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ABSTRACT OF THE DISSERTATION 

 

Harnessing Cyclic Alkynes for the Synthesis of Heterocyclic Compounds and Nickel-Catalyzed 

C–C Bond Forming Reactions From Amide Derivatives 

 

by 

 

Jose Miguel Medina 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2017 

Professor Neil Kamal Garg, Chair 

 

This dissertation describes synthetic endeavors aimed at harnessing the reactivity of 

arynes and cyclic alkynes toward the synthesis of heterocycles. Arynes and cyclic alkynes are 

highly reactive intermediates that act as electrophilic arene and alkyne surrogates. Additionally, 

this dissertation outlines the strategic activation of the amide C–N bond using nickel catalysis. 

This recently discovered mode of reactivity is strategically employed for the generation of 

molecular complexity.       

Chapter One describes a systematic experimental and computational study of a 

particularly important class of arynes, 3-halobenzynes. Our efforts show that aryne distortion, 

rather than steric factors or charge distribution, are responsible for the regioselectivities observed 

in 3-halobenzyne trapping reactions. Experiments also validate the synthetic utility of 3-
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halobenzynes for the synthesis of heterocycles, using a tandem aryne trapping / cross-coupling 

sequence involving 3-chlorobenzyne. 

Chapter Two outlines synthetic studies pertaining to two heterocyclic aryne 

intermediates: the 2,3-pyridyne and the 4,5-pyrimidyne. 2,3-pyridyne generation and trappings 

were used to access a variety of functionalized pyridines in a regioselective manner.  

Additionally, synthetic routes to two isomeric silyltriflates, which were intended to serve as 

precursors to the 4,5-pyrimidyne, are disclosed. Subsequent 4,5-pyrimidyne generation and 

trapping experiments were ultimately unfruitful. 

Chapter Three reports on the synthesis of poly(benzonorbornadiene) polymers via a 

strategic blend of benzyne chemistry and ROMP. Through a comparative study, we demonstrate 

that substitution at the benzylic / allylic position prevents oxidative deformation and polymer 

decomposition, yet does not inhibit polymerization by common ruthenium catalysts with good 

control over molecular weight dispersity.   

Chapter Four illustrates the strategic use of cyclohexyne and the more elusive 

intermediate, cyclopentyne, as efficient tools for the synthesis of new heterocyclic compounds 

with high sp3 character. Experimental and computational studies of the first 3-substituted 

cyclohexyne are also described. The observed regioselectivities are explained by the distortion / 

interaction model. 

Chapter Five describes the generation of the first 3,4-piperidyne and its use as a building 

block for the synthesis of highly decorated piperidines. Experimental and computational studies 

of this intermediate are disclosed, along with comparisons to the well-known 3,4-pyridyne 

aromatic analogue. Additionally, the distortion / interaction model is used to explain the 

observed regioselectivities. 
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Chapter Six pertains to the generation of two oxacyclic intermediates, the 4,5-

benzofuranyne and the 3,4-oxacyclohexyne. In situ trapping of these intermediates affords an 

array of heterocyclic scaffolds. Across all trapping reactions performed, product distributions are 

consistent with predictions made with the distortion / interaction model. Oxygen-containing 

strained intermediates were also found to react with higher selectivities when compared to their 

corresponding nitrogen-containing analogues.  

Chapter Seven depicts the first non-decarbonylative Mizoroki–Heck reactions of imides. 

The transformation relies on the use of nickel catalysis and proceeds with sterically hindered tri- 

and tetrasubstituted olefins to yield products containing quaternary centers. Moreover, a 

diastereoselective variant of this reaction demonstrates its utility for accessing adducts bearing 

vicinal stereocenters. Our results demonstrate that amide derivatives can be used as building 

blocks for the assembly of complex scaffolds. 
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their personal and professional pursuits. 
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Emma Baker-Tripp, Junyong Kim, and Elias Picazo. I didn’t get to work in the same room as 
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singing (featuring Lucas Morrill) lightened the mood in the room and were always entertaining. 
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The next three students were not only great lab mates, but also fellow 14D Teaching 
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 lii 

and cheerful person, a talented roller-skater and a big fan of Piology. Her attention to detail made 
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Evelyn. Going out for drinks, making a fool out of myself trying to dance, and getting kicked out 
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I am also fortunate to overlap with some younger students full of energy and optimism. 
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shenanigans. Michael is very energetic and always up for trying new things, while Rob is more 

centered and level headed. They seem to balance each other well, which came in handy during 

our Vegas trip. I’ll miss our Spike ball tournaments and hanging out in and out of lab.  

Last but not least, the first years: Sarah Anthony, Margeaux Miller, Tim Boit, and 

Melissa Ramirez. I am very optimistic and confident in their class, as the four of them are hard 

working, motivated, and eager to learn. Sarah and Margeaux are the cutest pair of best friends, 

even cuter than first-year Nick and Mike. Sarah’s personality is contagious (in a good way). She 

is very outgoing and always smiling, even when chemistry is not going so well. Margeaux is 

more on the shy side of the spectrum. She kindly makes me feel useful by asking for my opinion 

on things. Tim can be a bit absent-minded at times, which I find amusing, but he is also very 

intelligent and motivated. And of course, I also really enjoyed getting to know Melissa during 

my last year in lab.  

The undergraduate students I worked with helped keep the lab young and lively. Sarah 

Anthony, Ashley Pournamdari, JJ Hwang, and Alane Co are talented and determined students 
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CHAPTER ONE 

 

The Role of Aryne Distortion, Steric Effects, and Charges in  

Regioselectivities of Aryne Reactions 

 

Jose M. Medina, Joel L. Mackey, Neil K. Garg, and K. N. Houk  

J. Am. Chem. Soc. 2014, 136, 15798–15805. 

 

 

 

1.1 Abstract  

 The distortion / interaction model has been used to explain and predict reactivity in a 

variety of reactions where more common explanations, such as steric and electronic factors, do 

not suffice. This model has also provided new fundamental insight into regioselectivity trends in 

reactions of unsymmetrical arynes, which in turn, has fueled advances in aryne methodology and 

natural product synthesis. This article describes a systematic experimental and computational 

study of one particularly important class of arynes, 3-halobenzynes. 3-Halobenzynes are useful 

synthetic building blocks whose regioselectivities have been explained by several different 

models over the past few decades. Our efforts show that aryne distortion, rather than steric 

factors or charge distribution, are responsible for the regioselectivities observed in 3-haloaryne 

trapping experiments. We also demonstrate the synthetic utility of 3-halobenzynes for the 

efficient synthesis of functionalized heterocycles, using a tandem aryne trapping / cross-coupling 

sequence involving 3-chlorobenzyne. 
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1.2 Introduction 

             The fundamental understanding of molecular reactivity continues to fuel countless aspects 

of scientific discovery. One model for understanding reactivity that has recently received great 

attention is the distortion / interaction model.1,2,3,4,5,6 The premise of this model, which is also 

known as the activation–strain model according to Bickelhaupt,7 divides the activation energy of 

a bimolecular process into two components: the energy needed to distort reactants to the 

transition state geometry and the energy of interaction between the distorted fragments. The 

distortion / interaction model has provided fundamental new insight into chemical reactivity, and 

has been used to understand and predict reactivities and selectivities in an array of chemical 

processes, including Diels–Alder, 1,3-dipolar and bioorthogonal cycloadditions,1 palladium-

catalyzed cross-couplings,2 C–H functionalizations,3 and epoxidation reactions.4  

We have recently explored the application of the distortion / interaction model to explain 

regioselectivity patterns observed in the reactions of certain arynes, especially heterocyclic 

arynes such as indolynes.5,6 Although historically avoided because of their high reactivities, a 

revival of interest in the chemistry of benzynes has occurred in recent decades and benzyne itself 

may now be exploited in a variety of efficient transformations.8  Garnering an improved 

understanding of the reactivity of substituted benzynes should not only facilitate their use in 

complexity-generating reactions, but may also explain reactivity trends observed over several 

decades of prior study.  

                One particular class of substituted benzynes known to react with significant 

regioselectivities are 3-substituted benzynes (1.1, Figure 1.1).8,9 More specifically, when X is an 

inductively electron-withdrawing group (e.g., methoxy or halide), nucleophilic attack at C1 is 

preferred.10 This leads to the formation of meta-substituted products 1.2 rather than ortho-
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substituted adducts 1.3. This has been explained by several models. In the Charge-Controlled 

Model,11 the X group polarizes the triple bond, and nucleophilic addition occurs at the site of 

greatest positive charge.12 A related model, based on NBO electron densities of in-plan π-orbitals 

has been advocated by Ikawa, Akai, and coworkers.9c,d Alternatively, nucleophilic attack at C1 

might be dictated by steric effects (Steric Model).3 Finally, our groups have shown that the 

regioselectivities of reactions of hetarynes and other arynes are controlled by Aryne Distortions, 

where a substituent causes a geometrical distortion such that the geometry of the aryne resembles 

the transition state for nucleophilic attack on one of the carbons.5 Each of these models provides 

a useful mnemonic to predict aryne regioselectivities, but the importance of the different factors 

emphasized by each of these models has not been unambiguously determined. We report a 

systematic experimental and theoretical study of 3-substituted arynes 1.1, where X = halide or 

methoxy, which demonstrates that regioselectivities for these arynes are predominantly 

controlled by aryne distortions. Moreover, we showcase the synthetic utility of 3-haloarynes for 

the efficient synthesis of heterocyclic compounds using a tandem aryne trapping / cross-coupling 

sequence. 
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Figure 1.1. Charge-controlled, steric, and aryne distortion models  

 

1.3 Results and Discussion 

1.3.1 Aryne Distortion Versus Steric Factors 

We first performed computational geometry optimizations of the 3-substituted benzynes 

1.1a–1.1e shown in Figure 1.2. Calculations were carried out using DFT methods (B3LYP/6-

311+G(d,p) and LANL2DZ for Br and I atoms). We also studied these arynes and reactants with 

M06-2X and MP2 and these results are reported and discussed in the Experimental 

Section.13,14,15,16 The Experimental Section also provides structural and charge information for 

each substituted benzyne. Methoxybenzyne (1.1a) is well known to react with a high degree of 

regioselectivity for attack at C18 and serves as a useful point of comparison to the corresponding 

haloarynes 1.1b–1.1e. Regarding the Aryne Distortion Model, a simplified view of this model 

allows one to make predictions based on an analysis of an optimized geometry of the aryne.5b,17 

The 3-methoxybenzyne (1.1a) shows significant distortion; there is a 15° difference in internal 

angles between C1 and C2. Nucleophilic addition is favored at the more linear terminus, C1, as 

the transition state distortion energy for attack at this site is lowest.4 Halobenzynes 1.1b–1.1e are 
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all distorted in a similar manner and are all predicted to undergo preferential attack at C1. The 

degree of regioselectivity is expected to decrease as a function of the electronegativity of the 

halide going from 3-fluorobenzyne (1.1b) to 3-iodobenzyne (1.1e), as a consequence of 

decreased distortion. Although reactions of 3-haloarynes are well known in the literature,1,18 a 

systematic study of reactions involving 1.1b–1.1e has not been performed previously. 

 

 

Figure 1.2. Geometry-optimized structures of 1.1a–1.1e (B3LYP) and regioselectivity 
predictions for nucleophilic attack based on the aryne distortion model 

 

The regioselectivities of reactions of 1.1a–1.1e using N-methylaniline as the trapping 

agent were determined using both computations and experiments (Table 1.1). The results vary 

from exclusive attack at C1 for OMe and F, high selectivity with Cl, and less pronounced 

selectivity with Br and I. Transition state modeling was performed using DFT calculations 

(B3LYP) for the addition of N-methylaniline to C1 or C2 for each aryne. The ΔΔG‡ values 

predict that nucleophilic addition to 3-methoxybenzyne (1.1a) and 3-fluorobenzyne (1.1b) 

should be highly regioselective (entries 1 and 2). Decreased regioselectivity was predicted for 

1.1c–1.1e (entries 3–5), consistent with the Aryne Distortion Model (see Figure 1.2). After 
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accessing suitable silyltriflate precursors 1.4a–1.4e, 19 , 20  we verified the computational 

predictions experimentally.21 The Steric Model was deemed inconsequential based on our results 

and a comparison to A-values, which are 0.15 (fluoride), 0.43 (chloride), 0.38 (bromide), and 

0.43 (iodide).22 The highest selectivity for attack at C1 is observed for the smallest substituent, 

fluoro 1.4b. Consequently steric effects are not dictating regioselectivities in reactions of 3-

halobenzynes. Previous studies of 3-silylarynes have also shown that steric effects can be 

outweighed by other factors (i.e., distortion),6,9a,9b despite the fact that trialkylsilyl groups have 

A-values greater than 2. 

 

Table 1.1. Addition of N-Methylaniline to Various Benzynesa 

 
a Conditions: see experimental section. Computed ratios obtained from 
Boltzmann factors using B3LYP/6-31G(d) free energies including Conductor-
Like Polarizable Continuum Model (CPCM) solvation by CH3CN. b 

Experimental yields and ratios are the average of three experiments and were 
determined by 1H NMR analysis using hexamethylbenzene as an external 
standard. 
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  The same conclusion was drawn for the trapping of arynes 1.1a–1.1e in azide 

cycloaddition reactions (Table 1.2). 23  Consistent with computational predictions, 3-

methoxybenzyne (1.1a) and 3-fluorobenzyne (1.1b) react with high regioselectivity (entries 1 

and 2, respectively). A sequential decrease in regioselectivity was observed for reactions of 

arynes 1.1c–1.1e, as the electron-withdrawing effects of the halide substituents decrease from F 

to Cl to Br to I (entries 3–5, respectively).24 

 

Table 1.2. Cycloaddition of Benzylazide with Various Benzynesa 

 
a Conditions: see experimental section. Computed ratios obtained from 
Boltzmann factors using B3LYP/6-31G(d) free energies including CPCM 
solvation by CH3CN; methylazide was used as a model for benzylazide to 
simplify computational studies. b Experimental yields and ratios are the 
average of three experiments and were determined by 1H NMR analysis using 
hexamethylbenzene as an external standard. 

 

1.3.2 The Role of Charges 

Having ruled out the importance of the Steric Model, we next assessed the role of 

charges, which have often been used to explain aryne regioselectivities.3 Indeed it is quite natural 
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to think of the greater negative charge at the carbon with the smallest angle because that carbon 

will have more s character in the orbital involved in the in-plane π bond.  However, we will 

argue here that this charge polarization is insufficient to account for observed regioselectivities.  

The charge on an atom is not an observable parameter, and there have been different 

definitions made of charges on atoms. Each of these depends on the definition of the boundaries 

separating atoms in molecules. Charges derived from a natural bond orbital analysis have been 

found to be very useful,25 and we use NBO charges here. Figure 1.3 shows computed Natural 

Bond Orbital (NBO) charges of ortho-benzyne (1.7), which were obtained computationally using 

B3LYP/6-311+G(d,p). The charges found on the triple bond carbons of ortho-benzyne (1.7) are 

+0.02. This charge is negligible, and the high electrophilic reactivity of benzyne is not a result of 

charge effects. For comparison, NBO charges were computed at the same level of theory for 

acetone. A charge of 0.57 was found for the electrophilic carbon, in agreement with its polarized 

double bond. Acetone is, however, much less reactive than the nonpolar benzyne, so the 

magnitude of charge is not an index of reactivity. We next studied the charges of substituted 

arynes that might have polarized triple bonds to determine if the charges are related to 

regioselectivity.  

 

 

Figure 1.3. Geometry-optimized structures and NBO charges for o-benzyne (1.7) (B3LYP) 

 

o-benzyne (1.7 )

127°
+0.02

127°
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       Since many authors use charges for qualitative interpretations, it behooves us to provide 

a quantitative assessment of such a model and not just invoke the view that theoreticians deny 

the validity of atomic charges. The charges of 3-fluorobenzyne (1.1b) are shown in Figure 1.4. 

The geometry-optimized structure reveals NBO charges of +0.14 and –0.11 for C1 and C2 

respectively. To determine if this charge polarization could be reasonable for the observed 

regioselectivities, a simple Coulombic interaction model was devised. A point charge of –1 was 

placed in the benzyne plane at a distance of 2.4 Å from C1. This model is an exaggeration in the 

localization of charge, but is the extreme case of an anionic nucleophile. The position of the 

nucleophile charge bisects the C6–C1–C2 angle at C1. The distance between the point charge 

and C2 is 3.1 Å in this model. Coulomb's law was used to compute the net interaction energy 

between the point negative charge and benzyne with these charges.26 This gives an attractive 

energy of 0.2 kcal/mol at C1 using a dielectric constant of 36, which is appropriate for 

acetonitrile. The corresponding analysis with a point negative charge 2.4 Å from C2 and a 

dielectric constant of 36 gives an interaction energy of 0.0 kcal/mol. The electrostatic energy 

difference for the two modes of attack differ by 0.2 kcal/mol, whereas moderate to high 

regioselectivities are observed in reactions of all 3-halobenzynes, in addition to computed energy 

differences that are typically several kcal/mol. We conclude that electrostatic effects are nearly 

negligible, and in any case too small to explain the regioselectivities. Furthermore, the 

explanation of regioselectivities of reactions such as cycloadditions by electrostatic effects have 

long been discredited.27 
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Figure 1.4. Geometry-optimized structure and NBO charges for 3-fluorobenzyne (1.1b) 
(B3LYP) and point charge analysis 

 

    We also calculated the electrostatic potentials for interaction of a charge with the full 3-

fluorobenzyne (1.1b) to compare to our simple Coulombic model, again with a dielectric 

constant of 36, for acetonitrile. These values are 0.0 kcal/mol at C1 and repulsive by 0.2 kcal/mol 

at C2. The 0.2 kcal/mol preference for attak at C1 is favored in both models and is not enough to 

explain the observed regioselectivities. We also performed calculations of this type for 3-

chlorobenzyne (1.1c). While our simple Coulombic model predicts a 0.1–0.2 kcal/mol preference 

for attack at C1 (with the charge placed anywhere from 2.0-2.4 Å from the carbon being 

attacked), the full electrostatic potential calculation predicts a modest 0.2–0.3 kcal/mol 

preference for attack at C1. 

              Two additional calculations involving 1.1b were performed to probe the origin of the 

small charge polarization shown from NBO charges or electrostatic potentials (Figure 1.5). First, 

we replaced the F substituent with H, but maintained the geometry of 1.1b. Despite not having 

the electron-withdrawing substituent, significant charge polarization was observed (+0.10 for C1 
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and –0.05 for C2) in the distorted molecule. The negative charge is preferred on C2, the carbon 

with the smaller angle and greater s character in the in-plane π bond. Additionally, calculations 

were performed on 1.1b, but with the geometry restricted to that of benzyne (i.e., 127° internal 

angle at C1 and C2). Charges of +0.07 and –0.05 for C1 and C2, respectively, were observed. 

Here the charge polarization due to pure induction without rehybridization is one-half that 

observed when there is geometrical relaxation. Figure 1.5 also shows color-coded electrostatic 

potentials on the isodensity surfaces for benzyne (1.7) and 3-fluorobenzyne (1.1b), in addition to 

those for benzyne constrained to the 3-fluorobenzyne geometry and for 3-fluorobenzyne 

constrained to the benzyne geometry. These geometrical constraints have a meaningful influence 

on the relative electrostatic potential at C1 and C2. 

 

 

Figure 1.5. NBO charges for 1.1b separated based on distortion or inductive effects. 
Electrostatic potentials of benzyne (1.7) and 3-fluorobenzyne (1.1b). Also shown are 
electrostatic potentials for benzyne with 3-fluorobenzyne geometry and 3-fluorobenzyne with 
benzyne geometry (red indicates the lowest electrostatic potential energy, whereas blue indicates 
the highest) 
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      These findings show that the aryne distortion and inductive effects are synergistic factors 

contributing to the overall charge polarization. Of course, there is no geometrical distortion until 

a substituent is added. This geometrical distortion and the small charge polarization are caused 

by the electronegativity of the substituent. According to Bent’s Rule,28 the bond from C2 to C3 

of the aryne will involve a hybrid orbital on C2 with more p character than that on C3. This 

releases electron density to C3 and its attached electronegative atom. This decreases the C2 bond 

angle from its natural 127° (see Figure 1.3) toward 90°. The in-plane π orbital between C1 and 

C2 is polarized toward C2 since C2 will have more s character. 

 A similar charge analysis was performed for 3-trimethylsilylbenzyne (1.8), as shown in 

Figure 1.6.6,29 Notably, the distortion and partial charges for 1.8 are reversed in comparison to 3-

haloarynes. The charges at C1 and C2 are –0.04 and +0.09, respectively. By replacing the 

trimethylsilyl group with H, but maintaining the geometric constraints found in 1.8, the charge 

distribution was found to be similar (–0.03 and +0.07 at C1 and C2, respectively). Most of the 

polarization is the result of distortion and rehybridization codified in Bent’s rule. Finally, we 

gauged the electronic influence of the trimethylsilyl group on charge by performing calculations 

on 1.8 but with the undistorted geometry of benzyne. Only small charges of –0.01 and +0.04 at 

C1 and C2, respectively, were observed. 
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Figure 1.6. Geometry-optimized structure and NBO charges for 3-trimethylsilylbenzyne (1.8), in 
addition to charge distribution due to distortion or inductive effects 

 

These results underscore that the geometrical distortion present in unsymmetrical arynes, 

and rehybridization that accompanies this distortion, largely contributes to observed charge 

polarization. The small degree of charge polarization is not the sole cause of the observed 

regioselectivites, and we conclude that the Charge-Controlled Model is not sufficient to explain 

the regioselectivities observed in these unsymmetrical aryne reactions, particularly in the case of 

3-halobenzynes. It does, of course, give a qualitatively correct prediction about selectivity, and 

might be considered a useful mnemonic for this reason. However, it is an example of the “right 

answer for the wrong reason.” 

Ikawa, Akai, and coworkers have shown that there is a qualitative correspondence 

between the NBO electron density of the in-plane aryne π-orbital and the regioselectitivity of 

nucleophilic attack.9c,d Attack occurs at the site of lower NBO electron density. This is 

presumably related to the lesser closed-shell repulsion that occurs upon overlap of the occupied 

orbitals of the nucleophile and aryne. 
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1.3.3 Transition State Analysis and Aryne Distortion 

In previous articles,5 we have shown that the reactant distortion controls regioselectivites 

by influencing the distortion energies for attack at C1 vs C2. Figure 1.7 shows the geometry of 

the transition state for methyl azide attack on benzyne (1.7). As described earlier, the 

nucleophilic attack of N1 of the azide occurs at the relatively more linear angle on the benzyne 

where the π orbital has more p character. The 131° angle is similar to that in benzyne itself (i.e., 

127°). The weaker interaction is at the carbon with the angle of 121°. 

 

 

Figure 1.7. Benzyne internal angles and transition state for methyl azide / benzyne cycloaddition 

 

The regioselectivity trends for the reactions of halobenzynes are explained by analysis of 

the competing transitions states, as shown in Figure 1.8 for 3-fluorobenzyne (1.1b) and 3-

chlorobenzyne (1.1c). In the case of 3-fluorobenzyne (1.1b), TS1 and TS3 are favored over TS2 

and TS4, respectively. The aryne distortion5 in each of the favored transition states closely 

resembles the distortion already present in the ground state of aryne 1.1b. Initial bond formation 

occurs at C1; the π orbital at this site possesses greater p-character due to the aryne distortion. In 

the preferred transition states TS1 and TS3, the distortion caused by fluorine is slightly increased 
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by the attacking azide, but fluorine and the azide are distorting in conflicting manners for the 

disfavored transition state, TS4.  

The reactions involving 3-chlorobenzyne (1.1c) are analogous. TS5 and TS7 are favored 

over TS6 and TS8, respectively due to the distortion present in 1.1c. As the atomic radius and A-

values for Cl (79 pm and 0.43, respectively) are significantly larger compared to those of F (42 

pm and 0.15, respectively), steric effects should be considered as well in the disfavored transition 

states, TS6 and TS8. Comparisons of TS2 and TS6 show that the trajectories for approach of the 

N-Me-aniline nucleophile is nearly identical; additionally, the forming C–N bond distances are 

nearly the same in both cases (2.12 Å and 2.16 Å, respectively). As such, there is no evidence for 

steric replusions by chlorine in TS2 or TS6. The comparision of TS4 and TS8 reveal slightly 

different transition states, but the shorter distance of the forming C–N bond at C2 in TS8 (2.52 Å 

in TS4 vs. and 2.35 Å in TS8) suggests that steric effects are not a major controlling factor in the 

reaction of 3-chlorobenzyne. Moreover, as mentioned earlier, if steric factors were the guiding 

factor in reactions of 3-halobenzynes, a higher preference for reaction at C1 would be expected 

in trapping experiments of 3-chlorobenzyne (1.1c) than with 3-fluorobenzyne (1.1b). 

Experimentally and computationally the opposite trend is observed. We can conclude that 

although steric factors and charge distribution can make small contributions to the observed 

regioselectivities, the aryne distortion and the associated transition state distortion play key roles 

in determining regioselectivity in these trapping experiments. 
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Figure 1.8. Competing transition states for the addition of N-methylaniline and methyl azide to 
3-fluorobenzyne (1.1b) and 3-chlorobenzyne (1.1c). Transition states were located using 
B3LYP/6-311+G(d) 

 

1.3.4 Efficient Synthesis of Heterocyclic Scaffolds 

Although trapping experiments of 3-haloarynes have been reported,8,18 the general 

synthetic utility of these species has remained underexplored. We hypothesized that 3-

halosilyltriflates (and, in turn, the corresponding arynes) could serve as valuable building blocks 

for the synthesis of functionalized heterocycles. Specifically, it was envisioned that a sequence 

involving aryne cycloaddition30 and subsequent metal-catalyzed cross-coupling31 could allow for 
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would then give rise to a heterocyclic product 1.9 with regiocontrol. Finally, the halide would be 

used as a cross-coupling partner to construct a new C–C or C–N bond and deliver products 1.10. 

 

 

Figure 1.9. Tandem aryne trapping / cross-coupling sequence 

 

We elected to synthesize C4-substituted benzotriazoles as a means to validate the 

sequence suggested in Figure 1.9. C4-substituted benzotriazoles have been studied as drug 

candidates, for example in the search for JNK1 inhibitors.32 As described earlier, the 3-

haloarynes readily undergo cycloaddition with benzylazide to give benzotriazole products 

bearing halide substituents with significant regioselectivities (see Table 1.2). As a challenging 

test for the cross-coupling part of the sequence, we chose chlorobenzotriazole 1.5c as the test 

substrate. Although cross-couplings of aryl chlorides are generally less common compared to 

couplings of aryl bromides and iodides, conditions for aryl chloride couplings are available. In 

fact, nickel catalysis can be used for aryl chloride couplings using conventional ligands, 

including readily available phosphines.33  As shown in Figure 1.10, 1.5c could be employed in 

the Ni-catalyzed Suzuki–Miyaura coupling with heteroaryl boronic acids.34  The transformation 

proceeds in the green solvent 2-Me-THF, and gives products 1.11a and 1.11b in good yields.  
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Additionally, the Ni-catalyzed amination 35  of 1.5c proceeded smoothly to produce 

aminobenzotriazoles 1.12a and 1.12b, also in synthetically useful yields.  It should be 

emphasized that the Ni-catalyzed C–C and C–N bond formations: a) utilize air-stable 

precatalysts, and thus are carried out on the benchtop, b) are tolerant of the benzotriazole motif, 

and c) are tolerant of a variety of other heterocycles, as demonstrated by the formation of 

products 1.11a, 1.11b, 1.12a, and 1.12b. Therefore, our results not only validate the utility of 3-

haloarynes for the construction of functionalized heterocycles, but also showcase the growing 

value of nickel catalysis in modern cross-coupling reactions.33 

 

 

Figure 1.10. Nickel-catalyzed C–C and C–N bond forming reactions for the synthesis of 
functionalized benzotriazoles 1.11 and 1.12 

 

1.4 Conclusion 
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aryne trapping / cross-coupling sequence developed, we have demonstrated the synthetic utility 

of 3-haloarynes for the assembly of functionalized heterocyclic compounds. We expect that these 

studies of reactivity, regioselectivity, and synthetic applications will help propel the use of 

unsymmetrical arynes in complexity-generating transformations. 

 

1.5 Experimental Section 

1.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals and stored on the bench-

top at ambient temperature under an N2 atmosphere. 2,6-Dibromophenol was obtained from 

Combi-Blocks, Inc. N-Phenyl-bis(trifluoromethanesulfonimide) was obtained from Oakwood 

Products, Inc. Finely powdered anhydrous K3PO4 was obtained from Acros Organics. 3-

Furanylboronic acid was obtained from Combi-Blocks, Inc. 2-Methoxypyridine-3-boronic acid 

was obtained from Frontier Scientific. 2-Methyltetrahydrofuran (2-Me-THF), anhydrous, was 

obtained from Acros Organics. NiCl2(DME) and NiCl2(PCy3)2 were obtained from Strem 

Chemicals. NaOtBu was obtained from Alfa Aesar. Morpholine, 2-pyridylpiperazine, SIPr•HCl, 

and Ph–B(pin) were obtained from Sigma Aldrich and Alfa Aesar. The following reagents were 

distilled prior to use: Trifluoromethanesulfonic anhydride (Tf2O), pyridine, and tert-

butyldimethylsilyl trifluoromethanesulfonate (TBSOTf). Trimethylsilyl chloride (TMSCl) and 

tetramethylethylenediamine (TMEDA) were stirred over CaH2 for 1 h prior to distillation. 

Dioxane was distilled over sodium benzophenone ketyl. Diethylamine (Et2NH) was dried over 
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KOH and then passed over basic Brockman Grade I 58 Å Al2O3 (Activity 1). 1,8-

Diazabicycloundec-7-ene (DBU), and N-methylaniline were dried over 3 Å molecular sieves and 

then passed over basic Brockman Grade I 58 Å Al2O3 (Activity 1) prior to use. n-Pentane was 

dried over MgSO4 prior to use. Reaction temperatures were controlled using an IKAmag 

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

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

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

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

was used for flash column chromatography. 1H NMR and 2D-NOESY spectra were recorded on 

Bruker spectrometers (at 300 MHz, 400 MHz, or 500 MHz) and are reported relative to 

deuterated solvent signals. Data for 1H NMR spectra are reported as follows: chemical shift (δ 

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

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

for 13C NMR spectra are reported in terms of chemical shift and, when necessary, multiplicity, 

and coupling constant (Hz). IR spectra were recorded on a Perkin-Elmer 100 spectrometer and 

are reported in terms of frequency of absorption (cm-1). High-resolution mass spectra were 

obtained on Waters LCT Premier with ACQUITY LC and Thermo ScientificTM Exactive Mass 

Spectrometers with DART ID-CUBE. 
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1.5.2 Experimental Procedures 

1.5.2.1 Synthesis of 3-Fluorobenzyne Precursor 1.4b 

 

 

Fluorocarbamate 1.14. To a stirred solution of 2-fluorophenol (1.13) (0.95 mL, 10.6 mmol) in 

CH2Cl2 (35 mL) was added i-PrNCO (1.56 mL, 15.9 mmol, 1.5 equiv), followed by Et3N (0.30 

mL, 2.1 mmol, 0.2 equiv). The solution was stirred at 23 °C for 12 h and then quenched with 

saturated aqueous NaHCO3 (20 mL). The layers were separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The organic layers were combined and washed with brine 

(50 mL), and then dried over MgSO4. Evaporation of the solvent under reduced pressure 

afforded the crude product, which was further purified by flash chromatography (20:1 

Hexanes:EtOAc) to furnish carbamate 1.14 (2.09 g, 99% yield) as a white solid. Spectral data 

match those previously reported.36 

 

 

Fluorosilylcarbamate 1.15. To a solution of fluorocarbamate 1.14 (2.09 g, 10.5 mmol) in 

diethyl ether (100 mL) at 0 °C was added TMEDA (1.77 mL, 11.8 mmol, 1.1 equiv), followed 

by a solution of TBSOTf in n-pentane (1.30 M, 8.70 mL, 11.8 mmol, 1.1 equiv). The mixture 

was allowed to stir at 0 °C for 5 min and was then warmed to 23 °C over 30 min. Additional 
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TMEDA (3.22 mL, 21.4 mmol, 2.0 equiv) was added and the reaction was cooled to  –78 °C. A 

solution of n-BuLi in hexanes (2.20 M, 9.75 mL, 21.4 mmol, 2.0 equiv) was added dropwise 

over 70 min. The mixture was stirred at –78 °C for an additional 1 h and then neat TMSCl (4.76 

mL, 37.5 mmol, 3.5 equiv) was added dropwise over 35 min. The resulting mixture was stirred at 

–78 °C for 85 min, quenched with saturated aqueous NaHSO4 (60 mL), and allowed to warm to 

23 °C over 45 min with vigorous stirring. The organic layer was separated, washed successively 

with 1 M NaHSO4 (60 mL) and brine (60 mL), and then dried over Na2SO4. Evaporation under 

reduced pressure afforded crude product, which was further purified by flash chromatography 

(95:5 Hexanes:EtOAc) to afford 1.15 (2.62 g, 93% yield) as a white solid. Spectral data match 

those previously reported.36 

 

 

Fluorosilyltriflate 1.4b. To a solution of fluorosilylcarbamate 1.15 (2.62 g, 9.7 mmol) in 

CH3CN (100 mL) was added DBU (2.20 mL, 14.6 mmol, 1.5 equiv) and Et2NH (1.20 mL, 11.7 

mmol, 1.2 equiv). The resulting mixture was placed in an oil bath maintained at 40 °C for 45 min 

and then allowed to cool to 23 °C. Next, a solution of PhNTf2 (5.20 g, 14.6 mmol, 1.5 equiv) in 

CH3CN (30 mL) was added via cannula over 20 min. After stirring for 2 h, the reaction mixture 

was washed successively with saturated aqueous NaHSO4 (2 x 60 mL) and 10% aqueous NaOH 

(2 x 60 mL), and then dried over Na2SO4. Evaporation under reduced pressure afforded the crude 

product, which was further purified by flash chromatography (200:1 Hexanes:Et2O) to provide 

fluorosilyltriflate 1.4b (2.83 g, 92% yield) as a colorless oil. 1.4b: Rf  0.52 (10:1 Hexanes:Et2O); 
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1H NMR (400 MHz, CDCl3): δ 7.36–7.28 (m, 2H), 7.26–7.21 (m, 1H), 0.41 (s, 9H); 13C NMR 

(125 MHz, CDCl3): δ 153.4 (d, J = 254.2), 140.8 (d, J = 11.8), 137.3 (d, J = 3.1), 131.0 (d, J = 

4.3), 129.4 (d, J = 6.6), 118.9 (q, J = 320.3, CF3), 118.5 (d, J = 19.4), 0.4; IR (film): 2961, 1604, 

1578, 1420, 1269, 1207 cm–1; HRMS-ESI (m/z) [M – H]– calcd for C10H11F4O3SSi, 315.01288; 

found, 315.01429. 

 

1.5.2.2 Synthesis of 3-Chlorobenzyne Precursor 1.4c 

 

 

Chlorocarbamate 1.17. To a stirred solution of 2-chlorophenol (1.16) (1.37 g, 10.6 mmol) in 

CH2Cl2 (35 mL) was added i-PrNCO (1.56 mL, 15.9 mmol, 1.5 equiv), followed by NEt3 (0.30 

mL, 2.1 mmol, 0.2 equiv). The solution was stirred at 23 °C for 12 h and then quenched with 

saturated aqueous NaHCO3 (20 mL). The layers were separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The organic layers were combined and washed with brine 

(50 mL), and then dried over MgSO4. Evaporation of the solvent under reduced pressure 

afforded the crude product, which was further purified by flash chromatography (20:1 

Hexanes:EtOAc) to furnish chlorocarbamate 1.17 (2.29 g, 99% yield) as a white solid. Spectral 

data match those previously reported.37 
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Chlorosilylcarbamate 1.18. To a solution of chlorocarbamate 1.17 (2.29 g, 10.5 mmol) in 

diethyl ether (105 mL) at 0 °C was added TMEDA (1.77 mL, 11.8 mmol, 1.1 equiv), followed 

by a solution of TBSOTf in n-pentane (1.30 M, 8.70 mL, 11.8 mmol, 1.1 equiv). The mixture 

was allowed to stir at 0 °C for 5 min and was then warmed to 23 °C over 30 min. Additional 

TMEDA (3.22 mL, 21.4 mmol, 2.0 equiv) was added and the reaction was cooled to –78 °C. A 

solution of n-BuLi in hexanes (2.20 M, 9.75 mL, 21.4 mmol, 2.0 equiv) was added dropwise 

over 70 min. The mixture was stirred at –78 °C for an additional 1 h and then neat TMSCl (4.76 

mL, 37.5 mmol, 3.5 equiv) was added dropwise over 35 min. The resulting mixture was stirred at  

–78 °C for 85 min, quenched with saturated aqueous NaHSO4 (60 mL), and allowed to warm to 

23 °C over 45 min with vigorous stirring. The organic layer was separated, washed successively 

with 1 M NaHSO4 (60 mL) and brine (60 mL), and then dried over Na2SO4. Evaporation under 

reduced pressure afforded crude product, which was further purified by flash chromatography 

(95:5 Hexanes:EtOAc) to afford chlorosilylcarbamate 1.18 (2.39 g, 80% yield) as a white solid. 

Spectral data match those previously reported.37 
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mmol, 1.2 equiv). The resulting mixture was placed in a heating bath maintained at 40 °C for 45 

min and then allowed to cool to 23 °C. Next, a solution of PhNTf2 (4.48 g, 12.5 mmol, 1.5 equiv) 

in CH3CN (30 mL) was added via cannula over 20 min. After stirring for 2 h, the reaction 

mixture was washed successively with saturated aqueous NaHSO4 (2 x 60 mL) and 10% aqueous 

NaOH (2 x 60 mL), and then dried over Na2SO4. Evaporation under reduced pressure afforded 

the crude product, which was further purified by flash chromatography (100% Hexanes) to 

provide chlorosilyltriflate 1.4c (2.16 g, 86% yield) as a colorless oil. 1.4c: Rf  0.55 (200:1 

Hexanes:Et2O); 1H NMR (400 MHz, CDCl3): δ 7.50 (dd, J = 7.8, 1.6, 1H), 7.46 (dd, J = 7.5, 1.6, 

1H), 7.31 (t, J = 7.8, 1H), 0.41 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 148.3, 137.7, 135.0, 

132.6, 129.0, 127.6, 118.7 (q, J = 320, CF3), 0.0; IR (film): 2958, 1556, 1397, 1254, 1208 cm–1; 

HRMS-ESI (m/z) [M + H]+ calcd for C10H13ClF3O3SSi, 332.99898; found, 332.99871. 

 

1.5.2.3 Synthesis of 3-Bromobenzyne Precursor 1.4d 

 

 

Silylether 1.20. Silylether 1.20 was prepared following the general procedure described by 

Díaz.38 To a solution of 2,6-dibromophenol (1.19) (1.09 g, 4.3 mmol) in THF (5 mL) was added 

HMDS (1.81 mL, 8.7 mmol, 2.0 equiv). The reaction vessel was sealed and placed in an 

aluminum heating block maintained at 66 °C for 24 h. After cooling to 23 °C, evaporation of the 

solvent under reduced pressure afforded crude 1.20 as a colorless oil, which was used in the 

subsequent step without further purification. 
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Bromosilylphenol 1.21. Compound 1.21 was prepared following a modification of the 

procedure described by Booker.39 Silylether 1.20 (1.40 g, 4.3 mmol) was dissolved in THF (43 

mL) and cooled to –78 °C. A solution of n-BuLi in hexanes (2.20 M, 1.97 mL, 4.3 mmol, 1.0 

equiv) was added dropwise over 15 min. After stirring at –78 °C for 1 h, the solution was 

removed from the bath and allowed to warm to 23 °C. After stirring for an additional 4.5 h, the 

reaction was quenched with saturated aqueous NH4Cl (30 mL). The biphasic mixture was further 

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

with Et2O (3 x 50 mL). The combined organic layers were washed with H2O (50 mL), and then 

dried over MgSO4. Evaporation of the solvent under reduced pressure afforded the crude 

product, which was further purified by flash chromatography (100% Hexanes) to afford 1.21 

(1.02 g, 94% yield, 2 steps) as a colorless oil. Spectral data match those previously reported.39 

 

 

Bromosilyltriflate 1.4d. Bromosilyltriflate 1.4d was prepared following a modified procedure 

described by Shimizu.40 To a solution of bromosilylphenol 1.21 (1.00 g, 4.1 mmol) in CH2Cl2 

(15 mL) at 0 °C was added Tf2O (1.02 mL, 6.1 mmol, 1.5 equiv) followed by pyridine (1.64 mL, 

20.4 mmol, 5.0 equiv). The reaction was stirred at 0 °C for 5 min and then at 23 °C for 16 h. The 
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reaction was quenched with saturated aqueous NaHCO3 (20 mL). The layers were separated, and 

the aqueous layer was extracted with hexanes (3 x 20 mL). The combined organic layers were 

washed with brine (50 mL), and then dried over MgSO4. Evaporation of the solvent under 

reduced pressure afforded the crude product, which was further purified by flash 

chromatography (100% Hexanes) to afford bromosilyltriflate 1.4d (1.25 g, 81% yield) as a 

colorless oil. Spectral data match those previously reported.41 

 

1.5.2.4 Synthesis of 3-Iodobenzyne Precursor 1.4e 

 

 

Chlorocarbamate 1.17. To a solution of 2,6-diiodophenol (1.22)42 (2.63 g, 7.6 mmol) in CH2Cl2 

(20 mL) at –78 °C was added Et3N (5.90 mL, 42.0 mmol, 5.5 equiv) followed by TMSOTf in n-

pentane  (3.80 M, 16.8 mL, 38.0 mmol, 5.0 equiv) over 20 min. The reaction was stirred at –78 

°C for 1 h. After warming to 23 °C, the mixture was loaded directly onto a silica gel column and 

purified by flash chromatography (100% Hexanes) to afford 1.23 (2.76 g, 87% yield) as a 

colorless oil. 1.23: Rf  0.60 (100% Hexanes); 1H NMR (300 MHz, C6D6): δ 7.44 (d, J = 7.8, 2H), 

5.82 (t, J = 7.9, 1H), 0.44 (s, 9H); 13C NMR (125 MHz, C6D6): δ 156.5, 140.2, 125.1, 89.8, 2.8; 

IR (film): 2954, 1542, 1432, 1267, 1253, 1076 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C9H13I2OSi, 418.88195; found, 418.88285. 
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Iodosilylphenol 1.24. Iodosilylphenol 1.24 was prepared following a modification of the 

procedure described by Booker.39 Silylether 1.23 (3.40 g, 8.1 mmol) was dissolved in THF (85 

mL) and cooled to –78 °C. A solution of n-BuLi in hexanes (2.54 M, 3.20 mL, 8.1 mmol, 1.0 

equiv) was added dropwise over 15 min. After stirring at –78 °C for 2 h, the solution was 

removed from the bath and allowed to warm to 23 °C. After stirring for an additional 4.5 h, the 

reaction was quenched with H2O (20 mL) and the biphasic mixture was further diluted with Et2O 

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

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

Evaporation of the solvent under reduced pressure afforded the crude product, which was further 

purified by flash chromatography (100% Hexanes) to afford 1.24 (2.05 g, 86% yield) as a 

colorless oil. 1.24: Rf  0.50 (100% Hexanes); 1H NMR (300 MHz, CDCl3): δ 7.66 (dd, J = 7.9, 

1.6, 1H), 7.32 (dd, J = 7.2, 1.5, 1H), 6.66 (t, J = 7.6, 1H), 5.45 (s, 1H), 0.30 (s, 9H); 13C NMR 

(125 MHz, CDCl3): δ 158.7, 139.5, 135.8, 126.5, 122.3, 87.1, -1.1; IR (film): 3491, 2954, 1576, 

1416, 1319, 1229 cm–1; HRMS-ESI (m/z) [M – H]– calcd for C9H12IOSi, 290.9665; found, 

290.9714. 
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Iodosilyltriflate 1.4e. Iodosilyltriflate 1.4e was prepared following the general procedure 

described by Shimizu.40 To a solution of 1.24 (2.05 g, 7.0 mmol) in CH2Cl2 (25 mL) at 0 °C was 

added Tf2O (1.80 mL, 10.6 mmol, 1.5 equiv) followed by pyridine (2.83 mL, 35.2 mmol, 5.0 

equiv). The reaction was stirred at 0 °C for 5 min and then at 23 °C for 16 h. The reaction was 

quenched with saturated aqueous NaHCO3 (20 mL). The organic layers were separated, and the 

aqueous layer was extracted with hexane (3 x 20 mL). The organic layers were combined and 

washed with brine (50 mL), and then dried over MgSO4. Evaporation of the solvent under 

reduced pressure afforded the crude product, which was further purified by flash 

chromatography (100% Hexanes) to afford iodosilyltriflate 1.4e (2.33 g, 78% yield) as a 

colorless oil. 1.4e: Rf  0.50 (100% Hexanes); 1H NMR (300 MHz, CDCl3): δ 7.92 (dd, J = 7.7, 

1.7, 1H), 7.54 (dd, J = 7.4, 1.7, 1H), 7.07 (t, J = 7.6, 1H), 0.38 (s, 9H); 13C NMR (125 MHz, 

CDCl3): δ 151.2, 142.6, 137.6, 137.0, 129.4, 118.6 (q, J = 319.6, CF3), 90.0, 0.3; IR (film): 2957, 

1574, 1544, 1401, 1384, 1206 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C10H13F3IO3SSi, 

424.9346; found, 424.9342. 

 

1.5.2.5 N-Methylaniline Trapping Experiments 

 

 

Representative Procedure (Preparation of adduct 1.2a is used as an example). 1.2a (Table 

1.1, entry 1) To a stirred solution of silyltriflate 1.4a (21.0 mg, 0.064 mmol) and N-

methylaniline (34.5 µL, 0.320 mmol, 5.0 equiv) in CH3CN (2.50 mL) was added CsF (51.0 mg, 
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0.320 mmol, 5.0 equiv). The reaction vessel was sealed and placed in an aluminum heating block 

maintained at 60 °C for 2 h. After cooling to 23 °C, the heterogeneous reaction mixture was 

filtered over silica gel (EtOAc eluent). Evaporation under reduced pressure afforded the crude 

product 1.2a and the yield was determined by 1H NMR analysis using hexamethylbenzene as an 

external standard (94% yield, average of three experiments). An analytical sample of 1.2a was 

isolated as a colorless oil by preparative thin layer chromatography (95:5 Hexanes:EtOAc). 

Spectral data match those previously reported.43 

 

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

following schemes, which depict all of the results shown in Table 1.1. 

 

 

1.2b (Table 1.1, entry 2). The yield was determined by 1H NMR analysis using 

hexamethylbenzene as an external standard (80% yield, average of three experiments). An 

analytical sample of 1.2b was isolated as a colorless oil by preparative thin layer 

chromatography (95:5 Hexanes:EtOAc). 1.2b: Rf  0.62 (95:5 Hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): δ 7.36–7.32 (m, 2H), 7.17–7.12 (m, 3H), 7.10 (tt, J = 7.3, 1.2, 1H), 6.65 (ddd, J = 

8.4, 2.4, 0.9, 1H), 6.58 (dt, J = 12.1, 2.4, 1H), 6.53 (tdd, J = 8.3, 2.5, 0.8, 1H), 3.30 (s, 3H); 13C 

NMR (125 MHz, CDCl3): δ 163.8 (d, J = 245.8), 150.9 (d, J = 10.4), 148.4, 130.1 (d, J = 10.0), 
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OTf

TMS

N-methylaniline (5 equiv)

CsF (5 equiv)
CH3CN, 60 °C

(80% yield)

N
Me

1.4b 1.2b

Ph

F
F



31 

2917, 1616, 1590, 1492, 1348, 1259 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H13FN, 

202.10265; found, 202.10178. 

 

 

1.2c and 1.3c (Table 1.1, entry 3). The yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (>20:1 ratio of 1.2c:1.3c, 66% yield, 

average of three experiments). Analytical samples of 1.2c and 1.3c, both isolated as colorless 

oils, were obtained by preparative thin layer chromatography (95:5 Hexanes:EtOAc). 1.2c: Rf  

0.50 (95:5 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.36–7.32 (m, 2H), 7.15–7.07 (m, 

4H), 6.89 (t, J = 2.1, 1H), 6.83 (ddd, J = 7.9, 2.0, 0.9, 1H), 6.78 (ddd, J = 8.4, 2.4, 0.9, 1H), 3.30 

(s, 3H); 13C NMR (125 MHz, CDCl3): δ 150.4, 148.4, 134.9, 130.1, 129.7, 123.6, 123.5, 119.6, 

117.6, 115.9, 40.4; IR (film): 3063, 2881, 2814, 1583, 1561, 1494 cm–1; HRMS-ESI (m/z) [M + 

H]+ calcd for C13H13ClN, 218.07310; found, 218.07204. Spectral data for 1.3c match those 

previously reported.44 

 

 

1.2d and 1.3d (Table 1.1, entry 4). To yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (13:1 ratio of 1.2d:1.3d, 67% yield, 

average of three experiments). Analytical samples of 1.2d and 1.3d, both isolated as colorless 
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oils, were obtained by preparative thin layer chromatography (95:5 Hexanes:EtOAc). 1.2d: Rf  

0.52 (95:5 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.36–7.32 (m, 2H), 7.13–7.04 (m, 

5H), 6.98 (br d, J = 7.8, 1H), 6.82 (dd, J = 8.3, 2.3, 1H), 3.30 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 150.5, 148.3, 130.4, 129.7, 123.6, 123.4, 123.1, 122.6, 120.5, 116.4, 40.4; IR (film): 

3062, 2880, 2813, 1582, 1560, 1495 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H13BrN, 

262.02259; found, 262.02160. Spectral data for 1.3d match those previously reported.45 

 

 

1.2e and 1.3e (Table 1.1, entry 5). The yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (9:1 ratio of 1.2e:1.3e, 57% yield, 

average of three experiments). Analytical samples of 1.2e and 1.3e, both isolated as colorless 

oils, were obtained by preparative thin layer chromatography (95.5 Hexanes:EtOAc). 1.2e: Rf  

0.55 (95:5 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.35–7.31 (m, 2H), 7.26 (app. t, J = 

2.0, 1H), 7.20 (ddd, J = 7.6, 1.6, 1.1, 1H), 7.11–7.06 (m, 3H), 6.93 (dd, J = 7.6, 7.6, 1H), 6.87 

(ddd, J = 8.3, 2.3, 1.0, 1H), 3.29 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 150.4, 148.3, 130.5, 

129.7, 128.9, 126.8, 123.4, 123.0, 117.5, 95.1, 40.4; IR (film): 3059, 2877, 2812, 1577, 1555, 

1476 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H13IN, 310.00872; found, 310.01013. 

Spectral data for 1.3e match those previously reported.46 
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1.5.2.6 Benzylazide Trapping Experiments 

 

 

Representative Procedure (Preparation of adduct 1.5a is used as an example). 1.5a (Table 

1.2, entry 1). To a stirred solution of silyltriflate 1.4a (19.6 mg, 0.060 mmol) in CH3CN (2.50 

mL) was added a solution of benzylazide47 in benzene (0.80 M, 0.38 mL, 0.300 mmol, 5.0 equiv) 

followed by CsF (48.0 mg, 0.300 mmol, 5.0 equiv). The reaction vessel was sealed and placed in 

an aluminum heating block maintained at 60 °C for 2 h. After cooling to 23 °C, the reaction 

mixture was filtered over silica gel (EtOAc eluent). Evaporation under reduced pressure afforded 

the crude product 1.5a and the yield was determined by 1H NMR analysis using 

hexamethylbenzene as an external standard (94% yield, average of three experiments). An 

analytical sample of 1.5a was isolated as a colorless oil by preparative thin layer chromatography 

(9:1 Hexanes:EtOAc). Spectral data match those previously reported.48 

 

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

following schemes, which depict all of the results shown in Table 1.2 
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1.5b (Table 1.2, entry 2). The yield was determined by 1H NMR analysis using 

hexamethylbenzene as an external standard (68% yield, average of three experiments). An 

analytical sample of 1.5b was isolated as amorphous solids by preparative thin layer 

chromatography (9:1 Hexanes:EtOAc). 1.5b: Rf  0.23 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.37–7.31 (m, 4H), 7.29–7.26 (m, 2H), 7.13 (dd, J = 8.4, 0.5, 1H), 7.00 (ddd, J = 10.1, 

7.8, 0.5, 1H), 5.85 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 153.6 (d, J = 259.5), 136.8 (d, J = 

19.0), 135.8 (d, J = 6.5), 134.4. 129.2, 128.8, 128.4 (d, J = 6.9), 127.7, 108.7 (d, J = 17.2), 105.9 

(d, J = 5.0), 52.7; IR (film): 3088, 3033, 1632, 1594, 1509, 1495 cm–1; HRMS-ESI (m/z) [M + 

H]+ calcd for C13H11FN3, 228.09315; found, 228.09291. 

The structure of 1.5b was confirmed by a 2D-NOESY experiment, as the following interaction 

was observed: 

 

 

 

1.5c and 1.6c (Table 1.2, entry 3). The yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (16:1 ratio of 1.5c:1.6c, 53% yield, 

average of three experiments). Analytical samples of 1.5c and 1.6c, both isolated as amorphous 

solids, were obtained by preparative thin layer chromatography (7:2:1 
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Hexanes:EtOAc:Benzene). 1.5c: Rf  0.25 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.37–7.29 (m, 5H), 7.28–7.23 (m, 3H), 5.85 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 144.2, 

134.4, 134.2, 129.2, 128.8, 128.1, 127.7, 125.7, 124.0, 108.6, 52.8; IR (film): 3068, 1610, 1580, 

1561, 1495, 1456 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H11ClN3, 244.06360; found, 

244.06295. 1.6c: Rf  0.45 (7:2:1 Hexanes:EtOAc:Benzenes); 1H NMR (500 MHz, CDCl3): δ 7.99 

(dd, J = 8.4, 0.8, 1H), 7.42 (dd, J = 7.6, 0.9, 1H), 7.32–7.24 (m, 6H), 6.15 (s, 2H); 13C NMR (125 

MHz, CDCl3): δ 147.9, 136.2, 130.2, 129.0, 128.4, 128.3, 127.4, 124.9, 119.1, 116.1, 53.0; IR 

(film): 3067, 2918, 1575, 1497, 1456, 1442 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C13H11ClN3, 244.06360; found, 244.06316. 

The structure of 1.5c was confirmed by a 2D-NOESY experiment, as the following interaction 

was observed: 

 

 

 

1.5d and 1.6d (Table 1.2, entry 4). To yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (12:1 ratio of 1.5d:1.6d, 45% yield, 

average of three experiments). Analytical samples of 1.5d and 1.6d, both isolated as amorphous 

solids, were obtained by preparative thin layer chromatography (7:2:1 
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Hexanes:EtOAc:Benzene). 1.5d: Rf  0.25 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.51 (dd, J = 7.0, 1.2, 1H), 7.35–7.28 (m, 4H), 7.27–7.22 (m, 3H), 5.85 (s, 2H); 13C NMR (125 

MHz, CDCl3): δ 145.5, 134.4, 133.8, 129.2, 128.8, 128.4, 127.7, 127.2, 113.7, 109.2, 52.9; IR 

(film): 3067, 3033, 1608, 1580, 1490, 1455 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C13H11BrN3, 288.01309; found, 288.01228. 1.6d: Rf  0.35 (7:2:1 Hexanes:EtOAc:Benzene); 1H 

NMR (500 MHz, CDCl3): δ 8.04 (dd, J = 8.2, 0.8, 1H), 7.62 (dd, J = 7.5, 0.8, 1H), 7.33–7.28 (m, 

3H), 7.24–7.21 (m, 3H), 6.19 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 147.6, 136.4, 131.9, 

131.5, 128.9, 128.3, 127.2, 125.3, 119.7, 102.6, 52.6; IR (film): 3034, 1607, 1569, 1496, 1455, 

1436 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H11BrN3, 288.01309; found, 288.01250. 

The structure of 1.5d was confirmed by a 2D-NOESY experiment, as the following interaction 

was observed: 

 

 

 

1.5e and 1.6e (Table 1.2, entry 5). The yield and product ratio were determined by 1H NMR 

analysis using hexamethylbenzene as an external standard (6:1 ratio of 1.5e:1.6e, 43% yield, 

average of three experiments). Analytical samples of 1.5e and 1.6e, both isolated as colorless 

oils, were obtained by preparative thin layer chromatography (7:2:1 Hexanes:EtOAc:Benzene). 

N
N

N

1.5d

Br

Ph
H

HH

N
N

N

Bn

1.5e

I

OTf

TMS

1.4e

I
BnN3 (5 equiv)

CsF (5 equiv)
CH3CN, PhH, 60 °C

(43% yield)

I

N
N

N
Bn

+

1.6e6:1



37 

1.5e: Rf  0.30 (7:2:1 Hexanes:EtOAc:Benzene); 1H NMR (500 MHz, CDCl3): δ 7.76 (dd, J = 7.3, 

0.8, 1H), 7.33–7.28 (m, 4H), 7.26–7.23 (m, 2H), 7.13 (dd, J = 8.4, 7.3, 1H), 5.83 (s, 2H); 13C 

NMR (125 MHz, CDCl3): δ 147.1, 133.4, 132.6, 131.6, 128.2, 127.7, 127.5, 126.7, 109.0, 84.8, 

52.0; IR (film): 1573, 1487, 1456, 1433, 1248 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C13H11IN3, 335.99922; found, 335.99803. 1.6e: Rf 0.35 (7:2:1 Hexanes:EtOAc:Benzene); 1H 

NMR (500 MHz, CDCl3): δ 8.09 (dd, J = 8.4, 0.9, 1H), 7.92 (dd, J = 7.4, 0.8, 1H), 7.33–7.27 (m, 

3H), 7.16 (br d, J = 7.4, 2H), 7.09 (dd, J = 8.3, 7.4, 1H), 6.22 (s, 2H); 13C NMR (125 MHz, 

CDCl3): δ 145.6, 138.2, 135.4, 133.0, 128.0, 127.2, 126.0, 124.8, 119.7, 70.5, 50.8; IR (film): 

3031, 2950, 1601, 1561, 1494, 1484, 1455 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H11IN3, 

335.99922; found, 335.99835. 

The structure of 1.5e was confirmed by a 2D-NOESY experiment, as the following interaction 

was observed: 
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N

N

1.5e
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1.5.2.7 Derivatization Using Cross-Coupling 

 

 

1.11a (Figure 1.10). The cross-coupling was performed using a general procedure reported by 

our laboratory.49 To a 4 mL vial was added anhydrous powdered K3PO4 (79.0 mg, 0.370 mmol, 

4.5 equiv) and a magnetic stir bar. The vial was then flame-dried under reduced pressure and 

allowed to cool under N2. NiCl2(PCy3)2 (8.5 mg, 0.012 mmol, 0.15 equiv), boronic acid 1.25 

(23.0 mg, 0.205 mmol, 2.5 equiv), and triazole  1.5c (18.3 mg, 0.075 mmol, 1.0 equiv) were 

added. The vial was then evacuated and backfilled with N2. To the vial, 2-Me-THF (0.6 mL) was 

added and the vial was sealed with a Teflon-lined screw cap. The mixture was stirred at 23 °C 

for 1 h, and then at 110 °C for 24 h in a preheated aluminum block. After cooling the reaction 

vessel to 23 °C, the reaction was diluted with 1 M aqueous HCl (1 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3 x 2 mL). The combined organic 

layers were then dried over MgSO4, filtered by passage through a plug of silica gel (EtOAc 

eluent, 12 mL), and concentrated under reduced pressure.  The crude residue was purified by 

preparative thin layer chromatography (3:1 Hexanes:EtOAc) to afford 1.11a (17.5 mg, 85% 

yield) as a colorless oil: Rf 0.48 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.74 (app. 

s, 1H), 7.56 (t, J = 1.7, 1H), 7.46 (dd, J = 7.2, 0.9, 1H), 7.40 (dd, J = 8.2, 7.3, 1H), 7.36–7.27 (m, 

5H), 7.22 (dd, J = 8.2, 0.9, 1H), 7.05 (dd, J = 1.8, 0.8, 1H), 5.86 (s, 2H); 13C NMR (125 MHz, 

CDCl3): δ 143.9, 143.4, 143.3, 134.9, 133.5, 129.1, 128.6, 127.8, 127.7, 125.0, 121.9, 120.3, 

N
N

N

Bn

1.5c

Cl

N
N

N

Bn

O

NiCl2(PCy3)2 (0.15 equiv)
K3PO4 (4.5 equiv)

2-Me-THF, 110 °C, 24 h

(85% yield)

O

B(OH)2

+

1.11a1.25
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108.7, 107.9, 52.4; IR (film): 3034, 1611, 1519, 1456, 1164 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C17H14N3O, 276.11314; found, 276.11239.  

 

1.11b (Figure 1.10). The cross-coupling was performed using a general procedure reported by 

our laboratory.49 To a 4 mL vial was added anhydrous powdered K3PO4 (79.2 mg, 0.370 mmol, 

4.5 equiv) and a magnetic stir bar. The vial was then flame-dried under reduced pressure and 

allowed to cool under N2. NiCl2(PCy3)2 (8.4 mg, 0.012 mmol, 0.15 equiv), boronic acid 1.26 

(32.0 mg, 0.205 mmol, 2.5 equiv), and triazole 1.5c (17.9 mg, 0.074 mmol, 1 equiv) were added. 

The vial was then evacuated and backfilled with N2. To the vial, 2-Me-THF (0.6 mL) was added 

and the vial was sealed with a Teflon-lined screw cap. The mixture was stirred at 23 °C for 1 h, 

and then at 110 °C for 24 h in a preheated aluminum block. After cooling the reaction vessel to 

23 °C, the mixture was diluted with 1 M aqueous HCl (1 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (3 x 2 mL). The combined organic layers were then 

dried over MgSO4, filtered by passage through a plug of silica gel (EtOAc eluent, 12 mL), and 

concentrated under reduced pressure. The crude residue was further purified by preparative thin 

layer chromatography (3:1 Hexanes:EtOAc) to afford 1.11b (19.2 mg, 83% yield) as a colorless 

oil: Rf 0.23 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.25 (dd, J = 4.9, 2.0, 1H), 

8.20 (dd, J = 7.3, 2.0, 1H), 7.63 (app. d, J = 7.3, 1H), 7.45 (app. t, J = 7.9, 1H), 7.36–7.28 (m, 

6H), 7.08 (dd, J = 7.4, 5.0, 1H), 5.88 (s, 2H), 3.98 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 

161.2, 146.7, 145.0, 141.0, 134.9, 133.4, 129.1, 128.9, 128.6, 127.8, 127.3, 125.1, 119.9, 117.1, 

N
N

N

Bn

1.5c

Cl

N
N

N

Bn

NiCl2(PCy3)2 (0.15 equiv)
K3PO4 (4.5 equiv)

2-Me-THF, 110 °C, 24 h

(83% yield)
B(OH)2

+

1.11b1.26

N
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109.1, 53.8, 52.5; IR (film): 2949, 1577, 1464, 1396, 1257 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C19H17N4O, 317.13969; found, 317.13870. 

 

1.12a (Figure 1.10). The cross-coupling was performed using a general procedure reported by 

our laboratory.50 A 4 mL vial containing a magnetic stir bar was flame-dried under reduced 

pressure and allowed to cool under N2. The vial was then charged with NiCl2(DME) (2.9 mg, 

0.013 mmol, 0.15 equiv), SIPr!HCl (10.7 mg, 0.025 mmol, 0.30 equiv), Ph–B(pin) (5.9 mg, 

0.029 mmol, 0.35 equiv), anhydrous powdered NaOtBu (17.7 mg, 0.185 mmol, 2.25 equiv), and 

triazole 1.5c (19.3 mg, 0.079 mmol, 1 equiv). The vial was then evacuated and backfilled with 

N2. Subsequently, dioxane (0.45 mL) and morpholine (1.27) (13 µL, 0.148 mmol, 1.8 equiv) 

were added successively. The resulting mixture was stirred for 1 min and the vial was then 

sealed with a Teflon-lined screw cap. The mixture was allowed to stir at 23 °C for 1 h, and then 

at 80 °C for 16 h in a preheated aluminum block. After cooling the reaction vessel to 23 °C, the 

mixture was filtered by passage through a plug of silica gel (EtOAc eluent, 12 mL) and 

concentrated under reduced pressure. The crude residue was purified by preparative thin layer 

chromatography (3:1 Hexanes:EtOAc) to afford 1.12a (20.0 mg, 86% yield) as a white solid: 

Mp: 112–114 °C; Rf 0.27 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.34–7.22 (m, 

6H), 6.82 (dd, J = 8.2, 0.5, 1H), 6.51 (d, J = 7.6, 1H), 5.79 (s, 2H), 3.98 (app. t, J = 4.7, 4H), 3.74 

(app. t, J = 4.7, 4H); 13C NMR (125 MHz, CDCl3): δ 143.6, 139.2, 135.1, 134.9, 129.0, 128.7, 

N
N

N

Bn
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Cl

N
N

N
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N
NiCl2(DME) (0.15 equiv)

SIPr•HCl (0.30 equiv)

Ph–B(pin) (0.35 equiv)
NaOtBu (2.25 equiv)

dioxane, 80 °C

(86% yield)
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128.4, 127.6, 106.2, 100.7, 67.1, 52.2, 49.9; IR (film): 2960, 2853, 1603, 1510, 1239 cm–1; 

HRMS-ESI (m/z) [M + H]+ calcd for C17H19N4O, 295.15534; found, 295.15426. 

 

1.12b (Figure 1.10). The cross-coupling was performed using a general procedure reported by 

our laboratory.50 A 4 mL vial containing a magnetic stir bar was flame-dried under reduced 

pressure and allowed to cool under N2. The vial was then charged with NiCl2(DME) (2.8 mg, 

0.013 mmol, 0.15 equiv), SIPr!HCl (10.7 mg, 0.025 mmol, 0.30 equiv), Ph–B(pin) (6.1 mg, 

0.029 mmol, 0.35 equiv), anhydrous powdered NaOtBu (17.5 mg, 0.185 mmol, 2.25 equiv), and 

triazole 1.5c (20.7 mg, 0.084 mmol, 1 equiv). The vial was then evacuated and backfilled with 

N2. Subsequently, dioxane (0.45 mL) and piperazine 1.28 (24.1 mg, 0.148 mmol, 1.8 equiv) were 

added successively. The resulting mixture was stirred for 1 min and the vial was then sealed with 

a Teflon-lined screw cap. The mixture was allowed to stir at 23 °C for 1 h, and then at 80 °C for 

16 h on a preheated aluminum block. After cooling the reaction vessel to 23 °C, the mixture was 

filtered by passage through a plug of silica gel (EtOAc eluent, 12 mL), and concentrated under 

reduced pressure. The crude residue was further purified by preparative thin layer 

chromatography (3:1 Hexanes:EtOAc) to afford 1.12b (22.5 mg, 74% yield) as a white solid: 

Mp: 118–120 °C; Rf 0.22 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ  8.23 (ddd, J = 

4.9, 2.0, 0.8, 1H), 7.52 (ddd, J = 8.8, 7.2, 2.0, 1H), 7.34–7.23 (m, 6H), 6.82 (d, J = 8.0, 1H), 6.73 

(d, J = 8.5, 1H), 6.66 (ddd, J = 5.5, 4.9, 0.6, 1H), 6.56 (d, J = 7.6, 1H), 5.80 (s, 2H), 3.92–3.86 
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NaOtBu (2.25 equiv)

dioxane, 80 °C

(74% yield)
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(m, 4H), 3.85–3.79 (m, 4H); 13C NMR (125 MHz, CDCl3): δ 159.7, 148.2, 143.4, 139.3, 137.7, 

135.1, 134.9, 129.0, 128.8, 128.4, 127.6, 113.7, 107.4, 106.6, 100.4, 52.2, 49.3, 45.4 ; IR (film): 

3006, 2835, 1592, 1436, 1235 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C22H22N6, 371.19787; 

found, 371.19664. 

 

1.5.3 Computational Methods 

1.5.3.1 Computational Details 

All reported energies in the paper are Gibbs free energies. Low frequencies (less then 100 cm–1) 

have been corrected using the method discussed in a recent Truhlar paper.51 All reactants were 

optimized to their ground state with a tight convergence criteria and a frequency calculation was 

performed with an ultrafine integration grid to verify no imaginary frequencies. Transition states 

for methyl azide were optimized to a saddle point with a tight convergence criteria and then a 

frequency calculation was performed with an ultrafine integration grid to verify only one 

imaginary frequencies and the correct saddle point was obtained. The transition state for attack 

of N-methylaniline is a variational transition state. It was obtained by doing a bond scan from 

1.8Å out to 3.2Å with a step size of 0.04Å. At each of these points, the structure was optimized 

tight convergence citeria with only the distance between the nitrogen of N-methylaniline and 

either the meta or ortho carbon of the aryne fixed. Frequencies were computed at each of these 

points with an ultrafine integration grid and a free energy reaction coordinate was obtained. 
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1.5.3.2 Summary of Steric, Charge, and Distortion Models 

The general trends predicted by the distortion model correlate to both experimental results and 

computed transition state energies.  The steric model predicts the opposite trend. The charge 

model incorrectly predicts the regioselectivity for 1.1e (Figure 1.11). 

 

Figure 1.11. Geometry-optimized structures of 1.1a–1.1e (B3LYP), internal angles (θ), NBO 
charges (C), and predictions based on the aryne distortion, charge distribution, and steric models 
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  To determine the distance of the point charge to the more distal carbon, the law of cosines must 

be used. To use the law of cosines, two sides and the angle between them are needed. The two 

sides used are the 2.4Å and the alkyne bond length. To obtain the angle in between these sides, 

we bisect the alkyne angle with the point charge, allowing the angle labeled in green to be 

calculated by subtracting 180 from ½ of the alkyne angle. Once the sides are known and the 

angle, we use the equation shown below. 

Point charge attacking at C2 

 

 

 

 

 

 

Point charge attacking at C1 

 

 

 

 

 

Now that we know the distance of the point charge to both carbons of the alkyne, we can use 

Coulombs law to determine the attractive or repulsive energy felt by the point charge at each 

attack. The equations are shown below. 
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Coulomb’s Law: 

 

 

Attack at C2: 

Interaction between point charge and C2  

 

 kcal/mol 

Interaction between point charge and C1 

 

 kcal/mol 

 

Attack at C1: 

Interaction between point charge and C2 

 

 kcal/mol 

 

Interaction between point charge and C1 

 

 kcal/mol 
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For attack at the C2 position the net energy is 0.0 kcal/mol. The attack at the C1 position is net 

attractive by 0.2 kcal/mol. 

 

1.5.3.4 M06-2X Discussion  

 Due to no electronic barrier for N-methylaniline attacking at the meta position for fluorobenzyne 

(1.1b), a bond scan was performed to get the free energy pathway or variational transition state. 

When done with B3LYP, a transition state was found in which the energy converged at a 

transition state as N-methylaniline approached fluorobenzyne and then decreased to the products. 

Frequencies were studied to assure that the only imaginary frequency was nucleophilic attack. 

This was performed for the ortho pathway as well and similar behavior was observed, however 

with M06-2X the energies did not converge on a transition state, instead they became erratic, as 

the imaginary frequency that was calculated was no longer that of a nucleophilic attack of N-

methylaniline to the benzyne. Regioselectivities computed at the B3LYP level of theory have 

done a good job of estimating not only the trend in decreasing regioselectivities as the angle 

distortion decreases, but also the magnitude of the selectivity as stated in the paper. 

 

1.5.3.5 Angles of Alkynes Computed at Several Levels of Theory 

B3LYP and M06-2X agree well with each other and follow the trend of F- and OMe-substituents 

having the greatest angle distortions, thus the greatest regioselectivities, and as we move down 

the halogens, that selectivity is eroded. The calculations at MP2 also have the correct trend with 

F- and OMe- displaying the greatest distortion of the alkyne angles, but moving down the 

halogens shows little to no distortion from benzyne but experimental there is selectivity. We 
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previously have seen similar subtle variations in distortion using MP2.52  It appears that B3LYP 

does a good job of getting angle distortion correct and should be sufficient when performing 

calculations on reactants to predict selectivities. 

 

 

       B3LYP 6-311+g(d,p)         M06-2X 6-311+g(d,p)          MP2 6-311+g(d,p) 

Reactant Angles Ortho Meta Ortho Meta Ortho Meta 

       Methoxybenzyne 120° 135° 119° 136° 123° 131° 

Fluorobenzyne 118° 135° 117° 136° 122° 130° 

Chlorobenzyne 121° 132° 121° 133° 125° 128° 

Bromobenzyne 122° 132° 121° 133° 126° 127° 

Iodobenzyne 124° 130° 124° 131° 127° 127° 

TMSbenzyne 134° 122° 134° 122° 130° 125° 

 

1.5.3.6 Cartesian Coordinates for Reactants and Transition States 

Cartesian coordinates for the optimized structures have been previously reported.53 
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1.6 Spectra Relevant to Chapter One: 

 

The Role of Aryne Distortion, Steric Effects, and Charges in  

Regioselectivities of Aryne Reactions 

 

Jose M. Medina, Joel L. Mackey, Neil K. Garg, and K. N. Houk  

J. Am. Chem. Soc. 2014, 136, 15798–15805.   
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Figure 1.13. Infrared spectrum of compound 1.4b 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14. 13C NMR (125 MHz, CDCl3) of compound 1.4b 
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Figure 1.16. Infrared spectrum of compound 1.4c 

Figure 1.17. 13C NMR (125 MHz, CDCl3) of compound 1.4c 
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Figure 1.19. Infrared spectrum of compound 1.23 

Figure 1.20. 13C NMR (125 MHz, C6D6) of compound 1.23 
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Figure 1.22. Infrared spectrum of compound 1.24 

Figure 1.23. 13C NMR (125 MHz, CDCl3) of compound 1.24 
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Figure 1.25. Infrared spectrum of compound 1.4e 

Figure 1.26. 13C NMR (125 MHz, CDCl3) of compound 1.4e 
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Figure 1.28. Infrared spectrum of compound 1.2b 

Figure 1.29. 13C NMR (125 MHz, CDCl3) of compound 1.2b 
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Figure 1.31. Infrared spectrum of compound 1.2c 

Figure 1.32. 13C NMR (125 MHz, CDCl3) of compound 1.2c 
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Figure 1.34. Infrared spectrum of compound 1.2d 

Figure 1.35. 13C NMR (125 MHz, CDCl3) of compound 1.2d 
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Figure 1.37. Infrared spectrum of compound 1.2e 

Figure 1.38. 13C NMR (125 MHz, CDCl3) of compound 1.2e 
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Figure 1.40. Infrared spectrum of compound 1.5b 

Figure 1.41. 13C NMR (125 MHz, CDCl3) of compound 1.5b 
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Figure 1.43. Infrared spectrum of compound 1.5c 

Figure 1.44. 13C NMR (125 MHz, CDCl3) of compound 1.5c 
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Figure 1.46. Infrared spectrum of compound 1.6c 

Figure 1.47. 13C NMR (125 MHz, CDCl3) of compound 1.6c 
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Figure 1.49. Infrared spectrum of compounds 1.5d 

Figure 1.50. 13C NMR (125 MHz, CDCl3) of compounds 1.5d 
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Figure 1.52. Infrared spectrum of compound 1.6d 

Figure 1.53. 13C NMR (150 MHz, CDCl3) of compounds 1.6d 
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Figure 1.55. Infrared spectrum of compound 1.5e 

Figure 1.56. 13C NMR (150 MHz, CDCl3) of compound 1.5e 
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Figure 1.58. Infrared spectrum of compound 1.6e 

Figure 1.59. 13C NMR (150 MHz, CDCl3) of compound 1.6e 
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Figure 1.61. Infrared spectrum of compound 1.11a 

Figure 1.62. 13C NMR (125 MHz, CDCl3) of compound 1.11a 
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Figure 1.64. Infrared spectrum of compound 1.11b 

Figure 1.65. 13C NMR (125 MHz, CDCl3) of compound 1.11b 
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Figure 1.67. Infrared spectrum of compound 1.12a 

Figure 1.68. 13C NMR (125 MHz, CDCl3) of compound 1.12a 
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Figure 1.70. Infrared spectrum of compound 1.12b 

Figure 1.71. 13C NMR (125 MHz, CDCl3) of compound 1.12b 
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2.1 Abstract  

 We report synthetic studies pertaining to two heterocyclic aryne intermediates: the 2,3-

pyridyne and the 4,5-pyrimidyne. First, a 2,3-pyridyne precursor was readily accessed from 2-

pyridone using a known procedure. Subsequently, 2,3-pyridyne generation and trapping were 

used to access several functionalized pyridines in a regioselective manner.  In addition, we report 

synthetic routes to two isomeric silyltriflates, which were intended to serve as precursors to the 

4,5-pyrimidyne. Consecutive 4,5-pyrimidyne generation and trapping experiments were 

ultimately deemed unfruitful. We expect these findings will promote the use of 2,3-pyridyne and 

other heterocyclic arynes as building blocks for the synthesis of functionalized heterocycles. 
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2.2 Introduction 

             The synthesis of heterocycles continues to be a vital area of research. Heterocycles, 

especially N-containing compounds, are commonly seen in a variety of important molecules 

including medicines, natural products, and agrochemicals. 1  One exciting approach to the 

synthesis of decorated heterocycles involves the trapping of in-situ generated heterocyclic 

arynes, commonly referred to as hetarynes.2,3 This strategy was well studied several decades 

ago,4 but only led to modest synthetic utility.   

    More recently, the chemistry of heterocyclic arynes has undergone a revival. 

Methodological studies pertaining to indolynes5,6 and 3,4-pyridynes7 have been disclosed and 

several silyltriflate precursors to these intermediates are now commercially available. 8  

Moreover, heterocyclic arynes have been used to synthesize several natural products (e.g., 2.1–

2.4, Figure 2.1).2,9,10 One particularly attractive subclass of heterocyclic arynes are those that 

possess one or more nitrogen atoms in a 6-membered ring (e.g., 2.5–2.7).  The successful 

generation and trapping of such species via cycloaddition processes would provide a powerful 

means to build medicinally privileged scaffolds, including compounds that may be difficult to 

access by other means. 

We have been particularly interested in the chemistry of pyridynes and pyrimidynes, each 

of which are classes of heterocyclic arynes with an interesting history.  The 3,4-pyridyne (2.5) 

was first generated in 195511 and has subsequently been the subject of numerous investigations, 

including one by our own laboratory.7 The 3,4-pyridyne and substituted versions can now be 

used to access polysubstituted pyridines in a controlled and predictable way by virtue of the 

aryne distortion model,5,12 using robust silyltriflate precursors.7 Similarly, the 2,3-pyridyne (2.6) 

has been known for several decades.13  In more recent efforts, Walters and Shay reported the 
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synthesis of a silyltriflate precursor to 2.6.14  In turn, a few examples where 2.6 can be used in 

Diels–Alder reactions or other annulations are available.14,15,16,17,18,19 The least well-studied of 

our targets is the 4,5-pyrimidyne (2.7). Substituted derivatives have been accessed by 

dehydrohalogenation under strongly basic reaction conditions or by oxidation of an 

aminotriazole precursor.20 Prior experiments involving 4,5-pyrimidynes have led to amination or 

low yields of annulated products.20 

 

 

Figure 2.1. Natural products 2.1–2.4 and heterocyclic arynes 2.5–2.7 

 

 Given the earlier promising results involving the 2,3-pyridyne (2.6) and 4,5-pyrimidyne 
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functionalized heterocycles.  Herein, we report new trapping experiments involving pyridyne 

2.6, in addition to efforts toward 4,5-pyrimidyne (2.7). 

 

2.3 Results and Discussion 

2.3.1 Synthesis of 2,3-Pyridyne Precursor 

To study annulations of 2,3-pyridyne, it was first necessary to prepare a suitable 

silyltriflate precursor. Thus, silyltriflate 2.10 was synthesized using a known procedure (Scheme 

2.1).14 Beginning from 2-pyridone (2.8), a lithiation and silylation sequence provided 

silylhydroxypyridine 2.9.  Subsequent reaction with triflic anhydride furnished silyltriflate 2.10.  

This high-yielding two-step sequence provides a reliable method to access 2.10 in multigram 

quantities. It should be noted that 2.10 is now also commercially available.21 

 

Scheme 2.1. Synthesis of Silyltriflate 2.10 

 

 

2.3.2 Generation & Trapping of 2,3-Pyridyne 

Silyltriflate 2.10 was examined in nucleophilic trapping experiments as shown in Table 

2.1. Trapping with morpholine (2.12) led to the formation of 2.13 in 55% yield (entry 1), 

whereas use of imidazole (2.14) as the trapping agent delivered 2.15 in 63% yield (entry 2).  In 
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both cases, the 2-substituted pyridine products were obtained, with no evidence of the formation 

of 3-substituted adducts.  This regioselectivity trend is consistent with prior observations2c and 

predictions made by the aryne distortion model.12c 

 

Table 2.1. Trapping of 2,3-Pyridyne (2.6) with Nucleophiles 

 
a Reported yields are the average of two experiments and are based 
on the amounts of isolated product. 

 

  We were delighted to find that silyltriflate 2.10 could also be employed in cycloaddition 

reactions (Table 2.2). For example, interception of pyridyne 2.6 by benzylazide (2.17) 22 

furnished annulated product 2.18, albeit only in low yield (entry 1).  Alternatively, trapping with 

nitrone 2.1923 provided the unusual heterocycle 2.20 (entry 2).  We also tested an azomethine 

imine cycloaddition24 using 2.21, which gave rise to tricycle 2.22 in 42% yield (entry 3). More 

synthetically useful yields were obtained when dimethylurea 2.2316 was utilized in the trapping 

experiments.  This reaction gave fused bicyclic pyridine derivative 2.24 in 75% yield (entry 4).  
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In all cases, only one regioisomer of annulated product was detected, indicative of preferential 

nucleophilic attack occurring at C2 of the 2,3-pyridyne intermediate. 

 

Table 2.2. Annulation Reactions of 2,3-Pyridyne (2.6) 

 
a Reported yields are the average of two experiments and are based  
on the amounts of isolated product. 
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experiments (Figure 2.2). For example, the use of nitrile oxide precursor 2.25, diazoester 2.26, or 

enamide 2.27 in attempted annulations led only to decomposition. Similarly, efforts to utilize 

sydnone 2.28 in a Diels–Alder trapping or β-ketoester 2.2925 in a formal (2+2) cycloaddition 

were unsuccessful. Nonetheless, the knowledge gained from our 2,3-pyridyne studies should 

enable the judicious use of 2.10 in synthetic applications. 

 

 

Figure 2.2. Unsuccessful cycloadditions using silyltriflate 2.10 
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trapping experiments.20 As such, we pursued the notion suggested in Scheme 2.2. Specifically, 
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Scheme 2.2. Approaches to 4,5-Pyrimidyne 2.7 from Silyltriflate Precursors 2.30 and 2.31 

 

 

       In our initial approach, we sought to access a silyltriflate precursor from known 

benzyloxypyrimidine 2.3226 (Scheme 2.3).  As such, 5-benzyloxypyrimidine (2.32) was 

synthesized from the corresponding commercially available bromide using an Ullman 

coupling.26 With 2.32 in hand, extensive efforts were put forth to effect silylation.  It was 

ultimately found that the desired triethylsilylated product 2.33 could be obtained using a one-pot 

procedure involving mixing of 2.32 with TESCl, followed by low temperature lithiation, with in 

situ silylation. 27  From 2.33, debenzylation and subsequent triflation delivered the desired 

silyltriflate 2.34.  Eager to attempt pyrimidyne generation, 2.34 was subjected to a battery of 

experiments involving variation of fluoride sources, trapping agents, and other reaction 

conditions. Unfortunately, no products indicative of pyrimidyne formation were observed. 

Instead, it was found that 2.34 was prone to readily undergo thia-Fries rearrangement in the 

presence of fluoride sources. For example, treatment of 2.34 with CsF in acetonitrile gave 2.35 

as the major product.28 Greaney and coworkers have also observed thia-Fries rearrangement in 

attempted aryne generation from silyltriflate precursors.29 
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Scheme 2.3. Synthesis of Silyltriflate 2.34 and Undesired Fries Rearrangement 

 

 

With our initial efforts thwarted, we pursued the synthesis of an isomeric silyltriflate, as 

shown in Scheme 2.4. 2-Pyrimidone (2.36) was found to undergo lithiation/silylation using a 

protocol similar to the one described previously to access pyridyne precursor 2.10 (see Scheme 

2.1).  Subsequent triflation of the remaining hydroxyl group furnished silyltriflate 2.37.30 

 

Scheme 2.4. Synthesis of Silyltriflate 2.37 

 

 

With the desired isomeric silyltriflate 2.37 available in just two steps from commercially 

available material, we pursued pyrimidyne generation and trapping (Figure 2.3).  Thus, 2.37 was 

exposed to fluoride sources (e.g., CsF) in the presence of trapping agents.  However, in all 

attempts, we were unable to observe any of the desired cycloaddition adducts. Instead, only 

substantial non-specific decomposition or formation of 2-pyrimidone was observed.31 
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Figure 2.3. Unsuccessful attempts to generate and trap the 4,5-pyrimidyne from silyltriflate 2.37 

 

2.4 Conclusion 

In summary, we have performed studies pertaining to two interesting heterocyclic aryne 

intermediates: 2,3-pyridyne and 4,5-pyrimidyne. We have shown that 2,3-pyridyne can be 

employed in various trapping experiments involving nucleophiles or cycloaddition partners.  

Several of the products obtained are unique scaffolds that would arguably be difficult to access 

by other means.  In addition, we have developed synthetic routes to two plausible silyltriflate 

precursors to the 4,5-pyrimidyne, although no evidence of pyrimidyne formation was noted in 

attempted trapping experiments. We expect our findings will promote the use of 2,3-pyridyne 

and other strained heterocyclic intermediates in the synthesis of functionalized heterocycles. 
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2.5 Experimental Section 

2.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. Trifluoromethanesulfonic 

anhydride (Tf2O), trimethylsilyl chloride (TMSCl), and triethylsilyl chloride (TESCl) were 

obtained from Oakwood Products, Inc. and distilled before use. N-tert-butyl-α-phenylnitrone and 

methyl 2-acetamidoacrylate were obtained from Alfa Aesar. Ethyl diazoacetate, (trimethylsilyl) 

diazomethane (1M in Et2O), 2,5-dimethylfuran, imidazole, and N-Boc-pyrrole were obtained 

from Sigma Aldrich. Morpholine was obtained from Spectrum Chemical and distilled before use. 

Reaction temperatures were controlled using an IKAmag temperature modulator and, unless 

stated otherwise, reactions were performed at room temperature (rt, approximately 23 °C). Thin 

layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) 

and visualized using a combination of UV light and potassium permanganate staining. 

Preparative thin layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated 

plates (0.5 mm) and visualized using UV light. Silicycle Siliaflash P60 (particle size 0.040–0.063 

mm) was used for flash column chromatography. 1H NMR spectra were recorded on Bruker 

spectrometers (500 MHz) and are reported relative to deuterated solvent signals. Data for 1H 

NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant 

(Hz) and integration. 13C NMR spectra were recorded on Bruker spectrometers (125 MHz) and 

are reported relative to deuterated solvent signals. Data for 13C NMR spectra are reported in 

terms of chemical shift and, when necessary, multiplicity, and coupling constant (Hz). IR spectra 
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were obtained using a Perkin-Elmer 100 spectrometer or a Perkin-Elmer UATR two 

spectrometer, and are reported in terms of frequency absorption (cm-1). High-resolution mass 

spectra were obtained on Waters LCT Premier with ACQUITY LC and Thermo ScientificTM 

Exactive Mass Spectrometers with DART ID-CUBE. 

 

2.5.2 Experimental Procedures 

2.5.2.1 Trapping Experiments of 2,3-Pyridyne 

 

 

Representative Procedure for 2,3-Pyridyne Trappings. Adduct 2.13 (Table 2.1, Entry 1). To 

a stirred solution of silyltriflate 2.1014 (51.1 mg, 0.172 mmol, 1.0 equiv) and morpholine (48.0 

µL, 0.516 mmol, 3.0 equiv) in MeCN (7.0 mL) was added CsF (128 mg, 0.840 mmol, 5.0 equiv). 

The reaction vessel was sealed and placed in a preheated aluminum heating block maintained at 

60 °C for 2 h. After cooling to 23 °C, the reaction mixture was filtered over silica gel (EtOAc 

eluent, 12 mL). Evaporation under reduced pressure and further purification by preparative thin 

layer chromatography (2:1 hexanes:EtOAc) afforded 2.13 as a colorless oil (55% yield, average 

of two experiments). 2.13: Rf  0.48 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.19 

(ddd, J = 4.9, 2.0, 0.8, 1H), 7.49 (ddd, J = 9.0, 7.2, 2.0, 1H), 6.65 (ddd, J = 7.2, 4.9, 0.8, 1H), 

6.62 (d, J = 8.7, 1H), 3.82 (t, J = 5.0, 4H), 3.49 (t, J = 5.0, 4H); 13C NMR (125 MHz, CDCl3): δ 

159.7, 148.1, 137.6, 113.9, 107.0, 66.9, 45.7; IR (film): 1593, 1481, 1437, 1376, 1312, 1243 cm–

1; HRMS-ESI (m/z) [M + H]+ calcd for C9H12N2O, 165.1022; found 165.1024. 
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Any modifications of the conditions shown in this representative procedure are specified in the 

following schemes, which depict all of the results shown in Tables 2.1 and 2.2. 

 

 

Adduct 2.15 (Table 2.1, Entry 2). Purification by preparative thin layer chromatography (6:3:1 

EtOAc:PhH:MeOH) afforded 2.15 (63% yield, average of two experiments) as a light orange oil. 

2.15: Rf  0.62 (9:1 EtOAc:MeOH); 1H NMR (500 MHz, CDCl3): δ 8.49 (ddd, J = 4.9, 1.8, 0.9, 

1H), 8.35 (s, 1H), 7.83 (dt, J = 7.5, 1.8, 1H), 7.65 (s, 1H), 7.36 (d, J = 8.2, 1H), 7.24 (ddd, J = 

7.5, 4.9, 0.8, 1H), 7.20 (s, 1H); 13C NMR (125 MHz, CDCl3): δ 149.4, 149.3, 139.1, 135.1, 

130.9, 122.1, 116.3, 112.5; IR (film): 1598, 1578, 1487, 1444, 772, 738 cm–1; HRMS-ESI (m/z) 

[M + H]+ calcd for C8H7N3, 146.0713; found 146.0714. 

 

 

Adduct 2.18 (Table 2.2, Entry 1). Purification by preparative thin layer chromatography (3:1 

hexanes:EtOAc) afforded 2.18 (20% yield, average of two experiments) as a light yellow oil. 

2.18: Rf  0.35 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.69 (dd, J = 4.5, 1.4, 1H), 

8.37 (dd, J = 8.2, 1.4, 1H), 7.46 (d, J = 7.2, 2H), 7.36–7.28 (m, 4H), 5.92 (s, 2H); 13C NMR (125 

MHz, CDCl3): δ 150.5, 145.8, 137.2, 135.2, 129.0, 128.7, 128.5, 128.4, 120.0, 50.6; IR (film): 
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3032, 2927, 2852, 1591, 1216 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C12H11N4, 211.0978; 

found 211.0974. 

 

 

Adduct 2.20 (Table 2.2, Entry 2). Purification by preparative thin layer chromatography (3:1 

hexanes:EtOAc) afforded 2.20 (33% yield, average of two experiments) as an amorphous white 

solid. 2.20: Rf  0.52 (3:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J = 5.0, 1H), 

7.42 (d, J = 7.2, 2H), 7.35 (t, J = 7.2, 2H), 7.28 (tt, J = 7.2, 1.2, 1H), 7.19 (dt, J = 7.3, 1.3, 1H), 

6.74 (dd, J = 7.3, 5.0, 1H), 5.62 (s, 1H), 1.20 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 165.1, 

147.9, 143.0, 132.8, 128.9, 127.9, 127.4, 123.0, 116.8, 66.3, 61.4, 25.5; IR (film): 1604, 1420, 

1282, 1270, 775, 739 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C16H18N2O, 255.1492; found 

255.1492. 

 

 

Adduct 2.22 (Table 2.2, Entry 3). Purification by preparative thin layer chromatography (95:5 

EtOAc:MeOH) afforded 2.22 (42% yield, average of two experiments) as a colorless amorphous 

solid. 2.22: Rf  0.48 (95:5 EtOAc:MeOH); 1H NMR (500 MHz, CDCl3): δ 8.32 (dt, J = 5.1, 1.1, 
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1H), 7.44–7.38 (m, 5H), 7.18 (dt, J = 7.5, 1.3, 1H), 6.94 (dd, J = 7.5, 5.1, 1H), 5.16 (s, 1H), 

3.64–3.60 (m, 1H), 3.19–3.06 (m, 2H), 2.89–2.83 (m, 1H); 13C NMR (125 MHz, CDCl3): δ 

163.2, 148.8, 148.5, 137.6, 132.5, 129.2, 129.1, 128.8, 128.4, 119.7, 73.5, 52.5, 36.9; IR (film): 

1708, 1597, 1460, 1430, 1388, 1308 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C15H13N3O, 

252.1131; found 252.1126. 

 

 

Adduct 2.24 (Table 2.2, Entry 4). Purification by preparative thin layer chromatography (95:5 

EtOAc:MeOH) afforded 2.24 (75% yield, average of two experiments) as a colorless oil. 2.24: Rf  

0.45 (95:5 EtOAc:MeOH) ; 1H NMR (500 MHz, CDCl3): δ 8.29 (dd, J = 4.9, 2.0, 1H), 8.01 (dd, 

J = 7.6, 2.0, 1H), 6.76 (dd, J = 7.6, 4.9, 1H), 3.61–3.57 (m, 2H), 3.57–3.52 (m, 2H), 3.18 (s, 3H), 

3.05 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.2, 155.7, 150.9, 140.7, 119.4, 114.6, 56.3, 

48.1, 38.9, 35.6; IR (film): 1633, 1504, 1408, 1385, 1247, 1208 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C10H13N3O, 192.1131; found 192.1131. 

 

2.5.2.2 Synthesis of 4,5-Pyrimidyne Precursors 
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Pyrimidine 2.33 (Scheme 2.3). To a stirred solution of freshly distilled tetramethylpiperidine 

(1.97 g, 14.0 mmol, 1.4 equiv) in THF (50 mL) at 0 °C was added n-BuLi in hexanes (2.3 M, 

5.65 mL, 13.0 mmol, 1.3 equiv). The resulting solution was allowed to stir at 0 °C for 30 min. A 

separate flask was charged with 5-benzyloxypyrimidine 2.32 (2.00 g, 10.0 mmol, 1.0 equiv), 

TESCl (4.53 g, 30.0 mmol, 3.0 equiv), and THF (50 mL). The resulting solution was cooled to –

100 °C and the LiTMP solution was added dropwise via cannula over 20 min. The resulting 

solution was warned to –78 °C and allowed to stir for 3.5 h. The solution was then allowed to 

warm to 0 °C and quenched with saturated NH4Cl (25 mL). The volatiles were removed under 

reduced pressure and EtOAc (75 mL) was added. The organic phase was separated and the 

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

with MgSO4 and concentrated under reduced pressure. The resulting oil was further purified by 

column chromatography (5:1 hexanes:EtOAc) to yield pyrimidine 2.33 (2.09 g, 70% yield) as a 

colorless oil. 2.33: Rf  0.41 (3:1 hexanes:EtOAc) ; 1H NMR (500 MHz, CDCl3): δ 8.95 (s, 1H), 

8.24 (s, 1H), 7.42–7.34 (m, 5H), 5.12 (s, 2H), 0.95–0.91 (m, 9H), 0.91–0.86 (m, 6H); 13C NMR 

(125 MHz, CDCl3): δ 165.5, 158.4, 151.7, 137.6, 135.7, 128.9, 128.6, 127.7, 70.6, 7.5, 3.0; IR 

(film): 2953, 2874, 1558, 1456, 1397, 1284 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C17H25N2OSi, 301.1731; found 301.1729. 

 

 

Silyltriflate 2.34 (Scheme 2.3). To a stirred solution of pyrimidine 2.33 (1.00 g, 3.33 mmol, 1.0 

equiv) in dry MeOH (20 mL) was added 10% Pd/C (350 mg, 0.330 mmol, 0.1 equiv). The 

resulting mixture was placed under an atmosphere of H2 (balloon) and was allowed to stir at 23 

N

N SiEt3

OTf

2.34

N

N SiEt3

OBn

2.33

1. H2, Pd/C, MeOH

2. TMP, PhNTf2
    CH2Cl2, –78 °C

      (51% yield)
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°C for 2 h. The mixture was filtered over celite (MeOH eluent).  Evaporation of the solvent 

under reduced pressure afforded the crude alcohol intermediate, which was used in the 

subsequent step without further purification. 

The alcohol intermediate (510 mg, 2.43 mmol, 1.0 equiv) was dissolved in dry CH2Cl2 (7 mL) 

and freshly distilled tetramethylpiperidine (282 mg, 9.72 mmol, 4.0 equiv) was added dropwise 

over 10 min. The resulting solution was cooled to –78 °C and a solution of PhNTf2 (714 mg, 2.92 

mmol, 1.2 equiv) in CH2Cl2 (7 mL) was added dropwise over 15 min. The resulting solution was 

stirred at –78 °C for 2 h and was then quenched with saturated NaHCO3 (10 mL). The organic 

layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The 

combined organic layers were dried with MgSO4 and concentrated under reduced pressure. The 

resulting oil was further purified by column chromatography (30:1 hexanes:EtOAc) to yield 

silyltriflate 2.34 as a colorless oil (581 mg, 51% yield, 2 steps). 2.34: Rf  0.70 (3:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.26 (s, 1H), 8.64 (s, 1H), 0.97 (br s, 15H); 13C 

NMR (125 MHz, CDCl3): δ 169.7, 156.7, 152.4, 147.0, 118.5 (q, J = 318.2, CF3), 7.3, 3.0; IR 

(film): 2960, 2880, 1565, 1428, 1386, 1211 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C11H18F3N2O3SSi, 343.0754; found 343.0748. 

 

 

Alcohol 2.35 (Scheme 2.3). To a stirred solution of silyltriflate 2.34 (130 mg, 0.380 mmol, 1.0 

equiv) in MeCN (3.8 mL) was added CsF (173 mg, 1.14 mmol, 3.0 equiv). The reaction vessel 

was sealed and placed in a preheated aluminum heating block maintained at 60 °C for 2 h. After 

CsF

MeCN

(75% yield)

N

N

OH

2.35

S
CF3

O O

N

N

O

SiEt3

S CF3

O O

F
thia-Fries

Rearrangement

N

N SiEt3

OTf

2.34
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cooling to 23 °C, the reaction mixture was filtered over celite (MeOH eluent, 12 mL). 

Evaporation under reduced pressure and further purification by preparative thin layer 

chromatography (100:10:1 CH2Cl2:MeOH:Et3N) afforded 2.35 as a colorless oil (75% yield). 

2.35: Rf  0.76 (MeCN); 1H NMR (500 MHz, MeOD): δ 8.28 (s, 1H), 8.08 (s, 1H); 13C NMR (125 

MHz, MeOD): δ 165.6, 161.0, 142.0, 137.6, 122.5 (q, J = 327.9, CF3); IR (film): 3349, 1643, 

1575, 1510, 1445, 1341 cm–1; HRMS-ESI (m/z) [M – H]– calcd for C5H2F3N2O3S, 226.9733; 

found 226.9750. 

 

 

Silyltriflate 2.37 (Scheme 2.4). To a stirred solution of freshly distilled tetramethylpiperidine 

(1.02 g, 7.20 mmol, 1.4 equiv) in THF (10 mL) at 0 °C was added n-BuLi in hexanes (2.3 M, 

2.94 mL, 6.80 mmol, 1.3 equiv). The resulting solution was stirred at 0 °C for 30 min. A separate 

flask was charged with 2-pyrimidone 2.36 (500 mg, 5.20 mmol, 1.0 equiv), TESCl (1.97 g, 13.0 

mmol, 2.5 equiv), and THF (16 mL). The resulting solution was cooled to 0 °C and the LiTMP 

solution was added dropwise via cannula over 20 min. The resulting solution was warmed to 23 

°C and allowed to stir for 24 h. The solution was then quenched with saturated NH4Cl (10 mL). 

The volatiles were removed under reduced pressure and EtOAc (30 mL) was added. The organic 

phase was separated and the aqueous layer was extracted with EtOAc (3 x 20 mL). The 

combined organic layers were dried with MgSO4 and concentrated under reduced pressure. The 

resulting oil was further purified by column chromatography (1:2 to 1:4 hexanes:EtOAc) to yield 

an alcohol intermediate (100 mg, 9% yield (unoptimized)) as a colorless oil.  

N

N OTf

SiEt3

2.37

N

N
H

2.36

O

1. LiTMP, TESCl
   THF (9% yield)

2. DTBMP, Tf2O
    CH2Cl2, –78 °C
      (36% yield)
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The alcohol intermediate (90.0 mg, 0.430 mmol, 1.0 equiv) was dissolved in dry CH2Cl2 (2 mL) 

and DTBMP (96.0 mg, 0.470 mmol, 1.1 equiv) was added. The resulting solution was cooled to 

–78 °C and Tf2O (133 mg, 0.470 mmol, 1.1 equiv) was added dropwise over 5 min. The resulting 

solution was allowed to stir at –78 °C for 2 h and was then quenched with saturated NaHCO3 (1 

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

mL). The combined organic layers were dried with MgSO4 and concentrated under reduced 

pressure. The resulting oil was further purified by column chromatography (40:1 hexanes : 

EtOAc) to yield silyltriflate 2.37 as a colorless oil (55 mg, 36% yield). 2.37: Rf  0.52 (5:1 hexanes 

: EtOAc) ; 1H NMR (500 MHz, CDCl3): δ 9.14 (d, J = 1.2, 1H), 7.29 (d, J = 1.2, 1H), 0.99 (t, J = 

7.2, 9H), 0.92–0.86 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 184.2, 162.2, 158.2, 118.6 (q, J = 

320.6, CF3), 117.0, 7.2, 2.6; IR (film): 2959, 2880, 1579, 1511, 1428, 1211 cm–1; HRMS-ESI 

(m/z) [M + H]+ calcd for C11H18F3N2O3SSi, 343.0754; found 343.0755. 
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2.6 Spectra Relevant to Chapter Two: 

 

Synthetic Studies Pertaining to the 2,3-Pyridyne and 4,5-Pyrimidyne 

 

Jose M. Medina, Moritz K. Jackl, Robert B. Susick, and Neil K. Garg 

Tetrahedron 2016, 72, 3629–3634.  
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Figure 2.5. Infrared spectrum of compound 2.13 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. 13C NMR (125 MHz, CDCl3) of compound 2.13 
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Current Data Parameters
NAME        JMM-4-72(p)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20141117
Time              20.55
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   31
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG                13.13
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7703648 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577761 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 2.8. Infrared spectrum of compound 2.15 

Figure 2.9. 13C NMR (125 MHz, CDCl3) of compound 2.15 
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Figure 2.11. Infrared spectrum of compound 2.18 

Figure 2.12. 13C NMR (125 MHz, CDCl3) of compound 2.18 
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F2 - Processing parameters
SI               131072
SF          125.7577743 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters



 125 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

ur
e 

2.
13

. 1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 c

om
po

un
d 

2.
20

 

10
9

8
7

6
5

4
3

2
1

0
pp

m

1.195

5.619
6.730
6.740
6.744
6.754
7.181
7.183
7.186
7.195
7.198
7.201
7.260
7.277
7.289
7.292
7.294
7.332
7.347
7.358
7.362
7.417
7.432
7.435
8.037
8.037
8.047

9.022

1.019

1.017

0.989
1.046
2.017
2.020

1.000

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
   

 J
M

M
-4

-1
02

E
X

P
N

O
   

   
   

   
   

  1
P

R
O

C
N

O
   

   
   

   
   

 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

41
21

5
Ti

m
e 

   
   

   
   

  9
.2

6
IN

S
TR

U
M

   
   

   
  a

v5
00

P
R

O
B

H
D

   
5 

m
m

 D
C

H
 1

3C
-1

P
U

LP
R

O
G

   
   

   
   

zg
30

TD
   

   
   

   
   

 6
55

36
S

O
LV

E
N

T 
   

   
   

 C
D

C
l3

N
S

   
   

   
   

   
   

 1
5

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
15

25
88

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 1
2.

14
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1

==
==

==
==

 C
H

A
N

N
E

L 
f1

 =
==

==
==

=
S

FO
1 

   
   

 5
00

.1
34

00
10

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

12
4 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

N
O
NPh

t-
Bu

2.
20



 126 

 

 

 

 

 

 

 

 

Figure 2.14. Infrared spectrum of compound 2.20 

Figure 2.15. 13C NMR (125 MHz, CDCl3) of compound 2.20 
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SOLVENT           CDCl3
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======== CHANNEL f2 ========
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NUC2                 1H
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PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577747 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 2.17. Infrared spectrum of compound 2.22 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. 13C NMR (125 MHz, CDCl3) of compound 2.22 
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SOLVENT           CDCl3
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RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577772 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 2.20. Infrared spectrum of compound 2.24 

Figure 2.21. 13C NMR (125 MHz, CDCl3) of compound 2.24 
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F2 - Acquisition Parameters
Date_          20141209
Time               8.53
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   44
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577735 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 2.23. Infrared spectrum of compound 2.33 

Figure 2.24. 13C NMR (125 MHz, CDCl3) of compound 2.33 
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F2 - Processing parameters
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Figure 2.26. Infrared spectrum of compound 2.34 

 

 

 

 

Figure 2.27. 13C NMR (125 MHz, CDCl3) of compound 2.34 
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F2 - Processing parameters
SI               131072
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Figure 2.29. Infrared spectrum of compound 2.35 

Figure 2.30. 13C NMR (125 MHz, MeOD) of compound 2.35 
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Figure 2.32. Infrared spectrum of compound 2.37 

Figure 2.33. 13C NMR (125 MHz, CDCl3) of compound 2.37 
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CHAPTER THREE 

 

Expanding the ROMP Toolbox: Synthesis of Air-Stable Benzonorbornadiene  

 Polymers by Aryne Chemistry  

 

Jose M. Medina, Jeong Hoon Ko, Heather D. Maynard, and Neil K. Garg 

Macromolecules 2017, 50, 580–586. 

 

 

 

 

 

 

3.1 Abstract  

 Benzonorbornadiene polymers synthesized by ring-opening metathesis polymerization 

(ROMP) are typically prone to oxidation at the benzylic / allylic position under ambient 

conditions. Accordingly, the use of benzonorbornadiene polymers in practical applications has 

remained limited. In this manuscript, we report the synthesis of poly(benzonorbornadiene) 

polymers using a strategic blend of benzyne chemistry and ROMP. Through a comparative study, 

we show that substitution at the benzylic / allylic position prevents oxidative deformation, yet 

does not inhibit polymerization by common ruthenium catalysts with good control over 

molecular weight dispersity. We expect the benzyne / ROMP reaction sequence will allow easy 

access to air-stable benzonorbornadiene polymers for various applications. 
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3.2 Introduction 

      Since its original discovery, ring-opening metathesis polymerization (ROMP) has 

enabled ready access to well-defined polymers for numerous industrial applications including 

drug delivery,1,2 electronic materials,3,4 and nanostructures.5,6 This process typically relies on 

strained monomers, such as norbornene and cyclopentene, to provide the thermodynamic driving 

force necessary to achieve ring opening and promote polymerization. In particular, norbornene 

and its related analogues have proven to be ideal substrates for ROMP. The energy stored as ring 

strain (~27.2 kcal / mol) allows for facile ring opening and promotes the subsequent 

polymerization, while substituents prevent the secondary metathesis of the polymer backbone.7 

In fact, norbornenes are the most frequently used substrates for ROMP.8  

 Despite the widespread utility of norbornenes in various synthetic applications, 

norbornadienes fused to a benzene ring, or benzonorbornadienes, have been rarely investigated. 

As a result, the potential utility of the resulting polymers have been largely overlooked. El-Saafin 

and Feast first reported the synthesis of poly(benzonorbornadiene) (3.1, Figure 3.1) in 1982.9,10 

In their study, this polymer was found to be susceptible to oxidation under ambient conditions. 

Molecular oxygen was thought to facilitate oxidation of the benzylic / allylic position, which 

then led to intermolecular cross-linking, chain scission, and the ultimate formation of ill-defined 

materials. Similar studies on related systems by the groups of Grubbs11 and Schrock12,13 further 

suggested that polymers containing a C–H bond at the readily oxidized benzylic / allylic position 

undergo rapid decomposition, rendering the polymers unstable and of limited utility.  

 To evade the problem of poly(benzonorbornadiene) stability, one approach is to 

chemically alter the resulting polymer to essentially mask the troublesome functional groups, 

thus avoiding the undesired reactivity (Figure 3.1, Solution A). In fact, the Swager group opted to 
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hydrogenate the olefins in the benzonorbornadiene polymer backbone to give 3.2, in order to 

prevent oxidation and improve polymer solubility.14 This strategy proved effective for further 

electrochemical polymerization and cross-linking of the polymers to form conducting materials. 

However, the hydrogenation reaction was shown to change the polymer properties such as glass 

transition temperatures and oxidation onset values. 

 

 

Figure 3.1. Possible solutions to poly(benzonorbornadiene) oxidation problem 

 

 An alternative solution for the synthesis of air-stable poly(benzonorbornadiene) involves 

substituting the benzylic / allylic position that is otherwise prone to oxidation with an unreactive 

substituent (R = alkyl group) (Figure 3.1, Solution B). Ideally, the substituents would be 

introduced prior to ROMP, thus allowing for the synthesis of polymers without further chemical 

modification. Such a strategy would not only complement the approach taken by Swager, but 

could also allow for the potential utilization of the intact double bonds for post-polymerization 

modification.15,16,17,18 To test this general strategy, we envisioned accessing substituted polymers 

3.3 (Figure 3.1) via ROMP of monomers 3.4. The success of this approach hinged on the 
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development of an efficient route to access various monomers 3.4. For this purpose, we sought to 

utilize the Diels–Alder trapping of benzyne (3.5) with cyclic dienes 3.6. Although historically 

avoided due to their high reactivity, arynes have recently been employed in chemical 

synthesis,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42 albeit with only limited applications 

in polymer chemistry.43,44,45,46 Herein, we report the use of a benzyne annulation / ROMP 

reaction sequence to furnish well-defined poly(benzonorbornadiene) derivatives, including two 

that are stable to oxidation. 

 

3.3 Results and Discussion 

3.3.1 Synthesis of Benzonorbornadiene Monomers 

The benzonorbornadiene monomers M3.1–M3.4 were easily synthesized using the 

commercially available benzyne precursor 3.7,47 as summarized in Table 3.1. Whereas M3.3 and 

M3.4 would later be used to access air-stable polymers, the less substituted monomers, M3.1 and 

M3.2, were targeted for comparative purposes. Silyltriflate 3.7 was exposed to CsF in the 

presence of cyclic diene trapping partners in acetonitrile at 60 °C. This simple protocol promotes 

an elimination reaction to give the benzyne intermediate (3.5), which is subsequently trapped in 

Diels–Alder cycloadditions to give monomers M3.1–M3.4 in excellent yields. Several features 

of this approach should be noted: (a) the reactions are operationally trivial to perform and 

generally do not require the rigorous exclusion of water or oxygen; (b) the benzyne trapping 

allows for the formation of two new carbon–carbon bonds and two tertiary stereocenters in a 

single transformation, and (c) purification of the desired monomers is straightforward using 

chromatography. 
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Table 3.1. Benzonorbornadiene Monomers M3.1–M3.4 Synthesized by Aryne Chemistry 

 

 

3.3.2 Synthesis & Properties of Benzonorbornadiene Polymers 

The results of polymerization studies are shown in Table 3.2.  Monomers M3.1–M3.3 

were readily polymerized using the first-generation Grubbs catalyst in toluene at room 

temperature (entries 1–9) at various monomer to catalyst ratios. Initially we observed that ROMP 

of benzonorbornadiene M3.1 resulted in polymers P3.1 with moderate dispersities (Ð = 1.60 – 

1.73, Experimental Section Figure 3.5b). Based on the aforementioned precedents, we suspected 

that polymers P3.1 were highly sensitive to molecular oxygen and readily oxidized at the 

benzylic / allylic position when exposed to air.  Since the polymers were stored in the freezer and 

thus exposed to ambient oxygen prior to analysis, we theorized that this was the origin of the 
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observed molecular weight distributions. To test this hypothesis, we took freshly polymerized 

samples directly from the glove box and dissolved them in chloroform immediately before 

analyzing by gel permeation chromatography (GPC). Even with this precaution, the traces of 

P3.1 exhibited shoulder peaks (Figure 3.2a); however the dispersities of the polymers (Ð = 1.15 

– 1.20, Table 3.2) were much smaller than those of the stored samples. It is also interesting to 

note that the molecular weight of P3.1 decreased after incubation in air (Table 3.4) suggesting 

chain scission. El-Saafin and Feast had postulated that molecular oxygen reacts at the benzylic / 

allylic of poly(benzonorbornadiene) to produce a peroxy radical and that oxidation of the 

polymer both degrades and cross-links the polymer;9 the GPC data for P3.1 supports this 

hypothesis.    

 The oxygen-containing analogue M3.2 resulted in ill-defined polymers with high 

dispersities even when analyzed immediately after polymerization (Figure 3.5c).  The light 

scattering (LS) trace significantly differed from the refractive index (RI) trace and showed larger 

molecular weight species that eluted prior to the main peak (Figure 3.5c). It should be noted that 

LS is more sensitive to higher molecular weight species than RI,48,49,50 and thus the high 

molecular weight shoulder is more pronounced in the LS trace. Continued exposure of the 

sample to air resulted in further deformation of the LS trace, and a second distinct peak appeared 

near the 10 min mark on the chromatogram (Figure 3.5d). Comparison of P3.1 and P3.2 GPC 

traces suggested that P3.2 underwent more significant oxidation (Figure 3.5a vs. 3.5c), implying 

that P3.2 is especially prone to oxidation and will likely oxidize immediately upon contact with 

air. To compare the relative oxidation potentials of P3.1 and P3.2, energies of monomer units 

were computed by density functional theory (DFT) calculations. 51  Results show that the 

oxidation potential of P3.2 is 0.238 V higher than that of P3.1, which supports the experimental 
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observation that P3.2 oxidizes more readily than P3.1 (see Calculation of Oxidation Potential 

section in the Experimental Section).  

 It was also noted that the main peaks from the P3.2 chromatogram had higher dispersity 

values (Figure 3.2b, Ð = 1.83 – 2.00) than those observed for fresh P3.1 (Figure 3.2a, Ð = 1.15 – 

1.20). It has been previously reported that monomer M3.2 is roughly 19 times more reactive than 

monomer M3.1.52 Assuming similar rates of initiation (ki) for the first-generation Grubbs catalyst 

in the ROMP of M3.1 and M3.2, this increased reactivity likely leads to a high propagation rate 

(kp) and low ki / kp ratio that consequently results in the observed higher dispersities for M3.2. 

 

Table 3.2. ROMP of Monomers M3.1–M3.4 Using Grubbs Catalysts 

 

Entry Catalyst Monomer [M] / [I] Mn (theo) Mn D

1.16
1.15
1.20

1.83a

1.86a

2.00a

1.14
1.14
1.17

1.11
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1.07
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31.6 kDa
53.0 kDa

15.7 kDaa

38.4 kDaa

50.6 kDaa
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54.0 kDa

17.4 kDa
46.4 kDa

162.0 kDa

7.1 kDa
21.3 kDa
42.6 kDa
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21.6 kDa
43.3 kDa
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51.7 kDa
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300
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150
300
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Whereas the unsubstituted polymers P3.1 and P3.2 were highly susceptible to oxidation, 

polymers P3.3 and P3.4 (bearing alkyl substituents at the benzylic / allylic positions) did not 

exhibit such discrepancy between RI and LS traces, suggesting that benzylic substitution 

effectively prevents oxidation. For the dimethyl-substituted monomer M3.3, the substitution 

attenuates the reactivity of the system, allowing for well-controlled polymerizations with narrow 

dispersity (Ð = 1.14 – 1.17) for all molecular weights tested (Figure 3.2c). Effective 

polymerization of monomer M3.4 required the use of the more reactive third-generation Grubbs 

catalyst and higher reaction temperatures (60 oC) (Table 3.2, entries 10–12) to give polymers 

with low dispersity values (Figure 3.2d, Ð = 1.07 – 1.12). 

 

 

Figure 3.2. SEC-MALS Chromatograms of polymers (a) P3.1 and (b) P3.2 show broad 
overlapping peaks. Chromatograms of polymers (c) P3.3 and (d) P3.4 show well-defined peaks 
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In order to verify that alkyl substitution at the benzylic / allylic positions results in 

polymers that are stable to oxidation, we analyzed polymers P3.1–P3.4 by elemental analysis 

(Table 3.3). Benzonorbornadiene polymer P3.1 was detected to contain 0.37 oxygen atoms per 

repeat unit. This represents direct evidence for the incorporation of oxygen to the polymer once it 

is exposed to air. Similarly, oxabenzonorbornadiene polymer P3.2 was found to contain 1.32 

oxygen atoms per repeat unit. The instrumental error in the measurement of oxygen is 0.30%. 

The data indicates that both unsubstituted polymers have higher oxygen-content than we would 

normally expect (>30% more oxygen). In stark contrast, polymers P3.3 and P3.4 both contained 

the expected number of oxygen atoms per repeat unit, suggesting that substitution at the benzylic 

/ allylic positions successfully suppressed the oxidation pathway. 

 

Table 3.3. Elemental Analysis Data for Polymers P3.1–P3.4 

 

 

To further confirm the oxidation of P3.1 and P3.2, the polymer samples were subjected 

to Fourier-transform infrared spectroscopy (FT-IR) analysis (Figure 3.3). Upon oxidation and 

incorporation of an OH group, the FT-IR spectrum is expected to show a broad alcohol or 

Polymer Element % observed # of atoms per unit 
observed
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Carbon
Hydrogen
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Carbon
Hydrogen
Oxygen

P3.3

P3.4

Carbon
Hydrogen
Oxygen

Carbon
Hydrogen
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88.70
7.27
3.96

80.38
5.58
14.14

83.54
7.09
9.46

83.89
7.93
8.08

11
10.74
0.37

10
8.27
1.32

12
12.14
1.02

14
15.77
1.01

11
10
0

10
8
1

12
12
1

14
16
1
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peroxide O–H stretch in the 3600–3200 cm–1 range. Polymer P3.1 shows a small broad peak at 

3400 cm–1 (Figure 3.3a), in good agreement with the IR spectrum previously reported for the 

poly(benzonorbornadiene).10 The same indicative stretch (3400 cm–1) is more pronounced in 

polymer P3.2 (Figure 3.3b), and it is completely absent in the cases of polymers P3.3 and P3.4 

(Figure 3.3c and 3.3d). Taken together with the elemental analysis data, these experimental 

findings confirm that benzonorbornadiene monomers with benzylic / allylic substitution give air-

stable polymers. 

 

 

Figure 3.3. FT–IR spectra: (a) P3.1, (b) P3.2, (c) P3.3, (d) P3.4 

 

Having determined the relative stability to oxygen of non-substituted (P3.1 and P3.2) and 

substituted (P3.3 and P3.4) polymers, we measured the glass transition temperatures (Tg) by 

dynamic scanning calorimetry (DSC) (Figure 3.4). Polymers P3.1 and P3.3 each have a high Tg  
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(P3.1: 155.40 °C and P3.3: 151.99 °C), whereas the diethyl-substituted polymer P3.4 has a lower 

Tg  (93.58 °C). This drastic decrease in glass transition temperature, related to the longer alkyl 

substituent (methyl vs. ethyl), has been previously attributed to the internal plasticization 

effect.53,54 Longer alkyl substituents are thought to disrupt intermolecular interactions between 

polymer chains, thereby reducing the thermal barrier required to reach the glass transition 

threshold. For polymer P3.2 (Figure 3.4b), Schrock and coworkers have previously reported a Tg 

of 167 oC.13 Interestingly, we do not observe a Tg in the –50 to 250 °C range. We suspect that the 

polymer cross-linked through the oxidation pathway prior to analysis, which would restrict 

polymer chain motion that causes the onset of glass transition.55 As cross-linking would make 

the microstructure of the polymer highly heterogeneous, the glass transition of the polymer may 

be altered to different extents, ultimately leading to broadening of Tg such that it is not 

detectable. 

 

 

Figure 3.4. DSC curves, (a) P3.1, (b) P3.2 (not detected), (c) P3.3, and (d) P3.4 
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3.4 Conclusion 

We have successfully demonstrated an efficient approach for the synthesis of air-stable 

benzonorbornadiene polymers. Monomers were synthesized in high yields using benzyne Diels–

Alder reactions involving a commercially available benzyne precursor. Subsequently, ruthenium-

based Grubbs catalysts were used to promote ROMP, giving polymers with good control over 

molecular weight dispersity. This approach complements more commonly used strategies for 

handling unstable materials, such as post-polymerization modifications. We anticipate that this 

report will stimulate further efforts to utilize arynes in the synthesis of polymers, in addition to 

benzonorbornadiene polymers in materials applications. 

 

3.5 Experimental Section 

3.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals and stored on the bench-

top at ambient temperature under a N2 atmosphere. 2-(Trimethylsilyl)phenyl 

trifluoromethanesulfonate, dicyclopentadiene, and 2,5-dimethylfuran were obtained from Sigma 

Aldrich. Furan was obtained from Alfa Aesar. First-generation and second-generation Grubbs 

catalysts were obtained from Materia Inc. Third-generation Grubbs catalyst was synthesized 

from the second-generation catalyst according to literature precedent.56 Reaction temperatures 

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

were performed at room temperature (rt, approximately 23 °C). Thin-layer chromatography 
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(TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a 

combination of UV light and potassium permanganate staining. Silicycle Siliaflash P60 (particle 

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

recorded on Bruker spectrometers (at 400 MHz, or 500 MHz) and are reported relative to 

deuterated solvent signals. Data for 1H NMR spectra are reported as follows: chemical shift (δ 

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

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

for 13C NMR spectra are reported in terms of chemical shift and, when necessary, multiplicity, 

and coupling constant (Hz). IR spectra were recorded on a Perkin-Elmer 100 spectrometer and 

are reported in terms of frequency of absorption (cm–1). High-resolution mass spectra were 

obtained on Waters LCT Premier with ACQUITY LC and Thermo ScientificTM Exactive Mass 

Spectrometers with DART ID-CUBE. 

 

3.5.2 Analytical Techniques 

Gel permeation chromatography (GPC) was conducted on a Shimadzu HPLC 

Prominence-i system equipped with a UV detector, Wyatt DAWN Heleos-II Light Scattering 

detector, Wyatt Optilab T-rEX RI detector, one MZ-Gel SDplus guard column, and two MZ-Gel 

SDplus 100 Å 5 µm 300 x 8.0 mm columns. Chloroform (CHCl3) at 40 °C was used as the eluent 

(flow rate: 0.70 mL/min). For polymers P3.1, P3.3, and P3.4, dn/dc was calculated by the Astra 

6.0 software and used for calculation of molecular weights. For P3.2, near-monodisperse 

poly(styrene) standards (Polymer Laboratories) were employed for calibration and molecular 

weights were calculated from refractive index. Infrared absorption spectra were recorded on a 

PerkinElmer FT-IR equipped with an ATR accessory. Elemental analysis was conducted through 
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Midwest Microlab, Inc., on an Exeter Analytical CE-440. For each polymer series, equal 

amounts of samples were combined from all equivalents (50, 150, and 300 equiv) and submitted 

for analysis. The samples were vacuum dried overnight prior to the elemental analysis. 

Differential scanning calorimetry was conducted on a DSCQ200 calorimeter (TA Instruments) 

equipped with a RSC 90 electric freezing machine, using approximately 5 mg of dried polymer 

sample (150 equiv as the representative sample) in an aluminum pan under a dry nitrogen flow at 

a heating/cooling rate of 10 °C/min, with a total of two cycles from –80 to 200 °C. 

 

3.5.3 Experimental Procedures 

3.5.3.1 Synthesis of Benzonorbornadiene Monomers M3.1–M3.4 

 

 

Representative Procedure: Cyclopentadiene Diels-Alder monomer M3.1 (Table 3.1, Entry 

1). Cyclopentadiene was purified as follows: a 250 mL round bottom flask containing a stir bar 

was attached to a Vigreux column. The Vigreux column was fitted with a short-path distillation 

head, which in turn, was connected to a Schlenk tube. The apparatus was flame-dried, and then 

the 250 mL round bottom flask was charged with dicyclopentadiene (100 mL). The apparatus 

was purged with N2, and the 250 mL round bottom flask was heated to 220 °C. After several 

hours, approximately 50 mL of cyclopentadiene was collected in the Schlenk tube, which was 

submerged in a –78 °C bath (acetone/dry ice). The distillate was stored at –80 °C. 

TfO SiMe3
CsF (5 equiv)

CH3CN, 60 °C

(99% yield)

(3 equiv)

3.7 M3.1
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 To a stirred solution of silyltriflate 3.7 (500 mg, 1.68 mmol) and cyclopentadiene (705 

µL, 8.38 mmol, 5 equiv) in CH3CN (17 mL) was added CsF (1.3 g, 8.38 mmol, 5 equiv). The 

reaction vessel was sealed and placed in an aluminum heating block maintained at 60 °C for 16 

h. After cooling to 23 °C, the reaction mixture was filtered over silica gel (EtOAc eluent). 

Evaporation under reduced pressure afforded crude M3.1. The crude residue was further purified 

by column chromatography (hexanes) to afford M3.1 (239 mg, 99% yield) as a colorless oil: 

Spectral data matched those previously reported.57  

 

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

following schemes, which depict all of the results shown in Table 3.1 

 

 

Furan Diels-Alder monomer M2 (Table 3.1, Entry 2). To a stirred solution of silyltriflate 3.7 

(500 mg, 1.68 mmol) and furan (370 µL, 5.03 mmol, 3 equiv) in CH3CN (17 mL) was added CsF 

(1.3 g, 8.38 mmol, 5 equiv). The crude residue was purified by column chromatography (95:5 

hexanes:EtOAc) to afford M3.2 (227 mg, 94% yield) as a colorless oil: Spectral data matched 

those previously reported.58 

 

TfO SiMe3

O

CsF (5 equiv)

CH3CN, 60 °C

(94% yield)

(3 equiv)

3.7 M3.2

O
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2,5-Dimethylfuran Diels-Alder monomer M3.3 (Table 3.1, Entry 3). To a stirred solution of 

silyltriflate 3.7 (500 mg, 1.68 mmol) and 2,5-dimethylfuran (555 µL, 5.03 mmol, 3 equiv) in 

CH3CN (17 mL) was added CsF (1.3 g, 8.38 mmol, 5 equiv). The crude residue was purified by 

column chromatography (95:5 hexanes:EtOAc) to afford M3.3 (289 mg, 99% yield) as a faint 

yellow oil: Spectral data matched those previously reported.59 

 

 

2,5-Diethylfuran Diels-Alder monomer M3.4 (Table 3.1, Entry 4). To a stirred solution of 

silyltriflate 3.7 (500 mg, 1.68 mmol) and 2,5-diethylfuran (625 mg, 5.03 mmol, 3 equiv) in 

MeCN (17 mL) was added CsF (1.3 g, 8.38 mmol, 5 equiv). The crude residue was purified by 

column chromatography (99:1 hexanes:EtOAc) to afford M3.4 (305 mg, 91% yield) as a faint 

orange oil. M3.4: Rf 0.63 (9:1 hexanes:EtOAC); 1H NMR (500 MHz, CDCl3): δ 7.15–7.10 (m, 

2H), 6.99–6.93 (m, 2H), 6.79 (s, 2H), 2.40–2.32 (m, 2H), 2.30–2.22 (m, 2H), 1.19 (t, J = 7.53, 

6H); 13C NMR (125 MHz, CDCl3): δ 152.6, 146.0, 124.7, 119.0, 92.5, 22.5, 9.2; IR (film): 3069, 

2970, 2937, 1452, 1379, 1291 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C14H17O, 201.12739; 

found, 201.12732. 
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(3 equiv)
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O
MeMe
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3.5.3.2 Synthesis of Benzonorbornadiene Polymers P3.1–P3.4 

 

 

Representative Procedure: Polymerization P3.1 (50 equiv) (Table 3.2, Entry 1). A 1-dram 

vial containing a magnetic stir bar was flame-dried under reduced pressure, and then allowed to 

cool under N2. The vial was charged with monomer M3.1 (20.0 mg, 0.14 mmol, 50 equiv), and 

the vial was flushed with N2. The vial was taken into a glove box and the monomer was 

dissolved in toluene (100 µL).  

 In the glovebox, a separate vial was charged with Grubbs first-generation catalyst (5.9 

mg) and toluene (230 µL). A 90 µL aliquot of the resulting solution (2.3 mg Grubbs 1st gen. cat., 

2.8 µmol, 1 equiv) was then added to the monomer M3.1 solution while stirring vigorously. The 

reaction mixture was allowed to stir at 23 °C for 24 h. The vial was then removed from the glove 

box and the reaction was quenched with ethyl vinyl ether (10 µL, 0.1 mmol). The polymer was 

then precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH kept 

at –20 °C. The precipitated polymer was recovered and freeze-dried from benzene to afford P3.1 

(50 equiv). 1H NMR (400 MHz, CD2Cl2) δ: 7.56–6.93 (4H), 5.88–5.41 (2H), 4.35–4.09 (1H), 

3.93–3.60 (1H), 2.74–2.43 (1H), 1.92–1.64 (1H). Mn (MALS): 5.8 kDa, Ð = 1.16. 

 

Any modifications of the conditions shown in the representative procedure in the manuscript are 

specified in the following schemes, which depict all of the results shown in Table 3.2 

 

(1 equiv)

toluene, 23 °C

M3.1 (50 equiv) P3.1

Ru

PCy3

PCy3
PhCl

Cl

n
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P3.1 (150 equiv) (Table 3.2, Entry 2). 1H NMR (400 MHz, CD2Cl2) δ: 7.66–7.04 (4H), 5.85–

5.43 (2H), 4.33–4.00 (1H), 3.92–3.55 (1H), 2.74–2.39 (1H), 1.89–1.61 (1H). Mn (MALS): 10.8 

kDa, Ð = 1.15. 

 

 

P3.1 (300 equiv) (Table 3.2, Entry 3). 1H NMR (400 MHz, CD2Cl2) δ: 7.41–7.09 (4H), 5.80–

5.46 (2H), 4.32–4.04 (1H), 3.92–3.59 (1H), 2.74–2.38 (1H), 1.90–1.61 (1H). Mn (MALS): 17.4 

kDa, Ð = 1.20. 

 

 

P3.2 (50 equiv) (Table 3.2, Entry 4). 1H NMR (400 MHz, CD2Cl2) δ: 7.45–7.11 (4H), 6.27–

5.91 (2H), 5.89–5.54 (2H). Mn (PS standards): 15.7 kDa, Ð = 1.83. 

 

(1 equiv)

toluene, 23 °C
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P3.2 (150 equiv) (Table 3.2, Entry 5). 1H NMR (400 MHz, CD2Cl2) δ: 7.45–7.08 (4H), 6.28–

5.94 (2H), 5.91–5.56 (2H). Mn (PS standards): 38.4 kDa, Ð = 1.86. 

 

 

P3.2 (300 equiv) (Table 3.2, Entry 6). 1H NMR (400 MHz, CD2Cl2) δ: 7.44–7.09 (4H), 6.33–

5.93 (2H) 5.92–5.54 (2H). Mn (PS standards): 50.6 kDa, Ð = 2.00. 

 

 

P3.3 (50 equiv) (Table 3.2, Entry 7). 1H NMR (400 MHz, CD2Cl2) δ: 7.35–6.89 (4H), 6.13–

5.84 (2H), 1.70–1.40 (6H). Mn (MALS): 5.4 kDa, Ð = 1.14. 
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P3.3 (150 equiv) (Table 3.2, Entry 8). 1H NMR (400 MHz, CD2Cl2) δ: 7.35–6.90 (4H), 6.10–

5.86 (2H), 1.67–1.40 (6H). Mn (MALS): 25.2 kDa, Ð = 1.14. 

 

 

P3.3 (300 equiv) (Table 3.2, Entry 9).  1H NMR (400 MHz, CD2Cl2) δ: 7.37–6.87 (4H), 6.08–

5.88 (2H), 1.69–1.46 (6H). Mn (MALS): 54.0 kDa, Ð = 1.17. 

 

 

P3.4 (50 equiv) (Table 3.2, Entry 10). 1H NMR (400 MHz, CD2Cl2) δ: 7.25–7.01 (2H), 7.01–

6.82 (2H), 6.13–5.85 (2H), 1.99–1.80 (2H), 1.80–1.62 (2H), 1.02–0.77 (6H). Mn (MALS): 17.4 

kDa, Ð = 1.11. 
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P3.4 (150 equiv) (Table 3.2, Entry 11). A 1-dram vial containing a magnetic stir bar was flame-

dried under reduced pressure, and then allowed to cool under N2. The vial was charged with 

monomer M3.4 (20.2 mg, 0.10 mmol, 150 equiv), and the vial was flushed with N2. The vial was 

taken into a glovebox.  

 In the glovebox, a separate vial was charged with Grubbs third-generation catalyst (4.5 

mg) and toluene (560 µL). A 60 µL aliquot of the resulting solution (0.48 mg Grubbs 3rd gen. 

cat., 0.67 µmol, 1 equiv) was then added to the monomer M3.4 (neat) while stirring vigorously. 

The reaction mixture was allowed to stir at 60 °C for 24 h. The vial was then removed from the 

glovebox and the reaction was quenched with ethyl vinyl ether (10 µL, 0.1 mmol). The polymer 

was then precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH 

kept at –20 C. The precipitated polymer was recovered and freeze-dried from benzene to afford 

P3.4 (150 equiv). 1H NMR (400 MHz, CD2Cl2) δ: 7.14–6.99 (2H), 6.99–6.84 (2H), 6.09–5.92 

(2H), 1.94–1.80 (2H), 1.80–1.65 (2H), 0.97–0.79 (6H). Mn (MALS): 46.4 kDa, Ð = 1.12. 
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P3.4 (300 equiv) (Table 3.2, Entry 12). A 1-dram vial containing a magnetic stir bar was flame-

dried under reduced pressure, and then allowed to cool under N2. The vial was charged with 

monomer M3.4 (20.4 mg, 0.10 mmol, 300 equiv), and the vial was flushed with N2. The vial was 

taken into a glovebox.  

 In the glovebox, a separate vial was charged with Grubbs third-generation catalyst (3.2 

mg) and toluene (800 µL). A 60 µL aliquot of the resulting solution (0.24 mg Grubbs 3rd gen. 

cat., 0.33 µmol, 1 equiv) was then added to the monomer M3.4 (neat) while stirring vigorously. 

The reaction mixture was allowed to stir at 60 °C for 24 h. The vial was then removed from the 

glovebox and the reaction was quenched with ethyl vinyl ether (10 µL, 0.1 mmol). The polymer 

was then precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH 

kept at –20 C. The precipitated polymer was recovered and freeze-dried from benzene to afford 

P3.4 (300 equiv). 1H NMR (400 MHz, CD2Cl2) δ: 7.13–7.02 (2H), 7.01–6.84 (2H), 6.05–5.92 

(2H), 1.94–1.78 (2H), 1.78–1.64 (2H), 0.95–0.77 (6H). Mn (MALS): 162 kDa, Ð = 1.07. 
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3.5.3.3 Further Evidence for P3.1 & P3.2 Decomposition 

 

 

Figure 3.5. Comparison of RI and LS traces of benzonorbornadiene polymers. (a) P3.1 
immediately after polymerization, (b) P3.1 after incubation in air, (c) P3.2 immediately after 
polymerization, (d) P3.2 after incubation in air, (e) P3.3, and (f) P3.4 
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Table 3.4. Molecular Weight of P3.1 After Incubation in Air 

 

 

3.5.3.4 Calculation of Oxidation Potentials for P3.1 & P3.2 

Oxidation potential calculation for P3.1 and P3.2 were calculated as reported by 

Nicewicz et al.60 Briefly, neutral and cation radical structures for respective model compounds 

P3.1’ and P3.2’ were optimized using B3LYP/6-31+G(d,p) in the gas phase with Gaussian 09 

and their energies were computed. 

 

 

G298(neutral) =  –581.928047 Hartree 

G298(oxidized) = –581.626248 Hartree 

∆𝐺!/!!  = (–581.928047 – (–581.626248 Hartree)) × 627.5 kcal mol–1 Hartree–1 = –189.4 kcal 

mol–1 

 

 

P3.1'
Neutral

Cation Radical
Oxidized

+ e–
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G298(neutral) =  –617.841918 Hartree 

G298(oxidized) = –617.531377 Hartree 

∆𝐺!/!!  = (–617.841918 – (–617.531377 Hartree)) × 627.5 kcal mol–1 Hartree–1 = –194.9 kcal 

mol–1 

The obtained free energies were transformed into oxidation potential by the following equation: 

𝐸!/!
!,!"#! = −

∆𝐺!/!!

𝑛!ℱ
− 𝐸!/!

!,!"# +  𝐸!/!
!,!"# 

where ne = number of electrons (one electron in the oxidation of interest), ℱ = Faraday’s constant 

(23.061 kcal mol–1 V–1), 𝐸!/!
!,!"# and 𝐸!/!

!,!"# are the potential of the standard hydrogen electrode 

and the saturated calomel electrode, respectively. 

 

Taking the difference in oxidation potential of P3.1’ and P3.2’ cancels out the electrode 

potentials 𝐸!/!
!,!"# and 𝐸!/!

!,!"# to yield the following expression: 

∆𝐸!
!

!,!"#! = 𝐸!
!

!,!"#! 𝐏𝟑.𝟐! − 𝐸!
!

!,!"#! 𝐏𝟑.𝟏!  

= −
∆𝐺!

!

! 𝐏𝟑.𝟐! − ∆𝐺!
!

! 𝐏𝟑.𝟏!

𝑛!ℱ
= −

−194.9− −189.4  kcal mol!!

1×23.061 kcal mol!! V!! = 0.238 V 

 

3.5.3.5 Cartesian Coordinates for Computed Structures 

Cartesian coordinates for the computed structures have been previously reported.61 

O O

P3.2'
Neutral

Cation Radical
Oxidized

+ e–
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3.6 Spectra Relevant to Chapter Three: 

 

Expanding the ROMP Toolbox: Synthesis of Air-Stable Benzonorbornadiene  

 Polymers by Aryne Chemistry  

 

Jose M. Medina, Jeong Hoon Ko, Heather D. Maynard, and Neil K. Garg 

Macromolecules 2017, 50, 580–586.   
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Figure 3.7. Infrared spectrum of compound M3.4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. 13C NMR (125 MHz, CDCl3) of compound M3.4 
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4.1 Abstract  

 We report the strategic use of cyclohexyne and the more elusive intermediate, 

cyclopentyne, as a tool for the synthesis of new heterocyclic compounds. Experimental and 

computational studies of a 3-substituted cyclohexyne are also described. The observed 

regioselectivities are explained by the distortion / interaction model. 
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4.2 Introduction 

     The study of small rings containing triple bonds has been a topic of vast interest for over 

a hundred years.1 Following a provocative report in 1902 suggesting the intermediacy of an 

aryne,2 chemists probed the viability of benzyne (4.1, Figure 4.1) and related intermediates. 

Roberts, in 1953, validated the existence of benzyne (4.1),3 which can be used today in a host of 

synthetic applications.1 Perhaps the next most well-studied classes of strained alkynes are 

cyclooctynes (e.g., 4.2) and thiacycloheptynes, which have proven useful in bioorthogonal 

reactions by Bertozzi, Boons, and others.4 In contrast, cyclohexyne (4.3)5 and cyclopentyne 

(4.4)6 have seen only sparse use in synthetic applications. Breakthroughs in the manipulation of 

cyclohexyne include formal C–C bond insertions reported by the laboratories of Stoltz and 

Carreira,7,8 in addition to Diels–Alder reactions as shown by the groups of Guitián and Du Bois.9 

The use of cyclopentyne has been limited to [2+2] and Diels–Alder cycloadditions.10 

Despite the relatively limited use of 4.3 and 4.4 in synthetic applications for the 

construction of C–C bonds, we envisioned harnessing these strained intermediates to construct 

new bicyclic heterocyclic scaffolds. Heterocycles are prevalent in drugs, natural products, and 

other compounds of tremendous importance.11 Thus, new methods for their synthesis, especially 

previously inaccessible compounds, remain highly sought after. As suggested in Figure 4.1, 

cycloadditions involving 4.3 or 4.4 would provide heterocycles 4.5 or 4.6, respectively. Despite 

the simplicity of this approach, there are no examples of the trapping of cyclohexyne or 

cyclopentyne to construct heterocycles with one or more newly formed C–X bonds (where 

X=heteroatom). In addition, we sought to prepare a substituted cyclohexyne 4.7 and probe 

regioselectivities in both nucleophilic trapping and cycloaddition reactions. We have previously 

explained regioselectivities in reactions of substituted benzynes and hetarynes using the 
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distortion / interaction model,12  but this model has not been tested on the non-aromatic 

cyclohexyne derivatives. Herein, we demonstrate the synthetic utility of 4.3 and 4.4 for the 

construction of bicyclic heterocycles, and also explain the regioselectivities seen in reactions of 

the first 3-substituted cyclohexyne using the distortion / interaction model. 

 

 

Figure 4.1. Well-studied cyclic alkynes 4.1–4.2, cyclohexyne (4.3), cyclopentyne (4.4), and 
objectives of the present study  

 

4.3 Results and Discussion 

4.3.1 Generation & Trapping of Cyclohexyne (4.3) 

To initiate our study, we opted to generate cyclohexyne in situ from the corresponding 

silyltriflate, 4.9 (Table 4.1). Silyltriflate 4.9 was first synthesized in 1998,9a but has seen limited 

use, for example, in Diels–Alder reactions and formal C–C bond insertion reactions.7a,9,13,14 We 

were delighted to find that treatment of silyltriflate 4.9 with CsF in the presence of a variety of 

trapping agents delivered heterocyclic products in synthetically useful yields. Specifically, 

triazoles and pyrazoles were obtained by the trapping of azide and diazo coupling partners, 
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respectively (entries 1–3).15  An N-Ph pyrazole was accessed using a sydnone cycloaddition 

(entry 4).  We also explored nitrone and nitrile oxide cycloadditions, which provided 

isoxazoline- and isoxazole-containing products, respectively (entries 5–6). Moreover, additional 

new trapping experiments to forge 6-membered heterocycles from cyclohexyne are provided in 

the Experimental Section. It should be emphasized that in contrast to many common methods for 

heterocycle synthesis, particularly benzyne trapping, the products obtained from cyclohexyne 

trapping possess more aliphatic character. Being able to access “higher fraction sp3” compounds 

is an important direction in contemporary drug discovery.16 
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Table 4.1. Cycloaddition Reactions of 4.3 to Construct 5-Membered Heterocycles 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products. b Benzene was used as a cosolvent. c Et2O was 
used as a cosolvent. 

 

4.3.2 Generation & Trapping of Cyclopentyne (4.4)  

Encouraged by our success in building heterocycles from cyclohexyne, we performed 

trapping experiments of the less well-studied intermediate, cyclopentyne (4.4), using silyltriflate 

4.10 (Table 4.2).17   Although silyltriflate 4.10 has been synthesized previously,18 no successful 

trapping experiments involving 4.10 have been reported.  Thus, 4.10 was treated with CsF in 

acetonitrile in the presence of various trapping agents. Most trapping agents gave only low yields 

Trapping agent Yield aEntry

1

2

3

4.9 4.3 4.5

CsF
Trapping agent

(3 equiv)

THF (0.03 M)
60 °C

Product

N
N
N

Bn

94%b

O
NPh

N

O

98%

82%c

OTf

SiMe3

4

5

6

N
N

N
Bn

N
N

CO2Et

N
N

TMS

N
H

N

N
H

N

CO2Et

NPh
N

82%

N
t-BuO

Ph

N
O

t-Bu

Ph

61%

N
HO

Cl

MeO

N
O

MeO
90%

X

Y



 194 

or none of the desired products; however, benzyl azide and sydnone partners could be employed 

to deliver triazole and pyrazole products, respectively (entries 1–2). Additionally, we found that 

trapping of 4.4 with a cyclic dimethylurea19 generated a unique product possessing a [5,7]-fused 

ring system (entry 3).20 Despite the limited scope of trapping agents that can be used to intercept 

4.4, these studies validate the notion that cyclopentyne can be used in reactions beyond [2+2] 

and Diels–Alder cycloadditions, and may react through non-radical pathways. 

 

Table 4.2. Trapping Experiments of Cyclopentyne (4.4) 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products. 

 

4.3.3 Prediction of Regioselectivities Based on the Distortion / Interaction Model 

  Figure 4.2 shows the optimized structures of cyclohexyne (4.3) and cyclopentyne (4.4) 

(see the Experimental Section for computational details).21 The minimum energy conformer of 

cyclopentyne is slightly puckered and shows Cs symmetry, in agreement with previous studies.22 

The large angle-strain of this structure is revealed by the large deviation of the internal ring 
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angles (116°) from the ideal linear disposition of alkynes. The strain has been calculated to be ca. 

74 kcal mol–1.22 Such a large strain distorts the in-plane π bond in a way that cyclopentyne has 

~10% calculated diradical character.23 The more relaxed internal angle in cyclohexyne (132°) 

causes a smaller, but still significant strain, estimated as ca. 44 kcal mol–1.22 Cyclohexyne (4.3) 

possesses a C2-symmetric structure that resembles the well-known half-chair structure of 

cyclohexene.22a,24  

 

 

Figure 4.2. Optimized structures of 4.3, 4.4, 4.11, and 4.12 obtained using PCM(THF)/M06-
2X/6-311+G(2d,p)  

 

We also compared 3-methoxybenzyne (4.11) to its non-aromatic counterpart, 3-

methoxycyclohexyne (4.12) (Figure 4.2).  In the case of 4.11, as we have previously 

described,12a,b the inductively withdrawing methoxy group at C3 distorts the aryne significantly. 

Nucleophilic trapping occurs at C1, the more linear aryne terminus whose reactive orbital 

possesses more p character, uniformly with high degrees of regioselectivity. Interestingly, 3-

methoxycyclohexyne (4.12) bears similar distortion, with internal angles at C1 and C2 being 

calculated as 138° and 124°, respectively.25 Much like the distortion seen in 4.11, the distortion 

in 4.12 is attributed to the inductively withdrawing nature of the C3 methoxy group that causes 
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rehybridization of C2 (Bent’s Rule, see Experimental Section for further discussion). 26 

Consequently, we predict that nucleophilic addition to 3-alkoxycycloalkynes should occur with a 

significant preference for attack at C1, the more linear alkyne terminus.  

 

4.3.4 Generation & Trapping of C3-Substituted Cyclohexyne 4.14 

To test our prediction, we prepared benzyloxysilyltriflate 4.13, the first C3-substituted 

cyclohexyne precursor, and performed trapping experiments (Figure 4.3).27 When silyltriflate 

4.13 was treated with CsF in the presence of imidazole, adduct 4.15 was obtained exclusively, 

which arises via attack at C1 of cyclohexyne 4.14. Similarly, trapping with benzylazide gave a 

5.1 to 1 ratio of cycloadducts 4.16 and 4.17, which is consistent with a preference for initial bond 

formation occurring between the more nucleophilic terminus of the azide28 and C1 of 4.14.  

 

 

Figure 4.3. Experimental results validate regioselectivity predictions in reactions of 3-substituted 
cyclohexyne 4.14 
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4.3.5 Comparison of Transition States for Nucleophilic Addition and Cycloaddition 

       Figure 4.4 shows the calculated competing transition states, TS4.1–TS4.4, for the 

reactions shown in Figure 4.3.29 In agreement with the observed selectivity, attack by imidazole 

at C1 is highly preferred (ca. 3 kcal mol–1) because 3-methoxycyclohexyne (4.12) is pre-

distorted toward the preferred transition state, TS4.1. Similarly, in the azide cycloaddition, TS4.3 

is favored over TS4.4, although the calculated regioselectivity is overestimated. It is important to 

note the systematic increase in distortion energy (ΔEdist), the cost of altering the substrate 

geometry toward the transition state, of the 3-methoxycyclohexyne moiety in TS4.2 and TS4.4, 

which accounts for most of the calculated energy differences between competing transition 

states. As a common feature of distortion-controlled reactions, the interaction energies (ΔEint), or 

in other words, the stabilization due to orbital overlap between the reacting fragments in the 

transition state, is nearly identical when comparing competing transition states. It is notable that 

this trend is observed for both the imidazole and azide trapping agents, despite their different 

electronic properties. 
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Figure 4.4. Optimized transition states for reactions with imidazole and methyl azide to 4.12 
using PCM(THF)/M06-2X/6-11+G(2d,p). Energies are provided in kcal mol–1 

 

4.3.6 Synthesis of Highly Functionalized Heterocycles 

In addition to serving as a probe to assess the distortion / interaction model, 

benzyloxycyclohexyne 4.14 can also be used to access highly functionalized heterocycles.  As 

shown in Scheme 4.1, triazole 4.16, prepared from the benzylazide cycloaddition of 4.14 (Figure 

4.3), was converted to azide 4.18 through an uncommon functionalization of a pseudobenzylic 

benzyloxy group.30 Subsequent reduction and pyrrole formation provided triazolopyrrole 4.19. 
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Scheme 4.1. Elaboration of Benzyloxycyclohexyne 4.16 to Triazolopyrrole 4.19 

 

 

4.4 Conclusion 

In summary, we have demonstrated that cyclohexyne and the more elusive intermediate, 

cyclopentyne, serve as effective tools for the synthesis of new heterocyclic compounds.  We 

have also shown that the distortion / interaction model correctly predicts regioselectivities in 

reactions of the first 3-substituted cyclohexyne. This validates the distortion / interaction model 

as a powerful predictive tool for gauging cycloalkyne regioselectivities, just from the reactant’s 

structure, while also providing the impetus for the further exploration of highly strained 

cycloalkynes as valuable synthetic building blocks. 

 

4.5 Experimental Section 

4.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. N-phenyl-

bis(trifluoromethanesulfonimide) was obtained from Oakwood Products, Inc. N-tert-butyl-α-

phenylnitrone, 1,3-dimethyl-2-imidazolidinone, and methyl 2-acetamidoacrylate were obtained 
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from Alfa Aesar. Methyl thiolsalicylate was obtained from Acros Organics. Ethyl diazoacetate, 

L-selectride (1 M in THF), and  (trimethylsilyl)diazomethane (1 M in Et2O) were obtained from 

Sigma Aldrich. Caution: (trimethylsilyl)diazomethane is a flammable liquid that is very toxic 

when inhaled. Inhalation can cause pulmonary edema. It may be harmful if ingested or absorbed 

through the skin. It causes respiratory tract, skin, and eye irritation. Trimethylsilyl chloride 

(TMSCl) was distilled over CaH2 prior to use. Reaction temperatures were controlled using an 

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

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

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

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

was used for flash column chromatography. 1H NMR and 2D-NOESY spectra were recorded on 

Bruker spectrometers (at 500 MHz) and are reported relative to deuterated solvent signals. Data 

for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 

constant (Hz) and integration. 13C NMR spectra were recorded on Bruker spectrometers (at 125 

MHz) and are reported relative to deuterated solvent signals. Data for 13C NMR spectra are 

reported in terms of chemical shift and, when necessary, multiplicity, and coupling constant 

(Hz). 19F NMR spectra were recorded on Bruker spectrometers (at 376 MHz) and reported in 

terms of chemical shift. IR spectra were obtained using on a Perkin-Elmer 100 spectrometer and 

are reported in terms of frequency of absorption (cm-1). High-resolution mass spectra were 

obtained on Waters LCT Premier with ACQUITY LC and Thermo ScientificTM Exactive Mass 

Spectrometers with DART ID-CUBE. 
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4.5.2 Experimental Procedures 

4.5.2.1 Cyclohexyne Trapping Experiments 

 

 

Representative Procedure (Preparation of triazole 4.20 is used as an example).  

4.20 (Table 4.1, Entry 1). To a stirred solution of silyltriflate 4.931 (52.0 mg, 0.172 mmol) and 

benzylazide (0.8 M in PhH, 640 µL, 0.512 mmol, 3.0 equiv) in THF (5.90 mL) was added CsF 

(0.130 g, 0.857 mmol, 5.0 equiv). The reaction vessel was purged with N2 gas, sealed, and placed 

in a preheated aluminum heating block maintained at 60 °C for 24 h. After cooling to 23 °C, the 

reaction mixture was filtered over silica gel (EtOAc eluent, 12 mL). Evaporation under reduced 

pressure and further purification by preparative thin layer chromatography (3:2 EtOAc : hexanes) 

afforded triazole 4.20 as a white amorphous solid (94% yield, average of two experiments). Rf  

0.30 (3:2 EtOAc : hexanes); 1H NMR (500 MHz, CDCl3): δ 7.34–7.27 (m, 3H), 7.19–7.17 (app. 

d, J = 7.5, 2H), 5.41 (s, 2H), 2.72 (app. t, J = 5.0, 2H), 2.40 (app. t, J = 5.2, 2H), 1.78–1.72 (m, 

4H); 13C NMR (125 MHz, CDCl3): δ 144.0, 135.1, 132.1, 129.0, 128.3, 127.6, 51.9, 22.6, 22.5, 

22.0, 20.2; IR (film): 2934, 2855, 1586, 1497, 1456, 1440 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C13H16N3, 214.1339; found, 214.1332. 

 

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

following schemes, which depict all of the results shown in Tables 4.1 and additional examples 
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4.21 (Table 4.1, Entry 2). Purification by preparative thin layer chromatography (1:1 hexanes : 

EtOAc) afforded pyrazole 4.21 as a faint yellow oil (98% yield, average of two experiments). Rf  

0.40 (1:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 11.55 (br s, 1H), 4.34 (q, J = 7.0, 

2H), 2.72 (t, J = 5.9, 2H), 2.68 (t, J = 5.9, 2H), 1.85–1.67 (m, 4H), 1.34 (t, J = 7.1, 3H); 13C 

NMR (125 MHz, CDCl3): δ 162.2, 145.3, 135.8, 119.6, 60.6, 23.0, 22.7, 22.2, 21.6, 14.4; IR 

(film): 2934, 2855, 1714, 1442, 1256, 1143 cm–1; HRMS-ESI (m/z) [M – H]– calcd for 

C10H13N2O2, 193.0972; found, 193.0981. 

 

 

4.22 (Table 4.1, Entry 3). Purification by preparative thin layer chromatography (2:1 EtOAc : 

hexanes) afforded pyrazole 4.22 as a colorless oil (82% yield, average of two experiments). Rf  

0.20 (2:1 EtOAc : hexanes); 1H NMR (500 MHz, CDCl3): δ 10.16 (br s, 1H), 7.30 (s, 1H), 2.68 

(t, J = 6.1, 2H), 2.54 (t, J = 6.1, 2H), 1.86–1.78 (m, 2H), 1.78–1.70 (m, 2H); 13C NMR (125 

MHz, CDCl3): δ 143.5, 132.2, 115.2, 23.6, 23.3, 22.2, 20.6; IR (film): 3155, 3103, 2923, 2849, 

1593, 1444 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C7H11N2, 123.0917; found, 123.0914. 
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4.23 (Table 4.1, Entry 4). The sydnone trapping agent was synthesized using a known 

procedure.32 Purification by preparative thin layer chromatography (9:1 hexanes : EtOAc) 

afforded pyrazole 4.23 as a faint orange oil (82% yield, average of two experiments). Rf  0.55 

(9:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.62 (dd, J = 8.7, 1.0, 2H), 7.61 (s, 1H), 

7.40 (tt, J = 7.2, 1.8, 2H), 7.20 (tt, J = 7.3, 1.0, 1H), 2.78 (t, J = 6.4, 2H), 2.62 (t, J = 6.4, 2H), 

1.89–1.83 (m, 2H), 1.81–1.75 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 151.4, 140.6, 129.4, 

125.6, 123.8, 118.7, 118.3, 23.6, 23.6, 23.5, 20.8; IR (film): 2928, 2855, 1598, 1570, 1504, 1376 

cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H15N2, 199.1230; found, 199.1227. 

 

 

4.24 (Table 4.1, Entry 5). Purification by preparative thin layer chromatography (9:1 hexanes : 

EtOAc) afforded isoxazoline 4.24 as a colorless oil (61% yield, average of two experiments). Rf  

0.65 (9:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.36–7.28 (m, 4H), 7.22 (app. tt, J = 

6.4, 1.7, 1H), 4.88 (s, 1H), 2.21–2.07 (m, 2H), 1.86–1.78 (m, 1H), 1.70–1.58 (m, 3H), 1.58–1.52 

(m, 2H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 148.0, 143.8, 128.4, 127.5, 127.1, 106.5, 

OTf

SiMe3

(3 equiv)

CsF (5 equiv)
THF, 60 °C

(82% yield)

N
NPh

4.9 4.23

O N
NPh

O

OTf

SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(61% yield)

O
N

4.9 4.24

t-Bu

Ph

Ph

N
t-BuO
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70.6, 60.3, 25.2, 22.8, 22.7, 21.4, 21.2; IR (film): 2972, 2932, 1724, 1453, 1361, 1211 cm–1; 

HRMS-ESI (m/z) [M + H]+ calcd for C17H24NO, 258.1852; found, 258.1851. 

 

 

4.25 (Table 4.1, Entry 6). The chloro-oxime trapping agent was synthesized using a known 

procedure.33 Purification by preparative thin layer chromatography (9:1 hexanes : EtOAc) 

afforded isoxazole 4.25 as a faint yellow oil (90% yield, average of two experiments). Rf  0.40 

(9:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.47 (dd, J = 7.5, 1.7, 1H), 7.41 (ddd, J = 

8.3, 7.4, 1.7, 1H), 7.02 (dt, J = 7.5, 1.0, 1H), 6.98 (d, J = 8.3, 1H), 3.84 (s, 3H), 2.74 (tt, J = 6.4, 

1.5, 2H), 2.39 (tt, J = 6.4, 1.5, 2H), 1.94–1.86 (m, 2H), 1.77–1.70 (m, 2H); 13C NMR (125 MHz, 

CDCl3): δ 167.8, 159.8, 157.4, 131.1, 131.0, 120.8, 118.9, 113.5, 111.1, 55.5, 22.9, 22.8, 22.3, 

20.7; IR (film): 2937, 2856, 1634, 1604, 1510, 1470 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C14H16NO2, 230.1176; found, 230.1179. 

 

 

4.26. Purification by preparative thin layer chromatography (9:1 hexanes : EtOAc) afforded 

tetrahydroisoquinoline 4.26 as a colorless oil (40% yield, average of two experiments). Rf  0.10 

OTf

SiMe3

                 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(90% yield)

O
N

9 4.25

MeO

MeO

Cl

N
HO

OTf

SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(40% yield)
4.9 4.26

N

Me

CO2Me

H
NMe CO2Me

O
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(9:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.71 (s, 1H), 3.96 (s, 3H), 2.78 (t, J = 6.4, 

2H), 2.66 (t, J = 6.4, 2H), 2.51 (s, 3H), 1.89–1.85 (m, 2H), 1.80–1.76 (m, 2H); 13C NMR (125 

MHz, CDCl3): δ 166.6, 157.8, 146.9, 143.8, 135.6, 124.1, 52.8, 29.5, 26.5, 22.8, 22.6, 21.9; IR 

(film): 2935, 1741, 1717, 1590, 1436, 1214 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C12H16NO2, 206.1176; found, 206.1173. 

 

 

4.27 and 4.28. Purification by preparative thin layer chromatography (9:1 hexanes : EtOAc) 

afforded adducts 4.27 (47% yield, average of two experiments) and 4.28 (34% yield, average of 

two experiments) as colorless oils. 4.27: Rf  0.22 (9:1 hexanes : EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 8.19 (dd, J = 8.0, 1.7, 1H), 7.59 (ddd, J = 8.6, 7.1, 1.7, 1H), 7.36 (dd, J = 8.6, 0.6, 1H), 

7.33 (ddd, J = 8.1, 7.1, 1.1, 1H), 2.66 (tt, J = 6.4, 1.5, 2H), 2.57 (tt, J = 6.4, 1.5, 2H), 1.90–1.84 

(m, 2H), 1.78–1.73 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 177.8, 163.9, 156.0, 133.0, 125.8, 

124.5, 123.3, 118.5, 117.7, 28.3, 22.0, 21.8, 21.1; IR (film): 2943, 2872, 1638, 1622, 1609, 1468 

cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C13H13O2, 201.0910; found, 201.0910. 4.28: Rf  0.55 

(9:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 7.8, 1.7, 1H), 7.44 (ddd, J = 

8.2, 7.3, 1.7, 1H), 7.10 (dt, J = 7.6, 1.1, 1H), 7.06 (dd, J = 8.2, 1.1, 1H), 4.84 (tt, J = 3.9, 1.2, 

1H), 3.88 (s, 3H), 2.26–2.21 (m, 2H), 2.07–2.00 (m, 2H), 1.78–1.72 (m, 2H), 1.61–1.55 (m, 2H); 

13C NMR (125 MHz, CDCl3): δ 166.6, 155.6, 154.2, 133.3, 131.7, 123.0, 122.9, 120.8, 105.5, 

OTf

SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(4.27, 47% yield)
(4.28, 34% yield)4.9 4.27

HO

MeO

O

O

O

O

OMeO

+

4.28
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52.2, 26.9, 23.7, 23.0, 22.4; IR (film): 2932, 2843, 1733, 1716, 1602, 1227 cm–1; HRMS-ESI 

(m/z) [M + H]+ calcd for C14H17O3, 233.1172; found, 233.1174. 

 

 

4.29 and 4.30. Purification by preparative thin layer chromatography (9:1 hexanes : EtOAc) 

afforded adducts 4.29 (43% yield, average of two experiments) and 4.30 (53% yield, average of 

two experiments) as colorless oils. 4.29: Rf  0.25 (9:1 hexanes : EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 8.49 (dd, J = 8.1, 1.4, 1H), 7.54–7.44 (m, 3H), 2.73–2.65 (m, 4H), 1.88–1.80 (m, 4H); 

13C NMR (125 MHz, CDCl3): δ 180.1, 147.4, 137.2, 131.5, 130.9, 130.5, 129.0, 127.0, 125.7, 

31.3, 24.8, 22.4, 22.2; IR (film): 3065, 2934, 2867, 1605, 1581, 1548 cm–1; HRMS-ESI (m/z) [M 

+ H]+ calcd for C13H13OS, 217.0682; found, 217.0682. 4.30: Rf  0.55 (9:1 hexanes : EtOAc); 1H 

NMR (500 MHz, CDCl3): δ 7.93 (dd, J = 7.9, 1.5, 1H), 7.38 (ddd, J = 8.1, 7.3, 1.5, 1H) 7.24 (dd, 

J = 8.1, 0.8, 1H), 7.14 (ddd, J = 8.4, 7.9, 1.2, 1H), 6.39–6.37 (m, 1H), 3.91 (s, 3H), 2.27–2.23 

(m, 2H), 2.18–2.15 (m, 2H), 1.75–1.70 (m, 2H), 1.68–1.63 (m, 2H); 13C NMR (125 MHz, 

CDCl3): δ 167.0, 141.4, 139.6, 132.2, 131.4, 130.1, 127.8, 127.2, 124.3, 52.2, 30.4, 27.3, 23.8, 

21.6; IR (film): 2931, 1717, 1588, 1562, 1434, 1249 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C14H17O2S, 249.0944; found, 249.0945. 

 

OTf

SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(4.29, 43% yield)
(4.30, 53% yield)4.9 4.29

HS

MeO

O

S

O

S
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+
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4.31. Purification by preparative thin layer chromatography (1:1 hexanes : EtOAc) afforded 

adduct 4.31 as an amorphous white solid (70% yield, average of two experiments). Rf  0.10 (1:1 

hexanes : EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.53–5.50 (m, 1H), 4.80 (br s, 2H), 2.40 (t, J 

= 6.1, 2H), 2.31 (t, J = 6.1, 2H), 2.12–2.07 (m, 2H), 2.07–1.98 (m, 2H), 1.96–1.90 (m, 2H), 

1.72–1.66 (m, 2H), 1.65–1.59 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 194.8, 159.4, 133.7, 

127.9, 115.3, 37.0, 29.1, 28.3, 25.6, 23.1, 22.3, 21.5; IR (film): 3449, 3303, 3164, 2928, 1529, 

1405 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C12H18ON, 192.1383; found, 192.1376. 

 

 

4.32. Purification by preparative thin layer chromatography (1:1 hexanes : EtOAc) afforded 

adduct 4.32 as a colorless oil (81% yield, average of two experiments). Rf  0.15 (1:1 hexanes : 

EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.64 (s, 1H), 7.06 (d, J = 9.8, 2H), 5.83–5.79 (m, 1H), 

2.44–2.38 (m, 2H), 2.22–2.15 (m, 2H), 1.85–1.78 (m, 2H), 1.69–1.62 (m, 2H); 13C NMR (125 

MHz, CDCl3): δ 134.6, 133.9, 129.4, 116.7, 116.5, 27.4, 24.2, 22.5, 21.8; IR (film): 3390, 3115, 

2931, 2861, 1673, 1490 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C9H12N2, 149.1073; found, 

149.1070. 
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SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(70% yield)
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4.5.2.2 Synthesis of Cyclopentyne Precursor & Trapping Experiments 

 

 

Silyl triflate 4.10. To a solution of known silyl enone 4.3334 (0.963 g, 67.2 mmol, 1 equiv) in 

THF (22 mL) at –78 °C was added L-selectride (1 M in THF, 6.37 mL, 6.37 mmol, 1.02 equiv) 

dropwise over 5 min. The reaction was stirred for 3 h, then a solution of NPhTf2 (2.68 g, 7.49 

mmol, 1.2 equiv) in THF (6.2 mL) was added over 5 min. The reaction was allowed to slowly 

warm to room temperature and was then stirred for 15 h. The reaction was quenched with 

saturated aqueous ammonium chloride (20 mL). The layers were separated and the aqueous layer 

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

(50 mL), dried over Na2SO4, and concentrated in vacuo to provide the crude product, which was 

purified by flash chromatography (hexanes) to afford silyl triflate 4.10 (1.30 g, 72% yield) as a 

colorless oil. Rf 0.52 (hexanes); 1H NMR (500 MHz, CDCl3): δ 2.65–2.69 (m, 2H), 2.40–2.44 

(m, 2H), 1.97–2.03 (m, 2H), 0.16 (s, 9H); 13C (125 MHz, CDCl3): δ 155.0, 130.5, 118.6 (q, J = 

319.8), 32.6, 32.5, 22.2, –1.7; 19F NMR (376 MHz, CDCl3): δ -74.3, IR (film): 2959, 2902, 2857, 

1638, 1418, 1315, 1288, 1250, 1204, 1142, 1122, 1068 cm –1; HRMS-ESI (m/z) [M + H]+ calcd 

for C9H16F3O3SSi, 289.0536; found, 289.0525. 

 

O

SiMe3

OTf

SiMe3

4.33

i. L–selectride (1.02 equiv)
   THF, –78 °C

ii. PhNTf2 (1.20 equiv)
    THF, –78 to 23 °C

            (72% yield) 4.10
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4.34. Silyl triflate 4.10 (65.4 mg, 0.227 mmol, 1 equiv) was added to a flame-dried vial. In a 

separate flame-dried vial, benzylazide (0.8 M in benzene, 8.5 mL, 6.8 mmol, 30 equiv) was 

added and the benzene was removed in vacuo. The neat benzylazide was then transferred to the 

vial containing 4.10 with MeCN (0.91 mL). CsF (0.172 g, 1.13 mmol, 5 equiv) was added and 

the vial was capped and heated to 80 °C in a pre-heated aluminum heating block. After heating 

for 6 d, the reaction was cooled to room temperature and filtered through a small plug of silica 

gel (EtOAc eluent, 10 mL). The solvent was removed in vacuo and the crude material was 

purified by flash chromatography (3:1→1:1 hexanes : EtOAc) to provide triazole 4.34 (49% 

yield, average of two experiments) as a white solid. Rf 0.39 (1:1 hexanes : EtOAc); Mp: 71.4–

73.2 °C; 1H NMR (500 MHz, CDCl3): δ 7.33–7.37 (m, 3H), 7.24–7.26 (m, 2H), 5.41 (s, 2H), 

2.72–2.74 (m, 2H), 2.51–2.57 (m, 2H), 2.38–2.41 (m, 2H); 13C (125 MHz, CDCl3): δ 156.8, 

142.1, 134.7, 129.1, 128.7, 128.3, 53.3, 30.4, 22.7, 21.8; IR (film): 3063, 3032, 2978, 2955, 

2937, 2921, 2866, 1572, 1495, 1452, 1373, 1275, 1230, 1176, 1084, 1059 cm –1
;
 HRMS-ESI 

(m/z) [M + H]+ calcd for C12H14N3, 200.1182; found, 200.1174. 

 

 

         
                (30 equiv)

CsF (5 equiv)
MeCN, 80 °C

(49% yield)
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4.10



 210 

4.35. To a solution of silyl triflate 4.10 (50.4 mg, 0.175 mmol, 1 equiv) in MeCN (1.4 mL) in a 

flame-dried vial was added the sydnone (0.283 g, 1.75 mmol, 10 equiv), and CsF (0.133 g, 0.874 

mmol, 5 equiv). The vial was capped and heated to 80 °C in a pre-heated aluminum block. After 

stirring for 17 h, the reaction was cooled to room temperature and filtered through a small plug 

of silica gel (EtOAc eluent, 10 mL). The solvent was removed in vacuo and the crude material 

was purified by flash chromatography (39:1→19:1 hexanes : EtOAc) to afford pyrazole 4.35 

(59% yield, average of two experiments) as a white solid. Rf 0.36 (9:1 hexanes : EtOAc); Mp: 

74.9–75.6 °C; 1H NMR (500 MHz, CDCl3): δ 7.61–7.63 (m, 2H), 7.53 (s, 1H), 7.38–7.42 (m, 

2H), 7.19–7.26 (m, 1H), 2.79–2.82 (m, 2H), 2.70–2.73 (m, 2H), 2.42–2.47 (m, 2H); 13C (125 

MHz, CDCl3): δ 164.0, 141.1, 129.5, 127.4, 125.6, 120.6, 118.7, 30.1, 24.7, 23.2; IR (film): 

3109, 3051, 2962, 2947, 2866, 2853, 1598, 1577, 1504, 1460, 1440, 1376, 1212, 1036 cm–1
;
 

HRMS-ESI (m/z) [M + H]+ calcd for C12H13N2, 185.1073; found, 185.1065. 

 

 

4.36. To a solution of silyl triflate 4.10 (44.8 mg, 0.155 mmol, 1 equiv) in MeCN (0.62 mL) in a 

flame-dried vial was added DMI (0.34 mL, 3.11 mmol, 20 equiv) and CsF (0.118 g, 0.777 mmol, 

5 equiv). The vial was capped and heated to 80 °C in a pre-heated aluminum block. After stirring 

for 23 h, the reaction was cooled to room temperature and filtered through a small plug of silica 

gel (EtOAc eluent, 10 mL). The solvent was removed in vacuo and the crude product was 

purified by flash chromatography (EtOAc→49:1→19:1 CH2Cl2 : MeOH) to afford vinylogous 

(20 equiv)

CsF (5 equiv)
MeCN, 80 °C

(61% yield)
4.36
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SiMe3
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NN
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urea 4.36 (61% yield, average over two experiments) as a colorless oil. Rf 0.34 (9:1 CH2Cl2 : 

MeOH); 1H NMR (500 MHz, CDCl3): δ 3.45–3.46 (m, 2H), 3.31–3.33 (m, 2H), 2.98 (s, 3H), 

2.89 (s, 3H), 2.73 (t, J = 7.3, 2H), 2.60 (t, J = 7.6, 2H), 1.75 (p, J = 7.5, 2H); 13C (125 MHz, 

CDCl3): δ 168.9, 152.1, 101.4, 55.6, 49.2, 41.1, 36.6, 36.4, 34.5, 20.6; IR (film): 2938, 2845, 

1587, 1574, 1560 1490, 1431, 1404, 1305, 1204, 1090 cm –1; HRMS-ESI (m/z) [M + H]+ calcd 

for C10H17N2O, 181.1335; found, 181.1327. 

 

4.5.2.3 Synthesis of 3-Benzyloxy-Cyclohexyne Precursor 

 

 

Hydroxy-silylenone 4.39. To a solution of iPr2NH (0.5 mL, 3.57 mmol, 1.2 equiv) in DME (7.4 

mL) at –15 °C was added n–BuLi (2.52 M in hexanes, 1.3 mL, 3.27 mmol, 1.1 equiv). The 

reaction was stirred for 20 min, then known ketone 4.3734 (0.500 g, 2.97 mmol, 1 equiv) in DME 

(3.5 mL) was added. After stirring for 30 min at –15 °C, TMSCl (0.75 mL, 5.94 mmol, 2 equiv) 

was added and the mixture was allowed to warm to room temperature. After stirring for 2 h, the 

solvent was removed in vacuo. The residue was suspended in pentane (15 mL), filtered and 

concentrated in vacuo to give silyl enol ether 4.38, which was used in the next step without 

further purification.  

Silyl enol ether 4.38 was dissolved in hexanes (5 mL) and added to a mixture of mCPBA 

(77%, 0.732 g, 4.24 mmol, 1.1 equiv) in hexanes (42 mL) at –15 °C. The reaction was allowed to 

warm to room temperature, stirred for 2 h, and then filtered and concentrated in vacuo. The 

O

SiMe3

OH
O

SiMe3

4.37 4.39

OSiMe3

SiMe3

i. LDA, DME, –15 °C

ii. Me3SiCl
    –15 °C → 23 °C

4.38

1. mCPBA
    hexanes, –15 °C

2. NH4Cl, H2O
    MeOH, 23 °C

(83% yield, three steps)
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residue was dissolved in MeOH (5 mL) and saturated aqueous ammonium chloride (5 mL) was 

added. After stirring for 25 min, saturated aqueous sodium bicarbonate (20 mL) was added. The 

layers were separated and the aqueous layer was extracted with EtOAc (3 × 20 mL). The 

combined organic layers were washed with brine (40 mL), dried over Na2SO4 and concentrated 

in vacuo to give a crude oil. Purification by flash chromatography (9:1 hexanes : EtOAc) 

provided α–hydroxy-silylenone 4.39 (0.457 g, 83% yield) as a yellow oil. Rf
  0.27 (9:1 hexanes : 

EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.06–7.08 (m, 1H), 4.09 (dd, J =13.8, 5.7, 1H), 3.82 (bs, 

1H), 2.47 (m, 2H), 2.28–2.33 (m, 1H), 1.72–1.81 (m, 1H), 0.09 (s, 9H); 13C (125 MHz, CDCl3): 

δ 203.2, 159.1, 139.1, 72.5, 31.3, 27.5, –1.5; IR (film): 3483, 2954, 2899, 2870, 2824, 1664, 

1591, 1457, 1423, 1332, 1246, 1167, 1144, 1113, 1076 cm –1; HRMS-ESI (m/z) [M + H]+ calcd 

for C9H17O2Si, 185.0992; found, 185.0989. 

 

 

4.40. Hydroxy-silylenone 4.39 (1.00 g, 5.43 mmol, 1 equiv) was dissolved in CH2Cl2 (22 mL) 

and BnBr (5.2 mL, 43.41 mmol, 8 equiv) and Ag2O (10.06 g, 43.41 mmol, 8 equiv) were added. 

After stirring for 14 h at room temperature, the reaction was filtered through celite (CH2Cl2 

eluent, 30 mL) and concentrated in vacuo. The crude product was purified by flash 

chromatography (benzene→99:1→49:1 benzene : EtOAc) to give benzyloxy-silylenone 4.40 

(1.269 g, 85% yield) as a white solid. Mp: 56.5–59.5 °C; Rf  0.60 (9:1 hexanes : EtOAc); 1H 

NMR (500 MHz, CDCl3): δ 7.38 (app. dd, J = 7.3, 1.4, 2H), 7.34 (app dt, J = 7.3, 1.8, 2H), 7.28 

(app. tt, J = 6.5, 2.1, 1H), 7.06 (ddd, J = 3.9, 3.0, 0.6, 1H), 4.87 (d, J = 11.9, 1H), 4.60 (d, J = 

OH
O

SiMe3

OBn
O

SiMe3

BnBr (8 equiv)

Ag2O (8 equiv)
 CH2Cl2, 23 °C

(85% yield)
4.39 4.40
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11.9, 1H), 3.89 (dd, J = 11.0, 4.6, 1H), 2.57 (dq, J = 19.4, 4.4, 1H), 2.46–2.36 (m, 1H), 2.21 (dq, 

J = 13.2, 4.4, 1H), 2.14–2.03 (m, 1H), 0.17 (s, 9H);  13C NMR (125 MHz, CDCl3): δ 201.5, 

157.3, 140.8, 138.4, 128.4, 127.9, 127.7, 78.7, 72.1, 29.6, 26.9, -1.3; IR (film): 3031, 2953, 1749, 

1673, 1593, 1338 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C16H23O2Si, 275.1462; found, 

275.1453. 

 

 

Benzyloxy-silyltriflate 4.13. To a solution of benzyloxy-silylenone 4.40 (0.148 mg, 0.541 

mmol, 1 equiv) in THF (2.2 mL) at –78 °C was added L-selectride (1 M in THF, 552 µL, 0.552 

mmol, 1.02 equiv) dropwise over 5 min. The reaction was stirred for 3 h at –78 °C, then a 

solution of NPhTf2 (233 mg, 0.649 mmol, 1.20 equiv) in THF (0.5 mL) was added dropwise over 

5 min. The reaction was allowed to slowly warm to 23 °C and was stirred for an additional 15 h. 

The reaction was then quenched with saturated NH4Cl (4 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (3 × 4 mL). The combined organic layers were washed 

with brine (5 mL), dried over Na2SO4 and concentrated in vacuo. Further purification by column 

chromatography with basic Brockman Grade I 58 Å Al2O3 (Activity 1) as the stationary 

(hexanes) afforded benzyloxy-silyltriflate 4.13 (88.6 mg, 40% yield) as a colorless oil. Rf  0.80 

(9:1 hexanes : EtOAc); 1H NMR (500 MHz, C6D6): δ 7.34 (d, J = 7.6, 2H), 7.19–7.12 (m, 2H), 

7.08 (t, J = 7.6, 1H), 4.32 (dd, J = 46.3, 10.9, 2H), 4.16 (app. t, J = 4.2, 1H), 1.91 (dt, J = 17.9, 

4.2, 1H), 1.77–1.61 (m, 2H), 1.53–1.41 (m, 1H), 1.30 (app. tt, J = 12.3, 3.3, 1H), 1.16–1.04 (m, 

1H), 0.15 (s, 9H); 13C (125 MHz, CD2Cl2): δ 152.9, 138.7, 134.1, 128.6, 128.3, 128.0, 118.8 (q, J 

OBn
O

SiMe3

4.40

OBn
OTf

SiMe3

i. L–selectride (1.02 equiv)
   THF, –78 °C

ii. PhNTf2 (1.20 equiv)
    THF, –78 to 23 °C

            (40% yield)
4.13
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= 332.0), 73.4, 70.9, 29.3, 28.2, 17.9, -1.3; IR (film): 3210, 3035, 2950, 2868, 1643, 1401 cm –1; 

HRMS-ESI (m/z) [M + H]+ calcd for C17H24O4SSiF3, 409.1111; found, 409.1094. 

 

4.5.2.4 Trapping Experiments of 3-Benzyloxy-Cyclohexyne 

 

 

Imidazoyl-cyclohexene 4.15 (Figure 4.3). To a solution of silyl triflate 4.13 (51.6 mg, 0.126 

mmol, 1 equiv) in THF (5.1 mL) in a flame-dried vial was added imidazole (25.8 mg, 0.379 

mmol, 3 equiv) and CsF (95.9 mg, 0.632 mmol, 5 equiv). The vial was capped and heated to 60 

°C in a pre-heated aluminum block. After stirring for 17.5 h, the reaction was cooled to room 

temperature and filtered through a small plug of silica gel (EtOAc eluent, 10 mL). The solvent 

was removed in vacuo and the crude product was purified by flash chromatography (3:1 EtOAc : 

hexanes) to afford imidazoyl-cyclohexene 4.15 as a colorless oil (82% yield, average of two 

experiments). Rf  0.50 (EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.70 (s, 1H), 7.36–7.27 (m, 5H), 

7.12 (s, 1H), 7.07 (s, 1H), 5.92 (m, 1H), 4.65 (d, J = 11.8, 1H), 4.57 (d, J = 11.8, 1H), 4.18–4.15 

(m, 1H), 2.53–2.48 (m, 1H), 2.44–2.38 (m, 1H), 2.06–2.01 (m, 1H), 1.88–1.74 (m, 3H); 13C 

NMR (125 MHz, CDCl3): δ 138.6, 136.9, 134.6, 129.8, 128.6, 127.8, 127.8, 116.5, 115.7, 71.7, 

70.7, 27.7, 27.3, 18.6; IR (film): 3396, 3117, 2942, 2866, 1669, 1491, 1454, 1392, 1292, 1246, 

1073 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C16H19N2O, 255.1492; found, 255.1483. 

 

OTf

SiMe3

 (3 equiv)

CsF (5 equiv)
THF, 60 °C

(82% yield)
4.13 4.15

N N

NH NOBn OBn
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Triazoles 4.16 and 4.17 (Figure 4.3). Silyl triflate 4.13 (50.7 mg, 0.124 mmol, 1 equiv) was 

added to a flame-dried vial. In a separate flame-dried vial benzylazide (0.8 M in benzene, 0.47 

mL, 0.37 mmol, 3 equiv) was added and the benzene was removed in vacuo. The neat 

benzylazide was then transferred to the vial containing 4.13 with THF (5.0 mL). CsF (0.094 g, 

0.62 mmol, 5 equiv) was added and the vial was capped and heated to 60 °C in a pre-heated 

aluminum heating block. After 21 h, the reaction was cooled to room temperature and filtered 

through a small plug of silica gel (EtOAc eluent, 10 mL). The solvent was removed in vacuo and 

the crude product was purified by flash chromatography (5:3:2 hexanes : EtOAc : benzene) to 

provide triazole 4.16 (72% yield, average over two experiments) as a colorless oil and triazole 

4.17 (14% yield, average over two experiments) as a colorless oil. Triazole 4.16: Rf 0.47 (5:3:2 

hexanes : EtOAc : benzene); 1H NMR (500 MHz, CDCl3): δ 7.19–7.42 (m, 10H), 5.49 (d, J = 

15.4, 1H), 5.40 (d, J = 15.4, 1H), 4.88 (d, J = 12.0, 1H), 4.80 (d, J = 12.0, 1H), 4.70 (t, J = 3.6, 

1H), 2.55 (ddd, J = 16.5, 5.8, 3.0, 1H), 2.29 (ddd, J = 16.5, 10.5, 6.0, 1H), 2.11–2.16 (m, 1H), 

1.99–2.08 (m, 1H), 1.77–1.83 (m, 1H), 1.65–1.71 (m, 1H); 13C (125 MHz, CDCl3): δ 144.2, 

138.8, 134.7, 133.9, 129.1, 128.4, 128.4, 127.9, 127.7, 127.5, 10.7, 67.9, 52.0, 29.4, 20.2, 18.1; 

IR (film): 3063, 3031, 2946, 2866, 1605, 1586, 1497, 1455, 1436, 1314, 1237, 1208, 1116, 1089, 

1070, 1047, 1028 cm –1; HRMS-ESI (m/z) [M + H]+ calcd for C20H22N3O, 320.1757; found, 

320.1744. Triazole 4.17: Rf 0.35 (5:3:2 hexanes : EtOAc : benzene); 1H NMR (500 MHz, 

CDCl3): δ 7.39–7.27 (m, 8H), 7.04–7.03 (m, 2H), 5.64 (d, J = 15.1, 1H), 5.31 (d, 15.1, 1H), 4.65 

OTf

SiMe3

                (3 equiv)

CsF (5 equiv)
THF, 60 °C

(4.16, 72% yield)
(4.17, 14% yield)

4.13 4.16

OBn OBn

N
N

N

Bn

OBn

N
N

N
Bn
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N
N
N
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(d, J = 11.3, 1H), 4.40 (t, J = 4.7, 1H), 4.39 (d, J = 11.3, 1H), 2.84 (dt, J = 16.0, 5.5, 1H), 2.69 

(ddd, J = 16.0, 8.3, 5.6, 1H), 2.09–2.03 (m, 1H), 2.01–1.93 (m, 1H), 1.88–1.82 (m, 1H), 1.80–

1.74 (m, 1H); 13C (125 MHz, CDCl3): δ 145.8, 137.8 135.3, 131.6, 128.9, 128.8, 128.2, 128.2, 

128.1, 127.6, 70.4, 67.9, 52.4, 27.9, 22.1, 19.5; IR (film): 3064, 3031, 2943, 2861, 1587, 1497, 

1455, 1358, 1311, 1198, 1159, 1072 cm –1; HRMS-ESI (m/z) [M + H]+ calcd for C20H22N3O, 

320.1757; found, 320.1745. 

 

4.5.2.5 Derivatization of Triazole 4.16 

 

 

Azide 4.18 (Scheme 4.1). Triazole 4.16 (24.6 mg, 0.077 mmol, 1 equiv) in CH2Cl2 (0.39 mL) 

was added to a vial containing FeCl3 (18.7 mg, 0.116 mmol, 1.5 equiv). TMSN3 (61 µL, 0.462 

mmol, 6 equiv) was then added and the vial was capped and heated to 45 °C. After stirring for 18 

h, the vial was cooled to room temperature and water (1 mL) was added. The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (3 × 1 mL). The combined organic 

layers were washed with brine (3 mL), dried over Na2SO4, filtered, and concentrated in vacuo. 

The crude product was purified by preparative thin layer chromatography (5:3:2 hexanes : 

EtOAc : benzene) to provide azide 4.18 (11.2 mg, 57% yield) as a white solid. Rf 0.40 (5:3:2 

hexanes : EtOAc : benzene); Mp: 53.4–55.1 °C; 1H NMR (500 MHz, CDCl3): δ 7.37–7.31 (m, 

3H), 7.21–7.19 (m, 2H), 5.52 (d, J = 15.4, 1H), 5.43 (d, J = 15.4, 1H), 4.83 (t, J = 4.1, 1H), 2.56–

2.51 (m, 1H), 2.35–2.29 (m, 1H), 1.98–1.80 (m, 4H); 13C (125 MHz, CDCl3): δ 142.1, 134.5, 

4.16

OBn

N
N

N

Bn

FeCl3, TMSN3

CH2Cl2, 45 °C

(57% yield)

4.18

N3

N
N

N
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133.9, 129.2, 128.7, 127.7, 53.0, 52.3, 29.2, 20.0, 18.6; IR (film): 3064, 3033, 2949, 2866, 2096, 

1587, 1497, 1456, 1436, 1240, 1091, 1071 cm –1; HRMS-ESI (m/z) [M + H]+ calcd for C13H15N6, 

255.1353; found, 255.1347.  

 

 

Amine 4.41 (Scheme 4.1). Water (21 µL, 1.18 mmol, 10 equiv) was added to a mixture of azide 

4.18 (30 mg, 0.118 mmol, 1 equiv) and PPh3 (93 mg, 0.354 mmol, 3 equiv) in THF (1.2 mL) at 

room temperature. After stirring for 18 h, the reaction was concentrated in vacuo. The crude 

material was purified by flash chromatography (EtOAc→9:1 CH2Cl2 : MeOH) to afford amine 

4.41 (26.5 mg, 99% yield) as a white solid. Rf  0.21 (9:1 CH2Cl2 : MeOH); Mp: 89.6–91.6 °C; 1H 

NMR (500 MHz, CDCl3): δ 7.35–7.30 (m, 3H), 7.19–7.18 (m, 2H), 2.43 (s, 2H), 4.19 (t, J = 5.6, 

1H), 2.50 (bs, 2H), 2.46–2.35 (m, 2H), 2.06–1.95 (m, 2H), 1.76–1.69 (m, 1H), 1.60–1.54 (m, 

1H); 13C (125 MHz, CDCl3): δ 147.3, 134.8, 132.4, 129.1, 128.5, 127.7, 52.1, 44.6, 32.1, 20.2, 

19.9; IR (film): 3361, 3063, 3032, c2932, 2860, 1586, 1497, 1456, 1303, 1242, 1204, 1098, 1074 

cm –1; HRMS-ESI (m/z) [M + H]+ calcd for C13H17N4, 229.1448; found, 229.1449. 
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Triazolopyrrole 4.19 (Scheme 4.1). To a vial containing HCl (0.1 M in H2O, 0.22 mL) was 

added 2,5-dimethoxytetrahydrofuran (28.4 µL, 0.219 mmol, 4 equiv) and the mixture was heated 

to 100 °C. After 30 min, the vial was cooled to room temperature and the mixture was added to a 

solution of amine 4.41 (11.8 mg, 0.055 mmol, 1 equiv) in CH2Cl2 (0.55 mL). The reaction was 

stirred at room temperature for 15 h, then aqueous sodium hydroxide (1 M in H2O, 1 mL) was 

added. The solution was extracted with CH2Cl2 (3 × 1 mL). The combined organic layers were 

washed with brine (2 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude 

product was purified by flash chromatography (3:2 hexanes : EtOAc) to provide triazolopyrrole 

4.19 (10.5 mg, 69% yield) as a white solid. Rf  0.46 (1:1 hexanes : EtOAc); Mp: 168.4–170.6 °C; 

1H NMR (500 MHz, CDCl3): δ 7.37–7.34 (m, 3H), 7.23–7.21 (m, 2H), 6.61 (t, J = 2.2, 2H), 6.14 

(t, J = 2.2, 2H), 5.53 (d, J = 15.3, 1H), 5.47 (d, J = 15.3, 1H), 5.41 (t, J = 4.8, 1H), 2.57 (dt, J = 

16.5, 5.2, 1H), 2.40 (dt, J = 16.5, 7.5, 1H), 2.18–2.13 (m, 1H), 2.10–2.03 (m, 1H), 1.85–1.80 (m, 

2H); 13C (125 MHz, CDCl3): δ 142.3, 134.6, 134.3, 129.2, 128.7, 127.7, 119.8, 108.2, 52.3, 51.3, 

31.8, 20.0, 19.0; IR (film): 3096, 3064, 3033, 2930, 2864, 1587, 1488, 1455, 1434, 1277, 1247, 

1089, 1072 cm –1; HRMS-ESI (m/z) [M + H]+ calcd for C17H19N4, 279.1604; found, 279.1599. 

 

4.5.3 Computational Methods 

All calculations were carried out with the meta-hybrid M06-2X35 functional and 6-311+G(2d,p) 

basis set. Full geometry optimizations and transition structure (TS) searches were carried out 

with the Gaussian 09 package.36 Thermal and entropic corrections to energy were calculated 

from vibrational frequencies. The nature of the stationary points was determined in each case 

according to the appropriate number of negative eigenvalues of the Hessian matrix from the 

frequency calculations. Scaled frequencies were not considered. Mass-weighted intrinsic reaction 
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coordinate (IRC) calculations were carried out using the Gonzalez and Schlegel scheme37 in 

order to ensure that the TSs indeed connected the appropriate reactants and products. Bulk 

solvent effects were considered implicitly during optimization through the IEF-PCM polarizable 

continuum model38 as implemented in Gaussian 09. The parameters for tetrahydrofuran were 

used to calculate solvation free energies (ΔGsolv). The possibility of different conformations was 

taken into account for all structures. Gibbs free energies (ΔG) were used for the discussion on the 

relative stabilities of the considered structures. Cartesian coordinates, electronic energies, 

entropies, enthalpies, Gibbs free energies, and lowest frequencies of the different conformations 

of all structures are provided. 

 

4.5.3.1 Bent´s Rule & Alkyne Distortion Determine Regioselectivity of Nucleophilic 

Addition 

  Henry Bent stated in 1961 that “atomic s character concentrates in orbitals directed 

toward electropositive substituents”. The rationale for this rule is that bonds between elements of 

different electronegativities are polarized in a way that the electron density will be shifted 

towards the more electronegative element. Due to the inherent higher stability of s orbitals, the 

hybrid orbitals from the more electronegative atoms will increase their s character in order to 

stabilize the withdrawn electron density. To compensate for this shift in electron density, the less 

electronegative atoms will direct hybrid orbitals with an increased p character toward the more 

electronegative atoms to which they are bound, without a significant energy penalty. As a result, 

the hybrid orbitals that constitute these polarized bonds deviate from ideal spn (n = 1, 2 or 3) 

hybridizations, which translates into distorted geometries. 
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 In restrained alkynes bearing an electron-withdrawing substituent, such as 3-

methoxycyclohexyne, the C2–C3 is polarized as revealed by the increment in the atomic charge 

(Δq) at C2 with respect to cyclohexyne (Figure 4.5); following Bent´s rule, the σ-bonding 

orbitals (sp) at C2 possess more p character, which translates into a more compressed internal 

angle (124º) with respect to cyclohexyne (132º). In turn, the sp σ-bonding orbitals of C1 

rehybridize to increase their s character, which causes the internal angle to be more linear (138º) 

with respect to cyclohexyne (132º). This change in geometry is associated with a very slight 

polarization of the C1–C2 bond and an increase of the p character of the reacting orbital and a 

slightly greater contribution of C1 to the LUMO, but, more importantly, involves a pre-distortion 

of the reactant towards the geometry that is required to achieve the transition state for 

nucleophilic addition. For the distal attack, only minimal geometric and electronic changes are 

required to reach the saddle point in the potential energy surface, resulting in a generally early 

transition state and low activation barrier (Figures 4.4 and 4.6). Conversely, attack at the 

proximal position, besides minor electrostatic and steric repulsions, requires a complete 

redistribution of the electron density and modification of the geometry (i.e. distortion) to 

reallocate the developing negative charge in the C1; this reaction pathway is thus associated to a 

normally late transition state and a high activation barrier (Figures 4.4 and 4.6). Another benefit 

for regioselectivity is the stabilization of the negative charge of the developing anion at C2, 

whose non-bonding orbital has an increased s character, upon nucleophilic attack at C1. 
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Figure 4.5. a) Structures and isosurface representation of the LUMO of cyclohexyne and 3-
methoxycyclohexyne calculated at the PCM(THF)/M06-2X/6-311+G(2d,p) level. Incremental 
atomic charges (NPA) with respect to cyclohexane are shown. b) Distortion-accelerated 
regioselective nucleophilic addition at the distal position (C1) of strained cycloalkynes 
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Figure 4.6. Geometries calculated at the PCM(THF)/M06-2X/6-311+G(2d,p) level. The 
minimum energy transition states for 3-methoxycyclohexyne are labeled as TS4.1–TS4.4 as 
shown in Figure 4.4 
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4.5.3.2 Table 4.3. Energies, Enthalpies, Free Energies, and Entropies of the Structures 

Calculated at the PCM(THF)/M06-2X/6-11+G(2d,p) level  

Structure 
E0 E0+ZPE H S G Lowest freq. 

(Hartree)a (Hartree)a (Hartree)a (cal mol–

1 K–1)b (Hartree)a (cm–1) 

methylazide –204.069524 –204.018649 –204.013286 67.2 –204.045233 105.8 

imidazole –226.202555 –226.130419 –226.125799 64.9 –226.156640 573.7 

1 –230.878167 –230.802434 –230.797046 68.9 –230.829767 393.9 

1-ts-N3 –434.950394 –434.822419 –434.811989 97.9 –434.858514 –116.3 

11-I –345.400552 –345.291894 –345.283997 82.2 –345.323071 88.1 

11-II –345.397789 –345.288702 –345.280992 81.1 –345.319529 100.3 

11-ts-N3_C1-I –549.475642 –549.315051 –549.301834 113.2 –549.355610 –22.2 

11-ts-N3_C1-II –549.472332 –549.311289 –549.298277 112.0 –549.351475 –65.0 

11-ts-N3_C2-I –549.468182 –549.306996 –549.294232 109.0 –549.346033 –258.2 

11-ts-N3_C2-II –549.468606 –549.307182 –549.294315 110.1 –549.346617 –127.0 

4-II –193.938760 –193.847196 –193.840924 74.8 –193.876483 18.2 

4-I –193.931905 –193.839749 –193.833657 71.2 –193.867484 166.4 

4-III –193.934091 –193.843322 –193.837020 73.5 –193.871964 64.2 

3-I –233.294602 –233.172350 –233.165836 73.6 –233.200822 220.2 

3-ts-rearr –233.266845 –233.145944 –233.139629 73.5 –233.174555 –279.9 

3-II –233.274581 –233.153708 –233.146671 79.2 –233.184308 22.6 

3-ts-N3-I –437.358527 –437.183951 –437.172698 99.9 –437.220178 –254.5 

3-ts-N3-II –437.358352 –437.183755 –437.172485 100.1 –437.220035 –262.7 

3-ts-Im-I –459.490404 –459.294913 –459.284066 100.3 –459.331718 –149.5 

3-ts-Im-II –459.489721 –459.294291 –459.283418 100.6 –459.331231 –149.6 

12-ax-I –347.804816 –347.649578 –347.640560 87.4 –347.682085 76.6 

12-ax-II –347.808374 –347.652964 –347.644036 86.6 –347.685177 91.2 

12-eq-I –347.805789 –347.650487 –347.641527 87.0 –347.682843 77.7 
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12-eq-II –347.809663 –347.654307 –347.645385 86.5 –347.686470 101.3 

12-ts-isom-I –347.794583 –347.639455 –347.630927 85.7 –347.671634 –195.1 

12-ts-isom-II –347.797951 –347.642836 –347.634293 85.8 –347.675050 –189.8 

12-ts-N3-C1-ax-I –551.869777 –551.662152 –551.648313 113.7 –551.702345 –232.6 

12-ts-N3-C1-ax-II –551.869730 –551.662041 –551.648227 113.4 –551.702127 –238.6 

12-ts-N3-C1-ax-III –551.873313 –551.665602 –551.651815 113.3 –551.705641 –248.6 

12-ts-N3-C1-ax-IV –551.873040 –551.665315 –551.651532 113.3 –551.705373 –255.8 

12-ts-N3-C1-eq-I –551.872162 –551.664584 –551.650777 113.5 –551.704692 –215.3 

12-ts-N3-C1-eq-II –551.872052 –551.664345 –551.650636 112.5 –551.704111 –215.3 

12-ts-N3-C1-eq-III –551.875995 –551.668317 –551.654566 112.9 –551.708230 –228.1 

12-ts-N3-C1-eq-IV –551.875920 –551.668118 –551.654438 112.5 –551.707867 –231.7 

12-ts-N3-C2-ax-I –551.870525 –551.662842 –551.649073 112.8 –551.702648 –199.5 

12-ts-N3-C2-ax-II –551.871266 –551.663722 –551.649931 112.9 –551.703574 –212.5 

12-ts-N3-C2-ax-III –551.871594 –551.663903 –551.650166 112.8 –551.703737 –290.4 

12-ts-N3-C2-ax-IV –551.870128 –551.662248 –551.648653 111.6 –551.701666 –315.8 

12-ts-N3-C2-eq-I –551.871229 –551.663389 –551.649739 111.3 –551.702638 –211.7 

12-ts-N3-C2-eq-II –551.870799 –551.663099 –551.649324 112.9 –551.702944 –254.1 

12-ts-N3-C2-eq-III –551.870263 –551.662308 –551.648696 111.8 –551.701819 –340.1 

12-ts-N3-C2-eq-IV –551.869761 –551.661668 –551.648058 112.1 –551.701326 –351.3 

12-ts-Im-C1-ax-I –574.002341 –573.773880 –573.760421 114.7 –573.814916 –136.3 

12-ts-Im-C1-ax-II –574.001586 –573.773181 –573.759691 115.1 –573.814384 –137.7 

12-ts-Im-C1-ax-III –574.005826 –573.777163 –573.763818 113.3 –573.817653 –140.7 

12-ts-Im-C1-ax-IV –574.005155 –573.776492 –573.763141 113.4 –573.817012 –139.9 

12-ts-Im-C1-ax-V –574.002596 –573.773656 –573.760443 112.6 –573.813920 –144.4 

12-ts-Im-C1-ax-VI –574.001827 –573.772935 –573.759692 113.0 –573.813401 –144.6 

12-ts-Im-C1-eq-I –574.005167 –573.776671 –573.763283 113.7 –573.817317 –130.2 

12-ts-Im-C1-eq-II –574.004410 –573.775909 –573.762522 113.8 –573.816572 –128.6 
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12-ts-Im-C1-eq-III –574.009116 –573.780513 –573.767187 112.9 –573.820843 –134.7 

12-ts-Im-C1-eq-IV –574.008479 –573.779863 –573.766533 113.1 –573.820249 –131.7 

12-ts-Im-C1-eq-V –574.006685 –573.778075 –573.764687 113.9 –573.818796 –135.3 

12-ts-Im-C1-eq-VI –574.006004 –573.777504 –573.764062 114.8 –573.818605 –133.5 

12-ts-Im-C2-ax-I –574.002396 –573.774125 –573.760587 114.9 –573.815185 –122.8 

12-ts-Im-C2-ax-II –574.002866 –573.774556 –573.761054 114.4 –573.815409 –121.7 

12-ts-Im-C2-ax-III –574.003910 –573.775438 –573.762030 113.8 –573.816099 –122.4 

12-ts-Im-C2-ax-IV –574.003894 –573.775305 –573.761943 113.2 –573.815751 –119.8 

12-ts-Im-C2-eq-I –574.002460 –573.774222 –573.760689 114.7 –573.815201 –116.9 

12-ts-Im-C2-eq-II –574.002531 –573.774280 –573.760734 115.1 –573.815434 –119.5 

12-ts-Im-C2-eq-III –574.004123 –573.775543 –573.762113 113.8 –573.816198 –129.3 

12-ts-Im-C2-eq-IV –574.004223 –573.775521 –573.762168 112.7 –573.815730 –129.0 

a 1 Hartree = 627.5 kcal mol–1. b Thermal corrections at 298.15 K. 

 

4.5.3.3 Cartesian Coordinates of the Structures Calculated at the PCM(THF)/M06-2X/6-

311+G(2d,p) level 

Cartesian coordinates for the optimized structures have been previously reported.39 
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4.6 Spectra Relevant to Chapter Four: 

 

Cycloadditions of Cyclohexynes and Cyclopentyne 

 

Jose M. Medina, Travis C. McMahon, Gonzalo Jimenez-Oses,  

K. N. Houk, and Neil K. Garg  

J. Am. Chem. Soc. 2014, 136, 14706–14709.   
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Figure 4.8. Infrared spectrum of compound 4.20 

Figure 4.9. 13C NMR (125 MHz, CDCl3) of compound 4.20 
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3 Current Data Parameters

NAME           JMM-3-54
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140224
Time              16.41
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   32
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577782 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.11. Infrared spectrum of compound 4.21 

Figure 4.12. 13C NMR (125 MHz, CDCl3) of compound 4.21 
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2 Current Data Parameters

NAME           JMM-3-37
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140216
Time              15.50
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  126
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577778 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.14. Infrared spectrum of compound 4.22 

Figure 4.15. 13C NMR (125 MHz, CDCl3) of compound 4.22 
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45

Current Data Parameters
NAME        JMM-3-42(2)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140218
Time              18.55
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  450
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577764 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.17. Infrared spectrum of compound 4.23 

Figure 4.18. 13C NMR (125 MHz, CDCl3) of compound 4.23 
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5 Current Data Parameters

NAME           JMM-3-36
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140216
Time              15.40
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   62
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577775 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.20. Infrared spectrum of compound 4.24 

Figure 4.21. 13C NMR (125 MHz, CDCl3) of compound 4.24 
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4 Current Data Parameters

NAME          JMM-3-43a
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140220
Time              19.47
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   31
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577741 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.23. Infrared spectrum of compound 4.25 

Figure 4.24. 13C NMR (125 MHz, CDCl3) of compound 4.25 
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6 Current Data Parameters

NAME       JMM-3-143(1)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140424
Time              10.39
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   22
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577789 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.26. Infrared spectrum of compound 4.26 

Figure 4.27. 13C NMR (125 MHz, CDCl3) of compound 4.26 
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3 Current Data Parameters

NAME           JMM-3-39
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140218
Time               9.43
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   71
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577743 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.29. Infrared spectrum of compound 4.27 

Figure 4.30. 13C NMR (125 MHz, CDCl3) of compound 4.27 
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1 Current Data Parameters

NAME        JMM-3-47(1)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140221
Time              10.03
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   40
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577750 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.32. Infrared spectrum of compound 4.28 

Figure 4.33. 13C NMR (125 MHz, CDCl3) of compound 4.28 
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4 Current Data Parameters

NAME        JMM-3-47(2)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140221
Time              10.13
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   53
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG                 12.4
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.35. Infrared spectrum of compound 4.29 

Figure 4.36. 13C NMR (125 MHz, CDCl3) of compound 4.29 
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8 Current Data Parameters

NAME          JMM-3--49
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140223
Time              12.05
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   25
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577735 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters



 247 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

ur
e 

4.
37

. 1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 c

om
po

un
d 

4.
30

 

S

O
M
eO

4.
30



 248 

 

 

 

 

 

 

Figure 4.38. Infrared spectrum of compound 4.30 

Figure 4.39. 13C NMR (125 MHz, CDCl3) of compound 4.30 
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5 Current Data Parameters

NAME         JMM-3-49-2
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140222
Time              19.07
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   23
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577752 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.41. Infrared spectrum of compound 4.31 

Figure 4.42. 13C NMR (125 MHz, CDCl3) of compound 4.31 
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Current Data Parameters
NAME       JMM-3-227(1)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140703
Time              19.38
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   22
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577754 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.44. Infrared spectrum of compound 4.32 

Figure 4.45. 13C NMR (125 MHz, CDCl3) of compound 4.32 
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Current Data Parameters
NAME       JMM-3-229(1)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140703
Time              19.45
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   21
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577754 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.47. Infrared spectrum of compound 4.10 

Figure 4.48. 13C NMR (125 MHz, CDCl3) of compound 4.10 
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Current Data Parameters
NAME       TCM-I-179C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140615
Time              15.21
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  256
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 6502
DW               15.300 usec
DE                 6.00 usec
TE                297.3 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080589 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-I-179C13
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Figure 4.50. Infrared spectrum of compound 4.34 

Figure 4.51. 13C NMR (125 MHz, CDCl3) of compound 4.34 
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7 Current Data Parameters

NAME      TCM-II-063C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140615
Time              10.06
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                 1024
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                296.9 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080675 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-063C13
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Figure 4.53. Infrared spectrum of compound 4.35 

Figure 4.54. 13C NMR (125 MHz, CDCl3) of compound 4.35 
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8 Current Data Parameters

NAME       TCM-I-238C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140328
Time              16.39
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  256
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.3 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080655 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-I-238C13
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Figure 4.56. Infrared spectrum of compound 4.36 

Figure 4.57. 13C NMR (125 MHz, CDCl3) of compound 4.36 
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3 Current Data Parameters

NAME      TCM-II-065C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140615
Time              14.28
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                 1024
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.4 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080679 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-065C13
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Figure 4.59. Infrared spectrum of compound 4.39 

Figure 4.60. 13C NMR (125 MHz, CDCl3) of compound 4.39 
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Current Data Parameters
NAME      TCM-II-083C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140626
Time              17.22
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                   65
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG               5792.6
DW               15.300 usec
DE                 6.00 usec
TE                297.2 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080754 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-083C13
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Figure 4.62. Infrared spectrum of compound 4.40 

Figure 4.63. 13C NMR (125 MHz, CDCl3) of compound 4.40 
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Current Data Parameters
NAME      TCM-II-086C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140706
Time              16.49
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                   65
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.1 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080764 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-086C13
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Figure 4.65. Infrared spectrum of compound 4.13 

Figure 4.66. 13C NMR (125 MHz, CD2Cl2) of compound 4.13 
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Current Data Parameters
NAME       JMM-3-215(1)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20140703
Time              19.53
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT          CD2Cl2
NS                  294
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               202.91
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722512 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577369 MHz
WDW                  EM
SSB      0
LB                 3.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 4.68. Infrared spectrum of compound 4.15 

Figure 4.69. 13C NMR (125 MHz, CDCl3) of compound 4.15 
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1 Current Data Parameters

NAME      TCM-II-090C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140706
Time              16.57
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                   64
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.2 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080969 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-090C13
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Figure 4.71. Infrared spectrum of compound 4.16 

Figure 4.72. 13C NMR (125 MHz, CDCl3) of compound 4.16 
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6 Current Data Parameters

NAME     TCM-II-092F1C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140707
Time              11.15
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  128
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.1 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080729 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-092F1C13
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Figure 4.74. Infrared spectrum of compound 4.17 

Figure 4.75. 13C NMR (125 MHz, CDCl3) of compound 4.17 
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7 Current Data Parameters

NAME     TCM-II-092F2C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140707
Time              11.27
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.1 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 6.20 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2              120.00 dB
PL12              16.10 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080645 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-092F2C13
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Figure 4.77. Infrared spectrum of compound 4.18 

Figure 4.78. 13C NMR (125 MHz, CDCl3) of compound 4.18 

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

18
.6

10
19

.9
51

29
.2

00

52
.2

69
52

.9
71

76
.9

08
77

.1
62

77
.4

16

12
7.

73
7

12
8.

66
5

12
9.

21
0

13
3.

88
7

13
4.

47
8

14
2.

08
0 Current Data Parameters

NAME      TCM-II-099C13
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20140720
Time              10.36
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                 1024
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                297.4 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 5.75 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080640 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

TCM-II-099C13
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Figure 4.80. Infrared spectrum of compound 4.41 

Figure 4.81. 13C NMR (125 MHz, CDCl3) of compound 4.41 
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Figure 4.83. Infrared spectrum of compound 4.19 

Figure 4.84. 13C NMR (125 MHz, CDCl3) of compound 4.19 
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5.1 Abstract  

 We report the generation of the first 3,4-piperidyne and its use as a building block for the 

synthesis of annulated piperidines. Experimental and computational studies of this intermediate 

are disclosed, along with comparisons to the well-known 3,4-pyridyne. The distortion/interaction 

model is used to explain the observed regioselectivities. 
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5.2 Introduction 

Heterocycles containing one or more nitrogen atoms comprise nearly 60% of all small-

molecule drugs that have been approved by the U.S. Food and Drug Administration.1 The most 

prevalent of N-containing heterocycles is the piperidine ring, which is found in 72 currently 

marketed small-molecule drugs. Notable examples include the blockbuster drugs clopidogrel 

(Plavix), tadalafil (Cialis), and solifenacin (VESIcare) (Figure 5.1). Given the importance of this 

medicinally privileged scaffold, new methods to rapidly access annulated piperidines from 

simple precursors are highly sought after.   

With the aim of developing a new method for the synthesis of decorated piperidines, we 

questioned if the unusual 3,4-piperidyne intermediate 5.1 could be generated and used as a new 

synthetic building block (Figure 5.1). Notably, 3,4-piperidynes have never been accessed 

previously. The most closely related studies have involved the isomeric 2,3-piperidyne 5.2, 

which has been the subject of two seminal investigations. In 1988, Wentrup and coworkers 

generated 5.2 (R = H) using flash vacuum pyrolysis.2 Although 5.2 was deemed unstable above  

–150 °C and was never utilized in any synthetic application, Wentrup’s studies validated the 

notion that 5.2 could be generated. Additionally, during the preparation of this manuscript, 

Danheiser disclosed an efficient means to access 5.2 (R = Ts) and performed a series of 

synthetically useful trapping reactions.3 Interestingly, whereas piperidynes have been rarely 

studied,4 the corresponding aromatic pyridynes 5.35 and 5.4,6 along with many other arynes and 

hetarynes, have been widely pursued for more than half a century.7,8,9  

 Herein we report: (a) the first generation of a 3,4-piperidyne 5.1; (b) the strategic use of 

5.1 to construct a range of functionalized piperidines, many of which possess significant 

aliphatic character10 and represent new heterocyclic scaffolds; (c) regioselectivity predictions, 
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observations, and explanations involving the 3,4-piperidyne, which are in accord with the 

distortion/interaction model;7a,7d,8a and (d) an explanation for the lack of selectivity observed in 

trapping experiments of the 3,4-pyridyne (5.3), which has been unresolved for many decades. 

 

 

Figure 5.1. Piperidine-containing drugs, piperidynes 5.1 and 5.2, and pyridynes 5.3 and 5.4 
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previous studies, we have shown that the degree of distortion present in the ground state of 

arynes and strained alkynes correlates to observed regioselectivities due to the intermediate being 

pre-distorted toward one of two competing transition states.7a,7d,8a,9 Geometry optimization using 

DFT calculations (B3LYP/6-31G(d)) revealed that 5.1a is significantly distorted (ca. 10° 

difference in internal angles at C4 and C3) such that nucleophilic addition should occur 

preferentially at the more linear terminus (C4). As a key point of comparison, we also studied the 

3,4-pyridyne (5.3), which is well known to react with poor regioselectivity, 7a,7d,8a,12 as alluded to 

earlier. In contrast to 5.1a, the geometry-optimized structure of 5.3 shows little unsymmetrical 

distortion. Given this interesting dichotomy, we envisioned that experimental studies of 3,4-

piperidyne 5.1a would not only test our regioselectivity predictions, but could ultimately also 

shed light on why the 3,4-pyridyne (5.3) is not significantly distorted and, accordingly, reacts 

with poor regioselectivity.  

 

 

Figure 5.2. Optimized structures of 5.1a and 5.3 obtained at the B3LYP/6-31G(d) level 
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5.3.2 Synthesis of Silyl Triflate Precursor 

The success of our study would rely on the development of an efficient synthesis of a 

suitable 3,4-piperidyne precursor. After identifying silyltriflate 5.8 as our target,11, 13  we 

developed the robust and scalable three-step route shown in Scheme 5.1. Beginning from 

commercially available 4-methoxypyridine (5.5), a known procedure was employed to effect 

ortho silylation to yield silyl pyridine 5.6.14 Next, a one-pot procedure involving reductive 

carbamoylation and hydrolysis15 provided vinylogous amide 5.7 in excellent yield. Finally, 

conjugate reduction followed by trapping of the resultant enolate with Tf2O 16  provided 

silyltriflate 5.8. The sequence was performed on gram scale and provided 5.8 in 51% overall 

yield from 5.5.17 

 

Scheme 5.1. Syntheses of Silyl Triflate 5.8 
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tetrahydroisoquinoline product in 76% yield via cycloaddition, followed by loss of CO (entry 1). 

An alternate tetrahydroisoquinoline was accessed upon trapping of the intermediate 3,4-

piperidyne with 2-pyrone, by way of a Diels–Alder, retro-Diels–Alder sequence with 

concomitant loss of CO2 (entry 2). Additionally, cycloadditions with 2,5-dimethylfuran or N-

Boc-pyrrole provided the corresponding piperidine-fused [2.2.1]-bridged bicyclic products 

(entries 3 and 4). 

 

Table 5.1. Diels–Alder Cycloadditions of 3,4-Piperidyne 5.1a 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products.  
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addition to acting as a probe for our regioselectivity predictions, some of the transformations 

provide access to interesting heterocyclic products. Nucleophilic addition experiments were 

performed with imidazole and morpholine (entries 1 and 2). In both cases, addition occurred 

exclusively at C4, consistent with our earlier prediction and differing from the known trends of 

3,4-pyridyne reactions. An analogous regiochemical preference was observed in a series of 

cycloaddition reactions. For example, trapping with a nitrone afforded isoxazoline products in 

good yield and with a significant regiochemical preference of 12.7 to 1 (entry 3). (3+2) 

Cycloadditions using either azide or diazo coupling partners provided triazole and pyrazole 

products, respectively (entries 4 and 5). Pyridine- and N-Ph pyrazole-containing annulated 

products could be obtained as well, albeit with lower selectivities (entries 6 and 7).18 

 Several salient features regarding this methodology and the products shown in Tables 5.1 

and 5.2 should be noted. (a) Analogous to known reactions of arynes using silyltriflate 

precursors, 3,4-piperidyne trapping experiments are operationally trivial to perform and 

generally do not require the rigorous exclusion of oxygen or moisture. (b) Silyltriflate 5.8, which 

is now being commercialized to enable its widespread use in drug discovery,17 can be used as a 

single precursor in order to access a variety of annulated piperidines. This stands in contrast to 

more conventional strategies, which would involve developing independent syntheses of each 

annulated piperidine desired. (c) Several of the products accessed by our methodology represent 

new scaffolds, including those unique compounds shown in entries 3 and 4 in Table 5.1 and 

those highlighted in entries 3 and 6 of Table 5.2.19  (d) Several of the cycloaddition adducts 

shown in Table 5.2 are new analogs of known medicinally important scaffolds.  For example, 

compounds related to those in entries 4, 5, and 7 show promise for the treatment of 

inflammation,20 diabetes,21 cancer,22 hepatitis C,23 or other illnesses. (e) Finally, with regard to 
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regioselectivity, it should be emphasized that 3,4-piperidyne 5.1a uniformly reacts with a 

preference for initial attack occurring at C4, which is the same trend seen in reactions of the 

well-studied 3,4-pyridyne (5.3). However, the observed selectivities in the case of 5.1a are 

generally greater compared to the selectivities seen in the trapping of 3,4-pyridynes.24 

 

Table 5.2. Reactions of Silyl Triflate 5.8 with Nucleophiles and Cycloaddition Partners 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products. b Yield was determined using 1,3,5-
trimethoxybenzene as an external standard. 
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5.3.4 Comparison of Transition States & Distortion Present in 5.1a and 5.3 

       To understand the disparity in the regioselectivities of the reactions of the 3,4-pyridyne 

(5.3) and 3,4-piperidyne 5.1a, we used DFT calculations to analyze the competing transition 

states for the nucleophilic addition of morpholine to 5.3, and compared the results to the 

corresponding transition states involving 5.1a (Figure 5.3). In the reactions of 5.3 with 

morpholine, the difference in energies for attack at C4 vs C3 (TS5.1 and TS5.2, respectively) is 

negligible. This is consistent with the low regioselectivity seen experimentally.24,25 Given that 

these are very early transition states, the distortion energy (ΔEdist), or the energy required to alter 

the alkyne geometry toward the transition state, is expected to be small; in fact, we do calculate a 

slightly greater ΔEdist of the alkyne for TS5.2 than TS5.1 (ca. 0.2 kcal/mol). In contrast, the 

addition of morpholine to C4 of 3,4-piperidyne 5.1a (TS5.3) is predicted to be favored over 

attack at C3 (TS5.4) by roughly 1.7 kcal/mol. Notably, the disparity in distortion energy (ΔEdist) 

accounts for most of the energetic difference and the resulting high regioselectivity observed 

experimentally (see Table 5.2, entry 2). These results validate that the distortion/interaction 

model correctly predicts and explains regioselectivities in reactions of both the 3,4-pyridyne 

(5.3) and 3,4-piperidyne 5.1a.   



 294 

 
 

Figure 5.3. Optimized transition states for nucleophilic addition by morpholine to 5.3 and 5.1a 
using B3LYP/6-31G(d). Single point energies were calculated at the B3LYP-D3/6-311+G(d,p) 
level with CPCM solvent model for MeCN. Energies are provided in kcal mol–1 

 

As noted earlier, the lack of regioselectivity seen in reactions of 3,4-pyridynes has been a 

long-standing problem. Thus, we sought to probe one remaining critical question: why is the 3,4-

piperidyne significantly distorted, while the 3,4-pyridyne is not? The explanation is summarized 

in Figure 5.4. The distortion of 3,4-piperidyne 5.1a is caused by the electronegativity of the N-

heteroatom that deforms the triple bond as a result of Bent’s rule.26 The internal bond angle at C3 

is decreased, mixing in p character at C3 and releasing electron density toward the 

electronegative N-atom. Although the analogous effect is also present in 3,4-pyridyne (5.3), it is 
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offset by the in-plane overlap of the nitrogen lone pair with the π and π* orbitals at C3, which 

causes C3 to move toward the N-atom (for further discussion of these competing effects, see the 

Experimental Section). Such an effect is not seen in 5.1a, as the nitrogen lone pair is orthogonal 

to the π and π* orbitals of the alkyne. 

 

 
 

Figure 5.4. Explanation for differing distortion seen in 5.1a and 5.3 
 
 

5.4 Conclusion 

In summary, we have synthesized the first 3,4-piperidyne, 5.1a, and demonstrated that 

this reactive intermediate can be utilized in a variety of cycloadditions to form annulated 

piperidine scaffolds. The regioselectivity trends observed in reactions of 5.1a with nucleophiles 

and unsymmetrical cycloaddition partners are predicted and rationalized by the 

distortion/interaction model. Moreover, we have explained the inductive effect that causes the 

distortion seen in 5.1a, in addition to the competing inductive effects and orbital interactions that 

result in the lack of regioselectivity observed in reactions of the well-studied 3,4-pyridyne (5.3). 

Our findings not only provide a new platform to access medicinally-privileged piperidine 

scaffolds, but also lay the foundation for further studies geared toward strategically harnessing 

strained heterocyclic alkynes as useful synthetic building blocks. 
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5.5 Experimental Section 

5.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. Trifluoromethanesulfonic 

anhydride (Tf2O) and trimethylsilyl chloride (TMSCl) were obtained from Oakwood Products, 

Inc. and distilled before use. N-tert-butyl-α-phenylnitrone and methyl 2-acetamidoacrylate were 

obtained from Alfa Aesar. Ethyl diazoacetate, (trimethylsilyl)diazomethane (1 M in Et2O), 

tetracyclone, 2,5-dimethylfuran, N-Boc-pyrrole, and L-selectride (1 M in THF) were obtained 

from Sigma Aldrich. Benzyl chloroformate and 2-pyrone were obtained from Acros Organics. 

Morpholine was obtained from Spectrum Chemical and distilled before use. Reaction 

temperatures were controlled using an IKAmag temperature modulator and, unless stated 

otherwise, reactions were performed at room temperature (rt, approximately 23 °C). Thin layer 

chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 

visualized using a combination of UV light and potassium permanganate staining. Preparative 

thin layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.5 

mm) and visualized using UV light. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was 

used for flash column chromatography. 1H NMR and 2D-NOESY spectra were recorded on 

Bruker spectrometers (500 MHz) and are reported relative to deuterated solvent signals. Data for 

1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant 

(Hz) and integration. 13C NMR spectra were recorded on Bruker spectrometers (125 MHz) and 

are reported relative to deuterated solvent signals. Data for 13C NMR spectra are reported in 
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terms of chemical shift and, when necessary, multiplicity, and coupling constant (Hz). For 

mixtures of regioisomers, the major regioisomer is reported with the minor regioisomer in 

parentheses for both 1H NMR and 13C NMR spectra. IR spectra were obtained using a Perkin-

Elmer 100 spectrometer and are reported in terms of frequency absorption (cm–1). High-

resolution mass spectra were obtained on Waters LCT Premier with ACQUITY LC and Thermo 

ScientificTM Exactive Mass Spectrometers with DART ID-CUBE. 

 

5.5.2 Experimental Procedures 

5.5.2.1 Synthesis of 3,4-Piperidyne Precursor 

 

 

Vinylogous Amide 5.7. To a solution of known silyl pyridine 5.627 (1.00 g, 5.52 mmol, 1 equiv) 

in MeOH (11 mL) was added NaBH4 (0.230 g, 6.07 mmol, 1.1 equiv) at –78 °C. After stirring 

for 20 min, benzyl chloroformate (0.87 mL, 6.07 mmol, 1.1 equiv) in Et2O (1.1 mL) was then 

added dropwise over 15 min. After stirring for 1 h at –78 °C, H2O (9.2 mL) was added and the 

reaction was warmed to room temperature. After 1.5 h, the reaction mixture was diluted with 

H2O (20 mL) and extracted with EtOAc (3 × 15 mL). The combined organic layers were washed 

with H2O (2 × 20 mL) and brine (20 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting crude product was purified by flash chromatography (9:1 hexanes : EtOAc) 

to provide vinylogous amide 5.7 (1.45 g, 87% yield) as a colorless oil. Vinylogous Amide 5.7: Rf  

0.52 (4:1 hexanes : EtOAc); 1H NMR (500 MHz, CDCl3, 55 °C): δ 7.85 (s, 1H), 7.40–7.36 (m, 

5H), 5.28 (s, 2H), 4.01 (t, J = 7.4, 2H), 2.52 (t, J = 7.3, 2H), 0.17 (s, 9H); 13C NMR (125 MHz, 

i.   NaBH4, MeOH, –78 °C
ii.  CbzCl, Et2O, –78 °C

iii. H2O, –78 →  23 °C
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CDCl3, 55 °C): δ 196.2, 153.1, 147.3, 135.6, 128.9, 128.8, 128.4, 116.7, 69.0, 42.9, 36.3, –1.24; 

IR (film): 1723, 1655, 1576, 1391, 1344, 1298 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C16H22NO3Si, 304.1364; found 304.1350. 

 

 

Silyl Triflate 5.8. To a stirred solution of vinylogous amide 5.7 (2.91 g, 9.56 mmol, 1 equiv) in 

THF (43 mL) was added L-selectride (1.0 M in THF, 10.5 mL, 10.5 mmol, 1.1 equiv) at –78 °C. 

After stirring for 15 min, Tf2O (1.26 mL, 10.5 mmol, 1.1 equiv) was added dropwise over 15 

min. The reaction was stirred for 20 min at –78 °C and then a saturated aqueous solution of 

NaHCO3 (30 mL) was added and the reaction was warmed to room temperature. After stirring 

for 2 h, the layers were separated and the aqueous layer was extracted with EtOAc (3 × 20 mL), 

washed with brine (1 × 50 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The 

resulting crude product was purified by flash chromatography with basic Brockman Grade I 58 Å 

Al2O3 (hexanes), followed by a silica gel column (3:2 hexanes : EtOAc) to give silyl triflate 5.8 

(2.60 g, 76% yield) as a colorless oil. Silyl Triflate 5.8: Rf  0.60 (4:1 hexanes : EtOAc); 1H NMR 

(500 MHz, CDCl3, 55 °C): δ 7.37–7.35 (m, 5H), 5.18 (s, 2H), 4.13 (t, J = 2.5, 2H), 3.68 (t, J = 

5.9, 2H), 2.57–2.55 (m, 2H), 0.25 (s, 9H); 13C NMR (125 MHz, CDCl3, 55 °C): δ 155.1, 151.8, 

136.8, 128.7, 128.3, 128.1, 126.3, 118.6 (q, J = 320.0), 67.7, 45.4, 41.0, 28.9, –1.32; IR (film): 

1702, 1656, 1412, 1243, 1204, 1141 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C17H23-

NF3O5SiS, 438.1013; found, 438.0992. 
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5.5.2.2 Trapping Experiments of 3,4-Piperidyne 

 

Representative Procedure (Preparation of piperidine 5.12 is used as an example). 

Piperidine 5.12 (Table 5.1, Entry 1). To a stirred solution of silyltriflate 5.8 (51.6 mg, 0.118 

mmol, 1 equiv) and tetracyclone (133 mg, 0.345 mmol, 3.0 equiv) in MeCN (1.2 mL) was added 

CsF (88.0 mg, 0.575 mmol, 5.0 equiv). The reaction vessel was sealed and placed in a preheated 

aluminum heating block maintained at 60 °C for 3 h. After cooling to 23 °C, the reaction mixture 

was filtered over silica gel (EtOAc eluent, 12 mL). Evaporation under reduced pressure and 

further purification by preparative thin layer chromatography (6:1:1 hexanes : EtOAc : PhH) 

afforded 5.12 as a pale yellow oil (76% yield, average of two experiments). 5.12: Rf  0.25 (9:1 

hexanes : EtOAc); 1H NMR (500 MHz, C6D6, 80 °C): δ 7.12–6.98 (m, 19H), 6.78–6.74 (m, 4H), 

6.67–6.64 (m, 2H), 5.11 (s, 2H), 4.55 (s, 2H), 3.53 (m, 2H), 2.58 (t, J = 6.1, 2H); 13C NMR (125 

MHz, C6D6, 80 °C): δ 155.4, 141.1, 141.0, 140.8, 140.7, 140.2, 139.9, 139.8, 139.6, 137.9, 

133.2, 132.3, 131.8, 130.7, 130.5, 128.6, 128.4, 128.2, 128.1, 128.1, 128.0, 127.9, 127.1, 126.9, 

126.6, 125.8, 125.8, 67.2, 46.1, 42.2, 28.8; IR (film): 3034, 1702, 1478, 1442, 1428, 1269 cm–1; 

HRMS-ESI (m/z) [M + H]+ calcd for C41H34NO2, 572.2584; found 572.2552. 

 

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

following schemes, which depict all of the results shown in Tables 5.1 and 5.2 
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Piperidine 5.13 (Table 5.1, Entry 2). Purification by preparative thin layer chromatography (2:1 

hexanes : EtOAc) afforded 5.13 (62% yield, average of two experiments) as a colorless oil. 5.13: 

Rf  0.25 (9:1 hexanes : EtOAc); 1H NMR (500 MHz, C6D6, 80 °C): δ 7.27 (d, J = 7.6, 2H), 7.14–

7.11 (m, 2H), 7.08–7.05 (m, 1H), 6.96–6.92 (m, 2H), 6.81–6.79 (m, 1H), 6.74 (br s, 1H), 5.16 (d, 

J = 4.4, 2H), 4.50 (s, 2H), 3.46 (br s, 2H), 2.43 (app t, J = 5.3, 2H); 13C NMR (125 MHz, C6D6, 

80 °C): δ 155.5, 137.8, 135.0, 134.0, 128.9, 128.7, 128.4, 128.1, 126.6, 126.6, 126.5, 67.3, 46.2, 

41.9, 29.1; IR (film): 1699, 1452, 1428, 1294, 1226, 1119 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C17H18NO2, 268.1332; found 268.1317. 

 

 

Piperidine 5.14 (Table 5.1, Entry 3). Purification by preparative thin layer chromatography (2:1 

hexanes : EtOAc) afforded 5.14 (61% yield, average of two experiments) as a colorless oil. 5.14: 

Rf  0.20 (4:1 hexanes : EtOAc); 1H NMR (500 MHz, C6D6, 80 °C): δ 7.24 ( d, J = 7.6, 2H), 7.11 

(d, J = 7.6, 2H), 7.05 (app t, J = 7.3, 1H), 6.58 (m, 2H), 5.14 (s, 2H), 4.17 (dd, J = 15.0, 2.9, 1H), 

3.74 (d, J = 17.8, 1H), 3.45–3.42 (m, 1H), 3.30–3.29 (m, 1H), 2.06–2.02 (m, 1H), 1.59–1.54 (m, 

1H), 1.41 (s, 3H), 1.38 (s, 3H); 13C NMR (125 MHz, C6D6, 80 °C): δ 155.7, 150.9, 149.3, 148.3, 
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148.2, 137.9, 128.7, 128.4, 128.0, 90.9, 90.3, 67.4, 43.3, 41.4, 23.5, 15.0, 14.9; IR (film): 1701, 

1424, 1290, 1234, 1106, 860.1 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C19H22NO3, 312.1594; 

found 312.1580. 

 

 

Piperidine 5.15 (Table 5.1, Entry 4). Purification by preparative thin layer chromatography (4:1 

hexanes : EtOAc) afforded 5.15 (66% yield, average of two experiments) as a colorless oil. 5.15: 

Rf  0.25 (4:1 hexanes : EtOAc); 1H NMR (500 MHz, CD3CN, 55 °C): δ 7.38–7.31 (m, 5H), 7.02–

7.00 (m, 2H), 5.13 (s, 2H), 4.95–4.91 (m, 2H), 4.28 (dt, J = 18.0, 3.2, 1H), 3.90 (dt, J = 18.0, 3.3, 

1H), 3.51–3.48 (m, 2H), 2.47–2.44 (m, 1H), 2.09–2.04 (m, 1H), 1.4 (s, 9H); 13C NMR (125 

MHz, CD3CN, 55 °C): δ 156.9, 156.3, 149.8, 148.0, 144.5, 144.3, 139.1, 129.9, 129.3, 129.2, 

81.3, 70.4, 68.9, 68.2, 45.6, 42.7, 29.1, 26.6; IR (film): 1700, 1455, 1423, 1366, 1332, 1228 cm–

1; HRMS-ESI (m/z) [M + H]+ calcd for C22H27N2O4, 383.1965; found 383.1947. 

 

 

Piperidine 5.16 (Table 5.2, Entry 1). Purification by preparative thin layer chromatography (9:1 

CH2Cl2 : MeOH) afforded 5.16 (78% yield, average of two experiments) as a colorless oil. 5.16: 

Rf  0.41 (9:1 CH2Cl2 : MeOH) ; 1H NMR (500 MHz, CD3CN, 55 °C): δ 7.67 (s, 1H), 7.42–7.32 

(m, 5H), 7.22 (s, 1H), 7.01 (s, 1H), 5.88–5.87 (m, 1H), 5.18 (s, 2H), 4.13 (m, 2H), 3.75 (t, J = 
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3.8, 2H), 2.62–2.58 (m, 2H); 13C NMR (125 MHz, CD3CN, 55 °C): δ 158.5, 138.8, 136.1, 134.1, 

130.7, 139.8, 129.3, 129.0, 125.1, 113.8, 68.2, 43.6, 41.7, 28.4; IR (film): 1699, 1493, 1428, 

1233, 1213, 1112 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C16H18N3O2, 284.1394; found 

284.1379. 

 

 

Piperidine 5.17 (Table 5.2, Entry 2). Evaporation under reduced pressure afforded 5.17 (99% 

yield). The yield was determined by 1H NMR analysis of the crude reaction mixture using 

trimethoxybenzene (5.6 mg, 0.72 equiv) as an external standard. 5.17 was found to hydrolyze to 

the corresponding ketone28 5.18 upon exposure to silica gel. 5.18: Rf  0.45 (3:1 PhH : EtOAc). 

The regioselectivity of the nucleophilic attack was verified by the isolation of 5.18. 5.17: 1H 

NMR (500 MHz, C6D6, 80 °C): δ 7.28 (d, J = 7.4, 2H), 7.13 (t. J = 7.5, 2H), 7.07 (t, J = 7.5, 1H), 

5.18 (s, 2H), 4.23 (m, 1H), 3.99 (br s, 2H), 3.46 (t, J = 4.8, 6H), 2.41 (t, J = 4.8, 4H), 1.8 (m, 

2H); 13C NMR (125 MHz, CD3CN, 55 °C): δ 146.1, 139.0, 129.8, 129.1, 129.0, 118.3, 97.4, 

67.8, 67.8, 49.5, 44.1, 42.2, 41.7, 27.7, 1.88; IR (film): 1699, 1362, 1329, 1290, 1267, 1033 cm–

1; HRMS-ESI (m/z) [M + H]+ calcd for C17H23N2O3, 303.1703; found 303.1690. 
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Piperidines 5.19 and 5.20 (Table 5.2, Entry 3). Purification by preparative thin layer 

chromatography (7:3 hexanes : EtOAc) afforded 5.19 and 5.20 (84% yield, average of two 

experiments, 12.7:1 ratio) as a colorless oil. 5.19: Rf  0.63 (7:3 hexanes : EtOAc); 1H NMR (500 

MHz, CDCl3, 55 °C): δ 7.36–7.29 (m, 9H), 7.26–7.24 (m, 1H), 5.12 (s, 2H), 5.02 (br s, 1H), 3.95 

(app d, J = 15.7, 1H), 3.83 (app dt, J = 13.2, 5.2, 1H), 3.55–3.47 (m, 2H), 2.29 (br s, 2H), 1.14 (s, 

9H); 13C NMR (125 MHz, CDCl3, 55 °C): δ 155.8, 147.2, 143.0, 137.1, 128.7, 128.6, 128.1, 

128.0, 127.6, 127.3, 104.5, 69.3, 67.4, 60.7, 41.1, 41.1, 25.3, 22.3; IR (film): 1700, 1454, 1423, 

1286, 1212, 1132  cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C24H29N2O3, 393.2173; found 

393.2154. 

 

The structure of 5.19 was verified by 2D-NOESY, as the following interaction was observed:  
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Piperidines 5.21 and 5.22 (Table 5.2, Entry 4). Purification by preparative thin layer 

chromatography (3:2 EtOAc : hexanes) afforded an inseparable mixture of triazoles 5.21 and 

5.22 (81% yield, average of two experiments, 5.3:1 ratio) as a white solid. Compounds 5.21 and 

5.22 were characterized as a mixture of regioisomers. Rf  0.40 (3:2 EtOAc : hexanes); 1H NMR 

(500 MHz, C6D6, 80 °C): δ 7.21–7.20 (7.21–7.20) (m, 2H), 7.15 (7.15) (m, 1H), 7.13–7.10 

(7.13–7.10) (m, 2H), 7.07–7.06 (7.07–7.06) (m, 1H), 7.01–7.00 (7.01–7.00) (m, 3H), 6.92–6.90 

(6.92–6.90) (m, 2H), 5.07 (5.06) (app s, 2H), 4.92 (4.89) (s, 2H), 4.61 (4.11) (s, 2H), 3.30 (3.30) 

(app t, J = 5.2, 2H), 1.95 (2.56) (app t, J = 5.6, 2H); 13C NMR (125 MHz, CDCl3, 55 °C): δ 

155.7, 155.6, 142.4, 141.3, 136.7, 136.6, 134.7, 134.2, 130.6, 129.3, 129.2, 128.8, 128.7, 128.6, 

128.6, 128.3, 128.2, 128.2, 128.1, 127.9, 127.7, 127.7, 67.8, 67.7, 52.7, 52.3, 42.1, 42.0, 41.2, 

40.3, 22.8, 21.0; IR (film): 1698, 1455, 1424, 1223, 1198, 1100 cm–1; HRMS-ESI (m/z) [M + H]+ 

calcd for C20H21N4O2, 349.1659; found 349.1638. 

 

The structure of 5.21 was verified by 2D-NOESY and 2D-HMBC of the mixture, as the 

following interactions were observed:  
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Piperidines 5.23 and 5.24 (Table 5.2, Entry 5). Purification by preparative thin layer 

chromatography (3:2 EtOAc : hexanes) afforded 5.23 (64% yield, average of two experiments) 

as a colorless oil and 5.24 (14% yield, average of two experiments) as a colorless oil. 5.23: Rf  

0.43 (3:2 EtOAc : hexanes); 1H NMR (500 MHz, CDCl3, 55 °C): δ 7.37–7.28 (m, 5H), 5.19 (s, 

2H), 4.69 (s, 2H), 4.37 (q, J = 7.2, 2H), 3.74 (t, J = 5.8, 2H), 2.87 (t, J = 5.6, 2H), 1.36 (t, J = 7.0, 

3H); 13C NMR (125 MHz, CDCl3, 55 °C): δ 160.3, 155.8, 145.9, 136.8, 132.1, 128.6, 128.2, 

128.0, 118.2, 67.6, 61.1, 42.5, 42.0, 21.9, 14.4; IR (film): 3219, 2931, 1701, 1470, 1427, 1226 

cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C17H20N3O4, 330.1448; found 330.1426. 5.24: Rf  0.25 

(2:3 Hexanes : EtOAc); 1H NMR (500 MHz, CDCl3, 55 °C): δ 7.38–7.30 (m, 5H), 5.20 (s, 2H), 

4.74 (s, 2H), 4.39 (q, J = 7.1, 2H), 3.79 (t, J = 5.8, 2H), 2.82 (t, J = 5.7, 2H), 1.38 (t, J = 7.0, 3H); 

13C NMR (125 MHz, CDCl3, 55 °C): δ 160.5, 155.9, 145.9, 137.0, 132.6, 128.7, 128.2, 128.1, 

117.0, 67.6, 61.3, 41.7, 41.6, 23.3, 14.4; IR (film): 3244, 2957, 1699, 1424, 1269, 1222 cm–1; 

HRMS-ESI (m/z) [M + H]+ calcd for C17H20N3O4, 330.1448; found 330.1429. 

 

The structures of 5.23 and 5.24 were verified by 2D-HMBC, as the following interactions were 

observed:  
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Piperidines 5.25 and 5.26 (Table 5.2, Entry 6). Purification by preparative thin layer 

chromatography (3:1 PhH : EtOAc) afforded an inseparable mixture of pyridines 5.25 and 5.26 

(57% yield, average of two experiments, 2.1:1 ratio) as a colorless oil. Compounds 5.25 and 5.26 

were characterized as a mixture of regioisomers. Rf  0.40 (1:1 PhH : EtOAc); 1H NMR (500 

MHz, CDCl3, 55 °C): δ 7.76 (7.73) (s, 1H), 7.38–7.36 (7.35–7.32) (m, 5H), 5.21 (5.19) (s, 2H), 

4.62 (4.69) (s, 2H), 3.98 (3.98) (s, 3H), 3.75 (3.80) (t, J = 5.9, 2H), 2.89 (2.81) (t, J = 5.7, 2H), 

2.54 (2.56) (s, 3H); 13C NMR (125 MHz, CDCl3, 55 °C): δ 166.1, 166.1, 166.1, 166.1, 158.0, 

155.9, 155.6, 155.4, 145.6, 145.3, 144.4, 143.1, 136.8, 136.8, 132.4, 13 1.5, 128.8, 128.4, 128.2, 

128.2, 123.6, 120.9, 67.8, 67.8, 52.8, 52.7, 45.8, 44.1, 41.2, 40.7, 29.1, 26.2, 22.3, 21.8; IR 

(film): 1740, 1702, 1433, 1340, 1242, 1217 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C19H21N2O4, 341.1496; found 341.1482. 

 

The structures of 5.25 and 5.26 were verified by 2D-NOESY, as the following interactions were 

observed:  
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Piperidines 5.27 and 5.28 (Table 5.2, Entry 7). The sydnone trapping agent was synthesized 

using a known procedure.29 Purification by preparative thin layer chromatography (9:1 PhH : 

Et2O) afforded pyrazoles 5.27 and 5.28 (87% yield, average of two experiments, 1.3:1 ratio) both 

as amorphous white solids. 5.27: Rf  0.43 (9:1 PhH : Et2O); 1H NMR (500 MHz, CD3CN, 55 °C): 

δ 7.85 (s, 1H), 7.68–7.66 (m, 2H), 7.46–7.43 (m, 2H), 7.40–7.35 (m, 4H), 7.33–7.29 (m, 1H), 

7.27 (t, J = 7.5, 1H), 5.15 (s, 2H), 4.64 (s, 2H), 3.72 (t, J = 5.8, 2H), 2.69 (t, J = 5.8, 2H); 13C 

NMR (125 MHz, CD3CN, 55 °C): δ 156.8, 148.9, 141.2, 138.7, 130.7, 129.7, 129.1, 128.9, 

127.2, 125.7, 119.8, 117.5, 68.1, 44.0, 43.5, 21.8; IR (film): 2929, 1698, 1599, 1504, 1425, 1385 

cm–1; HRMS-ESI (m/z) [M + H]+ calcd for C20H20N3O2, 334.1550; found 334.1537. 5.28: Rf  0.42 

(9:1 PhH : Et2O); 1H NMR (500 MHz, CD3CN, 55 °C): δ 7.86 (s, 1H), 7.68–7.66 (m, 2H), 7.45–

7.43 (m, 2H), 7.39–7.35 (m, 4H), 7.32–7.29 (m, 1H), 7.26 (t, J = 7.4, 1H), 5.15 (s, 2H), 4.58 (s, 

2H), 3.78 (t, J = 5.8, 2H), 2.79, (t, J = 5.9, 2H); 13C NMR (125 MHz, CD3CN, 55 °C): δ 156.7, 

149.8, 141.7, 138.7, 130.7, 129.7, 129.2, 128.9, 127.2, 124.2, 119.7, 116.7, 68.1, 43.3, 41.6, 

24.7; IR (film): 1698, 1599, 1505, 1426, 1384, 1223 cm–1; HRMS-ESI (m/z) [M + H]+ calcd for 

C20H20N3O2, 334.1550; found 334.1530. 

 

The structures of 5.27 and 5.28 were verified by 2D-NOESY, as the following interactions were 

observed:  
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Piperidine 5.29. Evaporation under reduced pressure afforded 5.18 (91% yield). The yield was 

determined by 1H NMR analysis of the crude reaction mixture using trimethoxybenzene (5.3 mg, 

0.75 equiv) as an external standard. 5.29 was not observed; however, its intermediacy was 

inferred by the isolation of the hydrolysis product, known ketone 5.18.28 5.18: Rf  0.45 (3:1 PhH : 

EtOAc). The regioselectivity of the nucleophilic attack was verified by the isolation of 5.18. 

 

5.5.3 Computational Methods 

All calculations were carried out with the Gaussian 09 package.30 Geometry optimization and 

energy calculations were performed with B3LYP.31 The 6-31G (d) basis set32 was used for all of 

the atoms. Frequency analysis was conducted at the same level of theory to verify the stationary 

points to be real minima or saddle points and to obtain the thermodynamic energy corrections. A 

quasiharmonic correction was applied during the entropy calculation by setting all positive 

frequencies that are less than 100 cm−1 to 100 cm−1.33 This method has been found to give 

relatively accurate energetics for cycloadditions. Single point energies were calculated at the 
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B3LYP-D334/6-311+G(d,p) level. Solvent effect (solvent = acetonitrile) was calculated by using 

the CPCM35 solvation model. Computed structures are illustrated using CYLVIEW.36 

 

5.5.3.1 Bent´s Rule & Alkyne Distortion Determine Regioselectivity of Nucleophilic 

Addition 

Bent’s rule, as stated in 1961, is that “atomic s character concentrates in orbitals directed 

toward electropositive substituents”. In other words, bonds between elements of different electro 

negativities are polarized in a way such that the electron density will be shifted towards the more 

electronegative element. Due to the inherent higher stability of s orbitals, the hybrid orbitals from 

the more electronegative atoms will increase their s character in order to stabilize the withdrawn 

electron density. To compensate for this shift in electron density, the less electronegative atoms 

will direct hybrid orbitals with an increased p character toward the more electronegative atoms to 

which they are bound, without a significant energic penalty. As a result, the hybrid orbitals that 

constitute these polarized bonds deviate from ideal spn (n = 1, 2 or 3) hybridizations, which 

translates into distorted geometries. 

 

5.5.3.2 n→p* interaction in 3,4-pyridyne The delocalization of the lone pair of electrons (n) 

from the nitrogen atom to the antibonding orbital (p*) of the alkyne moiety is an attractive 

electronic interaction that stabilizes 3,4-pyridyne. Figure 5.5 shows this favorable two-electron, 

two-orbital interaction between the nitrogen lone pair (n) and the antibonding orbital (p*) of the 

alkyne. The result of this interaction is the formation of a lower energy orbital, (n+p*), and a 

higher energy orbital, (n-p*). The (n+p*) orbital is computed to be HOMO-2, and it is stabilized 

by the favorable orbital overlap between the nitrogen lone pair (n) and the p orbital at C-3 of the 
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antibonding orbital (p*), which is in closer proximity compared with that of C-4. The maximum 

stabilization occurs in the system when there is greater orbital overlap between n and C3. As a 

result, the alkyne reorients itself in a manner where C3 of the alkyne moves toward the nitrogen 

atom to maximize this stabilizing interaction. This counteracts the inductive effect of the 

electronegative nitrogen atom, which would distort the alkyne in the opposite manner in accord 

with Bent’s rule (see: Figure 5.4). It is the sum of these two opposing effects that lead to the two 

internal angles at C3 and C4 (124° and 126°) being very similar and showing little distortion, and 

consequently, no significant regioselectivity in nucleophilic additions. 

 

Figure 5.5. n→p* interaction in 3,4-pyridyne 
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5.5.3.3 Energies, Enthalpies, and Free Energies 

Table 5.3. Energies, Enthalpies, and Free Energies of the Structures Calculated at the B3LYP-
D3/6-311+G(d,p)(CPCMMeCN)//B3LYP/6-31G(d). 

Structures ZPE DE DH DG E H G 
Imaginary 

Frequency 

5.3 0.154569 0.164225 0.165169 0.11937 -477.409844 -477.244675 -477.290474 — 

TS5.1 0.200137 0.211205 0.212149 0.170824 -534.923275 -534.711126 -534.752451 -41.505 

TS5.2 0.200204 0.211238 0.212182 0.163959 -534.923580 -534.711398 -534.759621 -42.130 

5.1a 0.063685 0.067966 0.068910 0.036450 -247.022283 -246.953373 -246.985833 — 

TS5.3 0.291685 0.307621 0.308565 0.245795 -765.314031 -765.005466 -765.068236 -21.426 

TS5.4 0.292273 0.307920 0.308864 0.247304 -765.312285 -765.003421 -765.064981 -68.745 

 

5.5.3.4 Cartesian Coordinates of the Relevant Structures  

Cartesian coordinates for the optimized structures have been previously reported.37 
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5.6 Spectra Relevant to Chapter Five: 

 

Generation and Regioselective Trapping of a 3,4-Piperidyne for the  

Synthesis of Functionalized Heterocycles 

 

Travis C. McMahon, Jose M. Medina, Yun-Fang Yang, Bryan J. Simmons,  

K. N. Houk, and Neil K. Garg  

J. Am. Chem. Soc. 2015, 137, 4082–4085.  
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Figure 5.7. Infrared spectrum of compound 5.7 

Figure 5.8. 13C NMR (125 MHz, CDCl3) of compound 5.7 
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Figure 5.10. Infrared spectrum of compound 5.8 

Figure 5.11. 13C NMR (125 MHz, CDCl3) of compound 5.8 
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P1                 5.75 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080515 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 5.13. Infrared spectrum of compound 5.12 

Figure 5.14. 13C NMR (125 MHz, CDCl3) of compound 5.12 
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5 Current Data Parameters

NAME      JMM-4-23(B)75
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20141012
Time              11.15
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  414
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                348.0 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 5.75 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080182 MHz
WDW                  EM
SSB      0
LB       0 Hz
GB       0
PC                 1.40

default carbon parameters (proton decoupled)
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Figure 5.16. Infrared spectrum of compound 5.13 

Figure 5.17. 13C NMR (125 MHz, CDCl3) of compound 5.13 
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8 Current Data Parameters

NAME       JMM-4-19(60)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20141009
Time              21.19
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  487
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG                 4096
DW               15.300 usec
DE                 6.00 usec
TE                333.0 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 5.75 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080231 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters (proton decoupled)
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Figure 5.19. Infrared spectrum of compound 5.14 

Figure 5.20. 13C NMR (125 MHz, CDCl3) of compound 5.14 
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6 Current Data Parameters
NAME       JMM-4-21(75)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20141009
Time              21.56
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
NS                  690
DS                    0
SWH           32679.738 Hz
FIDRES         0.498653 Hz
AQ            1.0027008 sec
RG               9195.2
DW               15.300 usec
DE                 6.00 usec
TE                350.0 K
D1           2.00000000 sec
d11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                13C
P1                 5.75 usec
PL1      0 dB
SFO1        125.8231939 MHz

======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
SFO2        500.3320013 MHz

F2 - Processing parameters
SI                65536
SF          125.8080162 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters (proton decoupled)
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Figure 5.22. Infrared spectrum of compound 5.15 

Figure 5.23. 13C NMR (125 MHz, CDCl3) of compound 5.15 
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2 Current Data Parameters

NAME       JMM-4-28(80)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20141015
Time              17.36
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG          zgdc30
TD                65536
SOLVENT           CDCl3
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Figure 5.25. Infrared spectrum of compound 5.16 

Figure 5.26. 13C NMR (125 MHz, CD3CN) of compound 5.16 
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Figure 5.28. Infrared spectrum of compound 5.17 

Figure 5.29. 13C NMR (125 MHz, CD3CN) of compound 5.17 
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======== CHANNEL f2 ========
CPDPRG[2        waltz16
NUC2                 1H
PCPD2            100.00 usec
PL2      0 dB
PL12              17.52 dB
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F2 - Processing parameters
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SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters (proton decoupled)
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Figure 5.31. Infrared spectrum of compound 5.19 

Figure 5.32. 13C NMR (125 MHz, CDCl3) of compound 5.19 
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F2 - Processing parameters
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Figure 5.34. Infrared spectrum of compounds 5.21 and 5.22 

Figure 5.35. 13C NMR (125 MHz, CDCl3) of compounds 5.21 and 5.22 
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Figure 5.37. Infrared spectrum of compound 5.23 

Figure 5.38. 13C NMR (125 MHz, CDCl3) of compound 5.23 
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Figure 5.40. Infrared spectrum of compound 5.24 

Figure 5.41. 13C NMR (125 MHz, CDCl3) of compound 5.24 
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Figure 5.43. Infrared spectrum of compounds 5.25 and 5.26 

Figure 5.44. 13C NMR (125 MHz, CDCl3) of compounds 5.25 and 5.26 
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Figure 5.46. Infrared spectrum of compound 5.27 

Figure 5.47. 13C NMR (125 MHz, CD3CN) of compound 5.27 
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Figure 5.49. Infrared spectrum of compound 5.28 

Figure 5.50. 13C NMR (125 MHz, CD3CN) of compound 5.28 
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CHAPTER SIX 

 

Expanding the Strained Alkyne Toolbox: Generation and Utility of  

Oxygen-Containing Strained Alkynes 

 

Tejas K. Shah, Jose M. Medina, and Neil K. Garg  

J. Am. Chem. Soc. 2016, 138, 4948–4954. 

 

 

 

 

6.1 Abstract  

We report synthetic methodology that permits access to two oxacyclic strained 

intermediates, the 4,5-benzofuranyne and the 3,4-oxacyclohexyne. In situ trapping of these 

intermediates affords an array of heterocyclic scaffolds by the formation of one or more new C–

C or C–heteroatom bonds. Experimentally determined regioselectivities were consistent with 

predictions made using the distortion / interaction model and were also found to be greater 

compared to selectivities seen in the case of trapping experiments of the corresponding N-

containing intermediates. These studies demonstrate the synthetic versatility of oxacyclic arynes 

and alkynes for the synthesis of functionalized heterocycles, while further expanding the scope 

of the distortion / interaction model. Moreover, these efforts underscore the value of harnessing 

strained heterocyclic intermediates as a unique approach to building polycyclic heteroatom-

containing frameworks. 
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6.2 Introduction 

New approaches for the synthesis of decorated heterocycles remain highly sought after 

because of the prevalence of heterocycles in drugs, agrochemicals, materials, and natural 

products.1 One unique strategy for heterocycle construction involves the trapping of transient 

heterocyclic arynes or alkynes.2  For example, pyridynes,2m,3 indolynes,4,5,6 and piperidynes7 

(e.g., 6.1–6.3, Figure 6.1) can now be used as building blocks for the synthesis of functionalized 

heterocycles in a predictable manner using the distortion / interaction model.8  

Whereas advances in heterocyclic aryne and alkyne chemistry have focused on nitrogen-

containing reactive intermediates, the corresponding chemistry of oxacycles has remained 

underdeveloped. The first aryne ever proposed was the 2,3-benzofuranyne;9 however, this 

structural assignment was later called into question.2b Subsequent contributions in the area of 

oxacyclic arynes are limited to scattered examples involving dehydrohalogenation of benzofuran 

derivatives10 and access to the 6,7-benzofuranyne using butyllithium reagents.11 With regard to 

oxacyclohexynes, even less is known, with only two studies involving metalated 

oxacyclohexynes in the literature.12  Silyl triflate precursors to oxacyclic arynes or alkynes have 

not been synthesized previously; likewise, no general methodologies for oxacyclic aryne or 

alkyne trapping have been reported to date. 

We reasoned that mild methodologies involving the trapping of oxacyclic arynes and 

alkynes through a multitude of cycloadditions would provide a new avenue for building O-

containing compounds. Oxygenated heterocycles, such as benzofuran and pyran derivatives, are 

often seen in natural products and drugs.13 Notable examples include Saprisartan (treatment of 

hypertension),14 hopeafuran (antimicrobial agent),15 artemisinin (antimalarial drug),16 rhoeadine 

(sedative & antitussive), 17  and frenolicin B (kinase inhibitor). 18  Moreover, some oxygen-
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containing heterocycles are known bioisosteres for their nitrogen and sulfur-containting 

counterparts in medicinal chemistry.19 

In the present study, we describe synthetic methodology to access two oxacyclic strained 

intermediates: the 4,5-benzofuranyne (6.4) and the 3,4-oxacyclohexyne (6.5) (Figure 6.1). In 

addition to establishing synthetic routes to silyl triflate precursors to 6.4 and 6.5 and using these 

species to build an assortment of functionalized heterocycles, we show that reliable 

regioselectivity predictions can be made prior to experiment using the distortion / interaction 

model. Selectivities are compared to those seen in the case of trapping experiments of the 

corresponding N-containing intermediates. Overall, our studies demonstrate that oxacyclic 

arynes and alkynes can be harnessed to efficiently construct decorated oxygen-containing 

heterocycles. The methodology is expected to prove useful in the synthesis of new 

pharmaceuticals and natural products. 
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Figure 6.1. Well studied N-containing cyclic alkynes 6.1–6.3, O–containing strained alkynes 6.4 
and 6.5 (present study), and representative drugs and natural products 
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model.8 Briefly stated, substituted arynes or cyclic alkynes are unsymmetrically distorted in their 

ground state. Nucleophilic addition occurs at the terminus of the aryne (or alkyne) that is more 

distorted toward linearity (i.e., the site that possesses a larger internal angle). The geometry of 

the unsymmetrical aryne or alkyne can readily be determined by performing simple geometry 

optimization calculations using DFT methods. In addition to revealing the preferred site of attack 

by nucleophiles, these calculations can also be used to roughly assess the degree of 

regioselectivities. The greater the difference in internal angles between the two aryne (or alkyne) 

termini (Δθ), the more pronounced regioselectivities are expected. 

With the aim of predicting the site of nucleophilic attack on 4,5-benzofuranyne (6.4) and 

3,4-oxacyclohexyne (6.5), while drawing comparisons to the corresponding N-containing 

heterocyclic alkynes 6.6 and 6.7, we performed geometry optimizations using DFT calculations 

(B3LYP/6-31G(d)) (Figure 6.2). 20  First, we compared the optimized structures of 4,5-

benzofuranyne (6.4) and 4,5-indolyne (6.6); each is distorted such that nucleophilic addition is 

expected to occur at C5, which is the more linear terminus. 4,5-Benzofuranyne (6.4) was found 

to be unsymmetrically distorted with the C5–C4 Δθ being 7°. In comparsion, 4,5-indolyne (6.6) 

is less distorted, with the C5–C4 Δθ  being 4°.5e,5f As the Δθ is greater in the case of 4,5-

benzofuranyne (6.4), we predicted this species would react with greater regioselectivity 

compared to 4,5-indolyne (6.6). To see if this trend extended to non-aromatic strained alkynes, 

we compared 3,4-oxacyclohexyne (6.5) and 3,4-piperidyne 6.7. For both cyclic alkynes, 

nucleophilic attack is preferred to occur at C4, the site further distorted toward linearity. C4–

C3 Δθ is 15° in the case of 3,4-oxacyclohexyne (6.5), but slightly less (i.e., 12°) for 3,4-

piperidyne 6.7.7c As such, we surmised that 3,4-oxacyclohexyne (6.5) would react with greater 

regioselectivities compared to 3,4-piperidyne 6.7. 
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Figure 6.2. Geometry optimized structures of 6.4–6.7 obtained at the B3LYP/6-31G(d) level and 
predicted site of nucleophilic attack. Δθ represents the net distortion of the alkyne 

 

6.3.2 Synthesis of Silyl Triflate Precursors 

Our study relied on developing efficient syntheses of suitable precursors to 4,5-

benzofuranyne (6.4) and 3,4-oxacyclohexyne (6.5). Given the well-known versatility of silyl 

triflate precursors to arynes,21 we targeted silyl triflates 6.10 and 6.14 (Scheme 6.1). The 

benzofuranyne precursor was derived from 5-hydroxybenzofuran (6.8), which is commercially 

available or readily accessible from hydroquinone.22 Bromination of 6.8 proceeded smoothly to 

deliver the known bromoalcohol 6.9. 23  Subsequent O-silylation, followed by retro-Brook 

rearrangement and triflation, furnished silyl triflate 6.10 in 81% yield. 3,4-Oxacyclohexyne 

precursor 6.14 could be synthesized in four steps beginning from commercially available 4-

oxotetrahydropyran 6.11. α-Bromination of 6.11 was performed using a known two-step 

sequence to provide bromoketone 6.12.24 Treatment of 6.12 with DABCO and TESCl afforded 
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silyl enol ether 6.13 in 91% yield. Finally, lithiation, retro-Brook rearrangement, and triflation 

delivered silyl triflate 6.14. 

 

Scheme 6.1. Syntheses of Silyl Triflates 6.10 and 6.14 

 

 

6.3.3 Generation & Trapping of 4,5-Benzofuranyne (6.4) 

  With the silyl triflate precursors in hand, we first investigated the generation and trapping 

of the 4,5-benzofuranyne (6.4) with symmetrical cycloaddition partners (Table 6.1). Thus, silyl 

triflate 6.10 was exposed to 2-pyrone and CsF in MeCN at 50 °C; to our delight the desired 

benzannulated product was obtained via a Diels–Alder / retro-Diels–Alder sequence (entry 1). 

We also performed trapping experiments with furan and N-Boc pyrrole (entries 2 and 3). In each 

case, the corresponding [2.2.1]-bridged bicyclic adduct was formed in synthetically useful yields. 

These results not only validated that the 4,5-benzofuranyne (6.4) can be generated, but also 

demonstrated how this intermediate can be used to build two new C–C bonds on the benzofuran 
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motif in an efficient manner. In the latter case, the two linkages formed are sp2–sp3 C–C bonds, 

which would be difficult to introduce by known means. 

 

Table 6.1. Diels–Alder Cycloadditions of 4,5-Benzofuranyne (6.4) 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products. b Reaction performed at 50 °C. 

 

 With the aim of probing regioselectivity trends and accessing functionalized benzofurans, 

we shifted our attention to trapping benzofuranyne 6.4 with nucleophiles and unsymmetrical 

cycloaddition partners (Table 6.2). We found that p-cresol, morpholine, and N-Me-aniline could 

be employed as trapping agents,25 to furnish benzofuranyne adducts in good yields (entries 1–3). 

In all cases, the major product was indicative of nucleophilic attack occurring at C5, consistent 

with the prediction made by the distortion / interaction model. To access more unique scaffolds 

and further examine regioselectivities, we surveyed trapping agents that would allow for the 
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appendage of seven-, six-, or five-membered heterocycles on the benzofuran motif. In situ 

trapping of 6.4 with 1,3-dimethyl-2-imidazolidinone26 furnished the corresponding product of 

formal C–N bond insertion in 90% yield (entry 4). Only one constitutional isomer was observed 

in this case, although the subsequent trappings led to mixtures with a preference for initial bond 

formation also occurring at C5. The use of an amido acrylate trapping agent27 allowed for the 

appendage of substituted pyridine rings to the benzofuran unit (entry 5). With regard to the 

formation of 5-membered rings, several trapping agents were deemed successful and could be 

used to forge C–C, C–O, and C–N bonds (entries 6–11).28–33 In all cases, synthetically useful 

yields of substituted heterocycles were prepared with the expected regioselectivities. Thus, with 

access to a single new aryne precursor (i.e., 6.10), one can build arrays of decorated benzofurans 

using this methodology. 
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Table 6.2. Reactions of Silyl Triflate 6.10 with Nucleophiles and Cycloaddition Partners 

 
a Reported yields are the average of two experiments and are based on the amount of isolated products. b Reaction 
performed neat with 1,3-dimethyl-2-imidazolidinone (10 equiv) at 50 °C with yield determined by 1H NMR analysis 
using 1,3,5-trimethoxybenzene as an external standard.  
 

6.3.4 Generation & Trapping of 3,4-Oxacyclohexyne (6.5) 

       Efforts were also put forth to generate and trap 3,4-oxacyclohexyne (6.5). To confirm the 

in situ formation of the strained alkyne, we first examined trappings with dienes to give Diels–

Alder adducts (Table 6.3). Thus, silyl triflate 6.14 was treated with CsF in the presence of 3 
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performed with 2,5-dimethylfuran and N-Boc-pyrrole. In each case, the desired [2.2.1]-bicycles, 

which would arguably be difficult to make by other means, were formed (entries 3 and 4).  

 

Table 6.3. Diels–Alder Cycloadditions of 3,4-Oxacyclohexyne (6.5) 

 
a Reported yields are the average of two experiments and are based on the 
amount of isolated products. 

 

Analogous to our studies involving the 4,5-benzofuranyne (6.4), we tested the generation 

and trapping of 3,4-oxacyclohexyne (6.5) with nucleophiles and unsymmetrical cycloaddition 

partners (Table 6.4). Trapping with imidazole was examined primarily as a means to probe 

regioselectivity (entry 1). In this case, the 4-substituted adduct was obtained in >20:1 
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regiochemical preference. Addition at C4 was also seen in a variety of other trapping 

experiments, consistent with the predictions made by the distortion / interaction model. For 

example, interception of 6.5 with methyl salicylate34 gave two products, both indicative of the 

same regioselectivity trend (entry 2). We also performed the trapping with an amido acrylate 

species,27 which led to the appendage of pyridine motifs, albeit with modest selectivity (entry 3). 

Several efforts to annulate the oxacyclohexyne with 5-membered heterocycles were also put 

forth. Trapping with an iodoniun ylide28 led to the introduction of a furan (entry 4), whereas 

nitrone trapping29 gave the expected isoxazoline product (entry 5). Similarly, an azide 

cycloaddition31 proceeded smoothly to give triazole-containing products (entry 6). In two 

additional examples, pyrazole derivatives could be obtained by trapping the oxacyclohexyne 

intermediate with either a sydnone32 or diazoester33 (entries 7 and 8). With this methodology, a 

variety of annulated oxacycles can be readily accessed from silyl triflate 6.14, with good to 

excellent control of regioselectivity. It should be noted that the products obtained from these 

trapping studies possess significant sp3 character. The generation of such sp3-rich heterocyclic 

frameworks is an important direction in modern drug discovery.35 
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Table 6.4. Reactions of Silyl Triflate 6.14 with Nucleophiles and Cycloaddition Partners 

 
a Reported yields are average of two experiments and are based on the amount of isolated products. b Reaction 
performed with MeCN as the solvent. 
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the trapping of the arynes with benzylazide (entry 2), selectivity was greater in the case of the 

benzofuranyne (2.4 : 1 vs 6.2 : 1), consistent with predictions. 

 

Table 6.5. Comparison of 4,5-Indolyne and 4,5-Benzofuranyne Regioselectivities 

 
a Reaction performed with p-cresol (1.5 equiv) and CsF (3 equiv) at 50 °C.  
b Reactions performed with trapping agent (3 equiv) and CsF (3 equiv) at 23 °C. 
c Reaction performed with benzyl azide (5 equiv) and TBAF (2 equiv) at 23 °C. 
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containing counterparts, can be attributed to the greater electronegativity of oxygen. The oxygen 

atom has a stronger inductive effect that leads to increased distortion,36 which in turn parlays into 

the more significant selectivities observed.  

 

Table 6.6. Comparison of Oxacyclohexyne and Piperidyne Regioselectivities 

 
a Reaction performed with MeCN as the solvent. b Reactions performed with 
THF as the solvent. 
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Moreover, greater selectivities were seen in the trapping of the oxacyclic strained intermediates 

compared to the corresponding N-containing compounds, also consistent with computational 

predictions. Our studies demonstrate that oxacyclic arynes and alkynes can be generated from 

silyl triflate precursors and strategically harnessed to build decorated oxygen-containing 

heterocycles. Given the abundance of aryne trapping reactions available in the literature, this 

methodology is expected to find utility in the synthesis of medicinal substances and natural 

products.  

 

6.5 Experimental Section 

6.5.1 Materials and Methods  

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

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

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

specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. Trifluoromethanesulfonic 

anhydride (Tf2O) and Triethylsilyl chloride (TESCl) were obtained from Oakwood Products, Inc. 

and distilled before use. Furan, N-tert-butyl-α-phenylnitrone, methyl 2-acetamidoacrylate, and 

methyl salicylate were obtained from Alfa Aesar. Hexamethyldisilane, N-Boc-pyrrole, N-

methylaniline, 1,3-dimethyl-2-imidazolidinone, ethyl diazoacetate, tetracyclone, and 2,5-

dimethylfuran were obtained from Sigma Aldrich. 2-Pyrone, p-cresol was obtained from Acros 

Organics. Morpholine was obtained from Spectrum Chemical and distilled before use. Reaction 

temperatures were controlled using an IKAmag temperature modulator and, unless stated 

otherwise, reactions were performed at room temperature (rt, approximately 23 °C). Thin layer 

chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 
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visualized using a combination of UV light and potassium permanganate staining. Preparative 

thin layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.5 

mm) and visualized using UV light. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was 

used for flash column chromatography. 1H NMR and 2D-NOESY spectra were recorded on 

Bruker spectrometers (500 MHz) and are reported relative to deuterated solvent signals. Data for 

1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant 

(Hz) and integration. 13C NMR spectra were recorded on Bruker spectrometers (125 MHz) and 

are reported relative to deuterated solvent signals. Data for 13C NMR spectra are reported in 

terms of chemical shift and, when necessary, multiplicity, and coupling constant (Hz). IR spectra 

were obtained using a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in terms of 

frequency absorption (cm–1). High-resolution mass spectra were obtained on Waters LCT 

Premier with ACQUITY LC and Thermo ScientificTM Exactive Mass Spectrometers with DART 

ID-CUBE. Images in Figure 6.2 were created using CYLview.37 

 

6.5.2 Experimental Procedures 

6.5.2.1 Synthesis of 4,5-Benzofuranyne Precursor 

 

 

5-Benzyloxybenzofuran (6.25). To a solution of known diethylacetal22 6.24 (13.0 g, 41.1 mmol) 

in benzene (550 mL, 0.075 M) was added polyphosphoric acid (13.0 g, 1 equiv by weight). The 

flask was topped with a water condenser and the system placed under N2. The reaction was 

heated to reflux and stirred for 2 h. After cooling, the reaction mixture was diluted with H2O 
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(150 mL) and EtOAc (150 mL). The layers were separated, and the aqueous layer was extracted 

with EtOAc (3 x 150 mL). The organic layers were combined and dried over MgSO4. 

Evaporation under reduced pressure and further purification by flash chromatography (20:1 

Hexanes:EtOAc) afforded known 5-benzyloxybenzofuran (6.25)22 (6.6 g, 72% yield) as an off 

white solid. 

 

 

4-Bromo-5-hydroxybenzofuran (6.9). To a solution of 5-benzyloxybenzofuran (6.25) (3.08 g, 

13.73 mmol) in MeOH  (137 mL, 0.1 M) was added 10% Pd/C  (146 mg, 0.137 mmol, 1.0 mol% 

Pd). The mixture was placed under an atmosphere of hydrogen (double-balloon), stirred for 4 h 

at 23 °C, and then filtered over celite (EtOAc eluent). Evaporation of the solvent under reduced 

pressure afforded crude product 6.838 as an off white solid, which was used in the subsequent 

step without further purification. 

To a stirred solution of 5-hydroxybenzofuran (6.8) (1.8 g, 13.73 mmol) in MeOH (274 

mL, 0.05 M) at –78 °C was added a solution of Br2 in MeOH (14.4 mL, 1.0 M, 13.73 mmol, 1 

equiv) dropwise over 30 min. The resulting mixture was stirred at –78 °C for 2 h, quenched with 

sat. NaHCO3 (50 mL), and then diluted with EtOAc (100 mL). The layers were separated, and 

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

and dried over MgSO4. Evaporation under reduced pressure and further purification by flash 

chromatography (20:1 Hexanes:Et2O) afforded known 4-bromo-5-hydroxybenzofuran23 (6.9) as 

a yellow solid (2.3 g, 77% yield). 
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Silyl Triflate 6.10. To a solution of 4-bromo-5-hydroxybenzofuran (6.9) (900 mg, 4.22 mmol) in 

THF (7.7 mL, 0.55 M) was added hexamethyldisilane (1.9 mL, 9.3 mmol, 2.2 equiv). The flask 

was fitted with a reflux condenser, flushed with N2, and then heated to reflux. After 12 h, the 

reaction mixture was cooled to room temperature. Evaporation of the volatiles under reduced 

pressure afforded the silyl ether, which was used in the subsequent step without further 

purification. 

To the crude material was added THF (8.5 mL, 0.5 M) at –78 °C, followed by n-BuLi 

(2.9 mL, 1.75 M in hexanes, 5.07 mmol, 1.2 equiv) dropwise over 5 min. The resulting solution 

was stirred at –78 °C for an additional 20 min, and then neat Tf2O (0.85 mL, 5.07 mmol, 1.2 

equiv) was added dropwise over 5 min. The resulting mixture was stirred at –78 °C for 2 h and 

allowed to warm to 23 °C over 12 h. The reaction was quenched with sat. NaHCO3 (5 mL) and 

then diluted with EtOAc (10 mL). The layers were separated and the aqueous layer was extracted 

with EtOAc (3 x 30 mL). The organic layers were combined and dried over MgSO4. Evaporation 

under reduced pressure and further purification by flash chromatography (50:1 Hexanes:Et2O) 

afforded silyl triflate 6.10 as a colorless oil (1.2 g, 81% yield). Silyl triflate 6.10: Rf  0.6 (20:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.74 (d, J = 2.3, 1H), 7.53 (dd, J = 9.0, 0.9, 

1H), 7.26 (d, J = 9.0, 1H), 6.96 (dd, J = 2.3, 0.9, 1H), 0.50 (s, 9H); 13C NMR (125 MHz, CDCl3): 

δ 152.7, 150.4, 147.0, 133.2, 125.9, 118.7 (q, J = 320.0, CF3), 116.8, 113.6, 108.5, 0.9; IR (film): 

2960, 1398, 1205 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C12H12F3O4SSi, 337.01722; 

found, 337.01828. 
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6.5.2.2 Synthesis of 3,4-Oxacyclohexyne Precursor 

 

Silyl Enol Ether 6.13. To a stirred solution of known bromoketone 6.1224 (2.31 g, 12.88 mmol) 

and DABCO (3.34 g, 29.62 mmol, 2.3 equiv) in DMF (12.0 mL, 1.1 M) was added Et3SiCl (3.55 

mL, 20.61 mmol, 1.6 equiv). The reaction vessel was purged with N2 gas and sealed. The 

solution was stirred for 24 h, and then quenched with saturated NaHCO3 (20 mL). The layers 

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

were combined and dried over MgSO4. Evaporation under reduced pressure and further 

purification by flash chromatography (95:5 Hexanes:EtOAc) afforded silyl enol ether 6.13 as a 

faint yellow oil (3.4 g, 91% yield). Silyl enol ether 6.13: Rf  0.72 (9:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, C6D6): δ 4.16 (t, J = 2.3, 2H), 3.43 (t, J = 5.5, 2H), 1.96–1.91 (m, 2H), 0.99 (t, J = 

8.1, 9H), 0.63 (q, J = 8.1, 6H); 13C NMR (125 MHz, C6D6): δ 145.1, 98.1, 69.9, 64.8, 32.9, 7.0, 

6.0; IR (film): 2954, 2907, 2874, 1673, 1457, 1246 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C11H22BrO2Si, 293.05670; found, 293.05675 

 

 

Silyl Triflate 6.14. To a stirred solution of silyl enol ether 6.13 (250 mg, 0.85 mmol) in THF 

(8.5 mL, 0.1 M) at –78 °C was added n-BuLi (1.06 mL, 2.16 M in hexanes, 2.30 mmol, 2.7 

equiv) dropwise over 5 min. The resulting solution was stirred at –78 °C for an additional 15 

min, and then neat Tf2O (186 µL, 1.02 mmol, 1.2 equiv) was added dropwise over 2 min. The 

DABCO, Et3SiCl
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resulting mixture was stirred at –78 °C for 1 h, quenched with saturated NH4Cl (10 mL), and 

allowed to warm to 23 °C over 30 min. The layers were separated, and the aqueous layer was 

extracted with EtOAc (3 x 20 mL). The organic layers were combined and dried over MgSO4. 

Evaporation under reduced pressure and further purification by flash chromatography (95:5 

Hexanes:Et2O) afforded silyl triflate 6.14 as a colorless oil (120 mg, 41% yield). Silyl triflate 

6.14: Rf  0.55 (9:1 Hexanes:Et2O); 1H NMR (500 MHz, C6D6): δ 4.03 (t, J = 2.7, 2H), 3.31 (t, J = 

5.5, 2H), 2.15 (sept, J = 2.7, 2H), 0.87 (t, J = 8.1, 9H), 0.63 (q, J = 8.1, 6H); 13C NMR (125 

MHz, C6D6): δ 151.5, 125.7, 118.8 (q, J = 319.9, CF3), 68.0, 64.0, 28.9, 7.3, 2.9; IR (film): 2958, 

2879, 1654, 1415, 1213, 1138 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H22F3O4SSi, 

347.09547; found, 347.09571. 

 

6.5.2.3 Trapping Experiments of 4,5-Benzofuranyne 

 

Representative Procedure (Preparation of Benzofuran 6.26 is used as an example). 

Benzofuran 6.26 (Table 6.1, Entry 1). To a stirred solution of silyl triflate 6.10 (50.0 mg, 0.148 

mmol) and 2-pyrone (35 µL, 0.443 mmol, 3.0 equiv) in MeCN (2.9 mL, 0.05 M) was added CsF 

(67.3 mg, 0.443 mmol, 3.0 equiv). The reaction vessel was purged with N2 gas, sealed, and 

placed in a preheated aluminum heating block maintained at 50 °C for 12 h. After cooling to 23 

°C, the reaction mixture was filtered over silica gel (EtOAc eluent, 10 mL). Evaporation under 

reduced pressure and further purification by preparative thin layer chromatography (20:1 

(3 equiv)

CsF (3 equiv)
MeCN (0.05 M)

 50 °C

(68% yield)6.10

O

SiMe3

TfO

O

O

O
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Hexanes:EtOAc) afforded known benzofuran 6.2639 as a white solid (68% yield, average of two 

experiments). 

 

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

following schemes, which depict all of the results shown in Tables 6.1 and 6.2 

 

 

Benzofuran 6.27 (Table 6.1, Entry 2). Purification by preparative thin layer chromatography 

(10:1 Hexanes:EtOAc) afforded benzofuran 6.27 as a white solid (96% yield, average of two 

experiments). Benzofuran 6.27: Rf  0.25 (10:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.60 (d, J = 2.9, 1H), 7.24 (d, J = 7.9, 1H), 7.16–7.08 (m, 3H), 6.72 (dd, J = 2.3, 0.9, 1H), 5.96 

(app t, J = 0.9, 1H), 5.83 (dd, J = 1.7, 0.7, 1H; 13C NMR (125 MHz, CDCl3): δ 153.9, 146.5, 

144.8, 144.1, 142.9, 142.7, 122.2, 116.5, 106.5, 104.0, 82.9, 81.7; IR (film): 3309, 3013, 1278, 

864 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H8O2, 185.06025; found, 185.05825. 

 

 

Benzofuran 6.28 (Table 6.1, Entry 3). Purification by preparative thin layer chromatography 

(20:1 Hexanes:EtOAc) afforded benzofuran 6.28 as a tan solid (75% yield, average of two 
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experiments). Benzofuran 6.28: Rf  0.21 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3, 50 

°C): δ 7.62–7.54 (br s, 3H), 7.23 (d, J = 7.8, 1H), 7.15–6.96 (m, 3H), 6.74 (br s, 1H), 5.73 (br s, 

1H), 5.58 (br s, 1H), 1.38 (s, 9H); 13C NMR (125 MHz, CDCl3, 52 °C): δ 155.2, 154.1, 146.4, 

144.7, 143.7, 142.8, 142.1, 122.8, 117.1, 106.5, 104.1, 80.7, 67.2, 65.9, 28.4; IR (film): 2977, 

1701, 1338, 1163 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C17H18NO3, 284.12867; found, 

284.12601. 

 

 

Ethers 6.29 and 6.30 (Table 6.2, Entry 1). Purification by preparative thin layer 

chromatography (20:1 Hexanes:EtOAc) afforded ether 6.29 (65% yield, average of two 

experiments) as a colorless oil and ether 6.30 (8% yield, average of two experiments) as a 

colorless oil. Ether 6.29: Rf  0.42 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.63 (d, 

J = 1.9, 1H), 7.45 (d, J = 8.8, 1H), 7.19 (d, J = 2.4, 1H), 7.12 (d, J = 8.4, 2H), 7.01 (dd, J = 8.8, 

2.4, 1H), 6.89 (d, J = 8.4, 2H), 6.70 (app t, J = 1.1, 1H), 2.33 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 156.1, 153.1, 151.3, 146.1, 132.2, 130.2, 128.3, 118.1, 116.6, 112.0, 110.8, 106.8, 

20.7; IR (film): 3030, 2925, 1595, 1505, 1460, 1218 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C15H13O2, 225.09101; found, 225.08969. Ether 6.30: Rf  0.48 (20:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, CD3CN): δ 7.67 (d, J = 2.2, 1H), 7.31 (dt, J = 8.3, 0.9, 1H), 7.26 (t, J = 8.0, 1H), 

7.22–7.17 (m, 2H), 6.96–6.92 (m, 2H), 6.75 (dd, J = 7.8, 0.8, 1H), 6.64 (dd, J = 2.2, 0.9, 1H), 

2.32 (s, 3H); 13C NMR (125 MHz, CD3CN): δ 156.7, 154.9, 150.8, 145.0, 133.3, 130.3, 125.1, 
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119.3, 118.6, 111.2, 106.4, 103.8, 19.7; IR (film): 3030, 2855, 1596, 1506, 1481, 1242 cm–1; 

HRMS-APCI (m/z) [M – H]– calcd for C15H11O2, 223.07536; found, 223.07630. 

 

 

Amines 6.31 and 6.32 (Table 6.2, Entry 2). Purification by preparative thin layer 

chromatography (10:1 Hexanes:Et2O) afforded amine 6.31 (63% yield, average of two 

experiments) as a brown solid and amine 6.32 (15% yield, average of two experiments) as a 

white amorphous solid. Amine 6.31: Rf  0.27 (10:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.58 (d, J = 2.2, 1H), 7.41 (dt, J = 8.8, 0.7, 1H), 7.10 (d, J = 2.4, 1H), 6.99 (dd, J = 

8.8, 2.4, 1H), 6.69 (dd, J = 2.2, 0.9, 1H), 3.93–3.87 (m, 4H), 3.17–3.10 (m, 4H); 13C NMR (125 

MHz, CDCl3): δ 150.3, 148.1, 145.5, 128.0, 115.8, 111.6, 107.9, 106.7, 67.1, 51.5; IR (film): 

3123, 2958, 2828, 1592, 1447, 1266, 1119, 736 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C14H14NO2, 204.10245; found, 204.10179. Amine 6.32: Rf  0.36 (10:1 Hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): δ 7.58 (d, J = 2.2, 1H), 7.24–7.16 (m, 2H), 6.78 (d, J = 1.6, 1H), 6.71 

(d, J = 7.2, 1H), 3.98–3.89 (m, 4H), 3.26–3.16 (m, 4H); 13C NMR (125 MHz, CDCl3): δ 156.3, 

146.4, 143.7, 125.1, 120.3, 109.7, 106.1, 105.3, 67.3, 51.8; IR (film): 2960, 2854, 1604, 1490, 

1240, 1118, 749  cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H14NO2, 204.10245; found, 

204.10192. 
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Amines 6.33 and 6.34 (Table 6.2, Entry 3). Purification by preparative thin layer 

chromatography (10:1 Benzene:Et2O) afforded amine 6.33 (75% yield, average of two 

experiments) as a white amorphous solid and amine 6.34 (8% yield, average of two experiments) 

as a colorless oil. Amine 6.33: Rf  0.46 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.63 (d, J = 2.2, 1H), 7.47 (d, J = 8.8, 1H), 7.38 (d, J = 2.2, 1H), 7.24–7.19 (m, 2H), 7.11 (dd, J = 

8.8, 2.2, 1H), 6.86–6.79 (m, 3H), 6.73 (dd, J = 2.1, 0.8, 1H), 3.33 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 152.2, 150.1, 145.8, 144.8, 129.1, 128.5, 122.5, 118.7, 117.3, 116.2, 112.3, 106.8, 

41.0; IR (film): 3060, 2873, 2809, 1597, 1495, 1216 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C15H14NO, 224.10754; found, 224.10671. Amine 6.34: Rf  0.52 (20:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, CD3CN): δ 7.56 (d, J = 2.2, 1H), 7.35–7.25 (m, 2H), 7.25–7.20 (m, 2H), 7.02 (dd, J = 

7.4, 1.1, 1H), 6.91–6.94 (m, 3H), 6.20 (dd, J = 2.3, 0.9, 1H), 3.38 (s, 3H); 13C NMR (125 MHz, 

CD3CN): δ 157.0, 150.3, 145.1, 143.4, 129.9, 126.2, 123.3, 121.0, 119.0, 117.4, 107.6, 106.5, 

41.1; IR (film): 3025, 2872, 2808, 1597, 1495, 1216 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C15H14NO, 224.10754; found, 224.10675. 
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Benzofuran 6.35 (Table 6.2, Entry 4). The yield was determined by 1H NMR analysis of the 

crude reaction mixture using 1,3,5-trimethoxybenzene as an external standard (90% yield of 

6.35, average of two experiments). The crude reaction mixture was placed under reduced 

pressure until most of the DMI was removed, and then purified by preparative thin layer 

chromatography (100% EtOAc) to give analytical sample of benzofuran 6.35. Benzofuran 6.35: 

Rf  0.54 (100% EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.60 (d, J = 2.1, 1H), 6.47 (dd, J = 8.7, 

0.9, 1H), 7.01 (dd, J = 2.2, 0.9, 1H), 6.87 (d, J = 8.8, 1H), 3.42 (t, J = 5.8, 2H), 3.30 (t, J = 5.8, 

2H), 3.26 (s, 3H), 2.86 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.4, 151.1, 146.5, 142.9, 

128.2, 121.3, 114.8, 113.9, 107.4, 55.9, 48.4, 40.9, 34.4; IR (film): 2939, 1628, 1485, 1438, 

1253, 1033 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H15N2O2, 231.11280; found, 

231.11300. 

 

The structure of 6.35 was verified by 2D-NOESY, as the following interaction was observed:  
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Pyridines 6.36 and 6.37 (Table 6.2, Entry 5). Purification by preparative thin layer 

chromatography (2:1 Hexanes:EtOAc) afforded an inseparable mixture of pyridines 6.36 and 

6.37 (51% yield, average of two experiments) as a white amorphous solid. 6.36 and 6.37: Rf  0.13 

(2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 6.36 (major isomer): δ 8.59 (s, 1H), 7.97 (d, 

J = 8.3, 1H), 7.93 (d, J = 2.2, 1H), 7.86 (d, J = 8.8, 1H), 7.48 (d, J = 1.9, 1H), 4.07 (s, 3H), 3.25 

(s, 3H); 6.37 (minor isomer): 1H NMR (500 MHz, CDCl3): δ 8.76 (s, 1H), 8.09 (d, J = 9.1, 1H), 

7.91–7.88 (m, 2H), 7.37 (d, J = 1.9, 1H), 4.08 (s, 3H), 3.11 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 166.8, 166.7, 157.7, 154.8, 154.7, 146.1, 145.6, 141.0, 139.9, 134.0, 131.2, 126.0, 

125.7, 124.5, 123.7, 123.6, 122.7, 122.3, 119.3, 117.5, 115.6, 109.0, 106.1, 53.1, 53.0, 27.0, 

23.6; IR (film): 3704, 2969, 2864, 1705, 1365, 1275, 1033, 1012 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C14H12NO3, 242.08172; found, 242.07926. 

 

The structure of 6.36 and 6.37 was verified by 2D-NOESY, as the following interactions were 

observed:  
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Furans 6.38 and 6.39 (Table 6.2, Entry 6). Purification by preparative thin layer 

chromatography (20:1 Hexanes:EtOAc) afforded an inseparable mixture of furan adducts 6.38 

and 6.39 (66% yield, average of two experiments) as a white solid. Furan 6.38: Rf  0.45 (20:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.88 (d, J = 8.7, 1H), 6.67 (d, J = 2.2, 1H), 

7.49 (dd, J = 8.7, 0.9, 1H), 7.00 (dd, J = 2.2, 0.9, 1H), 3.97 (s, 3H), 2.81 (s, 3H); 13C NMR (125 

MHz, CDCl3): δ 165.2, 162.5, 154.3, 146.2, 145.1, 120.8, 117.3, 112.7, 109.6, 108.2, 102.8, 

51.6, 14.6; IR (film): 3145, 2953, 1714, 1597, 1444, 1261, 1099, 746 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C13H11O4, 231.06519; found, 231.06430. 

 

The structure of 6.38 was verified by 2D-NOESY, as the following interaction was observed:  
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Isoxazolines 6.40 and 6.41 (Table 6.2, Entry 7). Purification by preparative thin layer 

chromatography (50:1:1 Hexanes:Benzene:Et2O) afforded isoxazoline 6.40 (69% yield, average 

of two experiments) as a yellow solid and isoxazoline 6.41 (13% yield, average of two 

experiments) as an off white solid. Isoxazoline 6.40: Rf  0.61 (50:1:1 Hexanes:Benzene:Et2O); 1H 

NMR (500 MHz, CDCl3): δ 7.48 (d, J = 2.1, 1H), 7.48–7.42 (m, 2H), 7.36–7.29 (m, 3H), 7.28–

7.23 (m, 1H), 6.79 (d, J = 8.7, 1H), 6.27 (dd, J = 2.2, 0.9, 1H), 5.80 (s, 1H), 1.21 (s, 9H); 13C 

NMR (125 MHz, CDCl3): δ 152.6, 151.3, 146.4, 143.3, 128.7, 127.8, 127.7, 123.1, 119.4, 111.1, 

103.9, 103.8, 67.4, 61.2, 25.6; IR (film): 2973, 1607, 1478, 1432, 1223, 759, 697 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C19H20NO2, 294.14886; found, 294.14917. Isoxazoline 6.41: Rf  

0.66 (50:1:1 Hexanes:Benzene:Et2O); 1H NMR (500 MHz, CDCl3): δ 7.56 (d, J = 2.2, 1H), 

7.45–7.37 (m, 2H), 7.36–7.29 (m, 2H), 7.26–7.22 (m, 1H), 6.98 (dd, J = 8.3, 0.7, 1H), 6.80 (dd, J 

= 2.2, 0.8, 1H), 6.78 (d, J = 8.3, 1H), 5.69 (s, 1H), 1.22 (s, 9H); 13C NMR (125 MHz, CD3CN): δ 

157.7, 149.9, 146.3, 145.8, 129.5, 128.2, 128.0, 123.7, 120.1, 110.6, 104.8, 103.8, 67.5, 62.0, 

25.4; IR (film): 2974, 1601, 1473, 1210, 1050, 754, 699 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C19H20NO2, 294.14886; found, 294.14895. 
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The structure of 6.41 was verified by 2D-NOESY, as the following interaction was observed:  

 

 

 

Diazolidines 6.42 and 6.43 (Table 6.2, Entry 8). Purification by preparative thin layer 

chromatography (9:1 Benzene:Acetone) afforded diazolidine 6.42 (54% yield, average of two 

experiments) as a yellow solid and diazolidine 6.43 (12% yield, average of two experiments) as a 

orange solid. Diazolidine 6.42: Rf  0.40 (9:1 Benzene:Acetone); 1H NMR (500 MHz, CD3CN): δ 

7.64 (d, J = 2.2, 1H),  7.56–7.47 (m, 4H), 7.46–7.40 (m, 3H), 6.08 (dd, J = 2.2, 0.7, 1H), 5.48 (s, 

1H), 3.55 (dt, J = 8.7, 1.6, 1H), 3.27 (ddd, J = 12.6, 8.8, 8.0, 1H), 3.04–2.94 (m, 1H), 2.76–2.68 

(ddd, J = 16.3, 7.8, 1.6, 1H); 13C NMR (125 MHz, CD3CN): δ 164.2, 154.0, 148.4, 140.0, 131.4, 
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129.3, 127.6, 120.4, 115.2, 108.3, 107.8, 74.9, 52.9, 36.8; IR (film): 3124, 3032, 2836, 1691, 

1477, 1098, 704 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C18H15N2O2, 291.11280; found, 

291.11346. 

 

The structure of 6.43 was verified by 2D-NOESY, as the following interaction was observed:  

 

 

 

Triazoles 6.44 and 6.45 (Table 6.2, Entry 9). Purification by preparative thin layer 

chromatography (10:1 Benzene:Et2O) afforded triazole 6.44 (61% yield, average of two 

experiments) as an off white solid and triazole 6.45 (10% yield, average of two experiments) as 

an off white solid. Triazole 6.44: Rf  0.43 (10:1 Benzene:Et2O); 1H NMR (500 MHz, CDCl3): δ 

7.80 (d, J = 2.1, 1H), 7.59 (dd, J = 9.0, 0.9, 1H), 7.38 (dd, J = 2.1, 0.8, 1H), 7.35–7.26 (m, 5H), 

7.21 (d, J = 9.0, 1H), 5.90 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 152.5, 146.1, 140.4, 134.9, 

130.3, 129.2, 128.6, 127.6, 117.9, 113.2, 105.5, 105.4, 52.7; IR (film): 3118, 3033, 1597, 1499, 

1457, 1249, 1144, 1059, 721 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H12N3O, 

250.09804; found, 250.09552. Triazole 6.45: Rf  0.48 (10:1 Benzene:Et2O); 1H NMR (500 MHz, 
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CDCl3): δ 7.96 (d, J = 9.1, 1H), 7.67 (d, J = 2.2, 1H), 7.56 (dd, J = 9.2, 0.8, 1H), 7.37–7.29 (m, 

3H), 7.26–7.19 (m, 2H), 6.71 (dd, J = 2.1, 0.9, 1H), 6.03 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 

154.5, 145.3, 143.5, 135.1, 129.1, 128.5, 127.3, 126.9, 115.8, 110.3, 110.1, 104.4, 52.9; IR 

(film): 3116, 3033, 1637, 1499, 1455, 1242, 1147, 1052, 730 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C15H12N3O, 250.09804; found, 250.09587. 

 

The structure of 6.44 was verified by 2D-NOESY, as the following interaction was observed:  

 

 

 

Pyrazoles 6.46 and 6.47 (Table 6.2, Entry 10). Purification by preparative thin layer 

chromatography (20:1 Hexanes:Et2O) afforded pyrazole 6.46 (48% yield, average of two 

experiments) as a black solid and pyrazole 6.47 (37% yield, average of two experiments) as a 

dark green solid. Pyrazole 6.46: Rf  0.21 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

8.46 (s, 1H), 7.94–7.90 (m, 2H), 7.71 (d, J = 2.0, 1H), 7.58–7.51 (m, 3H), 7.43–7.36 (m, 2H), 

7.30 (dd, J = 2.0, 0.8, 1H); 13C NMR (125 MHz, CDCl3): δ 154.5, 144.8, 143.7, 140.7, 129.7, 

127.8, 121.7, 121.0, 120.2, 116.6, 115.1, 111.0, 105.8; IR (film): 3123, 2923, 1635, 1599, 1519, 
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1415, 1043, 735 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H11N2O, 235.08714; found, 

235.08663. Pyrazole 6.47: Rf  0.21 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.54 

(s, 1H), 7.96–7.60 (m, 2H), 7.71 (d, J = 2.0, 1H), 7.60 (d, J = 9.3, 1H), 7.59–7.50 (m, 3H), 7.40 

(t, J = 7.4, 1H), 7.01 (dd, J = 2.0, 0.8, 1H); 13C NMR (125 MHz, CDCl3): δ 151.3, 148.5, 144.2, 

140.8, 129.8, 127.8, 120.9, 118.9, 116.8, 116.7, 114.9, 114.8, 106.7;  IR (film): 3120, 3070, 

1600, 1517, 1504, 1387, 1062, 754 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H11N2O, 

235.08714; found, 235.08643. 

 

The structure of 6.46 was verified by 2D-NOESY, as the following interaction was observed:  

 

 

 

Pyrazoles 6.48 and 6.49 (Table 6.2, Entry 11). Purification by preparative thin layer 

chromatography (3:1:1 Hexanes:CH2Cl2:Et2O) afforded pyrazole 6.48 (46% yield, average of 

two experiments) as a white solid and pyrazole 6.49 (19% yield, average of two experiments) as 

a white solid. Pyrazole 6.48: Rf  0.48 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

8.04 (d, J = 9.0, 1H), 7.71 (d, J = 2.1, 1H), 7.51 (dd, J = 9.0, 0.7, 1H), 7.17 (dd, J = 2.8, 0.8, 1H), 

4.48 (q, J = 7.2, 2H) 1.39 (t, J = 7.2, 3H); 13C NMR (125 MHz, CDCl3): δ 163.3, 155.0 144.5, 
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136.9, 135.8, 118.8, 117.7, 111.2, 109.8, 104.7, 61.3, 14.4; IR (film): 3195, 3123, 2980, 1714, 

1485, 1251, 1150, 740 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H11N2O3, 231.07697; 

found, 231.07500. Pyrazole 6.49: Rf  0.48 (20:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.79 (d, J = 2.0, 1H), 7.67 (d, J = 9.1, 1H), 7.64 (d, J = 1.9, 1H), 7.56 (d, J = 9.1, 1H),  4.59 (q, J 

= 7.1, 2H), 1.51 (t, J = 7.1, 3H); 13C NMR (125 MHz, CDCl3): δ 162.9, 152.0, 145.0, 139.4, 

136.3, 119.1, 116.2, 113.4, 108.7, 107.3, 61.5, 14.7; IR (film): 3246, 3168, 2980, 1710, 1447, 

1227, 1148, 768 cm–1; HRMS-APCI (m/z) [M – H]– calcd for C12H9N2O3, 229.06132; found, 

229.06117. 

 

The structure of 6.48 was verified by 2D-NOESY, as the following interaction was observed:  
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CsF (100 mg, 0.725 mmol, 5.0 equiv). The reaction vessel was purged with N2 gas, sealed, and 

placed in a preheated aluminum heating block maintained at 60 °C for 24 h. After cooling to 23 

°C, the reaction mixture was filtered over silica gel (EtOAc eluent, 12 mL). Evaporation under 

reduced pressure and further purification by preparative thin layer chromatography (1:1 

Benzene:Hexanes) afforded pyran 6.50 as a faint yellow amorphous solid (100% yield, average 

of two experiments). Pyran 6.50: Rf  0.52 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.21–7.17 (m, 4H), 7.14–7.06 (m, 6H), 6.85–6.77 (m, 10H), 4.55 (s, 2H), 3.91 (t, J = 5.8, 2H), 

2.64 (t, J = 5.8, 2H); 13C NMR (125 MHz, CDCl3) [24/33 carbons were discernable]: δ 140.7, 

140.2, 139.9, 139.8, 139.4, 139.0, 138.8, 137.8, 132.3, 131.4, 131.3, 131.1, 130.3, 130.0, 127.9, 

127.8, 126.7, 126.6, 126.4, 125.4, 125.3, 68.2, 65.4, 28.6; IR (film): 3080, 3057, 2244, 1950, 

1809, 1603 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C33H27O, 439.20564; found, 439.19306. 

 

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

following schemes, which depict all of the results shown in Tables 6.3 and 6.4 

 

 

Isochroman (6.51) (Table 6.3, Entry 2). Purification by preparative thin layer chromatography 

(2:1 Hexanes:EtOAc) afforded isochroman (6.51) as a colorless oil (49% yield, average of two 

experiments). Isochroman (6.51): Rf  0.50 (9:1 Hexanes:Et2O); 1H NMR (500 MHz, CDCl3): δ 
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13C NMR (125 MHz, CDCl3): δ 135.1, 133.4, 129.1, 126.5, 126.1, 124.5, 68.1, 65.5, 28.5; IR 

(film): 3061, 2930, 2832, 1649, 1495, 1452 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C9H11O, 135.08044; found, 135.07911. 

 

 

Pyran 6.52 (Table 6.3, Entry 3). Purification by preparative thin layer chromatography (1:1 

Hexanes:EtOAc) afforded pyran 6.52 as a colorless oil (50% yield, average of two experiments). 

Pyran 6.52: Rf  0.25 (9:1 Hexanes:Et2O); 1H NMR (500 MHz, CDCl3): δ 6.86 (s, 2H), 4.46 (app. 

dt, J = 16.3, 3.7, 1H), 3.97 (app. ddd, J = 16.3, 3.7, 0.8, 1H), 3.68–3.65 (m, 2H), 2.39–2.31 (m, 

1H), 2.00–1.92 (m, 1H), 1.64 (s, 3H), 1.61 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 150.0, 149.6, 

148.1, 147.7, 91.0, 90.1, 64.7, 63.8, 24.1, 15.4, 15.1; IR (film): 2972, 2930, 2898, 1715, 1668, 

1387 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C11H15O2, 179.10666; found, 179.10518. 

 

 

Pyran 6.53 (Table 6.3, Entry 4). Purification by preparative thin layer chromatography (1:1 

Hexanes:EtOAc) afforded pyran 6.53 as a faint orange oil (48% yield, average of two 

experiments). Pyran 6.53: Rf  0.78 (1:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3, 60 °C): δ 
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3.70–3.65 (m ,1H), 3.64–3.59 (m, 1H), 2.44 (app. d, J = 16.4, 1H), 2.12–2.04 (m, 1H), 1.41 (s, 

9H); 13C NMR (125 MHz, CDCl3, 60 °C): δ 154.9, 147.3, 146.8, 143.3, 143.0, 80.5, 68.8, 66.8, 

66.0, 64.1, 28.4, 26.4; IR (film): 2977, 2921, 1701, 1368, 1335, 1255 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C14H20NO3, 250.14377; found, 250.14157. 

 

 

Pyran 6.54 (Table 6.4, Entry 1). Purification by preparative thin layer chromatography (5:4:1 

Benzene:EtOAc:Et3N) afforded pyran 6.54 as a colorless oil (59% yield, average of two 

experiments). Pyran 6.54: Rf  0.35 (5:4:1 Benzene:EtOAc:Et3N); 1H NMR (500 MHz, C6D6): δ 

7.44 (s, 1H), 7.25 (s, 1H), 6.64 (s, 1H), 4.94 (sept, J = 1.5, 1H), 3.79 (q, J = 2.7, 2H), 3.35 (t, J = 

5.5, 2H), 1.73–1.68 (m, 2H); 13C NMR (125 MHz, C6D6): δ 134.3, 131.1, 130.5, 115.7, 112.2, 

64.2, 63.5, 26.8; IR (film): 3381, 2930, 2841, 1678, 1495, 1382 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C8H11N2O, 151.08659; found, 151.08530. 

 

The structure of 6.54 was verified by 2D-NOESY, as the following interaction was observed: 
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Pyrone 6.55 and Enol Ether 6.56 (Table 6.4, Entry 2). Purification by preparative thin layer 

chromatography (9:1 Benzene:EtOAc) afforded adduct 6.55 (41% yield, average of two 

experiments) as a white amorphous solid and 6.56 (38% yield, average of two experiments) as a 

colorless oil. Pyrone 6.55: Rf  0.20 (9:1 Benzene:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.17 

(dd, J = 8.0, 1.5, 1H), 7.66–7.60 (m, 1H), 7.40 (app. dd, J = 8.4, 0.5, 1H), 7.38–7.33 (m, 1H), 

4.65 (t, J = 1.8, 2H), 4.00 (t, J = 5.7, 2H), 2.77 (tt, J = 5.7, 1.8, 2H); 13C NMR (125 MHz, 

CDCl3): δ 175.8, 160.9, 156.1, 133.5, 125.7, 125.0, 123.6, 117.9, 117.2, 63.9, 62.7, 27.7; IR 

(film): 3066, 2855, 1649, 1607, 1471, 1429 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C12H11O3, 203.07027; found, 203.06829. Enol ether 6.56: Rf  0.40 (9:1 Benzene:EtOAc); 1H 

NMR (500 MHz, CDCl3): δ 7.88 (dd, J = 7.7, 1.7, 1H), 7.49 (ddd, J = 8.1, 7.7, 1.7, 1H), 7.19 (dt, 

J = 7.7, 1.1, 1H), 7.12 (dd, J = 8.1, 1.1, 1H), 4.62 (sept, J = 1.1, 1H), 4.13 (q, J = 2.5, 2H), 3.90 

(t, J = 5.6, 2H), 3.89 (s, 3H), 2.44–2.39 (m, 2H); 13C NMR (125 MHz, C6D6): δ 165.7, 154.9, 

153.1, 133.3, 132.2, 124.6, 124.1, 122.7, 101.0, 64.5, 64.4, 51.7, 28.2; IR (film): 2949, 2836, 

1729, 1678, 1603, 1485 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H15O4, 235.09649; 

found, 235.09445. 
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The structure of 6.56 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Pyridines 6.57 and 6.58 (Table 6.4, Entry 3). Purification by preparative thin layer 

chromatography (9:1 Benzene:Acetone) afforded an inseparable mixture of pyridine adducts 

6.57 and 6.58 (71% yield, average of two experiments) as a white amorphous solid. Pyridines 

6.57 and 6.58: Rf  0.50 (9:1 Benzene:Acetone); 1H NMR (500 MHz, CDCl3): 6.57 (major 

isomer): δ 7.75 (s, 1H), 4.72 (s, 2H), 3.96 (s, 3H), 3.93 (t, J = 5.8, 2H), 2.87 (t, J = 5.8, 2H), 2.42 

(s, 3H); 6.58 (minor isomer): 1H NMR (500 MHz, CDCl3): δ 7.63 (s, 1H), 4.73 (s, 2H), 4.00 (t, J 

= 5.8, 2H), 3.95 (s, 3H), 2.76 (t, J = 5.8, 2H), 2.53 (s, 3H); 13C NMR (125 MHz, CDCl3): 6.57 

(major isomer): δ 166.1, 154.5, 145.0, 143.6, 133.1, 123.7, 65.7, 64.1, 53.0, 28.2, 21.3; 6.58 

(minor isomer): δ 166.1, 157.8, 144.6, 144.4, 131.7, 119.2, 67.2, 64.9, 53.0, 25.8, 22.0; IR (film): 

3451, 2949, 2850, 1715, 1598, 1433 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C11H14NO3, 

208.09682; found, 208.09521. 
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The structure of 6.57 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

The solvent used in this reaction was acetonitrile. The solubility of the trapping agent prevented 

the use of tetrahydrofuran. 

 

Furan 6.59 (Table 6.4, Entry 4). Purification by preparative thin layer chromatography (9:1 

Hexanes:EtOAc) afforded furan 6.59 (70% yield, average of two experiments) as a colorless oil. 

Furan 6.59: Rf  0.52 (9:1 Benzene:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.55 (s, 2H), 3.86 (t, J 

= 5.5, 2H), 3.81 (s, 3H), 2.75–2.71 (m, 2H), 2.55 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 165.1, 

158.6, 146.2, 115.3, 112.7, 65.4, 63.2, 51.3, 23.9, 14.0; IR (film): 2954, 2846, 1715, 1584, 1443, 

1293 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C10H13O4, 197.08084; found, 197.07904. 
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The structure of 6.59 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

 

Isoxazoline 6.60 (Table 6.4, Entry 5). Purification by preparative thin layer chromatography 

(1:1 Hexanes:EtOAc) afforded isoxazoline 6.60 (73% yield, average of two experiments) as a 

colorless oil. Isoxazoline 6.60: Rf  0.95 (1:1 Hexanes:EtOAc); 1H NMR (500 MHz, C6D6): δ 7.37 

(app. d, J = 8.1, 2H), 7.18 (app. d, J = 7.6, 2H), 7.07 (tt, J = 7.0, 1.3, 1H), 4.90 (s, 1H), 4.01 (d, J 

= 14.1, 1H), 3.84 (d, J = 14.1, 1H), 3.51–3.46 (m, 1H), 3.34–3.28 (m, 1H), 2.05–1.89 (m, 2H), 

1.11 (s, 9H); 13C NMR (125 MHz, C6D6): δ 146.0, 143.6, 128.4, 127.1, 127.0, 105.2, 68.3, 63.4, 

62.9, 60.0, 24.9, 23.0; IR (film): 2972, 2902, 1729, 1457, 1363, 1232 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C16H22NO2, 260.16451; found, 260.16226. 

 

The structure of 6.60 was verified by 2D-NOESY, as the following interaction was observed: 
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Triazoles 6.61 and 6.62 (Table 6.4, Entry 6). Purification by preparative thin layer 

chromatography (4:1 EtOAc:Hexanes) afforded an inseparable mixture of triazoles 6.61 and 6.62 

(69% yield, average of two experiments) as a white amorphous solid. Triazoles 6.61 and 6.62: Rf  

0.30 (4:1 EtOAc:Hexanes); 1H NMR (500 MHz, CDCl3): 6.61 (major isomer): δ 7.37–7.31 (m, 

3H), 7.22–7.17 (m, 2H), 5.48 (s, 2H), 4.80 (t, J = 1.2, 2H), 3.86 (t, J = 5.5, 2H), 2.54 (tt, J = 5.5, 

1.2, 2H); 6.62 (minor isomer): δ 7.37–7.31 (m, 3H), 7.22–7.17 (m, 2H), 5.43 (s, 2H), 4.40 (t, J = 

1.2, 2H), 3.85 (t, J = 5.5, 2H), 2.88 (tt, J = 5.5, 1.2, 2H); 13C NMR (125 MHz, CDCl3): 6.61 

(major isomer): δ 142.3, 134.5, 129.7, 129.2, 128.7, 127.7, 64.2, 64.0, 52.3, 21.9; 6.62 (minor 

isomer): δ 141.3, 134.0, 130.4, 129.3, 128.9, 127.9, 65.2, 61.8, 52.9, 23.5; IR (film): 3446, 2925, 

2855, 2353, 1499, 1189 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H14N3O, 216.11314; 

found, 216.11143. 

 

The structure of 6.61 was verified by 2D-NOESY, as the following interaction was observed: 
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Pyrazoles 6.63 and 6.64 (Table 6.4, Entry 7). Purification by preparative thin layer 

chromatography (4:1 Benzene:EtOAc) afforded pyrazole 6.63 (53% yield, average of two 

experiments) as a yellow oil and pyrazole 6.64 (35% yield, average of two experiments) as a 

yellow oil. Pyrazole 6.63: Rf  0.65 (4:1 Benzene:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.69 (s, 

1H), 7.62 (dd, J = 8.7, 1.9, 2H), 7.42 (tt, J = 7.5, 1.2, 2H), 7.24 (dd, J = 8.7, 7.5, 1H), 4.85 (s, 

2H), 3.92 (t, J = 5.6, 2H), 2.76 (t, J = 5.6, 2H); 13C NMR (125 MHz, CDCl3): δ 149.0, 140.4, 

129.5, 126.2, 124.0, 118.9, 115.0, 65.6, 65.2, 21.8; IR (film): 3113, 3052, 2841, 1598, 1504, 

1391 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H13N2O, 201.10224; found, 201.10053. 

Pyrazole 6.64: Rf  0.55 (4:1 Benzene:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.65–7.61 (m, 3H), 

7.45–7.39 (m, 2H), 7.27–7.23 (m, 1H), 4.77 (s, 2H), 4.00 (t, J = 5.8, 2H), 2.91 (t, J = 5.8, 2H); 

13C NMR (125 MHz, CDCl3): δ 147.8, 140.4, 129.5, 126.2, 121.4, 119.0, 116.6, 65.6, 63.3, 24.5; 

IR (film): 2944, 2846, 1598, 1570, 1509, 1377 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C12H13N2O, 201.10224; found, 201.10039. 

 

The structure of 6.63 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

(3 equiv)

CsF (5 equiv)
THF, 60 °C

(88% yield)6.14

O
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Et3Si
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O
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O

N

O

Ph

6.64

O
+

N
N

NN
PhPh

1.5 : 1

O

N
N

Ph

6.63

H

H
H
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Pyrazoles 6.65 and 6.66 (Table 6.4, Entry 8). Purification by preparative thin layer 

chromatography (9:1 Benzene:MeOH) afforded an inseparable mixture of pyrazoles 6.65 and 

6.66 (64% yield, average of two experiments) as a yellow oil. Pyrazoles 6.65 and 6.66: Rf  0.45 

(9:1 Benzene:MeOH); 1H NMR (500 MHz, C6D6): 6.65 (major isomer): δ 4.93 (s, 2H), 4.01 (q, J 

= 7.2, 2H), 3.61 (t, J = 5.7, 2H), 2.70 (t, J = 5.7, 2H), 0.95 (t, J = 7.2, 3H); 6.66 (minor isomer): δ 

4.89 (s, 2H), 3.94 (q, J = 7.2, 2H), 3.62 (t, J = 5.7, 2H), 2.77 (t, J = 5.7, 2H), 0.89 (t, J = 7.2, 3H); 

13C NMR (125 MHz, C6D6): 6.65 (major isomer): δ 161.5, 144.9, 134.9, 116.6, 64.9, 64.3, 60.6, 

23.3, 14.2; 6.66 (minor isomer): δ 161.7, 142.3, 134.9, 117.9, 64.3, 64.2, 60.7, 23.8, 14.1; IR 

(film): 3212, 2958, 2850, 1720, 1448, 1255 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C9H13N2O3, 197.09207; found, 197.09016. 

 

The structure of 6.65 was verified by 2D-NOESY, as the following interaction was observed: 

 

 

(3 equiv)

CsF (5 equiv)
THF, 60 °C

(64% yield)6.14
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6.5.3 Computational Methods 

All computations were carried out using Spartan ’10 Parallel Suite for Mac unless otherwise 

noted.40 All structures were minimized using Molecular Mechanics, and then further minimized 

using Density Functional Theory B3LYP/6–31G*. Computational data for structures 6.6 and 6.7 

have previously been reported.5e, 5f, 7c, 8a 

 

6.5.3.1 Cartesian Coordinates of Strained Alkynes 

Structure 6.4 

C       -0.915310     -1.508769     -0.000000 
C       -1.136055      1.214394      0.000000 
C        0.309699     -0.842830     -0.000000 
C       -2.014499     -0.917769      0.000000 
C       -2.312414      0.443151      0.000000 
C        0.110164      0.568133      0.000000 
H       -3.298649      0.893331      0.000000 
H       -1.185215      2.298979      0.000000 
C        1.732086     -1.043564     -0.000000 
H        2.270565     -1.980214     -0.000000 
O        1.328037      1.193936      0.000000 
C        2.274967      0.201642     -0.000000 
H        3.297172      0.550090     -0.000000 
 

Structure 6.5 

H       -2.395709     -0.204146      0.568566 
C       -1.552912     -0.184770     -0.132100 
C        0.647654     -1.340220      0.041322 
C        1.506487     -0.118244      0.081443 
C       -0.574405     -1.258131     -0.000894 
C       -0.610478      1.052425      0.236791 
H        1.897936      0.043069      1.096118 
H       -0.560416      1.106573      1.334921 
H       -1.951206     -0.099172     -1.149939 
H        2.342505     -0.121492     -0.622200 
H       -1.059463      1.971018     -0.152238 
O        0.680025      0.996295     -0.325870 
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6.5.3.2 Energies of Strained Alkynes 

Structure Energy 
(hartrees) 

Energy 
(kcal/mol) 

 Structure Energy 
(hartrees) 

Energy 
(kcal/mol) 

 
–382.332940 –239917.743 

 

 
–269.218809 –168937.494 

 

  

O

6.4
O
6.5
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6.6 Spectra Relevant to Chapter Six: 

 

Expanding the Strained Alkyne Toolbox: Generation and Utility of 

Oxygen-Containing Strained Alkynes 

 

Tejas K. Shah, Jose M. Medina, and Neil K. Garg  

J. Am. Chem. Soc. 2016, 138, 4948–4954. 
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Figure 6.4. Infrared spectrum of compound 6.10 

Figure 6.5. 13C NMR (125 MHz, CDCl3) of compound 6.10 
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EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20160201
Time               2.18
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   11
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577716 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.7. Infrared spectrum of compound 6.13 

Figure 6.8. 13C NMR (125 MHz, C6D6) of compound 6.13 
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Figure 6.10. Infrared spectrum of compound 6.14 

Figure 6.11. 13C NMR (125 MHz, C6D6) of compound 6.14 
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======== CHANNEL f2 ========
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NUC2                 1H
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PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
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F2 - Processing parameters
SI               131072
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WDW                  EM
SSB      0
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GB       0
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default carbon parameters
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Figure 6.13. Infrared spectrum of compound 6.27 

Figure 6.14. 13C NMR (125 MHz, CDCl3) of compound 6.27 
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DW               16.000 usec
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F2 - Processing parameters
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Figure 6.16. Infrared spectrum of compound 6.28 

Figure 6.17. 13C NMR (125 MHz, CDCl3) of compound 6.28 
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Figure 6.19. Infrared spectrum of compound 6.29 

Figure 6.20. 13C NMR (125 MHz, CDCl3) of compound 6.29 
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F2 - Acquisition Parameters
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Time              14.03
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PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   64
DS                    2
SWH           31250.000 Hz
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AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
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D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7709936 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.22. Infrared spectrum of compound 6.30 

Figure 6.23. 13C NMR (125 MHz, CD3CN) of compound 6.30 
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======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
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F2 - Processing parameters
SI               131072
SF          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
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PC                 1.40
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Figure 6.25. Infrared spectrum of compound 6.31 

Figure 6.26. 13C NMR (125 MHz, CDCl3) of compound 6.31 
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DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7709936 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.28. Infrared spectrum of compound 6.32 

Figure 6.29. 13C NMR (125 MHz, CDCl3) of compound 6.32 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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31 Current Data Parameters
NAME        tks-3-247-3
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20151113
Time              11.09
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  473
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577717 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.31. Infrared spectrum of compound 6.33 

Figure 6.32. 13C NMR (125 MHz, CDCl3) of compound 6.33 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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17 Current Data Parameters
NAME        tks-3-255-3
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20151018
Time              17.52
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   63
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577736 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.34. Infrared spectrum of compound 6.34 

Figure 6.35. 13C NMR (125 MHz, CD3CN) of compound 6.34 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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03 Current Data Parameters
NAME        tks-3-254-3
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20151124
Time              13.58
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  176
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7583394 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.37. Infrared spectrum of compound 6.35 

Figure 6.38. 13C NMR (125 MHz, CDCl3) of compound 6.35 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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39 Current Data Parameters
NAME          tks-3-287
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20150921
Time              10.42
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  128
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577729 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.40. Infrared spectrum of compounds 6.36 & 6.37 

Figure 6.41. 13C NMR (125 MHz, CDCl3) of compounds 6.36 & 6.37 
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Figure 6.43. Infrared spectrum of compound 6.38 & 6.39 

Figure 6.44. 13C NMR (125 MHz, CDCl3) of compounds 6.38 & 6.39 
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Figure 6.46. Infrared spectrum of compound 6.40 

Figure 6.47. 13C NMR (125 MHz, CDCl3) of compound 6.40 
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Figure 6.49. Infrared spectrum of compound 6.41 

Figure 6.50. 13C NMR (125 MHz, CD3CN) of compound 6.41 
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Figure 6.52. Infrared spectrum of compound 6.42 

Figure 6.53. 13C NMR (125 MHz, CD3CN) of compound 6.42 
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NAME     Azomethine-Ylide-2
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20160216
Time              21.37
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  128
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
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TD0                   1

======== CHANNEL f1 ========
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NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7576657 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.55. Infrared spectrum of compound 6.43 

Figure 6.56. 13C NMR (125 MHz, CD3CN) of compound 6.43 
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87 Current Data Parameters
NAME     Azomethine-Ylide-1
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20160216
Time              20.28
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                 1059
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7576719 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.58. Infrared spectrum of compound 6.44 

Figure 6.59. 13C NMR (125 MHz, CDCl3) of compound 6.44 
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51 Current Data Parameters

NAME        tks-3-271-4
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20151008
Time              19.07
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  128
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577740 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.61. Infrared spectrum of compound 6.45 

Figure 6.62. 13C NMR (125 MHz, CDCl3) of compound 6.45 
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46 Current Data Parameters
NAME        tks-3-271-3
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20151011
Time               9.55
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  289
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                10.00 usec
PLW1        13.50000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577716 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.64. Infrared spectrum of compound 6.46 

Figure 6.65. 13C NMR (125 MHz, CDCl3) of compound 6.46 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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F2 - Acquisition Parameters
Date_          20151006
Time              19.11
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  132
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
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TD0                   1

======== CHANNEL f1 ========
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======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577726 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.67. Infrared spectrum of compound 6.47 

Figure 6.68. 13C NMR (125 MHz, CDCl3) of compound 6.47 
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NAME        tks-3-275-3
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20151012
Time              14.16
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   71
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7716224 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577723 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.70. Infrared spectrum of compound 6.48 

Figure 6.71. 13C NMR (125 MHz, CDCl3) of compound 6.48 
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25 Current Data Parameters
NAME        tks-3-262-6
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20151013
Time              14.13
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   67
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7709936 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577729 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.73. Infrared spectrum of compound 6.49 

Figure 6.74. 13C NMR (125 MHz, CDCl3) of compound 6.49 
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NAME        tks-3-262-5
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20151012
Time              16.16
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  263
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7709936 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 6.76. Infrared spectrum of compound 6.50 

Figure 6.77. 13C NMR (125 MHz, CDCl3) of compound 6.50 
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F2 - Acquisition Parameters
Date_          20150616
Time              12.43
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   55
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
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D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577770 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.79. Infrared spectrum of compound 6.51 

Figure 6.80. 13C NMR (125 MHz, CDCl3) of compound 6.51 

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

28
.4

6

65
.5

4
68

.1
0

76
.9

0
77

.1
6

77
.4

1

12
4.

54
12

6.
11

12
6.

49
12

9.
05

13
3.

35
13

5.
05

Current Data Parameters
NAME       JMM-5-111(c)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150623
Time              18.14
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   24
DS                    2
SWH           43859.648 Hz
FIDRES         0.669245 Hz
AQ            0.7471104 sec
RG               204.54
DW               11.400 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577733 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.82. Infrared spectrum of compound 6.52 

Figure 6.83. 13C NMR (125 MHz, CDCl3) of compound 6.52 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME       JMM-5-113(c)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150623
Time              18.22
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   31
DS                    2
SWH           43859.648 Hz
FIDRES         0.669245 Hz
AQ            0.7471104 sec
RG               204.54
DW               11.400 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577730 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.85. Infrared spectrum of compound 6.53 

Figure 6.86. 13C NMR (125 MHz, CDCl3) of compound 6.53 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME       JMM-5-96(60)
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20150706
Time              11.02
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 1128
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE               100.00 usec
TE                333.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577579 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.88. Infrared spectrum of compound 6.54 

Figure 6.89. 13C NMR (125 MHz, C6D6) of compound 6.54 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
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Current Data Parameters
NAME         JMM-5-133C
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150626
Time               9.42
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                   47
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577434 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default proton parameters
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Figure 6.91. Infrared spectrum of compound 6.55 

Figure 6.92. 13C NMR (125 MHz, CDCl3) of compound 6.55 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME      JMM-5-119(1c)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150623
Time               9.34
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   13
DS                    2
SWH           43859.648 Hz
FIDRES         0.669245 Hz
AQ            0.7471104 sec
RG               204.54
DW               11.400 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7741375 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577766 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.94. Infrared spectrum of compound 6.56 

Figure 6.95. 13C NMR (125 MHz, C6D6) of compound 6.56 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME      JMM-5-119(2c)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150623
Time               9.40
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT            C6D6
NS                   36
DS                    2
SWH           43859.648 Hz
FIDRES         0.669245 Hz
AQ            0.7471104 sec
RG               204.54
DW               11.400 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7741375 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577427 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.97. Infrared spectrum of compound 6.57 & 6.58 

Figure 6.98. 13C NMR (125 MHz, CDCl3) of compound 6.57 & 6.58 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME        JMM-5-97(A)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150604
Time               8.25
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   51
DS                    2
SWH           37878.789 Hz
FIDRES         0.577984 Hz
AQ            0.8650752 sec
RG               204.54
DW               13.200 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7728799 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577775 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.100. Infrared spectrum of compound 6.59 

Figure 6.101. 13C NMR (125 MHz, CDCl3) of compound 6.59 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Current Data Parameters
NAME        JMM-5-28(A)
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150510
Time              16.14
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   24
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577728 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters



 462 

10
9

8
7

6
5

4
3

2
1

0
pp

m1.113
1.909
1.937
1.941
1.946
1.950
1.979
1.984
1.989
1.994
1.998
2.003
2.008
3.289
3.298
3.303
3.312
3.321
3.325
3.335
3.468
3.478
3.488
3.500
3.510
3.825
3.826
3.853
3.854
3.892
3.998
4.002
4.005
4.009
4.026
4.030
4.033
4.037
4.904
4.905
7.052
7.055
7.057
7.066
7.069
7.073
7.082
7.084
7.087
7.160
7.175
7.187
7.190
7.365
7.367
7.378
7.381
7.384

9.056

2.049

1.020
1.017

1.018
1.016

1.000

1.006
2.058
1.962

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
 J

M
M

-5
-1

00
(A

)
E

X
P

N
O

   
   

   
   

   
  1

P
R

O
C

N
O

   
   

   
   

   
 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

50
60

4
Ti

m
e 

   
   

   
   

 1
4.

01
IN

S
TR

U
M

   
   

   
  a

v5
00

P
R

O
B

H
D

   
5 

m
m

 D
C

H
 1

3C
-1

P
U

LP
R

O
G

   
   

   
   

zg
30

TD
   

   
   

   
   

 6
55

36
S

O
LV

E
N

T 
   

   
   

  C
6D

6
N

S
   

   
   

   
   

   
 1

8
D

S
   

   
   

   
   

   
  0

S
W

H
   

   
   

  1
00

00
.0

00
 H

z
FI

D
R

E
S

   
   

   
0.

15
25

88
 H

z
A

Q
   

   
   

   
3.

27
67

99
9 

se
c

R
G

   
   

   
   

   
 2

3.
34

D
W

   
   

   
   

   
50

.0
00

 u
se

c
D

E
   

   
   

   
   

 1
0.

00
 u

se
c

TE
   

   
   

   
   

 2
98

.0
 K

D
1 

   
   

   
 2

.0
00

00
00

0 
se

c
TD

0 
   

   
   

   
   

   
1

==
==

==
==

 C
H

A
N

N
E

L 
f1

 =
==

==
==

=
S

FO
1 

   
   

 5
00

.1
34

00
10

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

12
99

95
7 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

 

F
ig

ur
e 

6.
10

2.
 1 H

 N
M

R
 (5

00
 M

H
z,

 C
6D

6)
 c

om
po

un
d 

6.
60

 

OO
N

Pht-
Bu 6.
60



 463 

 

 

 

 

 

 

 

 

 

 

Figure 6.103. Infrared spectrum of compound 6.60 

Figure 6.104. 13C NMR (125 MHz, C6D6) of compound 6.60 
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NS                   77
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NUC2                 1H
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PCPD2             80.00 usec
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PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577429 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.106. Infrared spectrum of compounds 6.61 & 6.62 

Figure 6.107. 13C NMR (125 MHz, CDCl3) of compounds 6.61 & 6.62 
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TD                65536
SOLVENT           CDCl3
NS                   94
DS                    2
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RG               204.54
DW               10.000 usec
DE                18.00 usec
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D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577739 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters



 466 

10
9

8
7

6
5

4
3

2
1

0
pp

m
2.749
2.749
2.760
2.771
2.772

3.912
3.924
3.935

4.851
7.230
7.232
7.234
7.247
7.250
7.260
7.262
7.264
7.405
7.409
7.420
7.422
7.426
7.433
7.437
7.441
7.604
7.609
7.611
7.613
7.615
7.622
7.626
7.628
7.687

2.054

2.063

2.000

1.085
2.013
2.001
0.997

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
  J

M
M

-5
-3

0(
A

)
E

X
P

N
O

   
   

   
   

   
  1

P
R

O
C

N
O

   
   

   
   

   
 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

50
51

0
Ti

m
e 

   
   

   
   

 1
6.

18
IN

S
TR

U
M

   
   

   
  a

v5
00

P
R

O
B

H
D

   
5 

m
m

 D
C

H
 1

3C
-1

P
U

LP
R

O
G

   
   

   
   

zg
30

TD
   

   
   

   
   

 6
55

36
S

O
LV

E
N

T 
   

   
   

 C
D

C
l3

N
S

   
   

   
   

   
   

 2
4

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
15

25
88

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 2
1.

37
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1

==
==

==
==

 C
H

A
N

N
E

L 
f1

 =
==

==
==

=
S

FO
1 

   
   

 5
00

.1
34

00
10

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

12
0 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

 

F
ig

ur
e 

6.
10

8.
 1 H

 N
M

R
 (5

00
 M

H
z,

 C
D

C
l 3)

 c
om

po
un

d 
6.

63
 

O

N N

Ph

6.
63



 467 

 

 

 

 

 

 

 

 

 

 

Figure 6.109. Infrared spectrum of compound 6.63 

Figure 6.110. 13C NMR (125 MHz, CDCl3) of compound 6.63 
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EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20150510
Time              16.22
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   22
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577758 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.112. Infrared spectrum of compound 6.64 

Figure 6.113. 13C NMR (125 MHz, CDCl3) of compound 6.64 
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F2 - Acquisition Parameters
Date_          20150510
Time              16.29
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   30
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577745 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

default carbon parameters
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Figure 6.115. Infrared spectrum of compounds 6.65 & 6.66 

Figure 6.116. 13C NMR (125 MHz, C6D6) of compounds 6.65 & 6.66 
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7.1 Abstract 

We report the first non-decarbonylative Mizoroki–Heck reactions of amide derivatives. 

The transformation relies on the use of nickel catalysis and proceeds using sterically hindered tri- 

and tetrasubstituted olefins to give products containing quaternary centers. The resulting 

polycyclic or spirocyclic products can be obtained in good yields. Moreover, a diastereoselective 

variant of this methodology demonstrates its value for accessing adducts bearing vicinal, highly 

substituted sp3 stereocenters. Our results demonstrate that amide derivatives can be used as 

building blocks for the assembly of complex scaffolds. 



 480 

7.2 Introduction 

 The introduction of quaternary carbon centers remains a popular topic in modern 

chemical synthesis.1 Such motifs are often difficult to access due to the steric challenge 

associated with constructing a fully substituted carbon center. One attractive means to install 

quaternary centers is via the intramolecular Mizoroki–Heck reaction.2 Most notably, the Pd-

catalyzed Mizoroki–Heck cyclization of aryl halides and triflates has been the subject of intense 

investigation for decades and has been utilized to assemble many sterically demanding scaffolds. 

On the other hand, the corresponding Mizoroki–Heck cyclization of acyl electrophiles to furnish 

ketone products bearing quaternary carbons has not been reported. 

 Considering the aforementioned deficiency concerning the Mizoroki–Heck cyclization of 

acyl electrophiles, we pursued the transformation shown in Figure 7.1. In the presence of an 

appropriate nickel catalyst, imide 7.1, derived from the corresponding secondary amide upon 

Boc-activation, would be converted to cyclized products 7.2, bearing the desired quaternary 

centers. Mechanistically, the conversion would proceed by a sequence akin to classical 

Mizoroki–Heck chemistry involving oxidative addition (7.1→7.3), olefin coordination and 

insertion (7.3→7.4), followed by β-hydride elimination3 (7.4→7.2). It should be noted that amide 

derivatives have recently been employed in Pd- and Ni-catalyzed couplings for carbon–

heteroatom4 and carbon–carbon5,6,7 bond formation, although never for the synthesis of 

quaternary centers.8 Moreover, precedent for the desired olefin insertion is available from 

Stambuli’s Pd-catalyzed Mizoroki–Heck cyclization of benzoic anhydrides, albeit without 

quaternary stereocenter formation,9,10 and Pd-catalyzed carbonylative Mizoroki–Heck reactions 

of aryl halides and triflates.11 Herein, we describe the development and scope of the Ni-catalyzed 
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Mizoroki–Heck cyclization of amide derivatives.12 The transformation provides a new means to 

build complex scaffolds using non-precious metal catalysis.13 

 

 

Figure 7.1. Designed nickel-catalyzed Mizoroki–Heck reaction of amide derivatives to forge 
quaternary centers 

 

7.3 Results and Discussion 

7.3.1 Optimization of Reaction Conditions 

 After some initial experimentation, we arrived at 7.5 as a suitable test substrate (Table 
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to be reactive using Ni/SIPr (7.7) combinations,4,5 in addition to a sterically encumbered 

tetrasubstituted olefin. The Mizoroki–Heck cyclization of 7.5 was attempted under a variety of 

reaction conditions,16 with a selection of key results using Ni(cod)2, NHC ligands, and toluene as 

solvent at 100 °C depicted. Unfortunately, attempts to conduct the desired cyclization using 
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NHC precursor 7.8 the Mizoroki–Heck product 7.6 was obtained, albeit in modest yield (entry 

2). Further improvements were seen when benzimidazolium salt 7.9 was employed,17 which gave 

rise to the desired product 7.6 in 76% yield (entry 3). We also probed the Ni to ligand ratio and 

found that employing a 1:1 ratio of Ni(cod)2 to 7.9 (rather than a 1:2 ratio), led to diminished 

yields (entry 4). Efforts to optimize the Ni loading were also undertaken. Although using 10 

mol% Ni(cod)2 gave the desired product (entry 5), the use of 15 mol% Ni(cod)2 gave excellent 

yields (entry 6) and was found more generally effective across a range of substrates studied 

subsequently. During the course of our studies, we also evaluated a series of additives used 

previously in Ni-catalyzed couplings.18 These efforts demonstrated that the reaction temperature 

could be lowered to 60 °C, provided that t-amyl alcohol was employed as the additive, to deliver 

product 7.6 in 95% yield (entry 7).19 It should be noted that: (a) Ni-catalyzed Mizoroki–Heck 

reactions to form quaternary centers are rare,20 (b) there are no prior examples of Ni-catalyzed 

Mizoroki–Heck reactions involving tetrasubstituted olefins in the literature,21 and (c) 

decarbonylation products were not observed during reaction development. 
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Table 7.1. Evaluation of ligand effects and reaction conditions for the conversion of 7.5 to 
Mizoroki–Heck cyclization product 7.6, bearing a quaternary centera 

 

 
a Conditions unless otherwise stated: 7.5 (1.0 equiv, 0.1 mmol), Ni(cod)2 
(mol% as shown), 7.7–7.9 (mol% as shown), toluene (0.5 M), NaOtBu 
(1.1x ligand loading) heated at the specified temperature for 24 h in a sealed 
vial. b Yields reflect an average of two experiments and were determined by 
1H NMR analysis using hexamethylbenzene as an internal standard. c 3.0 
equiv of t-amyl alcohol was used. 

 

7.3.2 Evaluation of Substrate Scope 

Having identified conditions to achieve the nickel-catalyzed cyclization, we evaluated the 

scope with respect to the tethered alkene (Table 7.2).22,23 It was found that a trisubstituted 
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cyclization proceeded smoothly to give the corresponding spirocyclic products, 7.11 and 7.12, 

respectively, as mixtures of olefin isomers (entries 2 and 3).25 Returning to the more challenging 
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tetrasubstituted olefins, a series of substrates bearing exocyclic olefins were prepared and 

evaluated. Whereas utilization of a substrate containing a 5-membered ring led to product 7.13 in 

51% yield (entry 4), the use of 6- and 7-membered ring-containing substrates furnished products 

7.14 and 7.15, respectively, in good yields (entries 5 and 6). Lastly, two heterocyclic substrates 

were examined. We were delighted to find that our methodology proved tolerant of a 

tetrahydropyran and a protected piperidine, thus giving rise to tricycles 7.16 and 7.17, 

respectively, in excellent yields (entries 7 and 8). 

As shown in Figure 7.2, the methodology is also tolerant of substituents on the arene. For 

example, use of substrates containing the fluoride or trifluoromethyl group, both of which are 

critical in medicinal chemistry,26 gave rise to products 7.18 and 7.19, respectively. The methoxy 

group was also well tolerated, as shown by the formation of 7.20 and 7.21. As demonstrated by 

the synthesis of 7.22 and 7.23, substrates bearing a methyl group could also be utilized. In the 

latter case, it is notable that the presence of a methyl group ortho to the tethered alkene did not 

hinder reactivity. 
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Table 7.2. Mizoroki–Heck cyclization of a variety of tri- and tetrasubstituted olefin substrates 

 
a Yields shown reflect the average of two isolation experiments. b Reaction 
performed at 100 °C in the absence of t-amyl alcohol. 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)
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O

O

93%Me
NBoc
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O
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O

*
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a Yields shown reflect the average of two isolation experiments. b Yield 
determined by 1H NMR analysis using hexamethylbenzene as an external 
standard. c Reaction performed at 100 °C in the absence of t-amyl alcohol. 
 

Figure 7.2. Substituents on the arene motifa 

 

7.3.3 Diastereoselective Application to Build Vicinal sp3 Stereocenters 

As a further test, we questioned if this methodology could be performed in a 

diastereoselective sense (Figure 7.3). Trisubstituted olefin 7.24,27 which bears an allylic methyl 

group, was treated under our optimal reaction conditions. This reaction delivered ketone 7.25 in 

80% yield, as a 92:8 ratio of diastereomers. Of note, 7.25 contains vicinal sp3 stereocenters, both 

of which are highly substituted. Prior transition metal-catalyzed methods for the synthesis of 2-

vinylindanones22 have not been demonstrated for the construction of such complexity. The 

diastereoselectivity seen in the conversion of 7.24 to 7.25 can be rationalized by considering the 

two competing olefin insertion transition states, TS7.1 and TS7.2. In both cases, the olefin 

insertion event is thought to occur via a standard 4-centered transition state, which in turn, 

prompts allylic strain arguments.28 In TS7.1, A(1,3) strain between the two highlighted 
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hydrogens is minimal and the methyl group rests in a pseudo-equatorial disposition. As such, 

TS7.1 is favorable and leads to the major diastereomer of 7.25 shown, with the methyl groups 

residing in a cis fashion. On the other hand, the minor diastereomer of 7.25 (not depicted) is 

thought to arise from TS7.2, which displays a less favorable A(1,3) interaction between the 

highlighted hydrogen and methyl substituents. 

 

 
a Yields shown reflect the average of two isolation experiments. 

 
Figure 7.3. Diastereoselective Heck cyclization for the introduction of vicinal sp3 stereocentersa 

 
7.4 Conclusion 

We have developed the Mizoroki–Heck cyclization of amide derivatives to access 

ketones containing quaternary centers. The transformation is tolerant of variation on both the 

alkene and aryl moieties, and most notably, proceeds using sterically hindered tetrasubstituted 

olefins. As a result, polycyclic, spirocyclic, and heteroatom-containing products can be 

synthesized using this methodology. Moreover, we have demonstrated that a diastereoselective 

Mizoroki–Heck cyclization proceeds for the controlled formation of an adduct bearing vicinal, 

highly substituted sp3 stereocenters. In addition to providing a rare Ni-catalyzed Mizoroki–Heck 

cyclization methodology for accessing quaternary centers and the first Mizoroki–Heck 
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cyclizations of amide derivatives, our results demonstrate that amides, despite once being viewed 

as unreactive, can be used as building blocks for the preparation of complex scaffolds. 

  

7.5 Experimental Section 

7.5.1 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. Non-

commercially available substrates were synthesized following protocols specified in Section 

7.7.2.1. Prior to use, toluene was purified by distillation and taken through three freeze-pump-

thaw cycles. 2-Halobenzoic acids derivatives 7.31, 7.33, 7.35 were obtained from Combi-Blocks; 

7.29 and 7.26 were obtained from Oakwood; 7.37 was obtained from AstaTech; and 7.41 was 

obtained from Ark Pharm. Ni(cod)2 and Benz-ICy•HCl (7.9) were obtained from Strem 

Chemicals. Reductive coupling ligands 7.6014c and 7.6614d were prepared from known literature 

procedures. Reaction temperatures were controlled using an IKAmag temperature modulator, 

and unless stated otherwise, reactions were 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, iodine, and potassium permanganate 

staining techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash 

column chromatography. 1H NMR spectra were recorded on Bruker spectrometers (at 400 and 

500 MHz) and are referenced to the residual solvent peak 7.26 ppm for CDCl3. Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), 

integration.13C NMR spectra were recorded on Bruker spectrometers (at 125 MHz) and are 
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referenced to the residual solvent peak 77.16 ppm for CDCl3. Data for 13C NMR are reported as 

follows: chemical shift (δ ppm), multiplicity, and coupling constant (Hz). 19F NMR spectra were 

recorded on Bruker spectrometers (at 376 MHz) and are reported in terms of chemical shift in 

CDCl3. IR spectra were recorded on a Perkin-Elmer 100 spectrometer and are reported in terms 

of frequency absorption (cm–1). High-resolution mass spectra were obtained on a Waters 

Micromass LCT Premier TOF Mass Spectrometer (Waters) equipped with a ZSpray source for 

electrospray ionization (ESI) and a time-of-flight (TOF) analyzer. The instrument was controlled 

by Waters MassLynx 4.0. The analyte was injected as a solution using acetonitrile as the solvent. 

Additionally, 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 dichloromethane as the solvent. Ionization was 

accomplished using UHP He (Airgas Inc.) plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific). 

 

 

 

 

 



 490 

7.5.2 Experimental Procedures 

7.5.2.1 Syntheses of Heck Cyclization Substrates 

7.5.2.1.1 Synthesis of Imide 7.5 for Reaction Discovery 

 

 

Ester 7.28. Following a modification of the general procedure reported by Querolle and co-

workers,29 a flask containing a stir bar was charged with CuCN (1.03 g, 11.5 mmol, 1.0 equiv) 

and LiCl (971 mg, 22.9 mmol, 2.0 equiv) in the glovebox. The flask was removed from the 

glovebox, and the solids were suspended in THF (39 mL). The resulting mixture was stirred 

vigorously until a completely dissolved solution of CuCN•2LiCl was formed. In a separate flask 

containing a solution of methyl-2-iodobenzoate (7.26) (3.02 g, 11.45 mmol, 1.0 equiv) in THF 

(115 mL) at –40 °C was added i-BuMgCl (8.6 mL of a 2.0 M solution in THF, 17.2 mmol, 1.5 

equiv) dropwise over 1 min. After this mixture was stirred at –40 °C for 1 h, the solution of 

CuCN•2LiCl was added via cannula. The combined mixture stirred at –40 °C for an additional 

15 min, at which point bromide 7.27 (4.65 g, 28.6 mmol, 2.5 equiv) was added dropwise over 1 

min. After stirring at –40 °C for an additional hour, the reaction was poured into 9:1 sat. aq. 

NH4Cl:NH4OH (150 mL). The layers were separated and the aqueous layer was extracted with 

EtOAc (3 x 100 mL). The organic layers were combined, dried over MgSO4, and concentrated 

under reduced pressure. The crude mixture was purified via flash chromatography (4:1 

Benzene:Hexanes) to afford ester 7.28 (767 mg, 31% yield) as a colorless oil. Ester 7.28: Rf 0.63 

 i-BuMgCl (1.5 equiv)
CuCN (1.0 equiv)
LiCl (2.0 equiv)

THF (0.074 M), –40 °C
OMe

O

I

OMe

O

Me

Me
Me

Br

Me
Me

Me

(31% yield)7.27 7.287.26

+
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(3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 7.7, 1.3, 1H), 7.40 (td, J = 

7.5, 1.5, 1H), 7.23 (t, J = 7.5, 1H), 7.20 (d, J = 7.7, 1H), 3.89 (s, 3H), 3.78 (s, 2H) 1.76 (s, 3H), 

1.71 (s, 3H), 1.57 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 168.7, 142.1, 131.9, 130.6, 130.3, 

129.2, 127.1, 125.73, 125.66, 52.0, 37.7, 20.73, 20.69, 18.6; IR (film): 2916, 1720, 1433, 1262, 

1246, 1121, 1076 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H19O7
+, 219.13796; found 

219.13784. 

 

 

Imide 7.5. To a solution of ester 7.28 (767 mg, 3.51 mmol, 1.0 equiv) in THF (6.6 mL) was 

added a solution of NaOH (703 mg, 17.6 mmol, 5.0 equiv) in H2O (3.3 mL). The reaction was 

heated to 90 °C and stirred for 12 h. After cooling to room temperature, the reaction mixture was 

poured into deionized water (25 mL) and diluted with EtOAc (25 mL). The layers were separated 

and the aqueous layer was acidified to pH ~4 with 1 N HCl (15 mL) and extracted with EtOAc 

(3 x 25 mL). The organic layers were combined, washed with deionized water (300 mL), dried 

over MgSO4, and concentrated under reduced pressure to afford the corresponding carboxylic 

acid, which was used in the subsequent step without further purification. 

To a solution of the crude carboxylic acid, HOBt (591 mg, 3.86 mmol, 1.1 equiv from 7.28), and 

EDC•HCl (740 mg, 3.86 mmol, 1.1 equiv from 7.28) in DMF (21 mL) was added BnNH2 (0.42 

mL, 3.86 mmol, 1.1 equiv from 7.28) and Et3N (0.5 mL, 3.86 mmol, 1.1 equiv from 7.28). After 

stirring for 7 h, the reaction mixture was poured into deionized water (100 mL) and diluted with 

OMe
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Me

Me
Me
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1. NaOH (5.0 equiv)
    2:1 THF/H2O (0.36 M), 90 °C

2. BnNH2 (1.1 equiv), HOBt (1.1 equiv)
    EDC•HCl (1.1 equiv), Et3N (1.1 equiv)
    DMF (0.17 M), 23 °C
3. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °C
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EtOAc (50 mL). The layers were separated and the aqueous layer was extracted with EtOAc (2 x 

50 mL). The organic layers were combined, washed with deionized water (100 mL), dried over 

MgSO4, and concentrated under reduced pressure to afford the corresponding amide, which was 

used in the subsequent step without further purification. 

To a solution of the crude amide in CH3CN (17 mL) was added DMAP (43 mg, 0.351 

mmol, 0.1 equiv from 7.28) and Boc2O (996 mg, 4.56 mmol, 1.3 equiv from 7.28). After stirring 

for 7 h, the reaction mixture was concentrated under reduced pressure and purified by flash 

chromatography (99:1 Hexanes:EtOAc) to yield imide 7.5 (1.26 g, 91% yield, three steps) as a 

white solid. Imide 7.5: mp: 65–67 °C; Rf 0.60 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.43 (d, J = 7.9, 2H), 7.34 (d, J = 7.4, 2H), 7.31–7.25 (m, 2H), 7.16 (t, J = 7.4, 1H), 

7.11 (d, J = 7.9, 2H), 5.03 (s, 2H), 3.43 (s, 2H), 1.75 (s, 3H), 1.70 (s, 3H), 1.58 (s, 3H), 1.11 (s, 

9H); 13C NMR (125 MHz, CDCl3): δ 172.6, 153.0, 138.7, 138.0, 137.7, 129.5, 128.6, 128.40, 

128.36, 127.5, 127.2, 125.9, 125.44, 125.37, 83.4, 48.0, 36.8, 27.5, 20.76, 20.75, 18.8; IR (film): 

2981, 2922, 1728, 1670, 1368, 1333, 1229, 1138 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C25H32NO3
+, 394.23767; found 394.23462. 
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7.5.2.1.2 Syntheses of Halo-Imide Coupling Partners 

Representative Procedure (synthesis of imide 7.30 is used as an example). 

 

 

Iodo-imide 7.30. To a mixture of 2-iodo-benzoic acid (7.29) (10.0 g, 40.4 mmol, 1.0 equiv), 

EDC•HCl (8.5 g, 44 mmol, 1.1 equiv), HOBt (6.0 g, 44 mmol, 1.1 equiv) and Et3N (6.2 mL, 88 

mmol, 2.2 equiv) in DMF (238 mL) was added BnNH2 (5.0 mL, 44 mmol, 1.1 equiv). The 

resulting mixture was stirred for 16 h, and then diluted with deionized water (100 mL). The 

layers were separated and the aqueous layer was extracted with EtOAc (3 x 100 mL). The 

combined organic layers were washed with 0.1 N HCl (100 mL), sat. aq. NaHCO3 (100 mL), and 

brine (100 mL), dried over Na2SO4, and filtered. Concentration under reduced pressure afforded 

the crude amide, which was used in the subsequent step without further purification. 

 To the vessel containing the crude amide was added DMAP (0.5 g, 4 mmol, 0.1 equiv 

from 7.29), followed by acetonitrile (192 mL). Boc2O (11.5 g, 52.5 mmol, 1.3 equiv from 7.29) 

was added in one portion and the reaction vessel was flushed with N2. The reaction mixture was 

allowed to stir for 16 h. The reaction was concentrated under reduced pressure and the resulting 

crude residue was purified by flash chromatography (9:1 Hexanes:EtOAc) to yield iodo-imide 

7.30 (16.4 g, 93% yield, two steps) as a white solid. Iodo-imide 7.30: mp: 100–101 ºC; Rf 0.54 

(4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.0, 1H), 7.47 (d, J = 8.0, 

2H), 7.37–7.32 (m, 3H), 7.30–7.27 (m, 1H), 7.18–7.15 (m, 1H), 7.10–7.05 (m, 1H), 5.05 (s, 2H), 

1.14 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 171.7, 152.1, 144.6, 139.2, 137.5, 130.3, 128.6, 
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128.5, 127.9, 127.6, 127.0, 91.7, 83.9, 48.0, 27.6; IR (film): 2979, 1731, 1668, 1228, 741 cm–1; 

HRMS–APCI (m/z) [M + H]+ calcd for C19H21INO3
+, 438.05606; found 438.05536. 

 

 

Iodo-imide 7.32. Following the representative procedure with 2-iodo-5-fluorobenzoic acid 

(7.31) (2.0 g, 7.52 mmol), purification by flash chromatography (99:1 Pentane:Et2O → 19:1 

Pentane:Et2O) afforded iodo-imide 7.32 (2.46 g, 72% yield, two steps) as a white solid. Iodo-

imide 7.32: mp: 61–63 °C; Rf 0.60 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.72 

(dd, J = 8.7, 5.2, 1H), 7.46 (d, J = 7.3, 2H), 7.34 (tt, J = 7.1, 1.4, 2H), 7.28 (tt, J = 7.3, 1.4, 1H), 

6.93 (dd, J = 8.5, 3.1, 1H), 6.83 (dt, J = 8.5, 3.1, 1H), 5.04 (s, 2H), 1.20 (s, 9H); 13C NMR (125 

MHz, CDCl3): δ 170.3 (d, J = 2.2), 162.7 (d, J = 246), 151.8, 146.2 (d, J = 7.2), 140.6 (d, J = 

7.7), 137.2, 128.63, 128.56, 127.7, 117.7 (d, J = 22), 114.7 (d, J = 24), 84.6 (d, J = 3.6), 84.3, 

48.0, 27.6; 19F NMR (376 MHz, CDCl3): δ –113.7, (s, 1F); IR (film): 2981, 1736, 1671, 1369, 

1350, 1331, 1232, 1149 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C19H20FINO3
+ 456.04664; 

found 456.04664. 

 

 

Iodo-imide 7.34. Following the representative procedure with 2-iodo-5-(trifluoromethyl)benzoic 

acid (7.33) (1.98 g, 6.27 mmol), purification by flash chromatography (99:1 Pentane:Et2O → 
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19:1 Pentane:Et2O) afforded iodo-imide 7.34 (2.79 g, 88% yield, two steps) as an off-white solid. 

Iodo-imide 7.34: mp: 60–62 °C; Rf 0.70 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.93 (d, J = 8.3, 1H), 7.48 (d, J = 7.3, 2H), 7.41 (d, J = 2.0, 1H), 7.35 (tt, J = 7.6, 1.5, 2H), 7.33–

7.28 (m, 2H), 5.07 (s, 2H), 1.15 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 170.4, 151.7, 145.5, 

139.8, 137.1, 130.8 (q, J = 33), 128.7, 128.6, 127.8, 126.5 (q, J = 3.6), 123.68 (q, J = 273), 

123.67 (q, J = 3.8), 95.8, 84.4, 48.0, 27.5; 19F NMR (376 MHz, CDCl3): δ –63.0, (s, 3F); IR 

(film): 2982, 1737, 1669, 1317, 1225, 1126, 1079 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C20H20F3INO3
+ 506.04345; found 506.04387. 

 

 

Iodo-imide 7.36. Following the representative procedure with 2-iodo-5-methoxybenzoic acid 

(7.35) (1.0 g, 3.6 mmol), 2-iodo-imide 7.36 (1.5 g, 87% yield, two steps) was obtained as a 

colorless oil. Iodo-imide 7.36: Rf 0.24 (4:1 Hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 

7.62 (d, J = 8.8, 1H), 7.48–7.45 (m, 2H), 7.36–7.32 (m, 2H), 7.30–7.26 (m, 1H), 6.73 (d, J = 3.1, 

1H), 6.66 (dd, J = 8.7, 3.1, 1H), 5.04 (s, 2H), 3.76, (s, 3H), 1.17 (s, 9H); 13C NMR (125 MHz, 

CDCl3): δ 171.3, 159.6, 151.9, 145.1, 139.7, 137.3, 128.5, 128.4, 127.4, 116.8, 112.8, 83.7, 80.0, 

55.5, 47.9, 27.4; IR (film): 2979, 1735, 1466, 1144, 848, 699 cm–1; HRMS–APCI (m/z) [M + 

H]+ calcd for C20H23INO4
+, 468.06663; found 468.06671. 
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Bromo-imide 7.38. Following the representative procedure with 2-bromo-4-methoxybenzoic 

acid (7.37) (0.46 g, 2.0 mmol), 2-bromo-imide 7.38 (0.86 g, quantitative yield, two steps) was 

obtained as a yellow oil. Bromo-imide 7.38: Rf 0.25 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.46–7.44 (m, 2H), 7.35–7.31 (m, 2H), 7.32–7.29 (m, 1H), 7.22 (d, J = 8.7, 1H), 7.07 

(d, J = 2.5, 1H), 6.86 (dd, J = 8.7, 2.5, 1H), 5.02 (s, 2H), 3.81, (s, 3H), 1.19 (s, 9H); 13C NMR 

(125 MHz, CDCl3): δ 170.5, 160.8, 152.5, 137.7, 132.7, 129.3, 128.5 (4 carbons), 127.5, 119.8, 

118.1, 113.2, 83.5, 55.8, 48.2, 27.6; IR (film): 2979, 1731, 1599, 1227, 848, 558 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C20H23BrNO4
+, 420.08050; found 420.08082. 

 

 

Iodo-imide 7.40. Following the representative procedure with 2-iodo-4-methylbenzoic acid 

(7.39) (2.0 g, 7.6 mmol), iodo-imide 7.40 (3.3 g, 92% yield, two steps) was obtained as a 

colorless oil. Iodo-imide 7.40: Rf 0.34 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.65 (d, J = 7.8, 1H), 7.48–7.45 (m, 2H), 7.35–7.31 (m, 2H), 7.29–7.25 (m, 1H), 7.00 (d, J = 2.1, 

1H), 6.89 (ddd, J = 8.1, 2.1, 0.8, 1H), 5.04 (s, 2H), 2.29 (s, 3H), 1.15 (s, 9H); 13C NMR (125 

MHz, CDCl3): δ 171.7, 152.1, 144.2, 138.8, 138.0, 137.4, 131.2, 128.5, 128.4, 127.8, 127.4, 

87.4, 83.6, 47.9, 27.4, 20.8; IR (film): 2979, 1731, 1668, 1141, 848, 698 cm–1; HRMS–APCI 

(m/z) [M + H]+ calcd for C20H23INO3
+, 452.07171; found 452.07080. 

OH

O

Br

N

O

Br

7.37 7.38

Bn

Boc

(quantitative yield, 2 steps)

1. BnNH2 (1.1 equiv), HOBt (1.1 equiv)
    EDC•HCl (1.1 equiv), Et3N (2.2 equiv)
    DMF (0.17 M), 23 °C

2. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °CMeO MeO

7.39 7.40

OH

O

I

N

O

I

Bn

Boc

(92% yield, 2 steps)

Me Me

1. BnNH2 (1.1 equiv), HOBt (1.1 equiv)
    EDC•HCl (1.1 equiv), Et3N (2.2 equiv)
    DMF (0.17 M), 23 °C

2. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °C
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Iodo-imide 7.42. Following the representative procedure with 2-iodo-3-methylbenzoic acid 

(7.41) (3.0 g, 12 mmol), iodo-imide 7.42 (4.4 g, 85% yield, two steps) was obtained as a white 

solid. Iodo-imide 7.42: mp: 87–89 ºC; Rf 0.62 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 7.48 (d, J = 7.8, 2H), 7.36–7.32 (m, 2H), 7.29–7.26 (m, 1H), 7.24–7.20 (m, 2H), 6.90 

(dd, J = 6.7, 2.4, 1H), 5.07 (s, 2H), 2.46 (s, 3H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 

171.9, 152.0, 145.7, 142.2, 137.4, 129.5, 128.42, 128.36, 127.9, 127.4, 123.7, 98.5, 83.6, 47.7, 

28.8, 27.4; IR (film): 2979, 1732, 1338, 1145, 849, 699 cm–1; HRMS–APCI (m/z) [M + H]+ 

calcd for C20H23INO3
+, 452.07171; found 452.07177. 

 

7.5.2.1.3 Syntheses of Carbonate Coupling Partners 

 

 

Carbonate 7.43. To a suspension of K2CO3 (39.0 g, 0.282 mol, 4.0 equiv) in DMF (116 mL) 

was added AcOH (12 mL, 0.212 mol, 3.0 equiv). The mixture was cooled to 0 °C. After stirring 

for 5 min, bromide 7.2730 (11.5 g, 0.0705 mol, 1.0 equiv) was added. After stirring vigorously at 

0 °C for 2 h, the reaction mixture was poured into deionized water (300 mL) and diluted with 

Et2O (150 mL). The layers were separated and the aqueous layer was extracted with Et2O (2 x 

150 mL). The organic layers were combined, washed with deionized water (300 mL), dried over 

7.41 7.42(85% yield, 2 steps)

OH

O

I

N

O

I

Bn

Boc

Me Me

1. BnNH2 (1.1 equiv), HOBt (1.1 equiv)
    EDC•HCl (1.1 equiv), Et3N (2.2 equiv)
    DMF (0.17 M), 23 °C

2. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °C

1. AcOH (3.0 equiv), K2CO3 (4.0 equiv)
    DMF (0.61 M), 0 °C

2. K2CO3 (5.0 equiv)
    MeOH (0.5 M), 23 °C
3. methyl chloroformate (3.5 equiv)
    pyridine (4.0 equiv)
    CH2Cl2 (0.4 M), 0 °C

(41% yield, 3 steps)

Br

Me
Me

MeO2CO

Me
Me

MeMe

7.27 7.43
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MgSO4, and concentrated under reduced pressure (~100 mbar, at room temperature) to afford the 

corresponding acetate, which was used in the subsequent step without further purification. 

To a solution of the crude acetate in MeOH (141 mL) was added K2CO3 (48.7 g, 0.353 

mol, 4.0 equiv from 7.27). After stirring vigorously for 12 h, the reaction mixture was poured 

into deionized water (300 mL) and diluted with Et2O (150 mL). The layers were separated and 

the aqueous layer was extracted with Et2O (2 x 150 mL). The organic layers were combined, 

washed with deionized water (300 mL), dried over MgSO4, and concentrated under reduced 

pressure (~100 mbar, at room temperature) to afford the corresponding alcohol, which was used 

in the subsequent step without further purification. 

To a solution of the crude alcohol in CH2Cl2 (176 mL) was added pyridine (17.0 mL, 

0.212 mol, 3.0 equiv from 7.27). The reaction was cooled to 0 °C. After stirring for 5 min, 

methyl chloroformate (11 mL, 0.141 mol, 2.0 equiv from 7.27) was added dropwise over 1 min. 

The reaction was stirred for 6 h, and allowed to warm to room temperature, at which point 

additional pyridine (8.50 mL, 0.141 mol, 1.0 equiv from 7.27) and methyl chloroformate (5.5 ml, 

0.106 mol, 1.5 equiv from 7.27) was added. After stirring for an additional 12 h, the reaction 

mixture was poured into brine (200 mL) and diluted with Et2O (150 mL). The layers were 

separated and the aqueous layer was extracted with Et2O (2 x 150 mL). The organic layers were 

combined, washed with 1 N HCl (300 mL), dried over MgSO4, and concentrated under reduced 

pressure (~100 mbar, at room temperature). The crude mixture was purified via flash 

chromatography (99:1 Pentane:Et2O → 15:1 Pentane:Et2O) to afford carbonate 7.43 (4.62 g, 

41% yield, three steps) as a colorless oil. Carbonate 7.43: Rf 0.61 (3:1 Hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): δ 4.63 (s, 2H), 3.74 (s, 3H), 1.75–1.73 (m, 3H), 1.70–1.68 (m, 3H), 

1.67 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 156.1, 132.8, 122.4, 69.3, 54.7, 20.9, 20.3, 16.7; IR 
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(film): 2988, 2919, 1744, 1442, 1246 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for C8H14NaO3
+, 

181.0841; found 181.0843. 

 

 

Carbonate 7.45. To a solution of tiglic aldehyde (7.44) (3.0 g, 36 mmol, 1.0 equiv) in MeOH 

(15 mL) at 0 °C was added NaBH4 (1.6 g, 43 mmol, 1.2 equiv) in 10 portions over 5 min at 0 °C. 

After 3 h of stirring at room temperature, the mixture was poured into deionized water (50 mL) 

and diluted with CH2Cl2 (50 mL). The layers were separated and the aqueous layer was extracted 

with CH2Cl2 (2 x 50 mL). The organic layers were combined, washed with brine (50 mL), dried 

over MgSO4, and concentrated under reduced pressure to afford the corresponding alcohol, 

which was used in the subsequent step without further purification. 

 To a solution of the crude alcohol in CH2Cl2 (180 mL) was added pyridine (2.57 mL, 

31.9 mmol, 3.0 equiv from 7.44) and DMAP (0.86 g, 7.1 mmol, 0.2 equiv). The reaction was 

cooled to 0 °C. After stirring for 5 min, methyl chloroformate (0.87 mL, 11.3 mmol, 2.0 equiv 

from 7.44) was added dropwise over 20 min. The reaction was allowed to warm to room 

temperature. After stirring for 1 h, the reaction mixture was poured into brine (50 mL) and 

diluted with CH2Cl2 (50 mL). The layers were separated and the aqueous layer was extracted 

with CH2Cl2 (2 x 50 mL). The organic layers were combined, washed with 1 N HCl (50 mL), 

dried over MgSO4, and concentrated under reduced pressure. The crude mixture was purified via 

flash chromatography (9:1 Pentane:Et2O) to afford carbonate 7.45 (4.6 g, 80% yield, two steps) 

as a colorless oil. Carbonate 7.45: Rf 0.61 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

1. NaBH4 (1.2 equiv), MeOH (2.4 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv), DMAP (0.2 equiv)
    CH2Cl2 (0.2 M), 0 °C

(80% yield, 2 steps)

O

Me
Me

MeO2CO

Me
Me

7.44 7.45
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5.59 (q, J = 7.0, 1H), 4.51 (s, 2H), 3.77 (s, 3H), 1.67 (s, 3H), 1.63 (d, J = 7.0, 3H); 13C NMR 

(125 MHz, CDCl3): δ 156.0, 130.4, 125.2, 74.0, 54.8, 13.7, 13.4; IR (film): 2957, 1745, 1442, 

1250, 935, 792 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for C8H14O3Na 181.0843; found 

181.0841. 

 

 

Carbonate 7.47. To a solution of methyl ester 7.46 (1.26 g, 10.0 mmol, 1.0 equiv) in Et2O (17 

mL) at 0 °C was added LiAlH4 (570 mg, 15.0 mmol, 1.5 equiv) at 0 °C. After stirring for 4 h, 

deionized water (3 mL) was added dropwise over 5 min at 0 °C. The resulting heterogeneous 

mixture was filtered through a plug of celite® (50 mL of Et2O eluent) and the filtrate was diluted 

with deionized water (50 mL). The layers were separated and the aqueous layer was extracted 

with Et2O (3 x 50 mL). The organic layers were combined, dried over MgSO4, and concentrated 

under reduced pressure (~100 mbar, at room temperature) to afford the corresponding alcohol, 

which was used in the subsequent step without further purification. 

To a solution of the crude alcohol in CH2Cl2 (30 mL) was added pyridine (2.50 mL, 30.0 

mmol, 3.0 equiv from 7.46). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (1.55 mL, 20.0 mmol, 2.0 equiv from 7.46) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 15 h, the reaction mixture 

was poured into brine (150 mL) and diluted with CH2Cl2 (50 mL). The layers were separated and 

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

washed with 1 N HCl (50 mL), dried over MgSO4, and concentrated under reduced pressure 

(~100 mbar, at room temperature). The crude mixture was purified via flash chromatography 

1. LiAlH4 (1.5 equiv)
    Et2O (0.59 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.33 M), 0 °C

(50% yield, 2 steps)7.46 7.47

CO2Me MeO2CO
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(98:2 Hexanes:Et2O) to afford carbonate 7.47 (792 mg, 50% yield, two steps) as a colorless oil. 

Carbonate 7.47: Rf 0.48 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.72 (s, 1H), 4.69 

(s, 2H), 3.79 (s, 3H), 2.38–2.31 (m, 4H), 1.92 (quint, J =7.7, 2H); 13C NMR (125 MHz, CDCl3): 

δ 156.0, 138.6, 129.6, 66.9, 54.9, 32.9, 32.6, 23.4; IR (film): 2960, 2918, 2848, 1750, 1447, 

1263, 949 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for C8H12O3Na, 179.0684; found 179.0677. 

 

 

Carbonate 7.49. To a solution of carboxylic acid 7.48 (2.00 g, 16.5 mmol, 1.0 equiv) in Et2O 

(40 mL) at 0 °C was added LiAlH4 (18.2 mL of a 1.0 M solution in Et2O, 18.2 mmol, 1.1 equiv) 

dropwise over 5 min at 0 °C. After stirring for 15 min, deionized water (5 mL) was added 

dropwise at 0 °C. The resulting heterogeneous mixture was filtered through a plug of celite® (25 

mL of Et2O eluent) and the filtrate was diluted with deionized water (50 mL). The layers were 

separated and the aqueous layer was extracted with Et2O (2 x 50 mL). The organic layers were 

combined, dried over MgSO4, and concentrated under reduced pressure (~100 mbar, at room 

temperature) to afford the corresponding alcohol, which was used in the subsequent step without 

further purification. 

To a solution of the crude alcohol in CH2Cl2 (40 mL) was added pyridine (2.55 mL, 49.5 

mmol, 3.0 equiv from 7.48). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (2.6 mL, 33.0 mmol, 2.0 equiv from 7.48) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 4 h, the reaction mixture 

was poured into brine (50 mL) and diluted with CH2Cl2 (50 mL). The layers were separated and 

CO2H 1. LiAlH4 (1.1 equiv)
    Et2O (0.4 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.4 M), 0 °C

MeO2CO

(71% yield, 2 steps)7.48 7.49
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the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The organic layers were combined, 

washed with 1 N HCl (50 mL), dried over MgSO4, and concentrated under reduced pressure 

(~100 mbar, at room temperature). The crude mixture was purified via flash chromatography 

(99:1 Pentane:Et2O → 49:1 Pentane:Et2O) to afford carbonate 7.49 (2.00 g, 71% yield, two 

steps) as a colorless oil. Carbonate 7.49: Rf 0.86 (1:1 Hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3): δ 5.78 (m, 1H), 4.49 (s, 2H), 3.78 (s, 3H), 2.02 (m, 4H), 1.64 (m, 2H), 1.57 (m, 2H); 13C 

NMR (125 MHz, CDCl3): δ 156.0, 132.5, 127.5, 72.7, 54.8, 25.9, 25.1, 22.4, 22.2; IR (film): 

2930, 1744, 1441, 1250 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for C9H14NaO3
+, 193.0841; 

found 193.0839. 

 

 

Carbonate 7.51. To a solution of known ester 7.5031 (3.15 g, 18.7 mmol, 1.0 equiv) in Et2O (30 

mL) at 0 °C was added LiAlH4 (1.07 g, 28.1 mmol, 1.5 equiv) at 0 °C. After stirring for 4 h, 

deionized water (3 mL) was added dropwise over 5 min at 0 °C. The resulting heterogeneous 

mixture was filtered through a plug of celite® (25 mL of Et2O eluent) and the filtrate was diluted 

with deionized water (25 mL). The layers were separated and the aqueous layer was extracted 

with Et2O (2 x 50 mL). The organic layers were combined, dried over MgSO4, and concentrated 

under reduced pressure (~100 mbar, at room temperature) to afford the corresponding alcohol, 

which was used in the subsequent step without further purification. 

To a solution of the crude alcohol in CH2Cl2 (40 mL) was added pyridine (4.65 mL, 56.1 

mmol, 3.0 equiv from 7.50). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

Me

CO2Et 1. LiAlH4 (1.5 equiv)
    Et2O (0.62 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.47 M), 0 °C

(61% yield, 2 steps)7.50 7.51

Me

MeO2CO
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chloroformate (2.9 mL, 37.4 mmol, 2.0 equiv from 7.50) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 15 h, the reaction mixture 

was poured into brine (100 mL) and diluted with Et2O (50 mL). The layers were separated and 

the aqueous layer was extracted with Et2O (3 x 50 mL). The organic layers were combined, 

washed with 1 N HCl (25 mL), dried over MgSO4, and concentrated under reduced pressure. The 

crude mixture was purified via flash chromatography (95:5 Hexanes:Et2O) to afford carbonate 

7.51 (2.09 g, 61% yield, two steps) as a colorless oil. Carbonate 7.51: Rf 0.45 (9:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.63 (s, 2H), 3.78 (s, 3H), 2.33 (s, 2H), 2.22 (s, 

2H), 1.70–1.63 (m, 7H); 13C NMR (125 MHz, CDCl3): δ 156.2, 145.0, 119.6, 70.6, 54.8, 31.3, 

30.4, 27.0, 26.4, 17.2; IR (film): 2956, 2867, 1748, 1442, 1373, 1256, 942 cm–1; HRMS–APCI 

(m/z) [M + H]+ calcd for C10H17O3
+, 185.11722; found 185.11700. 

 

 

Carbonate 7.53. To a solution of known ester 7.523 (3.08 g, 16.9 mmol, 1.0 equiv) in Et2O (30 

mL) at 0 °C was added LiAlH4 (965 mg, 25.4 mmol, 1.5 equiv). After stirring for 1 h, deionized 

water (3 mL) was added dropwise over 5 min at 0 °C. The resulting heterogeneous mixture was 

filtered through a plug of celite® (25 mL of Et2O eluent) and the filtrate was diluted with 

deionized water (25 mL). The layers were separated and the aqueous layer was extracted with 

Et2O (2 x 50 mL). The organic layers were combined, dried over MgSO4, and concentrated under 

reduced pressure (~100 mbar, at room temperature) to afford the corresponding alcohol, which 

was used in the subsequent step without further purification. 

Me

CO2Et 1. LiAlH4 (1.5 equiv)
    Et2O (0.56 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.42 M), 0 °C

(54% yield, 2 steps)7.52 7.53

Me

MeO2CO
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To a solution of the crude alcohol in CH2Cl2 (40 mL) was added pyridine (4.21 mL, 50.7 

mmol, 3.0 equiv from 7.52). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (2.6 mL, 33.8 mmol, 2.0 equiv from 7.52) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 15 h, the reaction mixture 

was poured into brine (100 mL) and diluted with Et2O (50 mL). The layers were separated and 

the aqueous layer was extracted with Et2O (3 x 50 mL). The organic layers were combined, 

washed with 1 N HCl (25 mL), dried over MgSO4, and concentrated under reduced pressure. The 

crude mixture was purified via flash chromatography (95:5 Hexanes:Et2O) to afford carbonate 

7.53 (1.83 g, 54% yield, two steps) as a colorless oil. Carbonate 7.53: Rf 0.45 (9:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.68 (s, 2H), 3.77 (s, 3H), 2.28–2.22 (m, 2H), 

2.21–2.15 (m, 2H), 1.73 (s, 3H), 1.60–1.48 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 156.2, 

141.4, 119.1, 69.0, 54.8, 31.0, 30.7, 28.4, 27.9, 26.8, 16.5; IR (film): 2925, 2854, 1744, 1443, 

1373, 1247, 937 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C11H19O3
+, 199.13287; found 

199.13247. 

 

 

Carbonate 7.55. To a solution of known ester 7.5432 (2.15 g, 10.9 mmol, 1.0 equiv) in Et2O (20 

mL) at 0 °C was added LiAlH4 (626 mg, 16.4 mmol, 1.5 equiv). After stirring for 1 h, deionized 

water (3 mL) was added dropwise over 5 min at 0 °C. The resulting heterogeneous mixture was 

filtered through a plug of celite® (25 mL of Et2O eluent) and the filtrate was diluted with 

deionized water (25 mL). The layers were separated and the aqueous layer was extracted with 

Me

CO2Et 1. LiAlH4 (1.5 equiv)
    Et2O (0.55 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.36 M), 0 °C

(64% yield, 2 steps)7.54 7.55

Me

MeO2CO
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Et2O (2 x 50 mL). The organic layers were combined, dried over MgSO4, and concentrated under 

reduced pressure (~100 mbar, at room temperature) to afford the corresponding alcohol, which 

was used in the subsequent step without further purification. 

 To a solution of the crude alcohol in CH2Cl2 (30 mL) was added pyridine (2.80 mL, 32.9 

mmol, 3.0 equiv from 7.54). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (1.7 mL, 21.9 mmol, 2.0 equiv from 7.54) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 15 h, the reaction mixture 

was poured into brine (100 mL) and diluted with Et2O (50 mL). The layers were separated and 

the aqueous layer was extracted with Et2O (3 x 50 mL). The organic layers were combined, 

washed with 1 N HCl (25 mL), dried over MgSO4, and concentrated under reduced pressure. The 

crude mixture was purified via flash chromatography (95:5 Hexanes:Et2O) to afford carbonate 

7.55 (1.49 g, 64% yield, two steps) as a colorless oil. Carbonate 7.55: Rf 0.52 (9:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.67 (s, 2H), 3.77 (s, 3H), 2.33 (t, J = 6.0, 2H), 

2.26 (t, J = 6.0, 2H), 1.71 (s, 3H), 1.60–1.53 (m, 4H), 1.51–1.44 (m, 4H); 13C NMR (125 MHz, 

CDCl3): δ 156.1, 142.2, 122.4, 69.1, 54.6, 32.3, 31.2, 28.9, 28.6, 28.2, 26.8, 16.4; IR (film): 

2922, 2854, 1748, 1443, 1374, 1256, 936 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for 

C12H20O3Na+, 235.1310; found 235.1301. 

 

 

Carbonate 7.57. To a solution of ester 7.5633 (1.47 g, 8.0 mmol, 1.0 equiv) in Et2O (20 mL) at 0 

°C was added LiAlH4 (8.8 mL of a 1.0 M solution in Et2O, 8.8 mmol, 1.1 equiv) dropwise over 5 

O
Me

CO2Et 1. LiAlH4 (1.1 equiv)
    Et2O (0.4 M), 0 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.4 M), 0 °C

(71% yield, 2 steps)7.56 7.57

O
Me

MeO2CO
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min. After stirring for 1 h, deionized water (1 mL) was added dropwise over 5 min at 0 °C. The 

resulting heterogeneous mixture was filtered through a plug of celite® (25 mL of Et2O eluent) 

and the filtrate was diluted with deionized water (25 mL). The layers were separated and the 

aqueous layer was extracted with Et2O (2 x 50 mL). The organic layers were combined, dried 

over MgSO4, and concentrated under reduced pressure (~100 mbar, at room temperature) to 

afford the corresponding alcohol, which was used in the subsequent step without further 

purification. 

To a solution of the crude alcohol in CH2Cl2 (20 mL) was added pyridine (1.93 mL, 24.0 

mmol, 3.0 equiv from 7.56). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (1.24 mL, 16.0 mmol, 2.0 equiv from 7.56) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 12 h, the reaction mixture 

was poured into brine (25 mL) and diluted with Et2O (25 mL). The layers were separated and the 

aqueous layer was extracted with Et2O (2 x 50 mL). The organic layers were combined, washed 

with 1 N HCl (25 mL), dried over MgSO4, and concentrated under reduced pressure. The crude 

mixture was purified via flash chromatography (9:1 Hexanes:EtOAc → 5:1 Hexanes:EtOAc) to 

afford carbonate 7.57 (1.14 g, 71% yield, two steps) as a colorless oil. Carbonate 7.57: Rf 0.73 

(1:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.66 (s, 2H), 3.78 (s, 3H), 3.67 (app ddd, J 

= 13.2, 7.7, 5.5, 4H), 2.39 (t, J = 5.5, 2H), 2.32 (t, J = 5.5, 2H) 1.75 (s, 3H); 13C NMR (125 

MHz, CDCl3): δ 156.1, 135.6, 121.5, 68.9–68.2 (2 carbons), 54.9, 31.3 & 31.1 (1 carbon), 16.3; 

IR (film): 2958, 2847, 1743, 1442, 1251 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C10H17O7
+, 201.11214; found 201.11059. 

Note: The data for carbonate 7.57 represents empirically observed chemical shifts from the 13C 

NMR spectrum, presumably due to the oxygen-containing heterocycle. 
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Carbonate 7.59. To a solution of ester 7.5834 (1.60 g, 5.65 mmol, 1.0 equiv) in THF (14 mL) at 

0 °C was added DIBAL-H (11.3 mL of a 1.0 M solution in THF, 11.3 mmol, 2.0 equiv) dropwise 

over 5 min. The reaction was stirred for 3 h, and allowed to warm to room temperature, at which 

point additional DIBAL-H (5.65 mL of a 1.0 M solution in THF, 5.65 mmol, 1.0 equiv) was 

added. After stirring for an additional hour, the reaction mixture was poured into water (50 mL) 

and diluted with Et2O (50 mL). The resulting heterogeneous mixture was filtered through a plug 

of celite® (100 mL of Et2O eluent). The layers of the resulting filtrate were separated and the 

aqueous layer was extracted with Et2O (1 x 50 mL). The organic layers were combined, dried 

over MgSO4, and concentrated under reduced pressure to afford the corresponding alcohol, 

which was used in the subsequent step without further purification. 

To a solution of the crude alcohol in CH2Cl2 (14 mL) was added pyridine (2.57 mL, 31.9 

mmol, 3.0 equiv from 7.58). The reaction was cooled to 0 °C. After stirring for 5 min, methyl 

chloroformate (0.87 mL, 11.3 mmol, 2.0 equiv from 7.58) was added dropwise over 1 min. The 

reaction was allowed to warm to room temperature. After stirring for 1 h, the reaction mixture 

was poured into brine (50 mL) and diluted with CH2Cl2 (50 mL). The layers were separated and 

the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The organic layers were combined, 

washed with 1 N HCl (50 mL), dried over MgSO4, and concentrated under reduced pressure. The 

crude mixture was purified via flash chromatography (9:1 Hexanes:EtOAc) to afford carbonate 

7.59 (1.18 g, 70% yield, two steps) as a colorless oil. Carbonate 7.59: Rf 0.78 (1:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.66 (s, 2H), 3.77 (s, 3H), 3.40 (app q, J = 6.8, 

1. DIBAL-H (3.0 equiv)
    THF (0.4 M), –78 °C

2. methyl chloroformate (2.0 equiv)
    pyridine (3.0 equiv)
    CH2Cl2 (0.4 M), 0 °C

(70% yield, 2 steps)7.58 7.59

NBoc

CO2Et

Me

NBoc
Me

MeO2CO
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4H), 2.35 (t, J = 5.6, 2H), 2.28 (t, J = 5.6, 2H) 1.75 (s, 3H), 1.45 (s, 9H); 13C NMR (125 MHz, 

CDCl3): δ 156.0, 154.9, 136.2, 122.3, 79.6, 68.3, 54.9, 29.9, 29.5, 28.6, 16.5; IR (film): 2974, 

1745, 1691, 1441, 1420, 1365, 1250, 1228, 1164 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C15H26NO5
+, 300.18055; found 300.17829. 

 

7.5.2.1.4 Reductive Coupling of Imides and Carbonates 

Representative Procedure (synthesis of imide 7.5 is used as an example). 

Reductive couplings were performed using a modification of the procedure reported by Gong 

and co-workers for the coupling of aryl bromides with substituted allylic acetates.14c  

 

 

Imide 7.5. A scintillation vial containing imide 7.30 (219 mg, 0.50 mmol, 1.0 equiv), ligand 7.60 

(9.1 mg, 0.050 mmol, 10 mol%), and a magnetic stir bar was sequentially charged with NiI2 

(15.6 mg, 0.050 mmol, 10 mol%), MgCl2 (47.6 mg, 0.50 mmol, 1.0 equiv), TBAB (161 mg, 0.50 

mmol, 1.0 equiv) and Zn0 (65.4 mg, 1.0 mmol, 2.0 equiv) in the glovebox. The vial was removed 

from the glovebox, at which point DMA (2.0 mL), pyridine (40 µL, 0.5 mmol, 1.0 equiv), and 

carbonate 7.43 (158 mg, 1.0 mmol, 2.0 equiv) were added. The vial was quickly sealed with a 

teflon-lined screw cap, and stirred at 60 °C for 14 h. After cooling to room temperature, the 

mixture was passed through a column of silica gel and flushed (5:2 Hexanes:EtOAc) until TLC 

indicated the desired product had eluted. The volatiles were removed under reduced pressure and 
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the crude mixture was further purified by flash chromatography (99:1 Hexanes:EtOAc) to yield 

imide 7.5 (92 mg, 47% yield) as a white solid. Spectral data matched what is reported in Section 

7.5.2.1.1. 

Any modifications of the conditions shown in the representative procedures above are specified 

in the following schemes. 

 

 

Imide 7.61. Following the representative procedure with iodo-imide 7.30 (218 mg, 0.5 mmol, 

1.0 equiv), purification by flash chromatography (9:1 Hexanes:EtOAc) yielded 7.61 as an 

inseparable mixture of olefin isomers (79 mg, 41% yield, 7:1 isomer ratio E:Z) and as a colorless 

oil. Configurational isomers of imide 7.61 were analyzed as a mixture: 7.61 (Major (E)-isomer): 

1H NMR (500 MHz, CDCl3): δ 7.45–7.41 (m, 2H), 7.36–7.32 (m, 2H), 7.31–7.26 (m, 1H), 7.21–

7.12 (m, 4H), 5.24 (q, J = 6.8, 1H), 5.01 (s, 2H), 3.34 (s, 2H), 1.57 (d, J = 6.8, 3H), 1.53 (s, 3H), 

1.10 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.5, 153.0, 138.6, 138.1, 137.5, 134.2, 130.0, 

129.4, 127.5, 126.4, 125.8, 121.7, 83.4, 48.1, 42.8, 27.6, 16.0, 13.7; 7.61 (Minor (Z)-isomer): 1H 

NMR (500 MHz, CDCl3): (20 of 29 signals observed) δ 5.45 (q, J = 6.8, 1H), 5.07–5.03 (m, 1H), 

4.90–4.85 (m, 1H), 3.41 (s, 2H), 1.63 (d, J = 6.8, 3H), 1.61 (s, 3H), 1.11 (s, 9H); 13C NMR (125 

MHz, CDCl3): δ 172.6, 153.1, 138.7, 138.0, 137.0, 133.8, 129.7, 129.6, 127.6, 126.1, 125.7, 

121.9, 83.5, 48.1, 34.2, 27.7, 23.8, 13.8; Imide 7.61 (mixture): Rf 0.62 (4:1 Hexanes:EtOAc) IR 
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(film): 2979, 1726, 1669, 1228, 1137, 739 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C24H30NO3 380.22202; found 380.22186. 

 

Imide 7.62. Following the representative procedure with iodo-imide 7.30 (874 mg, 2.0 mmol, 

1.0 equiv), imide 7.62 (165 mg, 21% yield) was obtained as a colorless oil. Imide 7.62: Rf 0.48 

(9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.43 (d, J = 7.4, 2H), 7.35–7.24 (m, 4H), 

7.22–7.13 (m, 3H), 5.32 (s, 1H), 5.01 (s, 2H), 3.45 (s, 2H), 2.32–2.24 (m, 2H), 2.20–2.14 (m, 

2H), 1.83 (quint, J = 7.7, 2H), 1.10 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.4, 152.9, 142.6, 

138.2, 138.0, 137.3, 130.1, 129.4, 128.5, 128.4, 127.5, 126.7, 126.4, 125.7, 83.3, 48.1, 35.1, 34.9, 

32.6, 27.5, 23.6; IR (film): 2933, 1728, 1671, 1369, 1334, 1229, 1139 cm–1; HRMS–APCI (m/z) 

[M + H]+ calcd for C25H30NO3
+, 392.22202; found 392.21992. 

 

 

Imide 7.63. Following the representative procedure with iodo-imide 7.30 (1.09 g, 2.5 mmol, 1.0 

equiv), imide 7.63 (417 mg, 41% yield) was obtained as a colorless oil. Imide 7.63: Rf 0.66 (3:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.43 (d, J = 7.1, 2H), 7.33 (t, J = 7.6, 2H), 

7.31–7.24 (m, 2H), 7.23–7.13 (m, 3H), 5.43 (m, 1H), 5.01 (s, 2H), 3.31 (s, 2H), 1.98 (s, 2H), 
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1.83 (s, 2H), 1.55 (m, 4H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.5, 152.9, 138.4, 

138.0, 137.4, 136.2, 129.9, 129.4, 128.6, 128.4, 127.5, 126.4, 125.7, 124.2, 83.3, 48.1, 41.4, 28.3, 

27.5, 25.5, 23.0, 22.4; IR (film): 2929, 1728, 1671, 1334, 1230, 1140 cm–1; HRMS–APCI (m/z) 

[M + H]+ calcd for C26H32NO3
+, 406.23767; found 406.23493. 

 

 

Imide 7.64. Following the representative procedure with iodo-imide 7.30 (874 mg, 2.0 mmol), 

imide 7.64 (418 mg, 50% yield) was obtained as a colorless oil. Imide 7.64: Rf 0.45 (9:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.44 (d, J = 7.7, 2H), 7.33 (t, J = 7.2, 2H), 

7.31–7.25 (m, 2H), 7.18–7.10 (m, 3H), 5.03 (s, 2H), 3.39 (s, 2H), 2.25 (m, 4H), 1.67 (m, 4H), 

1.55 (m, 3H), 1.10 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.6, 153.0, 139.7, 138.7, 138.0, 

137.5, 129.5, 128.59, 128.57, 128.4, 127.5, 126.1, 125.5, 122.9, 83.4, 48.0, 38.1, 31.0, 30.9, 27.5, 

27.2, 27.0, 19.3 ; IR (film): 2938, 1729, 1672, 1335, 1229, 1139 cm–1; HRMS–APCI (m/z) [M + 

H]+ calcd for C27H34NO3
+, 420.25332; found 420.25300. 
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Imide 7.65. Following the representative procedure with iodo-imide 7.30 (0.44 g, 1.0 mmol, 1.0 

equiv), imide 7.65 (0.22 g, 50% yield) was obtained as a colorless oil. Imide 7.65: Rf 0.45 (9:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.45–7.42 (m, 2H), 7.46–7.43 (m, 2H), 7.36–

7.32 (m, 2H), 7.18–7.10 (m, 3H), 5.04 (s, 2H), 3.44 (s, 2H), 2.25 (t, J = 5.8, 2H), 2.17 (t, J = 5.8, 

2H), 1.60 (s, 3H), 1.59–1.54 (m, 4H), 1.52–1.46 (m, 2H), 1.10 (s, 9H); 13C NMR (125 MHz, 

CDCl3): δ 172.6, 153.0, 138.7, 138.0, 137.8, 135.9, 129.5, 128.6, 128.4, 128.3, 127.5, 125.9, 

125.4, 121.8, 83.4, 48.0, 36.2, 30.84, 30.78, 28.5, 28.3, 27.5, 27.1, 18.4; IR (film): 2922, 1728, 

1368, 1137, 740, 672 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C28H36NO3
+, 434.26897; 

found 434.26866. 

 

 

Imide 7.67. Following the representative procedure with iodo-imide 7.30 (874 mg, 2.0 mmol, 

1.0 equiv), purification by flash chromatography (199:1 Hexanes:EtOAc) yielded imide 7.67 

(172 mg, 19% yield) was obtained as a colorless oil. Imide 7.67: Rf 0.50 (9:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): δ 7.44 (d, J = 7.8, 2H), 7.33 (t, J = 7.2, 2H), 7.31–7.25 (m, 2H), 

7.18–7.10 (m, 3H), 5.04 (s, 2H), 3.42 (s, 2H), 2.31 (t, J = 5.9, 2H), 2.25 (t, J = 5.9, 2H), 1.65–
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1.59 (m, 2H), 1.58 (s, 3H), 1.57–1.47 (m, 6H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 

172.6, 153.0, 138.7, 138.0, 137.7, 137.0, 129.5, 128.6, 128.4, 128.2, 127.5, 126.0, 125.4, 125.3, 

83.4, 48.0, 36.4, 32.0, 31.8, 29.4, 29.0, 28.1, 27.8, 27.5, 18.6; IR (film): 2921, 1730, 1673, 1335, 

1229, 1138 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C29H38NO3
+, 448.28462; found 

448.28241. 

 

Imide 7.68. After following the representative procedure with iodo-imide 7.30 (1.16 g, 2.66 

mmol, 1.0 equiv), the crude reaction mixture was vigorously stirred with 1:1 1 N NaOH/THF (26 

mL) solution for 4 h to remove residual carbonate 7.57. Purification by flash chromatography 

(49:1 Hexanes:EtOAc → 9:1 Hexanes:EtOAc) afforded imide 7.68 (536 mg, 46% yield) as a 

colorless oil. Imide 7.68: Rf 0.49 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.43 (d, 

J = 7.7, 2H), 7.34 (t, J = 7.7, 2H), 7.29 (dt, J = 7.7, 1.3, 2H), 7.17 (t, J = 7.7, 1H), 7.13 (t, J = 8.0, 

2H), 5.03 (s, 2H), 3.71 (d, J = 5.5, 2H), 3.64 (d, J = 5.5, 2H), 3.45 (s, 2H), 2.38 (d, J = 5.5, 2H), 

2.30 (d, J = 5.5, 2H), 1.63 (s, 3H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.5, 153.0, 

138.6, 137.9, 137.3, 130.3, 129.6, 128.6, 128.4, 128.2, 127.6, 126.0, 125.6, 124.5, 83.5, 69.2 & 

69.1 (1 carbon), 48.1, 35.9, 31.3 & 31.2 (1 carbon), 27.6, 18.3; IR (film): 2962, 2845, 1728, 

1669, 1369, 1333, 1228, 1137, 1101 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C27H34NO4
+, 

436.24824; found 436.24824. 

 

N

Cl

N

H
N

7.60

N

O

I

NiI2 (10 mol%)
7.60  (10 mol%)

pyridine (1.0 equiv)
MgCl2 (1.0 equiv)

TBAB (1.0 equiv)
Zn0 (2.0 equiv)

DMA (0.25 M), 60 °C

+
Me

N

O

Me

MeO2CO

7.30 7.57 7.68

Bn

Boc

Boc

Bn

(46% yield)

O

O



 514 

Note: The data for imide 7.68 represents empirically observed chemical shifts from the 13C NMR 

spectrum, presumably due to the oxygen-containing heterocycle. 

 

 

Imide 7.69. After following the representative procedure with iodo-imide 7.30 (1.08 g, 2.47 

mmol, 1.0 equiv), the crude reaction mixture was vigorously stirred with 2:1 1 N NaOH/THF (30 

mL) solution for 22 h to remove residual carbonate 7.59. Purification by flash chromatography 

(199:1 Benzene:EtOAc → 24:1 Benzene:EtOAc) afforded imide 7.69 (622 mg, 47% yield) as a 

colorless oil. Imide 7.69: Rf 0.49 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.44 (d, 

J = 7.9, 2H), 7.34 (tt, J = 7.6, 1.4, 2H), 7.32–7.27 (m, 2H), 7.16 (td, J = 7.6, 1.0, 1H), 7.11 (td, J 

= 7.4, 1.3, 2H), 5.03 (s, 2H), 3.45 (s, 4H), 3.37 (s, 2H), 2.34 (t, J = 5.6, 2H), 2.27 (s, 2H), 1.63 (s, 

3H), 1.47 (s, 9H) 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.5, 155.1, 153.0, 138.6, 137.9, 

137.2, 130.9, 129.6, 128.6, 128.4, 128.2, 127.6, 126.0, 125.7, 125.3, 83.5, 79.5, 48.1, 45.0 & 

44.4 (1 carbon), 36.2, 29.8 & 29.7 (1 carbon), 28.6, 27.6, 18.5; IR (film): 2976, 1730, 1692, 

1672, 1367, 1231, 1164, 1141 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C32H43N2O5
+, 

535.31665; found 535.31392. 

Note: The data for imide 7.69 represents empirically observed chemical shifts from the 13C NMR 

spectrum, presumably due to the nitrogen-containing heterocycle. 
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Imide 7.70. Following the representative procedure with iodo-imide 7.32 (1.82g, 4.0 mmol) led 

to appreciable amounts of des-Boc coupled product. As such, the mixture was re-subjected to the 

general conditions used to install a boc group described in the synthesis of 7.5 (Section 

7.5.2.1.1). Purification by flash chromatography (99:1 Pentane:Et2O → 49:1 Pentane:Et2O) 

afforded imide 7.70 (275 mg, 17% yield, two steps) as an off-white oil. Imide 7.70: Rf 0.64 (3:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.42 (d, J = 7.8, 2H), 7.34 (tt, J = 7.2, 1.4, 2H), 

7.28 (tt, J = 7.4, 1.4, 1H), 7.06 (dd, J = 8.6, 5.6, 1H), 6.98 (dt, J = 8.4, 2.7, 1H), 6.84 (dd, J = 8.6, 

2.7, 1H) 5.02 (s, 2H), 3.34 (s, 2H), 1.74 (s, 3H), 1.68 (s, 3H), 1.56 (s, 3H), 1.16 (s, 9H); 13C 

NMR (125 MHz, CDCl3): δ 171.2 (d, J = 2.4), 160.7 (d, J = 246), 152.6, 139.9 (d, J = 6.8), 

137.7, 133.0 (d, J = 3.3), 130.0 (d, J = 7.6), 128.6, 128.3, 127.6, 127.5, 125.2, 116.1 (d, J = 21), 

113.0 (d, J = 23), 83.8, 48.0, 36.1, 27.6, 20.8, 20.7, 18.7; 19F NMR (376 MHz, CDCl3): δ –117.9, 

(s, 1F); IR (film): 2982, 2920, 1734, 1673, 1369, 1331, 1229, 1149 cm–1; HRMS–APCI (m/z) [M 

+ H]+ calcd for C25H31FNO3
+, 412.22825; found 412.22781. 
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Imide 7.71. Following the representative procedure with iodo-imide 7.34 (455 mg, 0.9 mmol), 

purification by flash chromatography (199:1 Benzene:EtOAc) yielded imide 7.71 (169 mg, 41% 

yield) as a yellow oil. Imide 7.71: Rf 0.75 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 

7.54 (dd, J = 8.2, 1.4, 1H), 7.43 (d, J = 8.0, 2H), 7.37 (d, J = 1.5, 1H), 7.35 (tt, J = 7.8, 1.4, 2H), 

7.29 (tt, J = 7.4, 1.3, 1H), 7.24 (d, J = 8.1, 1H) 5.05 (s, 2H), 3.44 (s, 2H), 1.76 (s, 3H), 1.69 (s, 

3H), 1.58 (s, 3H), 1.12 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 171.2, 152.4, 141.7, 139.3, 

137.6, 128.9, 128.7, 128.4 128.3, 128.2, 127.7, 125.9 (q, J = 3.7), 124.4, 124.1 (q, J = 274), 

122.8 (q, J = 3.7), 84.0, 48.1, 36.9, 27.5, 20.78, 20.75, 18.9; 19F NMR (376 MHz, CDCl3): δ –

62.4, (s, 3F); IR (film): 2983, 1736, 1672, 1318, 1141, 1123 cm–1; HRMS–APCI (m/z) [M + H]+ 

calcd for C26H31F3NO3
+, 462.22505; found 462.22240. 

 

 

Imide 7.72. Following the representative procedure with iodo-imide 7.36 (0.42 g, 0.9 mmol), 

purification by flash chromatography (99:1 Hexanes:EtOAc) yielded imide 7.72 (79 mg, 21% 

yield) as a colorless oil. Imide 7.72: Rf 0.52 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 
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7.36 7.43 7.72

Bn

Boc

Boc

Bn

Me

Me

MeO

MeO

Me

(21% yield)
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8.6, 2.8, 1H), 6.66 (d, J = 2.8, 1H), 5.02 (s, 2H), 3.74 (s, 3H), 3.33 (s, 2H), 1.73 (s, 3H), 1.69 (s, 

3H), 1.56 (s, 3H), 1.13 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.4, 157.5, 153.0, 139.4, 

138.0, 129.60, 129.57, 128.7, 128.5, 127.6, 127.0, 125.8, 115.3, 111.5, 83.5, 55.6, 48.1, 36.0, 

27.7, 20.84, 20.81, 18.8; IR (film): 2980, 1730, 1672, 1142, 1039, 851 cm–1; HRMS–APCI (m/z) 

[M + H]+ calcd for C26H34NO4
+, 424.24824; found 424.24803. 

 

 

Imide 7.73: Following the representative procedure with bromo-imide 7.38 (0.84 g, 2.0 mmol), 

purification by flash chromatography (98:2 Hexanes:EtOAc) yielded imide 7.73 (0.24 g, 28% 

yield) as a colorless oil. Imide 7.73: Rf 0.40 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 

δ 7.44–7.42 (m, 2H), 7.35–7.32 (m, 2H), 7.28–7.24 (m, 1H), 7.13–7.10 (m, 1H), 6.69–6.66 (m, 

2H), 5.00 (s, 2H), 3.78 (s, 3H), 3.47 (s, 2H), 1.75 (s, 3H), 1.70 (s, 3H), 1.59 (s, 3H), 1.15 (s, 9H); 

13C NMR (125 MHz, CDCl3): (20 of 21 signals observed) δ 172.5, 160.9, 153.3, 140.7, 138.1, 

131.0, 128.6, 128.34, 128.30, 127.4, 125.3, 114.7, 109.7, 83.0, 55.4, 48.4, 37.0, 27.7, 20.8, 18.9; 

IR (film): 2979, 1726, 1328, 1227, 966, 626 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C26H34NO4
+, 424.24824; found 424.24858. 

 

N

Cl

N

H
N

7.60

N

O

Br

NiI2 (10 mol%)
7.60 (10 mol%)

pyridine (1.0 equiv)
MgCl2 (1.0 equiv)

TBAB (1.0 equiv)
Zn0 (2.0 equiv)

DMA (0.25 M), 60 °C

+

Me
Me

N

O

Me

MeO2CO

7.38 7.43 7.73

Bn

Boc

Boc

Bn

Me

Me

Me

(28% yield)

MeO

MeO
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Imide 7.74. Following the representative procedure with iodo-imide 7.50 (2.1 g, 4.5 mmol) led 

to appreciable amounts of des-Boc coupled product. As such, the mixture was re-subjected to the 

general conditions used to install a boc group described in the synthesis of 7.5 (Section 

7.5.2.1.1). Purification by flash chromatography (9:1 Hexanes:EtOAc) afforded imide 7.74 (0.48 

g, 26% yield, two steps) as a colorless oil. Imide 7.74: Rf 0.51 (9:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): δ 7.42–7.39 (m, 2H), 7.33–7.29 (m, 2H), 7.27–7.22 (m, 1H), 7.01 (d, J = 7.7, 

1H), 6.94 (d, J = 7.7, 1H), 6.88 (s, 1H), 5.00 (s, 2H), 3.41 (s, 2H), 2.30 (s, 3H), 1.73 (s, 3H), 1.69 

(s, 3H), 1.56 (s, 3H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 172.6, 153.0, 139.4, 137.9, 

137.7, 135.5, 129.0, 128.4, 128.1, 127.2, 126.7, 126.1, 125.9, 125.4, 83.0, 47.9, 36.6, 27.4, 21.5, 

20.6, 18.6; IR (film): 2980, 1728, 1670, 1229, 1142, 969 cm–1; HRMS–APCI (m/z) [M + H]+ 

calcd for C26H33NO3
+, 408.25332; found 408.25332. 

 

 

Imide 7.75. Following the representative procedure with iodo-imide 7.52 (0.93 g, 2.0 mmol, 1.0 

equiv) led to appreciable amounts of des-Boc coupled product. As such, the mixture was re-

subjected to the general conditions used to install a boc group described in the synthesis of 7.5 

(Section 7.5.2.1.1). Purification by flash chromatography (9:1 Hexanes:EtOAc) afforded imide 

N

O

I

+

7.50

Boc

Bn

(26% yield, 2 steps) 7.74

N

O

Me

Me

Bn

Boc

Me

Me

Me
N

Cl

N

H
N

7.60

1. NiI2 (10 mol%), 7.60  (10 mol%)
    pyridine (1.0 equiv), MgCl2 (1.0 equiv)
    TBAB (1.0 equiv), Zn0 (2.0 equiv)
    DMA (0.25 M), 60 °C

2. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °CMe

Me

MeO2CO

7.43

Me

N

O

I
+

7.52

Boc

Bn

7.75

N

O

Me

Me

Bn

Boc

Me
N

Cl

N

H
N

7.60

1. NiI2 (10 mol%), 7.60  (10 mol%)
    pyridine (1.0 equiv), MgCl2 (1.0 equiv)
    TBAB (1.0 equiv), Zn0 (2.0 equiv)
    DMA (0.25 M), 60 °C

2. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °CMe

Me

MeO2CO

7.43

Me

(15% yield, 2 steps)

Me
Me
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7.75 (102 mg, 15% yield, two steps) as a colorless oil. Imide 7.75: Rf 0.57 (4:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): δ 7.42–7.39 (m, 2H), 7.34–7.30 (m, 2H), 7.28–7.24 (m, 1H), 7.13 

(d, J = 8.0, 1H), 7.06 (t, J = 8.0, 1H), 6.95 (d, J = 8.0, 1H), 5.00 (s, 2H), 3.43 (br s, 2H), 2.21 (s, 

3H), 1.74 (s, 3H), 1.67 (s, 3H), 1.39 (s, 3H), 1.10 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 173.1, 

153.0, 139.6, 138.3, 138.2, 136.5, 131.2, 128.6, 128.4, 127.5, 125.7, 125.3, 125.1, 123.8, 83.8, 

48.0, 34.8, 27.6, 21.1, 20.7, 19.8, 16.9; IR (film): 2979, 1729, 1674, 1368, 1144, 698 cm–1; 

HRMS–APCI (m/z) [M + H]+ calcd for C26H34NO3
+, 408.25332; found 408.25311. 

 
7.5.2.2 Initial Evaluation of Reaction Conditions 

Representative Procedure for the Nickel-Catalyzed Heck Cyclization of Imides 

 

Indanone 7.6 (Table 7.1). A dram vial containing imide 7.5 (39.3 mg, 0.10 mmol, 1.0 equiv), 

hexamethylbenzene, and a magnetic stir bar was sequentially charged with the appropriate 

ligand, Ni(cod)2, and NaOt-Bu in a glovebox. Subsequently, toluene (0.20 mL) and the additive 

(when applicable) were added. The vial was sealed with a Teflon-lined screw cap, removed from 

the glove box, wrapped with Teflon tape, and stirred at the appropriate temperature for 24 h. 

After cooling to room temperature, the mixture was diluted with Hexanes (1.0 mL) and filtered 

through a plug of silica gel (10 mL of EtOAc eluent). The volatiles were removed under reduced 

pressure, and the yield was determined by 1H NMR analysis with hexamethylbenzene as the 

internal standard. 

Ni(cod)2
ligand

NaOt-Bu
additive

hexamethylbenzene
toluene (0.5 M), 60 °C

7.5 7.6

N

O

Boc

Bn

Me
Me

Me

O
Me

Me
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7.5.2.3 Scope of Methodology 

Representative Procedure for the Nickel-Catalyzed Heck Cyclization of Imides (synthesis 

of indanone 7.6 is used as an example). 

 

 

Indanone 7.6 (Table 7.2). A dram vial containing imide 7.5 (39.3 mg, 0.10 mmol, 1.0 equiv) 

and a magnetic stir bar was sequentially charged with 7.9 (9.6 mg, 0.030 mmol, 30 mol%), 

Ni(cod)2 (4.1 mg, 0.015 mmol, 15 mol%), and NaOt-Bu (3.2 mg, 0.033 mmol, 33 mol%) in a 

glovebox. Subsequently, toluene (0.20 mL) and then t-amyl alcohol (32 µL, 0.30 mmol, 3.0 

Entry Ligand
(loading) Additive

1 7.7  (40 mol%) none

2 7.8  (40 mol%)

Yield b

0%

none 24%

Temp.

100 °C

100 °C

3 7.9  (40 mol%) none 100 °C 76%

4 7.9  (20 mol%) none 100 °C 67%

6 7.9  (30 mol%) none 100 °C 91%

7 7.9  (30 mol%) t-amyl alcoholc 60 °C 95%

5 7.9  (20 mol%) none 100 °C 51%

7.5

O

*

N

O

Boc

Bn

Me
Me

Me

Me

7.6

Me

Ni(cod)2
ligand

NaOt-Bu
additive

toluene (0.5 M)
heat

N N

Cl

N N

iPr

iPr iPr

iPr

N N

BF4

Benz-ICy•HCl (7.9)

Ni(cod)2
(loading)

20 mol%

20 mol%

20 mol%

20 mol%

15 mol%

15 mol%

10 mol%

SIPr•HCl (7.7) ICy•HBF4 (7.8)

Cl

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.5 7.6

N

O

Boc

Bn

Me
Me

Me

O
Me

Me

(74% yield)

N N

Cl
7.9
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equiv) were added. The vial was sealed with a Teflon-lined screw cap, removed from the 

glovebox, and stirred at 60 °C for 24 h. After cooling to room temperature, the mixture was 

diluted with hexanes (1.0 mL) and filtered through a plug of silica gel (10 mL of EtOAc eluent). 

The volatiles were removed under reduced pressure. 1H NMR analysis of the crude reaction 

mixture indicated a 95% yield (average of two experiments) of ketone 7.6 relative to a 

hexamethylbenzene external standard. Purification by preparative thin-layer chromatography 

(3:1 Hexanes:EtOAc) afforded indanone 7.6 (74% yield, average of two experiments) as a 

colorless oil. The diminished isolated yields of 7.6 can be attributed to the volatility of the neat 

compound. Indanone 7.6: Rf 0.59 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.78 (d, 

J = 7.7, 1H), 7.61 (td, J = 7.5, 1.1, 1H), 7.45 (dt, J = 7.7, 0.9, 1H), 7.38 (td, J = 7.5, 0.7, 1H), 

4.95 (m, 2H), 3.33 (d, J = 17.4, 1H), 2.95 (d, J = 17.4, 1H), 1.65 (s, 3H), 1.38 (s, 3H); 13C NMR 

(125 MHz, CDCl3): δ 209.2, 152.7, 145.9, 135.9, 135.0, 127.6, 126.5, 124.6, 112.1, 54.5, 41.3, 

22.7, 19.9; IR (film): 2966, 2928, 1710, 1604, 1464, 1277 cm–1; HRMS–APCI (m/z) [M + H]+ 

calcd for C13H15O, 187.11174; found 187.11130. 

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

the following schemes, which depict all of the results shown in Table 7.2 and Figure 7.2. 

 

 

Indanone 7.10 (Table 7.2). Purification by preparative thin-layer chromatography (9:1 

Hexanes:EtOAc) afforded indanone 7.10 (71% yield, average of two experiments) as a colorless 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
toluene (0.5 M), 100 °C

7.61 7.10

N

O

Boc

Bn

Me
Me

O
Me

(71% yield)
ratio E:Z (7:1)



 522 

oil. Indanone 7.10: Rf 0.59 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.77 (d, J = 

7.8, 1H), 7.60 (td, J = 7.5, 1.2, 1H), 7.45 (dt, J = 7.7, 0.9, 1H), 7.38 (t, J = 7.8, 1H), 5.95 (dd, J = 

7.5, 10.6, 1H), 5.20–5.11 (m, 2H), 3.32 (d, J = 17.0, 1H), 3.02 (d, J = 17.0, 1H), 1.37 (s, 3H); 13C 

NMR (125 MHz, CDCl3): δ 208.0, 152.0, 140.6, 135.2, 134.9, 127.5, 126.4, 124.6, 113.9, 52.3, 

40.7, 23.2; IR (film): 2966, 1714, 1465, 1279, 738 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C12H13O+, 173.09609; found 173.09618. 

 

 

Indanones 7.11a and 7.11b (Table 7.2). Purification by preparative thin-layer chromatography 

(95:5 Benzene:CH3CN) afforded indanones 7.11a and 7.11b (92% combined yield, average of 

two experiments) as a ~1:1 mixture of olefin isomers. Iterative purification by preparative thin-

layer chromatography (Benzene) afforded analytical samples of indanones 7.11a and 7.11b as 

colorless oils. Spectral data match those previously reported.35 

 

 

Indanones 7.12a and 7.12b (Table 7.2). Purification by preparative thin-layer chromatography 

(19:1 Benzene:CH3CN) afforded indanones 7.12a and 7.12b (75% combined yield, average of 

two experiments) as a ~1:1 mixture of olefin isomers. Iterative purification by preparative thin-

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
toluene (0.5 M), 100 °C

7.62 7.11a

N

O

Boc

Bn
O

(92% yield) 7.11b

O

+

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.63 7.12a

N
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O

(75% yield) 7.12b

O
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layer chromatography (Benzene) afforded analytical samples of 7.12a and 7.12b as colorless 

oils. Indanone 7.12a: Rf 0.47 (benzene); 1H NMR (500 MHz, CDCl3): δ 7.77 (d, J = 7.6, 1H) 

7.59 (td, J = 7.6, 1.1, 1H), 7.43 (d, J = 7.6, 1H), 7.37 (t, J = 7.6, 1H), 6.00 (ddd, J = 7.5, 4.2, 3.3, 

1H), 5.45 (d, J = 9.9, 1H), 3.14 (d, J = 17.1, 1H), 3.07 (d, J = 17.1, 1H), 2.22–2.13 (m, 1H), 

2.13–2.04 (m, 1H), 2.04–1.96 (m, 1H), 1.90 (td, J = 11.6, 2.7, 1H), 1.69–1.57 (m, 2H); 13C NMR 

(125 MHz, CDCl3): δ 210.1, 152.6, 135.9, 135.0, 130.2, 128.3, 127.7, 126.7, 124.7, 51.4, 42.6, 

32.8, 24.6, 19.5; IR (film): 3019, 2930, 1712, 1605, 1464, 1282 cm–1; HRMS–APCI (m/z) [M + 

H]+ calcd for C14H15O+, 199.11174; found 199.11026. Indanone 7.12b: Rf 0.50 (benzene); 1H 

NMR (500 MHz, CDCl3): δ 7.77 (d, J = 7.7, 1H) 7.59 (td, J = 7.6, 0.9, 1H), 7.44 (d, J = 7.5, 

1H), 7.38 (t, J = 7.5, 1H), 5.79 (m, 2H), 3.06 (d, J = 17.3, 1H), 2.93 (d, J = 17.3, 1H), 2.48 

(dquint J = 17.7, 2.5, 1H), 2.30–2.14 (m, 2H), 1.91 (ddd, J = 17.5, 11.1, 6.6, 1H), 1.79 (dt, J = 

17.7, 2.5, 1H), 1.50 (dt, J = 17.5, 2.7, 1H); 13C NMR (125 MHz, CDCl3): δ 211.3, 153.0, 136.0, 

135.0, 127.6, 126.81, 126.76, 125.3, 124.5, 48.5, 39.2, 34.1, 28.7, 22.8; IR (film): 3026, 2925, 

2840, 1712, 1608, 1284 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H15O+, 199.11174; 

found 199.11028. 

 

 

Indanone 7.13 (Table 7.2). Purification by preparative thin-layer chromatography (97:3 

Benzene:CH3CN) afforded indanone 7.13 (51% yield, average of two experiments) as a colorless 

oil. Indanone 7.13: Rf 0.25 (9:1 Hexane:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.77 (d, J = 7.7, 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.64 7.13
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O

Boc

Bn

Me

O
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(51% yield)
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1H), 7.60 (dt, J = 7.5, 1.2, 1H), 7.44 (td, J = 7.7, 0.9, 1H), 7.37 (dt, J = 7.5, 0.9, 1H), 5.57 (quint, 

J = 2.2, 1H), 3.32 (d, J = 17.2, 1H), 2.97 (d, J = 17.2, 1H), 2.34–2.20 (m, 3H), 2.15–2.06 (m, 

1H), 1.88–1.78 (m, 2H), 1.41 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 208.9, 152.7, 145.5, 

135.8, 135.0, 127.6, 126.6, 125.7, 124.7, 51.6, 41.4, 32.4, 32.2, 23.6, 22.9; IR (film): 2956, 2929, 

2846, 1713, 1608, 1464, 1280 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C15H17O+, 

213.12739; found 213.12580. 

 

 

Indanone 7.14 (Table 7.2). Purification by preparative thin-layer chromatography (9:1 

Benzene:CH3CN) afforded indanone 7.14 (96% yield, average of two experiments) as a colorless 

oil. Indanone 7.14: Rf 0.48 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.76 (d, J = 

7.6, 1H), 7.59 (td, J = 7.6, 1.2, 1H), 7.43 (dt, J = 7.6, 0.9, 1H), 7.39–7.34 (m, 1H), 5.65 (d, J = 

17.6, 1H), 3.29 (d, J = 17.4, 1H), 2.91 (d, J = 17.4, 1H), 2.13–1.99 (m, 2H), 1.92–1.83 (m, 1H), 

1.79–1.70 (m, 1H), 1.63–1.50 (m, 4H), 1.33 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 210.2, 

153.1, 138.5, 136.3, 134.9, 127.5, 126.6, 124.5, 122.4, 54.6, 41.7, 25.5 (two carbons), 23.1, 

22.32, 22.28; IR (film): 2928, 1712, 1464, 1153, 736 cm–1; HRMS–APCI (m/z) [M + H]+ calcd 

for C16H19O+, 227.14304; found 227.14236. 

 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C
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(96% yield)

O
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Indanone 7.15 (Table 7.2). Purification by preparative thin-layer chromatography (97:3 

Benzene:CH3CN) afforded indanone 7.15 (80% yield, average of two experiments) as a colorless 

oil. Indanone 7.15: Rf 0.48 (9:1 Hexane:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.78 (d, J = 7.7, 

1H), 7.60 (dt, J = 7.5, 1.2, 1H), 7.44 (td, J = 7.7, 0.9, 1H), 7.37 (dt, J = 7.5, 0.9, 1H), 5.86 (t, J = 

6.8, 1H), 3.26 (d, J = 17.4, 1H), 2.89 (d, J = 17.4, 1H), 2.22–2.10 (m, 2H), 1.98 (ddd, J = 14.9, 

9.5, 1.7, 1H), 1.89 (ddd, J = 14.9, 8.9, 1.7, 1H), 1.78–1.64 (m, 2H), 1.55–1.45 (m, 2H) 1.45–1.30 

(m, 2H), 1.29 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 210.0, 153.1, 145.0, 136.4, 134.9. 127.5, 

127.4, 126.7, 124.6, 55.9, 40.9, 33.0, 31.1, 28.5, 27.4, 26.9, 22.7; IR (film): 2920, 2947, 1710, 

1607, 1463, 1440, 1750 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C17H21O+, 241.15869; 

found 241.15748. 

 

 

Indanone 7.16 (Table 7.2). Purification by preparative thin-layer chromatography (2:1 

Hexanes:EtOAc) afforded indanone 7.16 (91% yield, average of two experiments) as a colorless 

oil. Indanone 7.16: Rf 0.34 (3:1 Hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 

7.8, 1H), 7.61 (td, J = 7.6, 1.3, 1H), 7.45 (dt, J = 7.8, 1.0, 1H), 7.39 (t, J = 7.6, 1H), 5.65 (app 

sext, J = 1.4, 1H), 4.19 (app tquint, J = 16.4, 2.6, 2H), 3.73 (td, J = 5.0, 1.1, 2H), 3.34 (d, J = 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.67 7.15

N

O

Boc

Bn

Me

O
Me

(80% yield)
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17.3, 1H), 2.95 (d, J = 17.3, 1H), 2.12 (m, 1H), 1.86 (m, 1H), 1.37 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 209.0, 152.8, 136.4, 136.0, 135.2, 127.8, 126.6, 124.7, 121.4, 65.9, 64.3, 54.0, 41.0, 

25.6, 22.1; IR (film): 2961, 2927, 2850, 1709, 1606, 1464, 1277, 1127 cm–1; HRMS–APCI (m/z) 

[M + H]+ calcd for C15H17O2
+, 229.12231; found 229.12094. 

 

 

Indanone 7.17 (Table 7.2). Purification by preparative thin-layer chromatography (2:1 

Hexanes:EtOAc) afforded indanone 7.17 (93% yield, average of two experiments) as a colorless 

oil. Indanone 7.17: Rf 0.37 (3:1 Hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.77 (d J = 

7.6, 1H) 7.61 (td, J = 7.6, 1.1, 1H), 7.45 (d, J = 7.7, 1H), 7.39 (t, J = 7.7, 1H), 5.61 (br s, 1H), 

3.93 (s, 2H), 3.43 (t, J = 4.7, 2H), 3.30 (d, J = 17.4, 1H), 2.95 (d, J = 17.4, 1H), 2.06 (m, 1H), 

1.87 (m, 1H), 1.45 (s, 9H), 1.36 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 209.1, 154.9, 152.7, 

137.5, 135.9, 135.2, 127.8, 126.6, 124.7, 119.6, 79.7, 54.1, 43.5, 41.0, 39.7, 28.6, 25.7, 22.3; IR 

(film): 2975, 2931, 1695, 1419, 1365, 1241, 1171 cm–1; HRMS–ESI (m/z) [M + Na]+ calcd for 

C20H25NNaO3
+, 350.1732; found 350.1736. 

Note: The data for indanone 7.17 represents empirically observed chemical shifts from the 13C 

NMR spectrum, presumably due to the nitrogen-containing heterocycle. 

 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.68 7.17

N

O

Boc

Bn

Me

O
Me

(93% yield)

NBoc
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Indanone 7.18 (Figure 7.2). 1H NMR analysis of the crude reaction mixture indicated a 53% 

yield (average of two experiments) of ketone 7.18 relative to a hexamethylbenzene external 

standard. Purification by preparative thin-layer chromatography (97:3 Benzene: CH3CN) 

afforded an analytical sample of 7.18 as an off-white oil. Diminished isolated yields (i.e. <50%) 

for 7.18 were observed and can be attributed to the volatility of the neat compound. Indanone 

7.18: Rf 0.59 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.44–7.39 (m, 2H), 7.32 (td, 

J = 8.6, 2.4, 1H), 4.94 (m, 2H), 3.29 (d, J = 17.8, 1H), 2.91 (d, J = 17.8, 1H), 1.65 (q, J = 0.7, 

3H), 1.38 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 208.3 (d, J = 2.6), 162.5 (d, J = 248), 148.1 

(d, J = 2.1), 145.6, 137.7 (d, J = 7.0), 128.0 (d, J = 7.9), 122.8 (d, J = 24), 112.4, 110.4 (d, J = 

22), 55.7, 40.8, 22.7, 20.0; 19F NMR (376 MHz, CDCl3): δ –114.3 (s, 1F); IR (film): 2970, 2929, 

1712, 1484, 1447, 1263 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C13H14FO+, 205.10232; 

found 205.10239. 

 

 

Indanone 7.19 (Figure 7.2). Purification by preparative thin-layer chromatography (4:1 

Hexanes:EtOAc) afforded indanone 7.19 (74% yield, average of two experiments) as a yellow 

oil. Indanone 7.19: Rf 0.69 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.05 (s, 1H), 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.70 7.18

N

O

Boc

Bn

Me
Me

Me

O
Me

Me

(53% yield by 1H NMR analysis)

F

F

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.71 7.19

N

O
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Bn

Me
Me

Me

O
Me

Me

(74% yield)

F3C

F3C
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7.32 (dd, J = 7.9, 1.3, 1H), 7.59 (d, J = 7.9, 1H), 4.97 (quint, J = 1.1, 1H), 4.95 (s, 1H), 3.40 (d, J 

= 18.0, 1H), 3.02 (d, J = 18.0, 1H), 1.67 (q, J = 0.7, 3H), 1.40 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 207.9, 156.0, 145.2, 136.4, 131.5 (q, J = 3.5), 130.6 (q, J = 33), 127.3, 123.9 (q, J = 

273), 122.0 (d, J = 3.9), 112.8, 55.2, 41.4, 22.7, 20.0; 19F NMR (376 MHz, CDCl3): δ –62.5 (s, 

3F); IR (film): 2972, 2936, 1722, 1625, 1332, 1257, 1184, 1128 cm–1; HRMS–APCI (m/z) [M + 

H]+ calcd for C14H14F3O+, 255.09913; found 255.09744. 

 

 

Indanone 7.20 (Figure 7.2). Purification by preparative thin-layer chromatography (99:1 

Benzene:CH3CN) afforded indanone 7.20 (63% yield, average of two experiments) as a white 

crystalline solid. Indanone 7.20: mp: 41–43 ºC; Rf 0.32 (10:1 Hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): δ 7.33 (d, J = 8.0, 1H), 7.23–7.18 (m, 2H), 4.95 (m, 2H), 3.84 (s, 3H), 3.24 (d, J = 

17.4, 1H), 2.87 (d, J = 17.4, 1H), 1.64 (s, 3H), 1.37 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 

209.2, 159.5, 145.9, 145.5, 137.0, 127.2, 124.5, 112.0, 105.5, 55.6, 40.6, 22.7, 19.8; IR (film): 

2964, 1707, 1275, 1280, 894 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H17O2
+, 

217.12231; found 217.12123. 

 

 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
toluene (0.5 M), 100 °C

7.72 7.20

N

O

Boc

Bn

Me
Me

O
Me

Me Me

MeO

MeO

(63% yield)
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Indanone 7.21 (Figure 7.2). Purification by preparative thin-layer chromatography (9:1 

Hexanes:Et3N) afforded indanone 7.21 (60% yield, average of two experiments). Spectral data 

match those previously reported.11b 

 

 

Indanone 7.22 (Figure 7.2). Purification by preparative thin-layer chromatography (9:1 

Hexanes:EtOAc) afforded indanone 7.22 (87% yield, average of two experiments) as a colorless 

oil. Indanone 7.22: Rf 0.43 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.67 (d, J = 

7.8, 1H), 7.25–7.23 (m, 1H), 7.20–7.18 (m, 1H), 4.95–4.93 (m, 2H), 3.27 (d, J = 17.6, 1H), 2.89 

(d, J = 17.4, 1H), 2.44 (s, 3H), 1.63 (s, 3H), 1.36 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 208.8, 

153.3, 146.3, 146.1, 133.7, 128.9, 126.9, 124.5, 112.0, 54.7, 41.2, 22.8, 22.2, 19.9; IR (film): 

2965, 1705, 1608, 1322, 585 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H17O+, 201.12739; 

found 201.12719. 
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Indanone 7.23 (Figure 7.2). Purification by preparative thin-layer chromatography (9:1 

Hexanes:EtOAc) afforded indanone 7.23 (85% yield, average of two experiments) as a colorless 

oil. Indanone 7.23: Rf 0.38 (10:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.63 (d, J = 

7.4, 1H), 7.43 (d, J = 7.4, 1H), 7.31 (t, J = 7.4, 1H), 4.97–4.94 (m, 2H), 3.21 (d, J = 17.5, 1H), 

2.84 (d, J = 17.4, 1H), 2.35 (s, 3H), 1.65 (s, 3H), 1.39 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 

209.5, 151.6, 146.0, 135.67, 135.66, 135.4, 127.8, 122.0, 112.0, 54.5, 40.3, 22.8, 19.9, 17.8; IR 

(film): 2966, 1708, 1591, 1268, 893 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H17O+, 

201.12739; found 201.12701. 

7.5.2.4 Diastereoselective Heck Cyclization  

 

 

Ester 7.77. Following a modification of the general procedure reported by Querolle and co-

workers,29 a flask containing a stir bar was charged CuCN (680 mg, 7.50 mmol, 1.0 equiv) and 

LiCl (650 mg, 15.0 mmol, 2.0 equiv) in the glovebox. The flask was removed from the glovebox, 

and the solids were suspended in THF (25 mL). The resulting mixture was stirred vigorously 

until a completely dissolved solution of CuCN•2LiCl was formed. In a separate flask containing 

a solution of methyl-2-iodobenzoate (7.26) (1.97 g, 7.50 mmol, 1.0 equiv) in THF (70 mL) at –

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
t-amyl alcohol (3.0 equiv)

toluene (0.5 M), 60 °C

7.75 7.23

N

O

Boc

Bn

Me

O
Me

Me MeMe

(85% yield)

Me

Me

 i-BuMgCl (1.5 equiv)
CuCN (1.0 equiv)
LiCl (2.0 equiv)

THF (0.079 M), –40 °C

(98% yield)

OMe

O

I

OMe

O

Me

Br

Me

7.76 7.777.26

+ Me

Me

Me

Me

ratio E:Z (4:1)
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40 °C was added i-BuMgCl (5.60 mL of a 2.0 M solution in THF, 11.3 mmol, 1.5 equiv) 

dropwise over 1 min at –40 °C. After this mixture was stirred at –40 °C for 1 h, the solution of 

CuCN•2LiCl was added via cannula. The combined mixture was stirred at –40 °C for an 

additional 15 min, at which point known bromide 7.7636 (2.43 g, 15.0 mmol, 2.0 equiv) was 

added dropwise over 1 min. After stirring at –40 °C for an additional hour, the reaction was 

poured into 9:1 sat. aq. NH4Cl:NH4OH (100 mL). The layers were separated and the aqueous 

layer was extracted with EtOAc (3 x 75 mL). The organic layers were combined, dried over 

MgSO4, and concentrated under reduced pressure. The crude mixture was purified via flash 

chromatography (97:3 Hexanes:EtOAc) to afford ester 7.77 (1.61 g, 98% yield) as an inseparable 

mixture of olefin isomers and as a colorless oil (4:1 mixture of alkene isomers). Configurational 

isomers of ester 7.77 were analyzed as a mixture. 7.77 (Major (E)-isomer): 1H NMR (500 MHz, 

CDCl3): δ 7.71 (dd, J = 7.7, 1.5, 1H), 7.40 (dt, J = 7.8, 1.6, 1H), 7.30 (dd, J = 8.0, 1.24, 1H), 7.22 

(dt, J = 7.7, 1.6, 1H), 5.38 (tq, J = 6.7, 1.6, 1H), 4.23 (q, J = 7.1, 1H), 3.88 (s, 3H), 1.63 (dt, J = 

6.8, 1.2, 3H), 1.45 (br s, 3H), 1.33 (d, J = 7.0, 3H); 7.77 (Minor (Z)-isomer): δ 7.60 (dd, J = 7.8, 

1.3, 1H), 7.45–7.38 (m, 2H), 7.23 (dt, J = 7.6, 1.7, 1H), 5.25 (tq, J = 6.9, 0.8, 1H), 4.78 (q, J = 

7.2, 1H), 3.84 (s, 3H), 1.61 (q, J = 1.5, 3H), 1.40 (quint, J = 1.5, 3H), 1.35 (d, J = 7.3, 3H); Ester 

7.77 (mixture): Rf 0.55 (9:1 Hexanes:EtOAc); 13C NMR (125 MHz, CDCl3): (27 of 28 signals 

observed) δ 169.4, 169.1, 146.9, 145.1, 139.3, 138.9, 131.7, 131.6, 131.1, 130.9, 129.8, 129.4, 

127.8, 127.6, 125.8, 120.3, 118.3, 52.3, 52.1, 42.7, 35.3, 20.3, 20.2, 18.3, 16.0, 13.6, 13.3; IR 

(film): 2968, 1721, 1601, 1576, 1485, 1446, 1371 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C14H19O2
+, 219.13796; found 219.13794. 
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Imide 7.24. To a solution of ester 7.77 (1.61 g, 7.40 mmol, 1.0 equiv) in THF (35 mL) was 

added a solution of NaOH (1.48 g, 37.0 mmol, 5.0 equiv) in H2O (35 mL). The reaction was 

heated to 90 °C and stirred for 12 h. After cooling to room temperature, the reaction mixture was 

poured into deionized water (25 mL) and diluted with EtOAc (25 mL). The layers were separated 

and the aqueous layer was acidified to pH ~2 with 1 N HCl (100 mL) and extracted with EtOAc 

(3 x 50 mL). The organic layers were combined, washed with deionized water (300 mL), dried 

over MgSO4, and concentrated under reduced pressure to afford the corresponding carboxylic 

acid, which was used in the subsequent step without further purification. 

To a solution of the crude carboxylic acid, HOBt (1.08 g, 7.80 mmol, 1.1 equiv from 

7.77), and EDC•HCl (1.53 g, 7.80 mmol, 1.1 equiv from 7.77) in DMF (40 mL) was added 

BnNH2 (0.90 mL, 7.80 mmol, 1.1 equiv from 7.77) and Et3N (1.17 mL, 7.80 mmol, 1.1 equiv 

from 7.77). After stirring for 15 h, the reaction mixture was poured into deionized water (300 

mL) and diluted with EtOAc (50 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (3 x 50 mL). The organic layers were combined, washed with deionized 

water (100 mL), dried over MgSO4, and concentrated under reduced pressure to afford the 

corresponding amide, which was used in the subsequent step without further purification. 

To a solution of the crude amide in CH3CN (45 mL) was added DMAP (82 mg, 0.65 

mmol, 0.1 equiv from 7.77) and Boc2O (1.85 g, 8.50 mmol, 1.3 equiv from 7.77). After stirring 

for 15 h, the reaction mixture was concentrated under reduced pressure and purified by flash 

OMe

O

Me

7.77

1. NaOH (5.0 equiv)
    2:1 THF/H2O (0.36 M), 90 °C

2. BnNH2 (1.1 equiv), HOBt (1.1 equiv)
    EDC•HCl (1.1 equiv), Et3N (1.1 equiv)
    DMF (0.17 M), 23 °C
3. Boc2O (1.3 equiv), DMAP (0.1 equiv)
    CH3CN (0.21 M), 23 °C

NBnBoc

O

Me
Me

7.24(68% yield, 3 steps)

Me

Me

Me

ratio E:Z (4:1) ratio E:Z (4:1)
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chromatography (99:1 Hexanes:EtOAc) to yield imide 7.24 (1.97 g, 68% yield, three steps) as an 

inseparable mixture of olefin isomers and as a colorless oil (4:1 mixture of alkene isomers). 

Configurational isomers of imide 7.24 were analyzed as a mixture 7.24 (Major (E)-isomer): 1H 

NMR (500 MHz, CDCl3): δ 7.43 (d, J = 7.5, 2H), 7.37–7.31 (m, 3H), 7.29–7.22 (m, 2H), 7.16 

(dt, J = 7.7, 1.4, 1H), 7.12–7.08 (m, 1H), 5.36 (tq, J = 6.8, 1.3, 1H), 5.06 (s, 2H), 3.67 (q, J = 6.9, 

1H), 1.60 (d, J = 6.7, 3H), 1.48 (s, 3H), 1.30 (d, J = 7.0, 3H), 1.13 (s, 9H); 7.24 (Minor (Z)-

isomer) δ 7.45–7.37 (m, 2H), 7.37–7.31 (m, 3H), 7.29–7.22 (m, 2H), 7.18 (dt, J = 7.5, 1.3, 1H), 

7.12–7.08 (m, 1H), 5.22 (br s, 1H), 4.99 (br s, 2H), 4.34 (br s, 1H), 1.57 (d, J = 6.9, 3H), 1.53 (t, 

J = 1.4, 3H), 1.34 (d, J = 7.2, 3H), 1.11 (s, 9H); Imide 7.24 (mixture): Rf 0.52 (9:1 

Hexanes:EtOAc); 13C NMR (125 MHz, CDCl3): δ 172.4, 152.8, 142.8, 141.3, 138.9, 138.6, 

138.1, 138.04, 138.02, 129.4, 129.0, 128.5, 128.3, 127.5, 127.4, 126.3, 126.2, 125.4, 120.0, 

118.6, 83.5, 48.0, 43.2, 27.7, 27.6, 20.2, 18.7, 15.5, 13.5, 13.3; IR (film): 2973, 1728, 1670, 

1456, 1369, 1335, 1228 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C25H32NO3
+, 394.23767; 

found 394.23814. 

 

 

Indanone 7.25 (Figure 7.3). Following the representative procedure described in 7.5.2.1.3, 

purification by preparative thin-layer chromatography (98:2 Benzene:CH3CN) afforded indanone 

7.25 (80% yield, 92:8 dr, average of two experiments) as a colorless oil. Indanone 7.25: Rf 0.48 

(9:1 Hexane:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 7.7, 1H), 7.62 (dt, J = 7.7, 1.2, 

Ni(cod)2 (15 mol%)
7.9  (30 mol%)

NaOt-Bu (33 mol%)
toluene (0.5 M), 100 °C

7.24 7.25
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ratio E:Z (4:1)
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1H), 7.49 (dd, J = 7.8, 0.9, 1H), 7.38 (tt, J = 7.5, 0.9, 1H), 5.94 (dd, J = 17.4, 10.6, 1H), 5.23–

5.15 (m, 2H), 3.40 (q, J = 7.5, 1H), 1.32 (d, J = 7.4, 3H), 1.19 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ 208.4, 157.2, 141.0, 135.1, 134.5, 127.8, 125.1, 124.5, 114.6, 56.2, 43.1, 18.5, 15.1; 

IR (film): 2972, 1712, 1606, 1466, 1328, 1285, 1226 cm–1; HRMS–APCI (m/z) [M + H]+ calcd 

for C13H15O+, 187.11174; found 187.11180. 

The stereochemistry of indanone 7.25 was verified by NOESY (500 MHz, CDCl3), as the 

following correlation was observed: 

 7.25

O

Me

Me

HH



 535 

7.6 Spectra Relevant to Chapter Seven: 

 

Mizoroki–Heck Cyclizations of Amide Derivatives for the  

Introduction of Quaternary Centers 

 

Jose M. Medina, Jesus Moreno, Sophie Racine, Shuaijing Du, and Neil K. Garg 

Angew. Chem., Int. Ed. [Online early access]. DOI: 10.1002/anie.201703174R1. 
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Figure 7.5 Infrared spectrum of compound 7.28 

 

Figure 7.6 13C NMR (125 MHz, CDCl3) of compound 7.28 
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Figure 7.8 Infrared spectrum of compound 7.5 

 

Figure 7.9 13C NMR (125 MHz, CDCl3) of compound 7.5  
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Figure 7.11 Infrared spectrum of compound 7.30 

 

Figure 7.12 13C NMR (125 MHz, CDCl3) of compound 7.30 
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Figure 7.15 Infrared spectrum of compound 7.32 

 

Figure 7.16 13C NMR (125 MHz, CDCl3) of compound 7.32  
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Figure 7.19 Infrared spectrum of compound 7.34 

 

Figure 7.20 13C NMR (125 MHz, CDCl3) of compound 7.34 
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Figure 7.22 Infrared spectrum of compound 7.36 

 

Figure 7.23 13C NMR (125 MHz, CDCl3) of compound 7.36  
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Figure 7.25 Infrared spectrum of compound 7.38 

 

Figure 7.26 13C NMR (125 MHz, CDCl3) of compound 7.38 
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Figure 7.28 Infrared spectrum of compound 7.40 

 

Figure 7.29 13C NMR (125 MHz, CDCl3) of compound 7.40  
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Figure 7.31 Infrared spectrum of compound 7.42 

 

Figure 7.32 13C NMR (125 MHz, CDCl3) of compound 7.42 
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Figure 7.34 Infrared spectrum of compound 7.43 

 

Figure 7.35 13C NMR (125 MHz, CDCl3) of compound 7.43 
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Figure 7.37 Infrared spectrum of compound 7.45 

 

Figure 7.38 13C NMR (125 MHz, CDCl3) of compound 7.45 
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SI               131072
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Figure 7.40 Infrared spectrum of compound 7.47 

 

Figure 7.41 13C NMR (125 MHz, CDCl3) of compound 7.47  

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

23
.4

1

32
.5

7
32

.8
7

54
.9

1

66
.8

9

12
9.

64

13
8.

55

15
5.

95

Current Data Parameters
NAME      JMM-7-216char
EXPNO                 2
PROCNO              999

F2 - Acquisition Parameters
Date_          20170108
Time              10.11
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  115
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
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Figure 7.43 Infrared spectrum of compound 7.49 

 

Figure 7.44 13C NMR (125 MHz, CDCl3) of compound 7.49 
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Figure 7.46 Infrared spectrum of compound 7.51 

 

Figure 7.47 13C NMR (125 MHz, CDCl3) of compound 7.51  
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Figure 7.49 Infrared spectrum of compound 7.53 

 

Figure 7.50 13C NMR (125 MHz, CDCl3) of compound 7.53 
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PLW2        13.50000000 W
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GB       0
PC                 1.40



 568 

10
9

8
7

6
5

4
3

2
1

0
pp

m1.490
1.532
1.541
1.544
1.550
1.554
1.556
1.559
1.563
1.567
1.568
1.571
1.577
1.581
1.584
1.590
1.713
1.715
2.249
2.249
2.262
2.274
2.320
2.322
2.333
2.334
2.345
2.347
3.773
4.670

4.047
4.042
3.017

2.002
2.012

3.035

2.000

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
   

 J
M

M
-7

-2
26

E
X

P
N

O
   

   
   

   
   

  1
P

R
O

C
N

O
   

   
   

   
  9

99

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

70
11

6
Ti

m
e 

   
   

   
   

 1
0.

44
IN

S
TR

U
M

   
   

   
  a

v5
00

P
R

O
B

H
D

   
5 

m
m

 D
C

H
 1

3C
-1

P
U

LP
R

O
G

   
   

   
   

zg
30

TD
   

   
   

   
   

 6
55

36
S

O
LV

E
N

T 
   

   
   

 C
D

C
l3

N
S

   
   

   
   

   
   

 1
6

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
15

25
88

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 1
2.

14
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1

==
==

==
==

 C
H

A
N

N
E

L 
f1

 =
==

==
==

=
S

FO
1 

   
   

 5
00

.1
34

00
10

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

12
1 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

  

Fi
gu

re
 7

.5
1 

1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
7.

55
 

7.
55

M
e

M
eO

2C
O



 569 

 

 

Figure 7.52 Infrared spectrum of compound 7.55 

 

Figure 7.53 13C NMR (125 MHz, CDCl3) of compound 7.55 
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PC                 1.40
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Figure 7.55 Infrared spectrum of compound 7.57 

 

Figure 7.56 13C NMR (125 MHz, CDCl3) of compound 7.57
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PLW1        23.00000000 W
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NUC2                 1H
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PCPD2             80.00 usec
PLW2        13.50000000 W
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F2 - Processing parameters
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Figure 7.58 Infrared spectrum of compound 7.59 

 

Figure 7.59 13C NMR (125 MHz, CDCl3) of compound 7.59 
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Figure 7.61 Infrared spectrum of compound 7.61 

 

Figure 7.62 13C NMR (125 MHz, CDCl3) of compound 7.61 
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Figure 7.64 Infrared spectrum of compound 7.62 

 

Figure 7.65 13C NMR (125 MHz, CDCl3) of compound 7.62  
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Figure 7.67 Infrared spectrum of compound 7.63 

 

Figure 7.68 13C NMR (125 MHz, CDCl3) of compound 7.63 
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Figure 7.70 Infrared spectrum of compound 7.64 

 

Figure 7.71 13C NMR (125 MHz, CDCl3) of compound 7.64 
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TD                65536
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F2 - Processing parameters
SI               131072
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Figure 7.73 Infrared spectrum of compound 7.65 

 

Figure 7.74 13C NMR (125 MHz, CDCl3) of compound 7.65 
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======== CHANNEL f1 ========
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P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577721 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 7.76 Infrared spectrum of compound 7.67 

 

Figure 7.77 13C NMR (125 MHz, CDCl3) of compound 7.67  
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F2 - Acquisition Parameters
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======== CHANNEL f1 ========
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NUC1                13C
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PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577714 MHz
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PC                 1.40
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Figure 7.79 Infrared spectrum of compound 7.68 

 

Figure 7.80 13C NMR (125 MHz, CDCl3) of compound 7.68 
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F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
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SSB      0
LB                 1.00 Hz
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PC                 1.40
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Figure 7.82 Infrared spectrum of compound 7.69 

 

Figure 7.83 13C NMR (125 MHz, CDCl3) of compound 7.69  
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Figure 7.86 Infrared spectrum of compound 7.70 

 

Figure 7.87 13C NMR (125 MHz, CDCl3) of compound 7.70  
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Figure 7.90 Infrared spectrum of compound 7.71 

 

Figure 7.91 13C NMR (125 MHz, CDCl3) of compound 7.71  
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Figure 7.93 Infrared spectrum of compound 7.72 

 

Figure 7.94 13C NMR (125 MHz, CDCl3) of compound 7.72 
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F2 - Processing parameters
SI               131072
SF          125.7577617 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 7.96 Infrared spectrum of compound 7.73 

 

Figure 7.97 13C NMR (125 MHz, CDCl3) of compound 7.73  
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DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
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PLW12        0.21094000 W
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F2 - Processing parameters
SI               131072
SF          125.7577732 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 7.99 Infrared spectrum of compound 7.74 

 

Figure 7.100 13C NMR (125 MHz, CDCl3) of compound 7.74 
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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          125.7577961 MHz
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PC                 1.40



 602 

10
9

8
7

6
5

4
3

2
1

0
pp

m
1.100
1.392
1.673
1.743

2.209

3.432

5.004

6.939
6.952
6.954
7.063
7.078
7.093
7.124
7.138
7.271
7.307
7.322
7.400
7.415

8.722

3.004
3.003
3.044

3.082

2.152

2.010

1.045
1.066
1.000
1.331
2.007
2.029

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
 s

r-
1-

10
1.

50
0

E
X

P
N

O
   

   
   

   
   

  1
P

R
O

C
N

O
   

   
   

   
   

 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

70
13

1
Ti

m
e 

   
   

   
   

  9
.0

8 
h

IN
S

TR
U

M
   

   
   

  a
v5

00
P

R
O

B
H

D
   

Z1
19

24
8_

00
02

 (
P

U
LP

R
O

G
   

   
   

   
zg

30
TD

   
   

   
   

   
 6

55
36

S
O

LV
E

N
T 

   
   

   
 C

D
C

l3
N

S
   

   
   

   
   

   
  8

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
30

51
76

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 2
3.

34
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1
S

FO
1 

   
   

 5
00

.1
33

00
08

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

13
3 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

  

Fi
gu

re
 7

.1
01

 1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
7.

75
 

7.
75

N

O

M
eM
e

Bn

Bo
c

M
e

M
e



 603 

 

 

Figure 7.102 Infrared spectrum of compound 7.75 

 

Figure 7.103 13C NMR (125 MHz, CDCl3) of compound 7.75  
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F2 - Processing parameters
SI               131072
SF          125.7577617 MHz
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Figure 7.105 Infrared spectrum of compound 7.6 

 

Figure 7.106 13C NMR (125 MHz, CDCl3) of compound 7.6
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Figure 7.108 Infrared spectrum of compound 7.10 

 

Figure 7.109 13C NMR (125 MHz, CDCl3) of compound 7.10 
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F2 - Processing parameters
SI               131072
SF          125.7578023 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40



 608 

  

10
9

8
7

6
5

4
3

2
1

0
pp

m1.569
1.578
1.584
1.590
1.596
1.608
1.633
1.638
1.643
1.649
1.655
1.660
1.670
1.874
1.881
1.896
1.901
1.906
1.921
1.927
1.995
2.004
2.092
2.101
2.152
2.158
2.164
2.169
3.053
3.088
3.123
3.157
5.436
5.456
5.976
5.982
5.984
5.991
5.995
6.002
6.004
6.011
7.359
7.373
7.388
7.418
7.434
7.574
7.576
7.589
7.590
7.603
7.606
7.757
7.772

2.032
1.047
2.124
1.072

1.036
1.036

1.000

1.008

1.017
1.019
1.024
1.001

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

   
   

  J
M

-5
-0

19
E

X
P

N
O

   
   

   
   

   
40

0
P

R
O

C
N

O
   

   
   

   
   

 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

70
10

9
Ti

m
e 

   
   

   
   

 1
8.

27
 h

IN
S

TR
U

M
   

   
   

  a
v5

00
P

R
O

B
H

D
   

Z1
19

24
8_

00
02

 (
P

U
LP

R
O

G
   

   
   

   
zg

30
TD

   
   

   
   

   
 6

55
36

S
O

LV
E

N
T 

   
   

   
 C

D
C

l3
N

S
   

   
   

   
   

   
  8

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
30

51
76

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 1
2.

14
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1
S

FO
1 

   
   

 5
00

.1
33

00
08

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

14
6 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

Fi
gu

re
 7

.1
10

 1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
7.

12
a 

O

7.
12
a



 609 

 

 

Figure 7.111 Infrared spectrum of compound 7.12a 

 

Figure 7.112 13C NMR (125 MHz, CDCl3) of compound 7.12a 
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Figure 7.114 Infrared spectrum of compound 7.12b 

 

Figure 7.115 13C NMR (125 MHz, CDCl3) of compound 7.12b
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F2 - Processing parameters
SI               131072
SF          125.7577722 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
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Figure 7.117 Infrared spectrum of compound 7.13 

 

Figure 7.118 13C NMR (125 MHz, CDCl3) of compound 7.13 
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F2 - Acquisition Parameters
Date_          20161216
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PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   40
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
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D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7728799 MHz
NUC1                13C
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PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 7.120 Infrared spectrum of compound 7.14 

 

Figure 7.121 13C NMR (125 MHz, CDCl3) of compound 7.14
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EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20161204
Time              14.22
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  136
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE               100.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7634481 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577744 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 7.123 Infrared spectrum of compound 7.15 

 

Figure 7.124 13C NMR (125 MHz, CDCl3) of compound 7.15
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F2 - Acquisition Parameters
Date_          20170126
Time              13.18
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   89
DS                    2
SWH           50000.000 Hz
FIDRES         0.762939 Hz
AQ            0.6553600 sec
RG               204.54
DW               10.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        125.7766527 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W

======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577735 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
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PC                 1.40
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Figure 7.126 Infrared spectrum of compound 7.16 

 

Figure 7.127 13C NMR (125 MHz, CDCl3) of compound 7.16 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
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F2 - Acquisition Parameters
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TD                65536
SOLVENT           CDCl3
NS                  960
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SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
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TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
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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          125.7577719 MHz
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Figure 7.129 Infrared spectrum of compound 7.17 

 

Figure 7.130 13C NMR (125 MHz, CDCl3) of compound 7.17 
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Figure 7.133 Infrared spectrum of compound 7.18 

 

Figure 7.134 13C NMR (125 MHz, CDCl3) of compound 7.18 
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Figure 7.137 Infrared spectrum of compound 7.19 

 

Figure 7.138 13C NMR (125 MHz, CDCl3) of compound 7.19 
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Figure 7.140 Infrared spectrum of compound 7.20 

 

Figure 7.141 13C NMR (125 MHz, CDCl3) of compound 7.20
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Figure 7.143 Infrared spectrum of compound 7.22 

 

Figure 7.144 13C NMR (125 MHz, CDCl3) of compound 7.22 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

19
.9

35
22

.1
95

22
.7

65

41
.2

08

54
.7

44

11
2.

02
7

12
4.

49
8

12
6.

88
6

12
8.

91
3

13
3.

69
1

14
6.

13
4

14
6.

27
5

15
3.

28
3

20
8.

75
6

Current Data Parameters
NAME       sr-1-131.500
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20170217
Time              11.16 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   36
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577795 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40



 632 

  

10
9

8
7

6
5

4
3

2
1

0
pp

m
1.385
1.652

2.352

2.824
2.859
3.188
3.223

4.962

7.297
7.311
7.326
7.420
7.434
7.620
7.635

2.974

3.429

2.998

1.036

1.042

2.015

1.001
1.008
1.000

C
ur

re
nt

 D
at

a 
P

ar
am

et
er

s
N

A
M

E
   

  s
r-

1-
11

2.
50

0.
11

E
X

P
N

O
   

   
   

   
   

  1
P

R
O

C
N

O
   

   
   

   
   

 1

F2
 - 

A
cq

ui
si

tio
n 

P
ar

am
et

er
s

D
at

e_
   

   
   

 2
01

70
20

8
Ti

m
e 

   
   

   
   

 1
6.

10
 h

IN
S

TR
U

M
   

   
   

  a
v5

00
P

R
O

B
H

D
   

Z1
19

24
8_

00
02

 (
P

U
LP

R
O

G
   

   
   

   
zg

30
TD

   
   

   
   

   
 6

55
36

S
O

LV
E

N
T 

   
   

   
 C

D
C

l3
N

S
   

   
   

   
   

   
  8

D
S

   
   

   
   

   
   

  0
S

W
H

   
   

   
  1

00
00

.0
00

 H
z

FI
D

R
E

S
   

   
   

0.
30

51
76

 H
z

A
Q

   
   

   
   

3.
27

67
99

9 
se

c
R

G
   

   
   

   
   

 1
2.

14
D

W
   

   
   

   
   

50
.0

00
 u

se
c

D
E

   
   

   
   

   
 1

0.
00

 u
se

c
TE

   
   

   
   

   
 2

98
.0

 K
D

1 
   

   
   

 2
.0

00
00

00
0 

se
c

TD
0 

   
   

   
   

   
   

1
S

FO
1 

   
   

 5
00

.1
33

00
08

 M
H

z
N

U
C

1 
   

   
   

   
   

 1
H

P
1 

   
   

   
   

   
10

.0
0 

us
ec

P
LW

1 
   

   
 1

3.
50

00
00

00
 W

F2
 - 

P
ro

ce
ss

in
g 

pa
ra

m
et

er
s

S
I  

   
   

   
   

  6
55

36
S

F 
   

   
   

50
0.

13
00

08
7 

M
H

z
W

D
W

   
   

   
   

   
   

E
M

S
S

B
   

   
0

LB
   

   
   

   
   

  0
.3

0 
H

z
G

B
   

   
 0

P
C

   
   

   
   

   
  1

.0
0

Fi
gu

re
 7

.1
45

 1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
7.

23
 

7.
23O

M
e

M
e

M
e



 633 

 

 

Figure 7.146 Infrared spectrum of compound 7.23 

 

Figure 7.147 13C NMR (125 MHz, CDCl3) of compound 7.23 
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Figure 7.149 Infrared spectrum of compound 7.77 

 

Figure 7.150 13C NMR (125 MHz, CDCl3) of compound 7.77 
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Figure 7.152 Infrared spectrum of compound 7.24 

 

Figure 7.153 13C NMR (125 MHz, CDCl3) of compound 7.24
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Figure 7.155 Infrared spectrum of compound 7.25 

 

Figure 7.156 13C NMR (125 MHz, CDCl3) of compound 7.25  
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