388738     -0.534333 
H        3.422576     -6.099607      0.039649 
H        1.970528     -5.944457     -0.955791 
H        3.432921     -5.028412     -1.363118 
 
Compound epi-5.25: 
C        1.429066     -0.495213     -4.488094 
C        0.900754      0.919266     -4.576068 
O        0.986702      1.650198     -3.357910 
C        0.642831      0.902041     -2.187585 
C        1.689581     -0.192969     -2.013234 
C        1.859827     -0.942007     -3.312346 
C        2.098297     -2.260319     -2.614212 
C        1.368206     -1.323963      1.189991 
N        0.029868     -1.935137      1.216885 
C       -0.626405     -2.126243     -0.013237 
C       -0.015217     -1.976432     -1.197755 
C        1.438246     -1.609625     -1.332528 
C        2.151331     -1.878256     -0.003175 
H        2.630940      0.237960     -1.643184 
H        1.351882     -1.122201     -5.375130 
H       -0.148377      0.884509     -4.925078 
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H        1.458751      1.514571     -5.309924 
H       -0.362148      0.463802     -2.281049 
H        0.625581      1.629667     -1.370393 
H        3.162320     -2.471196     -2.443303 
H        1.622002     -3.158691     -3.021609 
H        1.280168     -0.228974      1.108483 
H        1.865182     -1.563642      2.131350 
H       -1.654047     -2.456751      0.078066 
H       -0.588455     -2.176346     -2.098595 
H        3.155030     -1.436942     -0.005526 
H        2.270173     -2.961207      0.127501 
S       -0.892767     -1.774788      2.630991 
O       -2.101896     -2.570137      2.415929 
O        0.028746     -2.032857      3.737416 
C       -1.373528     -0.049162      2.716614 
C       -2.090844      2.657845      2.780050 
C       -0.563972      0.862753      3.396736 
C       -2.539965      0.371713      2.071197 
C       -2.888043      1.718579      2.107676 
C       -0.929115      2.208125      3.421145 
H        0.324655      0.518811      3.915412 
H       -3.172099     -0.352020      1.567755 
H       -3.798152      2.046652      1.611353 
H       -0.302671      2.919056      3.954190 
C       -2.496112      4.111398      2.834305 
H       -3.282477      4.272145      3.583381 
H       -1.651366      4.753507      3.101811 
H       -2.892484      4.452480      1.871696 
 
Compound 5.41: 
C       -0.507773      0.068826     -4.480496 
C       -1.500208     -0.673017     -5.347454 
O       -1.979626     -1.887132     -4.774348 
C       -2.271887     -1.814651     -3.376303 
C       -0.936441     -1.599601     -2.659466 
C       -0.223249     -0.426391     -3.280504 
C        0.408348     -0.008049     -1.977260 
C       -1.158230      0.249997      0.900964 
N       -0.664497     -0.870047      1.714178 
C        0.049406     -1.870759      1.033424 
C        0.068756     -1.948417     -0.303755 
C       -0.618047     -0.970140     -1.225284 
C       -1.762201     -0.244659     -0.437736 
H       -0.360380     -2.529713     -2.758507 
C        1.218252      0.436464      3.306968 
C        1.127071      1.830532      3.311504 
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C        2.295290      2.587175      3.247898 
C        3.554864      1.974858      3.173870 
C        3.616805      0.574311      3.181114 
C        2.460162     -0.199455      3.247140 
C        4.811009      2.806569      3.074201 
S       -0.277686     -0.554275      3.338149 
O       -1.360457      0.287722      3.846989 
O        0.054684     -1.850257      3.931007 
C       -2.328797      1.010408     -1.135930 
C       -2.925845     -1.214301     -0.138132 
H       -0.120100      1.017981     -4.847777 
H       -1.054796     -0.965106     -6.306782 
H       -2.349585     -0.004195     -5.581730 
H       -2.984260     -1.001602     -3.181495 
H       -2.753649     -2.763918     -3.125905 
H        0.391836      1.055279     -1.715952 
H        1.437062     -0.368121     -1.856031 
H       -1.921750      0.769973      1.482753 
H       -0.338848      0.956557      0.694841 
H        0.522665     -2.605284      1.673952 
H        0.614338     -2.772818     -0.755947 
H        0.155923      2.307511      3.390676 
H        2.227638      3.672373      3.263949 
H        4.585064      0.081384      3.143260 
H        2.517847     -1.282204      3.278086 
H        5.693984      2.237770      3.381217 
H        4.748812      3.703197      3.700148 
H        4.978776      3.142673      2.042419 
H       -2.764810      0.780165     -2.111108 
H       -3.121760      1.447128     -0.517282 
H       -1.568080      1.782898     -1.285795 
H       -3.629230     -0.753386      0.564667 
H       -2.574360     -2.148342      0.306036 
H       -3.482036     -1.455912     -1.048431 
 
Compound epi-5.41: 
C        4.105274      1.126937     -1.511607 
C        3.370322      1.728167     -2.689526 
O        2.126258      1.100382     -2.982730 
C        1.341521      0.766274     -1.833385 
C        2.098633     -0.300977     -1.049508 
C        3.525871      0.137633     -0.838703 
C        3.614160     -0.523721      0.514840 
C       -0.212867     -1.453727      1.181593 
N       -0.479617     -0.298058      2.049826 
C        0.381891      0.804631      1.913463 
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C        1.532486      0.735308      1.230673 
C        2.028450     -0.506045      0.530708 
C        1.300647     -1.760885      1.107021 
H        2.036050     -1.263079     -1.570025 
C       -2.963726      0.464710      1.032460 
C       -2.949770      1.804123      0.630817 
C       -3.596328      2.165655     -0.546795 
C       -4.260505      1.212266     -1.335485 
C       -4.263247     -0.120521     -0.906690 
C       -3.619244     -0.502897      0.270360 
C       -4.963168      1.626821     -2.605857 
S       -2.090236     -0.024110      2.520486 
O       -2.610273     -1.328045      2.931947 
O       -2.054881      1.126526      3.424295 
C        1.843032     -2.072735      2.517660 
C        1.457302     -3.015426      0.227595 
H        5.049256      1.581764     -1.215453 
H        3.957444      1.649409     -3.613334 
H        3.215392      2.807233     -2.501407 
H        0.379408      0.423311     -2.226427 
H        1.162216      1.652732     -1.207132 
H        4.002970     -1.547853      0.459382 
H        4.128719      0.005206      1.324080 
H       -0.751731     -2.310686      1.591390 
H       -0.593831     -1.256276      0.166690 
H        0.072799      1.687319      2.460186 
H        2.165297      1.618338      1.213144 
H       -2.459129      2.550577      1.246264 
H       -3.591961      3.207731     -0.857771 
H       -4.781090     -0.871831     -1.497559 
H       -3.640482     -1.533067      0.609323 
H       -5.784471      2.322468     -2.393769 
H       -4.276708      2.139367     -3.290473 
H       -5.382383      0.764403     -3.132405 
H        1.791561     -1.198806      3.171137 
H        2.886510     -2.402795      2.466639 
H        1.262055     -2.877188      2.982984 
H        2.511315     -3.233462      0.024176 
H        1.036790     -3.887571      0.741364 
H        0.942017     -2.919531     -0.734459 
 
Compound 5.61: 
C        1.149142      1.403730      0.238361 
C        0.675448     -1.201878     -0.311497 
C        0.129565      0.174943      0.221613 
C        1.240544     -1.864453      0.990030 
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C        0.330109     -1.343286      2.072818 
C       -0.843664      1.089862     -0.626725 
C        0.309685      2.035303     -0.842692 
C        0.460596      2.801804     -1.918194 
C       -1.499582      0.808432     -1.980811 
O       -1.804003      2.077856     -2.565236 
C       -0.663871      2.853165     -2.926675 
H       -1.599704      1.494028      0.058124 
C       -0.328145     -0.191470      1.617780 
C        0.067878     -1.790186      3.361904 
C       -0.843659     -1.057617      4.131125 
C       -1.438664      0.078341      3.580563 
N       -1.190524      0.523651      2.337024 
C        1.741962     -1.106093     -1.410388 
C       -0.493587     -2.081869     -0.811089 
H        2.202822      1.207665      0.016878 
H        1.087576      1.935594      1.195180 
H        2.275924     -1.537881      1.169424 
H        1.261504     -2.958583      0.919104 
H        1.381682      3.332425     -2.154805 
H       -0.832947      0.239892     -2.646700 
H       -2.455083      0.280953     -1.908865 
H       -0.280386      2.523966     -3.910934 
H       -1.042085      3.874651     -3.060364 
H        0.547795     -2.679439      3.764802 
H       -1.091701     -1.363498      5.143286 
H       -2.150018      0.661505      4.162925 
H        2.650279     -0.604760     -1.061460 
H        2.030346     -2.109874     -1.745371 
H        1.374301     -0.556750     -2.283710 
H       -0.138229     -3.100770     -1.007678 
H       -0.926301     -1.704408     -1.740577 
H       -1.295006     -2.144949     -0.067170 
 
Compound epi-5.61: 
C       -1.743001      0.410275     -0.826871 
C       -0.855405     -0.278096      1.660979 
C       -0.559339      0.086405      0.159847 
C        0.426061     -1.057773      2.104098 
C        0.908298     -1.699307      0.829151 
C        0.043456      1.518525     -0.202957 
C       -0.886132      1.518178     -1.389179 
C       -0.593728      2.066811     -2.562839 
C        1.466561      1.808311     -0.674958 
O        1.409986      2.998792     -1.469190 
C        0.683249      2.865603     -2.687783 
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H       -0.247343      2.254656      0.555014 
C        0.330815     -1.060355     -0.278315 
C        1.770972     -2.764972      0.605702 
C        2.014324     -3.139456     -0.720360 
C        1.381413     -2.440114     -1.749511 
N        0.543723     -1.410420     -1.548918 
C       -2.063186     -1.238424      1.715334 
C       -1.134471      0.918366      2.577261 
H       -2.044234     -0.392758     -1.506452 
H       -2.626352      0.779565     -0.289499 
H        1.184338     -0.364827      2.499191 
H        0.214784     -1.780265      2.902006 
H       -1.170089      1.884778     -3.468375 
H        1.863467      0.968240     -1.261822 
H        2.165016      2.033144      0.137253 
H        1.320479      2.394132     -3.458884 
H        0.490753      3.894035     -3.019491 
H        2.238696     -3.298479      1.430321 
H        2.676543     -3.968069     -0.954070 
H        1.549609     -2.722120     -2.787519 
H       -2.984084     -0.738231      1.396542 
H       -1.918634     -2.114506      1.072819 
H       -2.219141     -1.596144      2.740218 
H       -1.364110      0.569930      3.591710 
H       -0.275922      1.594597      2.649686 
H       -1.997374      1.499972      2.229858 
 
5.13 Notes and References  
 
(1)  Lovering, F.; Bikker, J.; Humblet, C. Escape from flatland: Increasing saturation as an 

approach to improving clinical success. J. Med. Chem. 2009, 52, 6752–6756. 

(2)  Lovering, F. Escape from flatland 2: Complexity and promiscuity. Med. Chem. Commun. 

2013, 4, 515–519. 

(3)  van der Kolk, M. R.; Janssen, M. A. C. H.; Rutjes, F. P. J. T.; Blanco-Ania, D. 

Cyclobutanes in small-molecule drug candidates. ChemMedChem 2022, 17, e202200020. 

 



 
 

482 

 
(4)  Li, J.; Gao, K.; Bian, M.; Ding, H. Recent advances in the total synthesis of cyclobutane-

containing natural products. Org. Chem. Front. 2020, 7, 136–154. 

(5)  Hui, C.; Liu, Y.; Jiang, M.; Wu, P. Cyclobutane-containing scaffolds in bioactive small 

molecules. Trends Chem. 2022, 4, 677–681. 

(6)  Carreira, E. M.; Fessard, T. C. Four-membered ring-containing spirocycles: Synthetic 

strategies and opportunities. Chem. Rev. 2014, 114, 8257–8322. 

(7)  Singh, J.; Bisacchi, G. S.; Ahmad, S.; Godfrey, J. D.; Kissick, T. P.; Mitt, T.; Kocy, O.; 

Vu, T.; Papaioannou, C. G.; Wong, M. K.; Heikes, J. E.; Zahler, R.; Mueller, R. H. A 

practical asymmetric synthesis of the antiviral agent Lobucavir, BMS-180194. Org. Proc. 

Res. Dev. 1998, 2, 393–399. 

(8)  Hopkins, B.; Ma, B.; Marx, I.; Schulz, J.; Vandeveer, G.; Prince, R.; Nevalainen, M.; Chen, 

T.; Yousaf, Z.; Himmelbauer, M.; Pattaropong, V.; Jones, J.; Lin, E.; Gonzalez-Lopez de 

Turiso, F.; Purgett, T.; Capacci, A.; Sciabola, S. Pyrazolo[1,5-A]pyrazine derivatives as 

BTK inhibitors. WO 2022104079, May 05, 2022. 

(9)  Sharma, R.; Nikas, S. P.; Paronis, C. A.; Wood, J. T.; Halikhedkar, A.; Guo, J. J.; Thakur, 

G. A.; Kulkarni, S.; Benchama, O.; Raghav, J. G.; Gifford, R. S.; Järbe, T. U. C.; Bergman, 

J.; Makriyannis, A. Controlled-deactivation cannabinergic ligands. J. Med. Chem. 2013, 

56, 10142–10157. 

 



 
 

483 

 
(10)  Reisman, S. E.; Ready, J. M.; Weiss, M. M.; Hasuoka, A.; Hirata, M.; Tamaki, K.; Ovaska, 

T. V.; Smith, C. J.; Wood, J. L. Evolution of a synthetic strategy: Total synthesis of (±)-

welwitindolinone A isonitrile. J. Am. Chem. Soc. 2008, 130, 2087–2100. 

(11)  Baran, P. S.; Richter, J. M. Enantioselective total syntheses of welwitindolinone A and 

fischerindoles I and G. J. Am. Chem. Soc. 2005, 127, 15394–15396. 

(12)  Misiek, M.; Williams, J.; Schmich, K.; Hüttel, W.; Merfort, I.; Salomon, C. E.; Aldrich, C. 

C.; Hoffmeister, D. Structure and cytotoxicity of arnamial and related fungal sesquiterpene 

aryl esters. J. Nat. Prod. 2009, 72, 1888–1891. 

(13)  Zhou, M.; Li, X.-R.; Tang, J.-W.; Liu, Y.; Li, X.-N.; Wu, B.; Qin, H.-B.; Du, X.; Li, L.-

M.; Wang, W.-G.; Pu, J.-X.; Sun, H.-D. Scopariusicides, novel unsymmetrical 

cyclobutanes: Structural elucidation and concise synthesis by a combination of 

intermolecular [2 + 2] cycloaddition and C–H functionalization. Org. Lett. 2015, 17, 6062–

6065. 

(14)  Namyslo, J. C.; Kaufmann, D. E. The application of cyclobutane derivatives in organic 

synthesis. Chem. Rev. 2003, 103, 1485–1538. 

(15)  Secci, F.; Frongia, A.; Piras, P. P. Stereocontrolled synthesis and functionalization of 

cyclobutanes and cyclobutanones. Molecules 2013, 18, 15541–15572. 

 



 
 

484 

 
(16)  Eckart-Frank, I. K.; Wilkerson-Hill, S. M. Palladium-catalyzed trans-selective synthesis of 

spirocyclic cyclobutanes using a,a-dialkylcrotyl- and allylhydrazones. J. Am. Chem. Soc. 

2023, 145, 18591–18597. 

(17)  Scholz, S. O.; Kidd, J.  B.; Capaldo, L.; Fikweert, N. E.; Littlefiled, R. M.; Yoon, T. P. 

Construction of complex cyclobutane building blocks by photosensitized [2 + 2] 

cycloaddition of vinyl boronate esters. Org. Lett. 2021, 23, 3496–3501. 

(18)  Sherbrook, E. M.; Jung, H.; Cho, D.; Baik, M.-H.; Yoon, T. P. Brønsted acid catalysis of 

photosensitized cycloadditions. Chem. Sci. 2020, 11, 856–861. 

(19)  Conner, M. L.; Brown, M. K. Synthesis of 1,3-substituted cyclobutanes by allenoate-alkene 

[2+2] cycloaddition. J. Org. Chem. 2016, 81, 8050–8060. 

(20)  Liu, Y.; Ni, D.; Brown, M. K. Boronic ester enabled [2 + 2]-cycloadditions by temporary 

coordination: Synthesis of artochamin J and piperarborenine B. J. Am. Chem. Soc. 2022, 

144, 18790–18796. 

(21)  Liu, Y.; Brown, M. K. Photosensitized [2 + 2]-cycloadditions of dioxaborole: Reactivity 

enabled by boron ring constraint strategy. J. Am. Chem. Soc. 2023, 145, 25061–25067. 

(22)  Poplata, S.; Tröster, A.; Zou, Y.-Q.; Bach, T. Recent advances in the synthesis of 

cyclobutanes by olefin [2 + 2] photocycloaddition reactions. Chem. Rev. 2016, 116, 9748–

9815. 

 



 
 

485 

 
(23)  Sarkar, D.; Bera, N.; Ghosh, S. [2 + 2] Photochemical cycloaddition in organic 

synthesis. Eur. J. Org. Chem. 2020, 2020, 1310–1326. 

(24)  For a recent example of an intermolecular selective photochemical [2+2] cycloaddition, 

see: Jiang, Y.; Wang, C.; Rogers, C. R.; Kodaimati, M. S.; Weiss E. A. Regio- and 

diastereoselective intermolecular [2+2] cycloadditions photocatalysed by quantum dots. 

Nat. Chem. 2019, 11, 1034–1040. 

(25)  Roberts, J. D.; Simmons, H. E.; Carlsmith, L. A.; Vaughn, C. W. Rearrangement in the 

reaction of chlorobenzene-1-C14 with potassium amide. J. Am. Chem. Soc. 1953, 75, 

3290–3291. 

(26)  Tadross, P. M.; Stoltz, B. M. A comprehensive history of arynes in natural product total 

synthesis. Chem. Rev. 2012, 112, 3550−3577.  

(27)  Gampe, C. M.; Carreira, E. M. Arynes and cyclohexyne in natural product synthesis. 

Angew. Chem., Int. Ed. 2012, 51, 3766–3778. 

(28)  Wenk, H. H.; Winkler, M.; Sander, W. One century of aryne chemistry. Angew. Chem., Int. 

Ed. 2003, 42, 502–528. 

(29)  Goetz, A. E.; Garg, N. K.; Enabling the use of heterocyclic arynes in chemical synthesis. 

J. Org. Chem. 2014, 79, 846–851. 

 



 
 

486 

 
(30)  Nakamura, Y.; Yoshida, S.; Hosya, T. Recent advances in synthetic hetaryne chemistry. 

Heterocycles 2019, 98, 1623–1677. 

(31)  Anthony, S. M.; Wonilowicz, L. G.; McVeigh, M. S.; Garg, N. K. Leveraging fleeting 

strained intermediates to access complex scaffolds. JACS Au 2021, 1, 897–912. 

(32)  Scardiglia, F.; Roberts, J. D. Evidence for cyclohexyne as an intermediate in the coupling 

of phenyllithium with 1-chlorocyclohexene. Tetrahedron 1957, 1, 343–344. 

(33)  Tlais, S. F.; Danheiser, R. L. N-Tosyl-3-azacyclohexyne. Synthesis and chemistry of a 

strained cyclic ynamide. J. Am. Chem. Soc. 2014, 136, 15489−15492. 

(34)  Medina, J. M.; McMahon, T. C.; Jimeńez-Oseś, G.; Houk, K. N.; Garg, N. K. 

Cycloadditions of cyclohexynes and cyclopentyne. J. Am. Chem. Soc. 2014, 136, 

14706−14709. 

(35)  For a comprehensive review on the different modes of reactivity of strained intermediates, 

including [2+2] cycloadditions, see: Shi, J.; Li, L.; Li, Y. o-Silylaryl triflates: A journey of 

Kobayashi aryne precursors. Chem. Rev. 2021, 121, 3892–4044. 

(36)  Liebman, J. F.; Greenberg, A. A survey of strained organic molecules. Chem. Rev. 1976, 

76, 311–365. 

(37)  Moser, W. R. The Reactions of gem-Dihalocyclopropanes with Organometallic Reagents. 

Ph. D. Thesis. Massachusetts Institute of Technology, Cambridge, MA, 1964. 

 



 
 

487 

 
(38)  Moore, W. R.; Moser, W. R. The reaction of 6,6-dibromobicyclo[3.1.0]hexane with 

methyllithium. Efficient trapping of 1,2-cyclohexadiene by styrene. J. Org. Chem. 1970, 

35, 908–912. 

(39)  Wittig, G.; Fritze, P. On the Intermediate Occurrence of 1,2-Cyclohexadiene. Angew. 

Chem., Int. Ed. 1966, 5, 846. 

(40)  Angus, R. O., Jr.; Schmidt, M. W.; Johnson, R. P. Small-ring cyclic cumulenes: Theoretical 

studies of the structure and barrier to inversion of cyclic allenes. J. Am. Chem. Soc. 1985, 

107, 532–537. 

(41)  Daoust, K. J.; Hernandez, S. M.; Konrad, K. M.; Mackie, I. D.; Winstanley, J.; Johnson, R. 

P. Strain estimates for small-ring cyclic allenes and butatrienes. J. Org. Chem. 2006, 71, 

5708–5714. 

(42)  Nendel, M.; Tolbert, L. M.; Herring, L. E.; Islam, M. N.; Houk, K. N. Strained allenes as 

dienophiles in the Diels–Alder reaction: An experimental and computational study. J. Org. 

Chem. 1999, 64, 976–983. 

(43)  Quintana, I.; Peña, D.; Pérez, D.; Guitián, E. Generation and reactivity of 1,2-

cyclohexadiene under mild reaction conditions. Eur. J. Org. Chem. 2009, 2009, 5519–

5524. 

 



 
 

488 

 
(44)  Lofstrand, V. A.; West, F. G. Efficient trapping of 1,2-cyclohexadienes with 1,3-dipoles. 

Chem. Eur. J. 2016, 22, 10763–10767. 

(45)  Barber, J. S.; Styduhar, E. D.; Pham, H. V.; McMahon, T. C.; Houk, K. N.; Garg, N. K. 

Nitrone cycloadditions of 1,2-cyclohexadiene. J. Am. Chem. Soc. 2016, 138, 2512–2515. 

(46)  Inoue, K.; Nakura, R.; Okano, K.; Mori, A. One‐pot synthesis of silylated enol triflates 

from silyl enol ethers for cyclohexynes and 1,2‐cyclohexadienes. Eur. J. Org. Chem. 2018, 

2018, 3343–3347. 

(47)  Hioki, Y.; Mori, A.; Okano, K. Steric effects on deprotonative generation of cyclohexynes 

and 1,2-cyclohexadienes from cyclohexenyl triflates by magnesium amides. Tetrahedron 

2020, 76, 131112. 

(48)  Xu, Q.; Hoye, T. R. A distinct mode of strain-driven cyclic allene reactivity: Group 

migration to the central allene carbon atom. J. Am. Chem. Soc. 2023, 145, 9867–9875. 

(49)  Miyasaka, T. Cycloaddition reaction using highly strained 6-membered allenes. J. Syn. 

Org. Chem. Jpn., 2024, 82, 63–64. 

(50)  Lofstrand, V. A.; McIntosh, K. C.; Almehmadi, Y. A.; West, F. G. Strain-activated Diels–

Alder trapping of 1,2-cyclohexadienes: Intramolecular capture by pendent furans. Org. 

Lett. 2019, 21, 6231–6234. 

 



 
 

489 

 
(51)  Almehmadi, Y. A.; West, F. G. A mild method for the generation and interception of 1,2-

cycloheptadienes with 1,3-dipoles. Org. Lett. 2020, 22, 6091–6095. 

(52)  Wang, B.; Constantin, M.-G.; Singh, S.; Zhou, Y.; Davis, R. L.; West, F. G. Generation 

and trapping of electron-deficient 1,2-cyclohexadienes. Unexpected hetero-Diels–Alder 

reactivity. Org. Biomol. Chem. 2021, 19, 399–405. 

(53)  Jankovic, C. L.; West, F. G. 2 + 2 Trapping of acyloxy-1,2-cyclohexadienes with styrenes 

and electron-deficient olefins. Org. Lett. 2022, 24, 9497–9501. 

(54)  Jankovic, C. L; McIntosh, K. C.; Lofstrand, V. A.; West, F. G. Stereoselective 

intramolecular [2+2] trapping of 1,2-cyclohexadienes: A route to rigid, angularly fused 

tricyclic scaffolds. Chem. Eur. J. 2023, 29, e202301668. 

(55)  Westphal, M. V.; Hudson, L.; Mason, J. W.; Pradeilles, J. A.; Zécri, F. J.; Briner, K.; 

Schreiber, S. L. Water-compatible cycloadditions of oligonucleotide-conjugated strained 

allenes for DNA-encoded library synthesis. J. Am. Chem. Soc. 2020, 142, 7776–7782. 

(56)  Barber, J. S.; Yamano, M. M.; Ramirez, M.; Darzi, E. R.; Knapp, R. R.; Liu, F.; Houk, K. 

N.; Garg, N. K. Diels–Alder cycloadditions of strained azacyclic allenes. Nat. Chem. 2018, 

10, 953–960. 

 



 
 

490 

 
(57)  Yamano, M. M.; Knapp, R. R.; Ngamnithiporn, A.; Ramirez, M.; Houk, K. N.; Stoltz, B. 

M.; Garg, N. K. Cycloadditions of oxacyclic allenes and a catalytic asymmetric entryway 

to enaniotenriched cyclic allenes. Angew. Chem., Int. Ed. 2019, 58, 5653–5657. 

(58)  Chari, J. V.; Ippoliti, F. M.; Garg, N. K. Concise approach to cyclohexyne and 1,2-

cyclohexadiene precursors. J. Org. Chem. 2019, 84, 3652–3655. 

(59)  McVeigh, M. S.; Kelleghan, A. V.; Yamano, M. M.; Knapp, R. R.; Garg, N. K. Silyl tosylate 

precursors to cyclohexynes, 1,2-cyclohexadienes, and 1,2-cycloheptadiene. Org. Lett. 

2020, 22, 4500–4504. 

(60)  Yamano, M. M.; Kelleghan, A. V.; Shao, Q.; Giroud, M.; Simmons, B. J.; Li, B.; Chen, S.; 

Houk. K. N.; Garg, N. K. Interception fleeting cyclic allenes with asymmetric nickel 

catalysis. Nature 2020, 586, 242–247. 

(61)  Ramirez, M.; Svatunek, D.; Liu, F.; Garg, N. K.; Houk, K. N. Origins of endo selectivity 

in Diels–Alder reactions of cyclic allene dienophiles. Angew. Chem., Int. Ed. 2021, 60, 

14989–14997. 

(62)  Kelleghan, A. V.; Witkowski, D. C.; McVeigh, M. S.; Garg, N. K. Palladium-catalyzed 

annulations of strained cyclic allenes. J. Am. Chem. Soc. 2021, 143, 9338–9342. 

(63)  McVeigh, M. S.; Garg, N. K. Interception of 1,2-cyclohexadiene with TEMPO radical. 

Tetrahedron Lett. 2021, 87, 153539–153543. 

 



 
 

491 

 
(64)  Witkowski, D. C.; McVeigh, M. S.; Scherer G. M.; Anthony, S. M.; Garg, N. K. Catalyst-

controlled annulation of strained cyclic allenes with p-allylpalladium complexes. J. Am. 

Chem. Soc. 2023, 145, 10491–10496. 

(65)  Mehta, M. M.; Gonzalez, J. A. M.; Bachman, J. L.; Garg, N. K. Cyclic allene approach to 

the manzamine alkaloid keramaphidin B. Org. Lett. 2023, 25, 5553–5557. 

(66)  Kelleghan, A. V.; Tena-Meza, A.; Garg, N. K. Generation and reactivity of unsymmetrical 

strained heterocyclic allenes. Nat. Synth. 2023, In Press, DOI: 

https://doi.org/10.1038/s44160-023-00432-1  

(67)  Roberts, C. C. Strained allenes for heterocyclic difunctionalization. Nat. Synth. 2024, In 

Press, DOI: https://doi.org/10.1038/s44160-023-00455-8. 

(68)  Ippoliti, F. M.; Adamson, N. J.; Wonilowicz, L. G.; Nasrallah, D. J.; Darzi, E. R.; 

Donaldson, J. S.; Garg, N. K. Total synthesis of lissodendoric acid A via stereospecific 

trapping of a strained cyclic allene. Science 2023, 379, 261–265.     

(69)  Christl, M. Cyclic allenes up to seven-membered rings. Modern Allene Chemistry; Krause, 

N., Kashmi, S. A. K., Eds.; Wiley-VCH: Weinheim, 2004; pp 243–357. 

(70)  Bottini, A. T.; Hilton, L. L.; Plott, J. Relative reactivities of 1,2-cyclohexadiene with 

conjugated dienes and styrene. Tetrahedron 1975, 31, 1997–2001. 

 



 
 

492 

 
(71)  Harnos, S.; Tivakornpannarai, S.; Waali, E. E. The addition of 1,2-cyclohexadiene to 

substituted styrenes. Tetrahedron Lett. 1986, 27, 3701–3704. 

(72) Christl, M.; Schreck, M. 7-Arylbicyclo[4.2.0]oct-1-ene – Synthese durch [2 + 2]-

cycloadditionen von 1,2-cyclohexadien sowie 1-methyl-1,2-cyclohexadien und thermische 

äquilibrierung der exo/endo-isomeren. Chem. Ber. 1987, 120, 915–920. 

(73)  Elliot, R. L.; Takle, A. K.; Tyler J. W.; White, J. Cycloadditions of cephalosporins. A 

general synthesis of novel 2,3-fused cyclobutane and cyclobutene cephems. J. Org. Chem. 

1993, 58, 6954–6955. 

(74)  Kelleghan, A. V.; Bulger, A. S.; Witkowski, D. C.; Garg, N. K. Strain-promoted reactions 

of 1,2,3-cyclohexatriene and its derivatives. Nature 2023, 618, 748–754. 

(75)  Peterson, E. A.; Overman, L. E. Contiguous stereogenic quaternary carbons: A daunting 

challenge in natural product synthesis. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 11943–

11948. 

(76)  Caille, S.; Cui, S.; Faul, M. M.; Mennen, S. M.; Tedrow, J. S.; Walker, S. D. Molecular 

complexity as a driver for chemical process innovation in the pharmaceutical industry. J. 

Org. Chem. 2019, 84, 4583–4603. 

 



 
 

493 

 
(77)  Cyclic allene cycloadducts typically contain a high degree of saturation, as well an 

additional stereocenter when compared to analogous products of other strained 

intermediates, such as 5.7a–5.7d. 

(78)  Hiesinger, K.; Dar’in, D.; Proschak, E.; Krasavin, M. Spirocyclic scaffolds in medicinal 

chemistry. J. Med. Chem. 2021, 64, 150–183. 

(79)  Oxacyclic allene 5.13 was chosen for this study due to a number of factors, such as the 

ready availability of its precursor, 5.12, the ease of heterocyclic allene generation at 

ambient temperatures, and that its use results in heterocyclic products. 

(80)  The variation in observed diastereoselectivities is not presently understood but will be the 

subject of further investigation. 

(81)  Enamines and hetaryl-substituted alkenes have rarely been studied in reactions with 

strained cyclic allenes and therefore presented an opportunity for discovery. Furthermore, 

styrenyl substrates, such as 5.26 and heterocyclic variants, are readily accessible. 

(82)  We postulate that reactions proceed by a stepwise mechanism, analogous to what has been 

proposed for the trapping of 1,2-cyclohexadiene with styrenes (ref 69). The observed 

regioselectivity is consistent with a mechanism involving: a) initial C–C bond formation 

between the central carbon of the cyclic allene and terminal position of the alkene trapping 

partner, leading to a stabilized diradical intermediate and b) radical recombination to form 

 



 
 

494 

 
the cyclobutyl ring. Although further studies are ongoing, kinetic isotope effect (KIE) 

experiments at natural abundance are consistent with this hypothesis.  

(83)  These conditions proved more efficient, as they enabled the use of fewer equivalents of 

trapping partners and led to their improved solubility in some instances; see Section 

5.10.2.4 for reaction optimization details. 

(84)  Carpino, L. A.; Sau, A. C. Convenient source of ‘naked’ fluoride: Tetra-n-butylammonium 

chloride and potassium fluoride dihydrate. J. Chem. Soc., Chem. Commun. 1979, 514–515. 

(85)  Feng, M.; Tang, B.; Wang, N.; Xu, H.-X.; Jiang, X. Ligand controlled regiodivergent C1 

insertion on arynes for construction of phenanthridinone and acridone alkaloids. Angew. 

Chem., Int. Ed. 2015, 54, 14960–14964. 

(86)  The observed stereospecificity may indicate that the relative rate of the second C–C bond 

formation is faster than a s-bond rotation. However, we cannot rule out s-bond rotation 

occurring rapidly, with the distribution of products correlating with the kinetic barriers for 

each cyclization pathway. 

(87)  The reaction is thought to proceed via a stepwise mechanism (see footnote 82). The 

presence of the gem-dimethyl group is thought to raise the kinetic barrier for formation of 

the second C–C bond (i.e., C6–C4’ forming bond of 5.41), leading to a less selective 

reaction when compared to the formation of 5.25.  

 



 
 

495 

 
(88)  Algi, F.; Özen, R.; Balci, M. The first generation and trapping of a five-membered ring 

allene: 2-dehydro-3a,4,5,6,6a-pentahydropentalene. Tetrahedron Lett. 2002, 43, 3129–

3131. 

(89)  Ceylan, M.; Yalçin, S.; Seçen, H.; Sütbeyaz, Y.; Balci, M. Evidence for the formation of a 

new five-membered ring cyclic allene: generation of 1-cyclopenta-1,2-dien-1-ylbenzene. 

J. Chem. Research (S) 2003, 21–23. 

(90)  Similar regioselectivity in [2+2] cycloadditions of substituted cyclic allenes was observed 

by West; see ref. 53 

(91) Of note, 2.0 equivalents of trapping partner 5.38 and 1.7 equivalents of trapping partner 

5.79 were used in their respective transformations, highlighting that large excesses of 

trapping partner are not strictly required for this methodology. 

(92)  Yu, X.; Seo, S.-Y.; Marks, T. J. Effective, selective hydroalkoxylation/cyclization of 

alkynyl and allenyl alcohols mediated by lanthanide catalysts. J. Am. Chem. Soc. 2007, 

129, 7244–7245. 

(93)  Kumar, P.; Zainul, O.; Laughlin, S. T. Inexpensive multigram-scale synthesis of cyclic 

enamines and 3-N spirocyclopropyl systems. Org. Biomol. Chem. 2018, 16, 652–656. 

 



 
 

496 

 
(94)  Radovan, S.; Pizzuti, M.-G.; Boersma, A. J.; Minnaard, A. J.; Feringa, B. L. Catalytic 

enantioselective conjugate addition of dialkylzinc reagents to N-substituted-2,3-dehydro-

4-piperidones. Chem. Commun. 2005, 1711–1713. 

(95)  Ma, Y.; Lv, J.; Liu, C.; Yao, X.; Yan, G.; Yu, W.; Ye, J. Electrochemical [4+2] annulation-

rearrangement-aromatization of styrenes: Synthesis of naphthalene derivatives. Angew. 

Chem., Int. Ed. 2019, 58, 6756–6760. 

(96)  Longshaw, A. I.; Thomas, E. J. Synthesis of 5-acyl-4-methylene-1,2,3,4-

tetrahydropyridines. ARKIVOC 2021, 6, 69–85. 

(97)  Thullen, S. M.; Rubush, D. M.; Rovis, T. A photochemical two-step formal [5+2] 

cycloaddition: A condensation-ring-expansion approach to substituted azepanes. Synlett 

2017, 28, 2755–2758.  

(98)  Piotrowski, A. M.; Malpass, D. B.; Boleslawski, M. P.; Eisch, J. J. Organometallic 

compounds of Group III. Part 43. Alkylenation with geminal dialuminoalkane reagents: 

The synthesis of olefins from ketones. J. Org. Chem. 1988, 53, 2829–2835. 

(99)  Khan, A.; Silva Jr., L. F.; Rabnawaz, M. Iodine(III)-promoted ring expansion reactions: A 

metal-free approach toward seven-membered heterocyclic rings. Asian J. Org. Chem. 

2021, 10, 2549–2552. 

 



 
 

497 

 
(100)  Justik, M.; Koser, G. Application of [hydroxy(tosyloxy)iodo]benzene in the Wittig-ring 

expansion sequence for the synthesis of β-benzocycloalkenones from α-

benzocycloalkenones. Molecules 2005, 10, 217–225. 

(101)  Liu, H.; Ge, L.; Wang, D.-X.; Chen, N.; Feng, C. Photoredox-coupled F-nucleophilic 

addition: Allylation of gem-difluoroalkenes. Angew. Chem., Int. Ed. 2019, 58, 3918–3922. 

(102)  Harrowven, D. C.; Stenning, K. J.; Whiting, S. W.; Thompson, T.; Walton, R. CH 

activation and CH2 double activation of indolines by radical translocation: Understanding 

the chemistry of the indolinyl radical. Org. Biomol. Chem. 2011, 9, 4882–4885. 

(103)  Huang, C.; Zhang, Z.; Zhang, Y.; Yang, W.; Sun, W. Dimethyl substituted constrained 

cyclopyridine imine nickel complex and intermediate, preparation process and application 

thereof. CN106478740, March 4, 2017. 

(104)  Sheldrick, G. M. (1996). SADABS. University of Göttingen, Germany. 

(105)  Sheldrick, G. M. Crystal structure refinement with SHELXL. Acta Cryst. C 2015, 71, 3–8. 

(106)  Spartan’20 Wavefunction, Inc., Irvine, CA. 

(107)  Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. 

Chem. Phys. 98, 5648 (1993). 



 

498 

CHAPTER SIX 

 

Silyl Tosylate Precursors to Cyclohexyne, 1,2-Cyclohexadiene, and 1,2 Cycloheptadiene 

Matthew S. McVeigh, Andrew V. Kelleghan, Michael M. Yamano,  

Rachel R. Knapp, and Neil K. Garg 

Org. Lett. 2020, 22, 4500–4504.  

  

6.1 Abstract 

Transient strained cyclic intermediates have become valuable intermediates in modern 

synthetic chemistry. Although silyl triflate precursors to strained intermediates are most often 

employed, the instability of some silyl triflates warrants the development of alternative 

precursors. We report the syntheses of silyl tosylate precursors to cyclohexyne, 1,2-

cyclohexadiene, and 1,2-cycloheptadiene. The resultant strained intermediates undergo trapping 

in situ to give cycloaddition products. Additionally, the results of competition experiments 

between silyl triflates and silyl tosylates are reported.   

6.2 Introduction 

 The chemistry of transient strained cyclic intermediates has been a popular topic of study 

for over a century. 1  Early efforts in the field established the existence of benzyne (6.1), 2 

cyclohexyne (6.2), 3  and 1,2-cyclohexadiene (6.3) 4  through pioneering studies conducted by 

Roberts and Wittig in the 1950s and 1960s (Figure 6.1). Since their discovery, these species, 

along with their heterocyclic derivatives (e.g., 6.4) have been employed in a host of synthetic 

applications spanning natural product synthesis,1c,1d,1i, 5  heterocycle construction,1e,1g,1h, 6  and 

materials chemistry,1e,7 as exemplified by the syntheses of 6.5–6.7. 
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Figure 6.1. Strained cyclic intermediates and selected synthetic applications. 
 

Many of the advanced synthetic applications of strained cyclic intermediates have been 

enabled by the use of silyl triflates as precursors. Initially developed by Kobayashi as precursors 

to benzyne (6.1),8 silyl triflates have since become the most commonly employed precursors for 

accessing arynes, nonaromatic cyclic alkynes, and cyclic allenes.1, 9 , 10   However, we have 

encountered difficulties in preparing certain functionalized strained cyclic allene and alkyne 

precursors due to the instability of the corresponding silyl triflates. This instability can be 

attributed to the ease of triflate dissociation and cation formation in related systems.11,12  

With the aim of circumventing silyl triflate instability and accessing a wider range of 

strained intermediates under Kobayashi-type conditions, we sought to develop new precursors to 

cyclic alkynes and allenes (i.e., 6.2 and 6.3, Figure 6.2). As mentioned above, the most common 

means to access 6.2 and 6.3 is via the corresponding silyl triflates (e.g., 6.8 and 6.10, 

respectively) using fluoride-induced elimination. Encouraged by the success of silyl tosylates as 

aryne precursors,13 we sought to develop silyl tosylate cyclic alkyne and allene precursors 6.9 

and 6.11, respectively.14 We hypothesized that the diminished leaving group ability of a tosylate 
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anion relative to a triflate15 could alleviate difficulties associated with vinyl triflate instability, 

while retaining sufficient reactivity to form the desired strained intermediates.13 These alternative 

precursors could also allow for new synthetic methods that leverage the differences in reactivity 

between tosylates and triflates.16 Furthermore, we hoped that silyl tosylates 6.9 and 6.11 would 

be crystalline, 17  in contrast to silyl triflates which are often oils. This characteristic could 

facilitate their purification and use in process chemistry. Herein, we describe the preparation, 

validation, and synthetic application of the desired silyl tosylates as strained intermediate 

precursors. 

 

Figure 6.2. Silyl triflate (previous) and silyl tosylate (current) precursors to 6.2 and 6.3. 
 

6.3 Synthesis of Silyl Tosylate Precursors to Cyclohexyne and 1,2-Cyclohexadiene 

Our first objective was to develop synthetic routes to the requisite silyl tosylates, which 

led to the preparation of 6.9 and 6.11 as shown in Figure 6.3. Following literature procedures,18 

cyclohexanone (6.12) was converted to silyl ketone 6.14 in good yield through a sequence 

involving silyl enol ether formation (6.12®6.13) and allylic deprotonation/retro-Brook 

rearrangement (6.13®6.14). From common intermediate 6.14, deprotonation under either 

thermodynamic or kinetic control, followed by quenching with p-toluenesulfonic anhydride, 

generated silyl tosylates 6.9 and 6.11, respectively. Gratifyingly, both alkyne precursor 6.9 and 

allene precursor 6.11 were obtained as crystalline solids and could be prepared on gram-scale. 
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Figure 6.3. Syntheses of silyl tosylates 6.9 and 6.11. 

6.4 Comparing Silyl Tosylates and Silyl Triflates as Precursors to Cyclohexyne 

As shown in Table 6.1, we found that silyl tosylate 6.9 serves as a viable precursor to 

generate cyclohexyne (6.2) with in situ trapping. It should be noted that our initial attempts to 

generate 6.2 from 6.9 using CsF (based on literature conditions for the corresponding 

trimethylsilyl triflate6b) led to the recovery of unreacted 6.9. However, the use of the more 

soluble fluoride source tetrabutylammonium fluoride (TBAF) proved fruitful and enabled the 

generation of 6.2 in situ. Trapping with diene 6.16 furnished oxabicycle 6.17 via a (4+2) 

cycloaddition (entry 1). Similarly, the use of nitrone 6.18 as the trapping agent gave rise to 

isoxazolidine 6.19 by way of a (3+2) cycloaddition (entry 2). In both cases, yields were 

comparable to those observed using a silyl triflate precursor.6b,18b Lastly, nucleophilic trapping of 

6.2 with imidazole (6.20) proved successful, generating vinyl imidazole 6.21 in moderate yield.19 

These trapping experiments demonstrate that silyl tosylate 6.9 serves as an effective precursor to 

6.2, rendering 6.9 a useful intermediate for the synthesis of heterocyclic products. 
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Table 6.1. Silyl tosylate 6.9 as a precursor to cyclohexyne (6.2). 

 

General conditions: silyl tosylate 6.9 (1.0 equiv, 0.14 mmol), trapping agent (1.5–3.0 equiv), 
TBAF (5.0 equiv), and THF (0.07 M) heated in a sealed vial under an atmosphere of N2. 

aIsolated yields. bLiterature isolated yields under comparable reaction conditions when using 6.8 
 
6.5 Comparing Silyl Tosylates and Silyl Triflates as Precursors to 1,2-Cyclohexadiene 

We also investigated silyl tosylate 6.11 as a precursor to strained cyclic allene 6.3 (Table 

6.2). In contrast to our observations in reactions of alkyne precursor 6.9, CsF could be utilized to 

induce strained intermediate formation from silyl tosylate 6.11 under the same conditions 

reported in the literature for the corresponding silyl triflate 6.10 (R = Et).6a We were delighted to 

find that silyl tosylate 6.11 could be employed in (4+2), (3+2), and (2+2) cycloadditions to 

deliver 6.23, 6.24, and 6.26, respectively (entries 1–3). In all cases, yields and diastereomeric 

ratios were consistent with those reported in the literature for reactions employing silyl triflate 
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6.10 (R = Et).6a,18b,20  The synthesis of isoxazolidine 6.24 was also carried out on mmol-scale to 

demonstrate scalability. 

Table 6.2. Silyl tosylate 6.11 as a precursor to 1,2-cyclohexadiene (6.3). 

 

General conditions: silyl tosylate 6.11 (1.0 equiv, 0.14 mmol), trapping agent (1.0–5.0 equiv), 
CsF (5.0 equiv), and MeCN (0.1 M) heated in a sealed vial under an atmosphere of N2. aIsolated 
yields. bLiterature isolated yields and diastereomeric ratios under comparable reaction conditions 
when using 6.10 (R = Et). cDiastereomeric ratios determined by 1H NMR analysis of the crude 
reaction mixture. dYield determined by 1H NMR analysis using an external standard. eCyclic 

allene generated from 6,6-dibromobicyclo[3.1.0]hexane. 
 

6.6 Preparation of a Precursor to 1,2-Cycloheptadiene and its Subsequent Trapping 

Having established silyl tosylates as effective substitutes for silyl triflates, we sought to 

extend this alternative method of strained intermediate generation to address a particular 

shortcoming in silyl triflate chemistry. As mentioned earlier, silyl triflates can sometimes be 

unstable due to their pronounced leaving group ability.11,12 We have observed this type of 
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instability when attempting to synthesize a silyl triflate precursor to 1,2-cycloheptadiene (6.29) 

(Figure 6.4).21  Alternatively, silyl tosylate 6.28, accessible in three steps from 6.27 (see section 

6.9.2.4 for details), could be obtained as a crystalline solid. Treatment of 6.28 with isobenzofuran 

6.16 under standard conditions for cyclic allene generation and trapping afforded oxabicycle 6.30 

in excellent yield via the intermediacy of cyclic allene 6.29. This example demonstrates that silyl 

tosylates can be used to expand the scope of strained intermediates accessible under mild 

fluoride-based conditions.22 

 

Figure 6.4. Silyl tosylate 6.28 to access 1,2-cycloheptadiene (6.29). 

6.7 Competition Experiments Between Silyl Triflates and Silyl Tosylates 

Finally, two key experiments were performed to compare the relative reactivity of our 

silyl tosylates to the corresponding silyl triflates (Figure 6.5). In the first, equimolar amounts of 

silyl triflate 6.8a and silyl tosylate 6.9, both precursors to cyclohexyne (6.2), were treated with 

nitrone 6.18 under CsF-based reaction conditions. We observed that silyl triflate 6.8a reacted 

selectively over silyl tosylate 6.9 to generate cycloadduct 6.19. Silyl tosylate 6.9 did not react 

under these conditions. An analogous competition experiment was performed using silyl triflate 

6.10a and silyl tosylate 6.11, both of which serve as precursors to 1,2-cyclohexadiene (6.3). This 

led to the efficient formation of 6.24 and the nearly quantitative retention of silyl tosylate 6.11. 
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The preferential reactivity of the silyl triflate in both cases can be rationalized based on the 

relative leaving group abilities of the triflate and tosylate anions.15 This observed selectivity 

should prove useful in synthetic applications, analogous to prior studies in which multiple 

strained intermediates have been generated sequentially to synthesize complex polycyclic 

products.7 

 

Figure 6.5. Competition experiments between silyl triflate and silyl tosylate strained 
intermediate precursors. Yields determined by 1H NMR analysis with external standard. 

 
6.8 Conclusion 

 In summary, we have developed scalable syntheses of silyl tosylate precursors to the 

transient strained intermediates cyclohexyne (6.2), 1,2-cyclohexadiene (6.3), and 1,2-

cycloheptadiene (6.29). Our synthetic routes to these precursors generate crystalline silyl 

tosylates, an attribute that could prove useful to process chemists. The silyl tosylate strained 

intermediate precursors not only replicate the chemistry attained using silyl triflates, but also can 

allow access to strained intermediates inaccessible using known silyl triflate chemistry, as 

exemplified by silyl tosylate 6.28. Furthermore, competition experiments demonstrate that silyl 

triflate precursors to 6.2 and 6.3 react chemoselectively in the presence of their silyl tosylate 

counterparts. This selectivity should prove useful in synthetic design. Collectively, these studies 
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demonstrate the synthetic utility of silyl tosylates as precursors to transient strained 

intermediates. 

6.9 Experimental Section 

6.9.1 Materials and Methods  

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

atmosphere of nitrogen using anhydrous solvents (passed through activated alumina columns). 

All commercially obtained reagents were used as received unless otherwise specified. Imidazole 

(6.20), p-toluenesulfonic anhydride (Ts2O), n-butyllithium (n-BuLi), tetrabutylammonium 

fluoride (TBAF), and potassium tert-butoxide (KOt-Bu) were obtained from Sigma-Aldrich. 

Sodium tert-butoxide (NaOt-Bu), 1,3-diphenylisobenzofuran (6.16), N-tert-butyl-α-

phenylnitrone (6.18), and 1,3,5-trimethoxybenzene were obtained from Alfa Aesar. Styrene 

(6.25) was obtained from Fisher Scientific and filtered through basic alumina prior to use. 

Cesium fluoride (CsF) was obtained from Strem Chemicals. Diisopropylamine was obtained 

from Acros Organics and distilled over CaH2 prior to use. Reaction temperatures were controlled 

using an IKAmag temperature modulator, and reactions were performed at room temperature 

(approximately 23 °C) unless otherwise stated. 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, anisaldehyde, 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 (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 125 MHz). IR 
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spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in 

terms of absorption frequency (cm-1). DART-MS spectra were collected on a Thermo Exactive 

Plus Orbitrap (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).  

 

Note: The syntheses of silyl triflates 6.8a and 6.10a,18b silyl ketone 6.14,18b and silyl enol ether 

6.3123 have been published, and spectral data match those previously reported. 

 

6.9.2 Experimental Procedures 

6.9.2.1 Syntheses of Silyl Tosylates 6.9 and 6.11 

 

Silyl Tosylate 6.9. To a stirring suspension of sodium tert-butoxide (498 mg, 5.18 mmol, 1.1 

equiv) in THF (5 mL) at –20 °C was added silyl ketone 6.14 (1.00 g, 4.71 mmol, 1.0 equiv) in 

THF (5 mL) via cannula addition over 5 min. The resulting dark orange-red solution was then 

warmed to 0 °C and stirred for 1 h. Next, the ice bath was removed, and the solution was stirred 

at 23 °C for 30 min, then recooled to 0 °C.  p-Toluenesulfonic anhydride (1.69 g, 5.18 mmol, 1.1 

equiv) in THF (7.0 mL) was then added over 7 min. The cooling bath was removed, and the off-
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white, heterogeneous solution was stirred at 23 °C for 5 h before being quenched with sat. 

aqueous NaHCO3 (20 mL). The layers were separated and the aqueous layer was extracted with 

diethyl ether (3 x 20 mL). The organic layers were combined, washed sequentially with 

deionized H2O (1 x 20 mL) and brine (1 x 20 mL), dried with Na2SO4, and concentrated under 

reduced pressure. The crude reaction mixture was purified via column chromatography (3:97 

Et2O:hexanes) to provide silyl tosylate 6.9 (1.06 g, 61% yield) as a white, crystalline solid. Silyl 

tosylate 6.9: Rf 0.55 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.82–7.79 (m, 2H), 

7.34–7.30 (m, 2H), 2.44 (s, 3H), 2.23–2.20 (m, 2H), 2.11–2.06 (m, 2H), 1.64–1.58 (m, 2H), 

1.53–1.47 (m, 2H), 0.88 (t, J = 8.1, 9H), 0.61 (q, J = 7.5, 6H); 13C NMR (125 MHz, CDCl3): d 

154.5, 144.4, 135.8, 129.6, 127.6, 121.9, 28.8, 28.2, 23.0, 22.1, 21.7, 7.5, 3.1; IR (film): 2950, 

2875, 1642, 1368, 1191 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C19H31O3SSi+, 367.1755; 

found 367.1754. 

 

Silyl Tosylate 6.11. To a stirring solution of diisopropylamine (1.41 mL, 9.88 mmol, 2.1 

equiv) in THF (14 mL) at –78 °C was added n-butyllithium (2.50 M in hexanes, 3.78 mL, 9.44 

mmol, 2.0 equiv) dropwise over 3 min.  After stirring for 20 min, the reaction was warmed to 

23 °C and stirred for 10 min, before recooling the reaction to –78 °C. Next, silyl ketone 6.14 

(1.00 g, 4.72 mmol, 1.0 equiv) in THF (14 mL) was added dropwise via cannula addition over 10 

min. The resulting pale-yellow solution was stirred for 1 h. Then, a solution of p-toluenesulfonic 

anhydride (2.31 g, 7.08 mmol, 1.5 equiv) in THF (18 mL) was added dropwise via cannula 

addition over 6 min. The cooling bath was allowed to melt, gradually warming the reaction to 

23 °C over 18 h, at which point it was quenched with sat. aqueous NaHCO3 (40 mL). The layers 
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were separated and the aqueous layer was extracted with diethyl ether (3 x 40 mL). The 

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

pressure to provide a yellow oil. The crude oil was passed through a silica plug (3:97 

Et2O:hexanes), and the eluate was concentrated to give a pale-yellow oil. This oil was dissolved 

in refluxing hexanes and cooled gradually to –78 °C over 4 h to induce crystallization. The 

crystals were filtered off, washed with cold hexanes, and the mother liquor was concentrated to 

give a clear oil. This oil was subjected to the same crystallization procedure, and both crops of 

crystals were combined to afford silyl tosylate 6.11 (860 mg, 50% yield) as a white, crystalline 

solid. Silyl tosylate 6.11: Rf 0.57 (1:1 hexanes:benzene); 1H NMR (500 MHz, CDCl3): d 7.78 (d, 

J = 8.1, 2H), 7.32 (d, J = 8.1, 2H), 5.19–5.16 (m, 1H), 2.45 (s, 3H), 2.01–1.90 (m, 2H), 1.82–

1.74 (m, 2H), 1.62–1.56 (m, 1H), 1.53–1.45 (m, 1H), 1.36–1.27 (m, 1H), 0.92 (t, J = 7.9, 9H), 

0.60 (q, J = 8.2, 6H); 13C NMR (125 MHz, CDCl3): d 151.4, 144.7, 133.5, 129.4, 128.5, 114.3, 

25.5, 25.3, 24.1, 21.8, 21.7, 7.5, 3.0; IR (film): 2954, 2877, 1370, 1179, 1191 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C19H31O3SSi+, 367.1755; found 367.1758. 

 

6.9.2.2 Cyclohexyne Trapping Experiments 

Representative Procedure 6.1 (Table 6.1, entry 1 is used as an example). 
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Cycloadduct 6.17. To a stirred solution of silyl tosylate 6.9 (49.6 mg, 135 µmol, 1.0 equiv), 

and 1,3-diphenylisobenzofuran (6.16) (54.9 mg, 203 µmol, 1.5 equiv) in THF (1.35 mL, 0.07 M) 

was added TBAF (1.0 M in THF, 677 µL, 677 µmol, 5.0 equiv). The reaction vessel was purged 

with N2, sealed with a teflon cap, and placed in a preheated, 60 °C aluminum heating block. 

After stirring for 15 h, the reaction was cooled to 23 °C. The resultant yellow solution was 

filtered through a plug of silica gel (EtOAc eluent, 10 mL) and concentrated under reduced 

pressure to afford a crude yellow solid. Purification by preparative thin layer chromatography 

(3:2 benzene:hexanes) provided cycloadduct 6.17 (36.2 mg, 76% yield, average of two 

experiments) as a pale-yellow solid. Cycloadduct 6.17: Spectral data match those previously 

reported.18b  

 

Cycloadduct 6.19. Followed Representative Procedure 6.1. Purification by preparative thin layer 

chromatography (9:1 Hexanes:EtOAc) provided cycloadduct 6.19 (24.2 mg, 69% yield, average 

of two experiments) as a white solid. Cycloadduct 6.19: Spectral data match those previously 

reported.6b  
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Imidazole adduct 6.21. Followed Representative Procedure 6.1. Purification by preparative thin 

layer chromatography (EtOAc) provided cycloadduct 6.21 (10.7 mg, 53% yield, average of two 

experiments) as an off-white solid. Imidazole adduct 6.21: Spectral data match those previously 

reported.6b 

6.9.2.3 1,2-Cyclohexadiene Trapping Experiments 

Representative Procedure 6.2 (Table 6.2, entry 1 is used as an example). 

 

Cycloadduct 6.23.  To a stirred solution of silyl tosylate 6.11 (49.7 mg, 136 µmol, 1.0 

equiv) and 1,3-diphenylisobenzofuran (6.16) (55.5 mg, 205 µmol, 1.5 equiv) in MeCN (1.40 mL, 

0.1 M) was added CsF (100 mg, 0.68 mmol, 5.0 equiv). The reaction vessel was purged with N2, 

sealed with a teflon cap and teflon tape, and placed in a preheated, 80 °C aluminum heating 

block. The reaction was allowed to stir at this temperature for 19 h. After cooling to 23 °C, the 

yellow, heterogenous solution was filtered through a plug of silica gel (EtOAc eluent, 10 mL) 

and concentrated under reduced pressure to afford a crude yellow solid. Purification by 

preparative thin layer chromatography (2:1 hexanes:CH2Cl2 with 2% acetone) provided 

cycloadduct 6.23 as a pale-yellow solid (36.9 mg, 78% yield, 2.7:1 d.r. by 1H NMR analysis of 

the crude material, average of two experiments). Cycloadduct 6.23: Spectral data match those 

previously reported.18b  
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Any modification of the conditions shown in the representative procedure above are 

specified in the following scheme 

 

Cycloadduct 6.24. Followed Representative Procedure 6.2. Purification by preparative thin layer 

chromatography (1:1 hexanes:benzene) provided cycloadduct 6.24 as a white solid (30.2 mg, 

80% yield, 9.3:1 d.r. by 1H NMR analysis of the crude material, average of two experiments). 

Cycloadduct 6.24: Spectral data match those previously reported.6a 

 

Cycloadduct 6.24 (mmol scale). To a stirred solution of silyl tosylate 6.11 (367 mg, 1.00 mmol, 

1.0 equiv) and N-tert-butyl-α-phenylnitrone (6.18) (181 mg, 1.02 mmol, 1.0 equiv) in MeCN 

(10.0 mL, 0.1 M) was added CsF (761 mg, 5.01 mmol, 5.0 equiv). The reaction vessel was 

purged with N2, sealed with a teflon cap and teflon tape, and placed in a preheated, 80 °C 

aluminum heating block. The reaction was allowed to stir at this temperature for 19 h. After 

cooling to 23 °C, the white, heterogenous solution was filtered through a plug of silica gel 

(EtOAc eluent, 30 mL) and concentrated under reduced pressure to afford a crude off-white 

solid. Purification by flash chromatography (4:1 to 1:1 hexanes:benzene) provided cycloadduct 

OTs

SiEt3

6.11

6.18

6.24

(1.0 equiv)

CsF (5.0 equiv)
MeCN (0.1 M)

80 °C, 19 h

(80% yield)

N

H

t-BuO

Ph

O
N t-Bu

Ph

OTs

SiEt3

6.11

6.18

6.24

(1.0 equiv)

CsF (5.0 equiv)
MeCN (0.1 M)

80 °C, 19 h

(78% yield)

N

H

t-BuO

Ph

O
N t-Bu

Ph



 

513 

6.24 as a white solid (200.2 mg, 78% yield, 9.0:1 d.r.). Cycloadduct 6.24: Spectral data match 

those previously reported.6a 

 

Cycloadduct 6.26. Followed a modified Representative Procedure 6.2 by adding 1,3,5-

trimethoxybenzene as an external standard to the crude residue obtained by filtration of the 

reaction mixture. 1H NMR analysis of this crude mixture showed cycloadduct 6.26 (91% yield, 

2.0:1 d.r., average of two experiments). The volatility of 6.26 hampered isolation attempts. 

Cycloadduct 6.26: Spectral data match those previously reported.20 

 

6.9.2.4 Synthesis of Silyl Tosylate 6.28 

 

Silyl ketone 6.32. To a heterogeneous solution of potassium tert-butoxide (186 mg, 1.66 mmol, 

2.5 equiv) in hexanes (1.3 mL) at 0 °C was added n-butyllithium (2.36 M in hexanes, 0.561 mL, 

1.32 mmol, 2.0 equiv) dropwise over 2 min. The solution was removed from the ice bath and 

stirred at 23 °C for an additional 20 min. A solution of silyl enol ether 6.31 (150 mg, 0.662 

mmol, 1.0 equiv) in hexanes (1.3 mL) was then added dropwise over 5 min and stirred at 23 °C. 

After stirring for 2 h, deionized H2O (5.0 mL) was added to the reaction, and the aqueous layer 

was extracted with diethyl ether (3 x 5 mL). The combined organic layers were dried over 

OTs

SiEt3
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(5.0 equiv)
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MeCN (0.1 M)

80 °C, 19 h

(91% yield)
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(95% yield)6.31 6.32

OSiEt3

SiEt3



 

514 

Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude oil was purified 

by flash chromatography (1.5:98.5 EtOAc:hexanes) to afford silyl ketone 6.32 (142 mg, 95% 

yield) as a clear, colorless oil. Silyl ketone 6.32: Rf 0.36 (99:1 benzene:Et2O); 1H NMR (500 

MHz, CDCl3): d 2.63–2.56 (m, 1H), 2.37 (dd, J = 11.9, 4.9,  1H), 2.33–2.27 (m, 1H), 2.03–1.95 

(m, 1H), 1.93–1.82 (m, 3H), 1.72–1.61 (m, 1H), 1.46–1.29 (m, 2H), 1.18–1.07 (m, 1H), 0.94 (t, J 

= 8.0, 9H), 0.60 (q, J = 7.5, 6H); 13C NMR (125 MHz, CDCl3): d 215.9, 47.6, 43.6, 31.1, 30.5, 

25.9, 25.7, 7.3, 2.4; IR (film): 2880, 1670, 1417, 1208, 879 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C13H27OSi+, 227.1826; found 227.1826. 

 

 

Silyl tosylate 6.28. To a solution of diisopropylamine (0.110 mL, 0.762 mmol, 1.15 equiv) in 

THF (0.5 mL) at –78 °C was added n-butyllithium (2.36 M in hexanes, 0.309 mL, 0.729 mmol, 

1.1 equiv) dropwise over 2 min. The solution was stirred for 30 min at –78 °C, then warmed to 

23 °C over 15 min before being cooled to –78 °C. Silyl ketone 6.32 (150 mg, 0.662 mmol, 1.0 

equiv) in THF (0.5 mL) was added dropwise over 5 min and stirred for 1 h at –78 °C. Next, p-

toluenesulfonic anhydride (281 mg, 0.861 mmol, 1.3 equiv) in THF (2.0 mL) was added 

dropwise over 5 min and allowed to stir at –78 °C. After stirring for 1 h, sat. aqueous NaHCO3 

(3.0 mL) was added to the reaction, and the stirring solution was warmed to 23 °C. The aqueous 

layer was then extracted with diethyl ether (3 x 3 mL), and the combined organic layers were 

dried over Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude solid 

was dissolved and passed through a plug of silica gel (2:1 hexanes:benzene eluent, 100 mL). The 

O OTsi.  LDA (1.1 equiv)
    THF, –78 °C

ii. Ts2O (1.3 equiv)
    THF, –78 °C

6.32 6.28
(56% yield)

SiEt3 SiEt3
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eluate was concentrated and divided into three equal portions. Each portion was purified by 

preparative thin layer chromatography (7:3 benzene:hexanes), and the individual portions were 

recombined to afford silyl tosylate 6.28 (141 mg, 56% yield) as a white solid. Silyl tosylate 6.28: 

M.p. 39.9–40.8 °C; Rf 0.79 (99:1 benzene:Et2O); 1H NMR (500 MHz, CDCl3): d 7.82–7.79 (m, 

2H), 7.35–7.31 (m, 2H),  5.22 (dd, J = 9.2, 4.4, 1H), 2.45 (s, 3H), 2.10 (t, J = 5.7, 1H), 2.07–2.00 

(m, 1H), 1.94–1.87 (m, 1H), 1.83–1.76 (m, 1H), 1.75–1.65 (m, 2H), 1.55–1.49 (m, 1H), 1.49–

1.41 (m, 1H), 1.37–1.28 (m, 1H), 0.94 (t, J  = 8.1, 9H), 0.63 (q, J = 7.7, 6H); 13C NMR (125 

MHz, CDCl3): d 154.3, 144.6, 133.6, 129.5, 128.5, 118.4, 33.0, 28.2, 27.6, 26.0, 23.9, 21.7, 7.5, 

3.6; IR (film): 2929, 2876, 1368, 1177, 994 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C20H33O3SSi+, 381.1914; found 381.1907. 

 

6.9.2.5 1,2-Cycloheptadiene Trapping Experiment 

 

Cycloadduct 6.30. To a stirred solution of silyl tosylate 6.28 (19.8 mg, 52.0 µmol, 1.0 

equiv) and 1,3-diphenylisobenzofuran (6.16) (21.1 mg, 78.0 µmol, 1.5 equiv) in MeCN (0.52 

mL, 0.1 M) was added CsF (39.5 mg, 260 µmol, 5.0 equiv). The reaction vessel was purged with 

N2, sealed with a teflon cap and teflon tape, and placed in a preheated, 80 °C aluminum heating 

block. The reaction was allowed to stir at this temperature for 14 h. After cooling to 23 °C, the 

yellow, heterogeneous solution was filtered through a plug of silica gel (EtOAc eluent, 10 mL) 

6.16
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(91% yield)
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and concentrated under reduced pressure to afford a crude yellow solid. Purification by 

preparative thin layer chromatography (2:1 hexanes:CH2Cl2 with 2% acetone) provided 

cycloadduct 6.30 (17.3 mg, 91% yield, 6.3:1 d.r. by 1H NMR analysis of the crude material). 

Cycloadduct 6.30: Spectral data match those previously reported.22  

 

6.9.2.6 Silyl Tosylate and Silyl Triflate Competition Experiments 

 

Alkyne precursor competition experiment. To a stirred solution of silyl triflate 6.8a (25.0 mg, 

72.6 µmol, 1.0 equiv), silyl tosylate 6.9 (26.6 mg, 72.6 µmol, 1.0 equiv), and N-tert-butyl-α-

phenylnitrone (6.18) (12.9 mg, 72.6 µmol, 1.0 equiv) in THF (2.4 mL, 0.03 M) was added CsF 

(55.1 mg, 363 µmol, 5.0 equiv). The reaction vessel was purged with N2, sealed with a teflon 

cap, and placed in a preheated, 60 °C aluminum heating block.  The reaction was allowed to stir 

at this temperature for 24 h. After cooling to 23 °C, the solution was filtered through a plug of 

silica gel (EtOAc eluent, 10 mL) and concentrated under reduced pressure to afford the crude 

reaction mixture. 1,3,5-trimethoxybenzene was added as an external standard. 1H NMR analysis 

of the crude reaction mixture showed cycloadduct 6.19 (42% yield) and silyl tosylate 6.9 (100% 

remaining).  
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Allene precursor competition experiment. To a stirred solution of silyl triflate 6.10a (25.0 mg, 

72.6 µmol, 1.0 equiv), silyl tosylate 6.11 (26.6 mg, 72.6 µmol, 1.0 equiv), and  N-tert-butyl-α-

phenylnitrone (6.18) (12.9 mg, 72.6 µmol, 1.0 equiv) in MeCN (0.73 mL, 0.1 M) was added CsF 

(55.1 mg, 363 µmol, 5.0 equiv). The reaction vessel was purged with N2, sealed with a teflon 

cap, and placed in a preheated, 35 °C aluminum heating block.  The reaction was allowed to stir 

at this temperature for 19 h. After cooling to 23 °C, the solution was filtered through a plug of 

silica gel (EtOAc eluent, 10 mL) and concentrated under reduced pressure to afford the crude 

reaction mixture. 1,3,5-trimethoxybenzene was added as an external standard. 1H NMR analysis 

of the crude reaction mixture showed cycloadduct 6.24 (94% yield, 12.2:1 d.r.) and silyl tosylate 

6.11 (94% remaining). 
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6.10 Spectra Relevant to Chapter Six: 

 

Silyl Tosylate Precursors to Cyclohexyne, 1,2-Cyclohexadiene, and 1,2-Cycloheptadiene 

 

Matthew S. McVeigh, Andrew V. Kelleghan, Michael M. Yamano, Rachel R. Knapp, and Neil K. Garg. 

Org. Lett. 2020, 22, 4500–4504.  
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Figure 6.6. 1H NMR (500 MHz, CDCl3) of compound 6.9.  

 
Figure 6.7. 13C NMR (125 MHz, CDCl3) of compound 6.9.  
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Figure 6.8. 1H NMR (500 MHz, CDCl3) of compound 6.11.  

 

Figure 6.9. 13C NMR (125 MHz, CDCl3) of compound 6.11.  
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Figure 6.10. 1H NMR (600 MHz, CDCl3) of compound 6.17. 

 
Figure 6.11. 1H NMR (500 MHz, CDCl3) of compound 6.19.   
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Figure 6.12. 1H NMR (500 MHz, CDCl3) of compound 6.21. 

 
Figure 6.13. 1H NMR (600 MHz, CDCl3) of compound 6.23.   
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Figure 6.14. 1H NMR (500 MHz, CDCl3) of compound 6.24. 

 

Figure 6.15. 1H NMR (500 MHz, CDCl3) of compounds 6.26 and 6.34. 
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Figure 6.16. 1H NMR (500 MHz, CDCl3) of compounds 6.32. 

 
Figure 6.17. 13C NMR (125 MHz, CDCl3) of compound 6.32.  

10 9 8 7 6 5 4 3 2 1 0 ppm

0.
57

9
0.

58
0

0.
59

5
0.

61
1

0.
62

7
0.

92
6

0.
93

5
0.

94
2

0.
94

8
0.

95
8

1.
10

4
1.

12
8

1.
33

3
1.

35
4

1.
35

8
1.

36
1

1.
37

5
1.

38
3

1.
38

6
1.

41
2

1.
65

0
1.

65
2

1.
65

5
1.

65
7

1.
68

0
1.

70
2

1.
70

4
1.

82
7

1.
83

7
1.

84
2

1.
85

2
1.

85
4

1.
87

3
1.

87
7

1.
88

1
1.

88
9

1.
89

3
1.

90
2

1.
90

4
1.

90
6

1.
96

6
1.

96
8

1.
98

1
1.

98
4

1.
99

6
2.

28
1

2.
29

4
2.

29
9

2.
30

3
2.

31
6

2.
34

9
2.

35
8

2.
37

3
2.

38
3

2.
56

5
2.

56
9

2.
59

0
2.

61
5

6.
03

3

9.
06

0
1.

05
9

2.
07

9

1.
03

0
3.

02
4

1.
02

2
0.

99
7

0.
99

4
1.

00
0

Current Data Parameters
NAME     AVK-2019-087a-p-char
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190417
Time              13.10
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    5
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                 45.3
DW               50.000 usec
DE                 6.00 usec
TE                296.7 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

2.
43

7.
34

25
.7

0
25

.9
0

30
.4

6
31

.0
8

43
.6

0
47

.6
2

21
5.

92

Current Data Parameters
NAME     AVK-2019-087a-p-char
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20190417
Time              13.44 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                    8
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

O

6.32

SiEt3



 

525 

 
Figure 6.18. 1H NMR (600 MHz, CDCl3) of compounds 6.28. 

 
Figure 6.19. 13C NMR (125 MHz, CDCl3) of compound 6.28.  
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Figure 6.20. 1H NMR (500 MHz, CDCl3) of compounds 6.30. 
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