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Abstract 

Mary K. Smith and Jon A. Tunge 

Department of Chemistry, July 2017 

University of Kansas 

 

Allenes are structurally unique compounds that can possess axial chirality.  The most 

common strategy for allene synthesis is transition metal-catalyzed cross coupling with propargyl 

electrophiles. While these are powerful methods, they produce stoichiometric amounts of 

potentially toxic waste. Further, stereospecific variants of these reactions often suffer from 

substantial racemization of the enantioenriched allenyl products. Presented herein is the 

development of an atom economical and environmentally benign approach to synthesize both 

racemic and enantioenriched allenes, as well as the evaluation of the stereochemical effect 

palladium catalysts have on the generated enantioenriched allenes.  

Chapter 1 is an overview of the strategies most commonly employed for allene synthesis. 

The majority of the methods presented are transition-metal addition of preformed organometallic 

reagents which require harsh conditions and produce stoichiometric amounts of waste. As an 

alternative, the development of the palladium-catalyzed, decarboxylative coupling of propargyl 

propiolates is presented in Chapter 2. The developed coupling of propargylic esters selectively 

forms di- and trisubstituted allenynes in good yields. Further, the developed reaction requires no 

additional organometallic reagents or base, producing CO2 as the sole byproduct. 

As palladium-catalyzed couplings with propargylic electrophiles had been demonstrated 

to be stereospecific in the literature, Chapter 3 describes our attempt to develop the stereospecific 

variant of the palladium-catalyzed decarboxylative coupling of propargyl propiolates. It was 

demonstrated that the decarboxylative coupling can occur stereospecifically. However, like many 
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other palladium-catalyzed syntheses of allenes, the coupling suffered from racemization of the 

enantioenriched product. Thus the remainder of Chapter 3 presents the kinetic studies employed 

to gain a greater understanding of the mechanism for palladium-catalyzed racemization of allenes, 

as only a small handful of reports in literature have lightly touched on the subject. Both 

palladium(0) and palladium(II) catalysts are explored as both species are present within the 

proposed catalytic cycle for the palladium-catalyzed decarboxylative coupling. 
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Chapter 1: Transition Metal-Catalyzed Synthetic Methods for the 

Preparation of Allenes 
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1.1 Introduction 

 Allenes are unique functional groups in organic chemistry, characterized by two cumulated 

carbon-carbon double bonds which possess orthogonal π-systems. This uncommon system results 

in reactivity that is distinct from, yet complementary to, other π-bond containing functional groups 

such as alkenes and alkynes. Historically, the distinctive allenic structure was first predicted by 

van’t Hoff in 1875.1 Over a decade later, the first synthesis of an allene, glutinic acid, was reported 

by von Pechmann and Burton, however the structure was incorrectly characterized as an alkyne.2 

It wasn’t until 1954 that the correct structure was illuminated by Whiting and coworkers.3 It is 

potentially because accurate characterization proved to be so difficult, allenes were considered 

structural curiosities and not immediately thought of as useful synthetic compounds. It is safe to 

say that, currently, that could not be farther from the truth. Allenes continue to be found in an ever 

growing amount of natural products, bioactive compounds, and organic materials.4,5  Further, 

allenes have been shown to be versatile intermediates for synthesis as they can participate in a 

wide variety of powerful chemical transformations that yield products with increasing structural 

complexity.6-13 One of the most common and important routes to allene substrates is via 

substitution of propargylic electrophiles.14 Propargylic substrates are three carbon units possessing 

an alkyne moiety that can undergo nucleophilic substitution via two different pathways (Scheme 

1.1).  
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Direct SN2 displacement results in propargylic products, whereas the SN2′ pathway produces 

allenic products. For many nucleophiles, without the assistance of a transition metal, these 

pathways are competing, resulting in low levels of regioselectivity. Transition metal-catalyzed 

substitutions of propargylic substrates are often substantially more selective for allenes, allowing 

for a more generalized approach to their synthesis. Though, depending on the metal, the formation 

of numerous metal-bound intermediates can result in more complex reaction manifolds. This 

chapter will review a variety of methods developed to synthesize allenes with a strong focus on 

transition metal-catalyzed transformations of propargylic starting materials. In an attempt to be 

concise, only methods which generate allenes via carbon-carbon bond formation are included. 

1.2 Synthesis of Allenes from Non-Propargylic Starting Materials 

Even though the overarching theme of Chapter 1 is the synthesis of allenes from propargylic 

substrates, it is still important to include a section discussing transition metal-catalyzed allene 

synthesis from non-propargylic starting materials. While this short review is in no way complete, 

key examples of allene synthesis from non-propargylic electrophiles are presented. The most 

commonly employed non-propargylic starting materials are 1,3-enyne derivatives and 1,3-

butadiene derivatives. While 1,3-enynes are typically employed for the 1,4-addition of hydrosilane 

or hydroborane nucleophiles15-17, there have been some transition metal-catalyzed allene syntheses 

utilizing carbon nucleophiles. In 1996, Yamamoto and coworkers reported the first palladium-

catalyzed 1,4-addition of a carbon pronucleophile into an unactivated conjugated enyne yielding 

allenes.18,19 The reported conjugate addition of activated methine pronucleophiles occurred in a 

regioselective manner at the terminal carbon of the alkene (Scheme 1.2). Reactions with methyl 

and TMS substituted enynes resulted in quantitative yields of the allenyl product. However, when 

longer chains were substituted on the enyne, decreased yields were seen and the reaction was 
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sluggish requiring up to 80 hours for completion.  Unfortunately, the reaction was limited to 

activated methines that contained at least one cyano group. Additionally, the reaction did not 

tolerate substitution at either the alkyne or alkene terminus. 

In 2010, Zhang and coworkers published a palladium-catalyzed three-component reaction that 

generated tetrasubstituted allenes from electron-deficient enynes (Scheme 1.3).20  Zhang et al. 

proposed that the palladium(II) species A, generated via oxidative addition of the aryl halide to 

palladium(0), would promote nucleophilic attack at the alkene as a 1,4-addition. The resulting 

allenyl-palladium complex B could then undergo reductive elimination resulting in the 

tetrasubstituted allene. A variety of alcohol nucleophiles were tolerated, as well as dimethyl 

malonate. Interestingly, functionalized aryl substituents could be incorporated onto the allene via 

either the enyne (position R3) or the aryl halide.  
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The other most commonly employed non-propargyl starting substrates are 1,3-butadienes. Bromo-

1,3-butadienes are similar to propargyl substrates as they also undergo palladium-catalyzed formal 

SN2′ reactions to afford allenes. However, the generated metal-complex intermediates for each 

substrate are vastly different. In regards to this route to allenes, Ogasawara, Takahashi, and 

Hayashi have made significant contributions to the field. In 2000, Ogasawara and Hayashi reported 

the synthesis of allenes via the palladium-catalyzed reaction of 2-bromo-1,3-butadienes with soft 

nucleophiles.21  The reaction, catalyzed by [PdCl(η3-allyl)]2 with dpbp as a ligand, was highly 

selective and the allenes were isolated in excellent yields. With other more commonly employed 

phosphine ligands, the reaction was much less efficient, though still selective for allene products. 

Unfortunately, the reaction was limited to soft nucleophiles such as malonates, with harder 

nucleophiles leading to a diene product. Comparatively, the scope of the butadienes was broader. 

Substitution at each position of the alkene was tolerated well (Scheme 1.4).  
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Ogasawara and Hayashi proposed that a key intermediate in the reaction with bromobutadienes 

was a (methylene-π-allyl)palladium species (A-Br), formed via oxidative addition in an SN2′ 

fashion (Scheme 1.5). After anion exchange with NaBArF
4, the proposed π-allyl complex (A-

BArF
4) was able to be isolated and characterized by NMR. A stoichiometric reaction of A-BArF

4 

with 1.2 gave allene 1.3a in 67% yield, thus strongly supporting the proposed mechanism. 

 By changing the catalyst to Pd(dba)2 and (R)-BINAP, Ogasawara and Hayashi extended the 

developed method to an asymmetric variant, obtaining enantioenriched allenes in up to 89% ee.22 
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In 2005, they applied an asymmetric variant in the synthesis of (R,E)-(-)-tetradeca-2,4,5-trienoate, 

a pheromone of the dried bean beetle.23 This was the first catalytic formal synthesis of the 

pheromone with high enantiopurity (Scheme 1.6).  

More recently, in 2012, Ogasawara and Takahashi combined their allene preparation methods with 

allene functionalization reactions as both occurred via related (alkylidine-π-allyl)palladium 

intermediates.24  Incorporation of an ester moiety at the terminal position of the 2-bromo-1,3-diene 

motif, utilized in earlier work, allowed for the formation of the allenylester. The allenylester could 

then be functionalized in situ by the same palladium catalyst system and a second equivalent of 

the nucleophile, resulting in a doubly functionalized C2-symmetric allene product (Scheme 1.7).  
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1.3 Transition Metal-Catalyzed Allene Syntheses from Propargylic Electrophiles 

 As mentioned previously, transition metal-catalyzed addition to propargylic electrophiles 

is one of the most commonly employed strategies to synthesize allenes. For simplicity, the 

following methods for allene synthesis are divided into sections according to the metal employed. 

1.3.1 Iron-Catalyzed Allene Synthesis. 

 Possibly the first examples of transition metal-catalyzed additions of an organometallic 

nucleophile to propargylic electrophiles was published by Pasto and coworkers in 1976.25 Pasto et 

al. reported the addition of primary or secondary alkyl Grignard reagents to propargyl chlorides 

catalyzed by iron(III) chloride (Scheme 1.8). In the absence of the iron catalyst, Grignard reagents 

reacted with propargyl halides to provide a mixture of both the allene and propargyl products.26 

Addition of 5x10-5 M FeCl3 resulted in the selective formation of allenes in good yield.  

However, in 2003 Fürstner and coworkers attempted to apply this method and found unsatisfactory 

selectivity for the allene.27 The use of less hygroscopic Fe(acac)3 to catalyze the addition led to 

primary formation of the propargyl product (Scheme 1.9). It was determined that propargyl 

epoxides were exceptional electrophiles for the coupling with alkyl Grignard reagents, allowing 

for less than five minute reaction times and catalyst loading of 3-5 mol %. Notably, the direct 
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attack of Grignard reagents on the epoxide moiety was not a significant side reaction for these 

couplings.  

In 2016, Bäckvall and coworkers extended the scope of electrophiles for iron-catalyzed couplings 

of Grignard reagents to more readily accessible propargyl acetates.28 Further, Bäckvall et al. 

explored a greater range of nucleophiles than just the simple alkyl Grignards that had been 

previously reported. They demonstrated that the coupling could be achieved with benzyl, 

unsaturated, and aryl Grignard reagents (Scheme 1.10).  

1.3.2 Copper-Catalyzed Allene Synthesis 

 In 1968 Crabbe and Rona published the first example copper-mediated synthesis of an 

allene.29 They reported that lithium dialkylcuprates added to propargyl acetates in an SN2′ fashion, 

giving allenes in moderate to good yields (Scheme 1.11).  
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 Since that seminal publication, the SN2′ addition of stoichiometric organocopper reagents is 

possibly the most popular method for the synthesis of allenes.12,30 However, the stoichiometric 

variant often suffers from regioselectivity issues and limited nucleophile scope. Thus, there has 

been significant development of reactions using only catalytic amounts of copper, allowing for a 

wider range of substituted allenes to be synthesized. Early works from Vermeer and Alexakis in 

the 1970’s and 80’s established the copper(I)-catalyzed addition of Grignard reagents to various 

propargyl alcohol derivatives as a valuable method for allene synthesis. Electrophiles for these 

additions included propargylic ethers31, acetals32,33, and epoxides34-36 (Scheme 1.12_A,B,C).  

While investigating the stereochemical outcome of the above reactions, Alexakis et al. observed 

that varying the halogen on the Grignard reagent changed the stereoselectivity of the reaction.37 

They propose that if the reaction were to proceed via a Cu(III) intermediate, formed via SN2′ attack, 

the halogens would not affect the stereoselectivity. Thus they postulated a different mechanism 

was operating which involved the syn-addition of the copper nucleophile across the triple bond, 

followed by β-elimination to give the allene (Scheme 1.13).  
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In 1981 Fijisawa and coworkers extended the copper(I)-catalyzed addition of Grignard reagents 

to 3-ethynyl-β-propiolates, thus affording 3,4-alkadienoic acids (Scheme 1.14) 38  

In 2000, Nelson and coworkers reported that the reaction developed by Fijisawa could occur 

stereospecifically when enantioenriched lactones, prepared via an asymmetric catalytic 

cyclocondensation, were employed.39 They postulated that the stereospecificity resulted from SN2′ 

addition of the Grignard instead of the previously proposed addition-elimination sequence. 

Notably in 2005, Nelson et al. used their enantiospecific cross-coupling in the total synthesis of   

(-)-rhazinilam.40 Copper(I)-catalyzed addition of a pyrrole-substituted Grignard reagent to the 

enantioenriched β-lactone yielded the enantioenriched allene as a single diastereomer in 89% yield 

(Scheme 1.15). The enantioenriched allene could then undergo gold-catalyzed annulation to afford 

the tetrahydroindolizine core, which was further transformed into (-)-rhazinilam.  
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The above mentioned copper-catalyzed additions of Grignard reagents suffer from key issues such 

as functional group compatibility, as well as lack of regioselectivity with primary propargyl 

alcohols which form propargylic products instead of the desired allenes. In efforts to address these 

issues, Sawamura41,42 and Lalic43 simultaneously developed copper(I)-catalyzed cross couplings 

of propargyl phosphates with alkyl, vinyl, and aryl boronic acid derivatives. Both methods were 

remarkably similar, with essentially only the catalysts differing (Scheme 1.16).These approaches 

were significantly more functional group tolerant than the previously discussed methods and could 

be used to synthesize both di- and trisubstituted allenes. Further, both Sawamura’s and Lalic’s 

methods were highly stereospecific when enantioenriched propargyl phosphates were employed 

(discussed further in Chapter 3, Section 3.2.1).  
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Within the last decade fluorinated molecules have become important targets in pharmaceutical 

chemistry, thus there is an increased need for methods that incorporate fluorinated motifs into 

potential chemical building blocks, such as allenes.44 Recently, there have been copper-catalyzed 

couplings with propargyl electrophiles developed in order to meet that need. In 2012, Miura and 

coworkers reported the synthesis of polyfluoroaryl allenes via a copper-catalyzed direct coupling 

of polyfluoroarenes with propargyl phosphates.45 Unlike the previously discussed copper-

catalyzed cross coupling reactions, the nucleophile did not require pre-activation by stoichiometric 

metalation. Instead, the direct coupling begins with the cupration of the polyfluoroarene, promoted 

by the highly basic t-butoxide ligand on copper (Scheme 1.17). The resulting aryl copper species 

can then undergo a similar addition-elimination sequence to that proposed by Alexakis. While this 

method does not require additional preformed organometallic reagents, it still employs super-

stoichiometric amounts of strong base.  
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In 2013, Nishibayashi and coworkers published a copper-catalyzed trifluoromethylation of 

propargylic halides.46 Treatment of secondary propargylic halides with 5 mol % copper(I) 

thiophene-2-carboxylate (CuTC) and CF3SiMe3 afforded trifluoromethylated allenes in good 

yields (Scheme 1.18). Unfortunately this reaction was strictly limited to secondary propargyl 

halides as primary substrates yielded only propargylic products.  
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1.3.3 Rhodium-Catalyzed Allene Synthesis 

In 2002, Murakami and coworkers reported the rhodium-catalyzed addition of aryl boronic acids 

to propargyl acetates.47 However, only one substrate was studied as Murakami et al. were 

examining the stereochemistry of the cross-coupling. This reaction, like the copper-catalyzed 

cross-couplings, proceeded stereospecifically though with poor chirality transfer. Unlike the 

copper-catalyzed additions, the rhodium-catalyzed reactions resulted in the retention of 

configuration. This observation led Murakami to propose that the rhodium(I) species formed upon 

transmetalation with the boron nucleophile underwent cis 1,2-addition. (Scheme 1.19). After the 

addition across the triple bond, the rhodium-alkenyl intermediate would then undergo syn-

elimination, resulting in an overall retention of configuration.  

Five years later, the same group extended their rhodium-catalyzed protocol to include propargyl 

epoxide electrophiles.48 They examined a broad range of substrates and observed much better 

chirality transfer from the enantioenriched epoxides. Further, utilized oxiranes as nucleophiles 

allowed for the coupling to occur at room temperature instead of the 70˚C previously required. In 

2007, the rhodium-catalyzed cross coupling of epoxides with arylboronic acids was applied in the 
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total synthesis of the natural product (±)-boivinianin B.49 After the rhodium-catalyzed tolyl 

substitution, the resulting allenol underwent cycloisomerization catalyzed by a cationic gold 

complex. Hydrogenation of the double bond afforded (±)-boivinianin B in good yield (Scheme 

1.20).  

1.4 Reactivity of Palladium with Propargyl Electrophiles 

Unlike the transition metals presented above, palladium possesses a unique reactivity with 

propargylic electrophiles which allows for the formation of various different products. The 

selectivity for the formation of a specific product is a direct result of the tuning of the multiple 

isomeric palladium-bound intermediates that are formed upon oxidative addition as well as the 

structure and reactivity of the nucleophile.  

Since their development, palladium-catalyzed reactions with propargyl electrophiles have been 

assumed to proceed through one of two different isomeric palladium-bound intermediates, the η1-

allenyl palladium complex or the η1-propargyl palladium complex. These two palladium species 

were confirmed by Boersma and coworkers when they observed the formation of either the η1-

allenylpalladium complex or the η1-propargylpalladium upon treatment of either the propargyl or 



17 

 

allenyl halide with stoichiometric amounts of Pd(PPh3)4.
50,51

 They observed that the preference for 

one palladium-bound intermediate over the other relied on the steric bulk of the of propargyl and 

terminal positions of the starting materials (Scheme 1.21).  

In 1999, Kurosawa, Tsutsumi, and Ogoshi published the culmination of their thorough studies on 

the synthesis and characterization of the various palladium-bound complexes formed from 

oxidative addition of propargyl electrophiles to palladium(0). They observed that the hapticity of 

the allenyl/propargyl ligand on palladium relied heavily on the nature of the counterion.52 

Simultaneously exchanging the strongly coordinating chloride counterion on a mixture of the η1-

allenyl and η1-propargylpalladium complex for a non-coordinating tetrafluoroborate resulted in 

the exclusive formation of a cationic η3-propargylpalladium species (Scheme 1.22). They 

hypothesized that this indicated an equilibrium between the η1- and η3-complexes.53  

In these studies, the effects that solvent polarity had on the interconversion between the η1- and 

η3-complexes were also examined. When the η1- and η3- palladium complex equilibrium was 

generated in various solvents and monitored via NMR spectroscopy (Scheme 1.23), it was 
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observed that equilibrium favored the η3-propargylpalladium in polar solvents such as deuterated 

chloroform or dimethylformamide. However, utilizing deuterated benzene led to the exclusive 

formation of the η1-allenylpalladium. Further, changing the ligand from the bidentate dppe to PPh3 

again led to sole formation of the η1-allenylpalladium.  

From these studies one can infer that selectivity for the η1-allenylpalladium can be promoted over 

the other two isomers by two different strategies. First is via substrate control, increasing steric 

bulk at the propargylic position (R2 and R3) while decreasing the bulk at the terminal position (R1) 

of the substrate favors the formation of the η1-allenylpalladium species. The other strategy is 

through catalyst control. By utilizing some combination of coordinating counterions, monodentate 

ligands, and nonpolar solvents, it would be possible to engineer a palladium-catalyst that prefers 

to sit as the η1-allenyl intermediate. 

As the three reactive palladium-intermediates have been proposed to exist with in equilibrium that 

can be altered by reaction conditions, there has been a significant amount of work to demonstrate 

the different reactivities of these intermediates with various carbon nucleophiles. The large amount 

of work by Chen,54 Ogoshi,52 Wojcicki, and Tsuji55 can be combined together to provide a more 

complete synthetic picture of palladium-catalyzed reactions with propargyl electrophiles. These 

reactions have been categorized into four distinct reaction types (Scheme 1.24).  Reactions with 
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the η1-allenylpalladium fall into type I and type II reactions. The formation of the η1-

allenylpalladium is primarily due to the lack steric hindrance at the R1 position. The allenyl 

complex has been shown to undergo insertion reactions with alkenyl nucleophiles (type I) which 

can then undergo β-hydride elimination to give conjugated ene-allene products. The allenyl 

complex has also been shown to undergo transmetalation with hard organometallic nucleophiles 

(type II). Upon reductive elimination type II reactions also generate an allene as the product. 

Alternatively, soft carbon nucleophiles are known to attack the center carbon of the η3-

propargylpalladium complex (type III), which are primarily generated in the presence of bidentate 

ligands. Attack of the center carbon results in the formation of a π-allylpalladium complex which 

is prone to undergo a second nucleophilic attack leading to either a double addition or cyclization 

product depending on the nature of the nucleophile. Finally, reaction with the η1-

propargylpalladium (type IV), selectively formed when R1 is very bulky, is very rare but would 

undergo a similar reaction to that of type II. Transmetalation with an organometallic nucleophile 

followed by direct reductive elimination would result in a propargylic product. 
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1.4 Palladium-Catalyzed Type II Reactions of Propargyl Electrophiles 

Palladium-catalyzed coupling reactions with propargylic electrophiles are among the most 

explored catalytic methods to synthesize allenes. Unlike copper, palladium-catalyzed reactions are 

in general milder, and more tolerant of various substituents on the propargylic substrates. Further, 

the employment of palladium allows for a wider range of potential nucleophilic partners. The first 

palladium-catalyzed cross-coupling reaction to synthesize allenes was published by Linstrumelle 

and Jeffery-Luong in 1980.56 They reported that a palladium catalyst, generated from PdCl2, PPh3 

and DIBAL, promoted the addition of Grignard reagents to either propargyl or allenyl halides 
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yielding the allene product selectively in moderate to good yield (Scheme 1.25) Without the 

palladium catalyst, the Grignard addition to the propargyl chloride resulted in a mixture of the 

propargyl and allenyl products in very low yields.  

One year later, Vermeer and coworkers found that replacing the Grignard reagents with organozinc 

compounds led to even higher selectivity (>99%) for the allene product with better yields.57 

Further, utilizing the organozinc compounds required significantly less palladium, only 0.5 mol 

%, compared to the previously reported 10 mol %. Additionally, less toxic propargyl acetates could 

be employed as the electrophilic partner (Scheme 1.26). Upon isolation of the η1-allenylpalladium 

in 1983, Vermeer et al. proposed that the reaction began with oxidative addition of palladium with 

the propargyl substrate in an SN2′  fashion.50 The allenylpalladium(II) species can then undergo 

transmetalation with the hard organometallic nucleophile.  Reductive elimination of the resulting 

palladium complex would lead to the allene product.  
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Over the years, the palladium-catalyzed addition of organozincs has been found to be compatible 

with a wide array of different propargylic electrophiles, employing various different leaving 

groups. Utilization of epoxides as leaving groups (Scheme 1.27_ A) allowed for the synthesis of 

allenyl methyl alcohols.58 Carbonates (Scheme 1.27_B)59 and mesylates (Scheme 1.27_C)60 have 

also been demonstrated to be competent leaving groups.   



23 

 

The palladium-catalyzed addition of organozinc compounds has also be used in the total synthesis 

of natural products. In 2010, Wu and coworkers published the total synthesis of nemotin, an allene-

containing natural product with antibiotic properties.61 In one of the final steps of the synthesis, a 

propargyl tosylate, synthesized from a D-tartrate-derived acetonide, is treated with catalytic 

palladium and a zinc acetylide, formed in situ from a lithiated acetylide and ZnBr2 (Scheme 1.28). 

Deprotection of the resulting TMS allenyne yielded the natural product.  

In addition to organozinc compounds, other hard carbon nucleophiles have been applied the 

palladium-catalyzed substitution of propargylic electrophiles. While the organozinc compounds 

have been limited to sp2 and sp hybridized carbon nucleophiles, the use of trialkylaluminum 

(Scheme 1.29_A) resulted in the alkylated allene with high selectivity and yield.62,63  Additionally, 

Tsuji and coworkers reported the use of trimethylsilyl cyanide as a successful nucleophilic partner 

with propargyl carbonates in the palladium-catalyzed synthesis of cyanoallenes (Scheme 

1.29_B).64  
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In 1994, Suzuki and Miyaura reported that organoboron species also made excellent nucleophilic 

partners for the palladium-catalyzed substitution of propargylic substrates to yield allenes  

(Scheme 1.30).65 Notably, reactions between propargyl methyl carbonate and organoboron species 

proceeded under neutral conditions. This is because methoxide is generated in situ after successive 

oxidative addition and decarboxylation of the carbonate. The methoxide then activates the 

organoboron towards transmetalation which is followed by reductive elimination to give the allene 

product. Suzuki and Miyaura’s report contained only a handful of  examples, but subsequent works 

by Yoshida66,67 and Molander68 have demonstrated the broad scope and applicability of this 

method. However, like the analogous processes utilizing organozincs, these methods are limited 

to the use of sp2 and sp hybridized boron nucleophiles.  
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1.5 Conclusion 

 In conclusion, this chapter has provided a snapshot of the variety of methods used to 

achieve substitution of propargylic electrophiles in a manner that is selective for allene formation. 

Transition metal catalysis has been demonstrated as one of the most successful strategies to 

achieve allene synthesis from propargylic substrates. Iron, copper, rhodium, and palladium have 

all been utilized to catalyze the addition of various carbon nucleophiles, yielding a variety of 

substituted allenes. However, due to the necessary use of organometallic reagents and harsh 

conditions these methods suffer from a lack of atom economy and often low functional group 

tolerance. While the transition metal-catalyzed methods presented above are useful, more can be 

done to develop equally powerful reactions that are more atom economical, efficient, and 

environmentally benign. 
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Chapter 2: Palladium-Catalyzed Decarboxylative Coupling of Propargylic 

Propiolates 
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2.1 Introduction 

Chapter 1 of this dissertation was a review of the myriad of methods that have been developed for 

the synthesis of allenes utilizing propargylic starting materials. From that review, it is clear that 

one of the most common ways to make allenes is via traditional transition metal-catalyzed cross-

coupling protocols. While these C-C bond forming methods are extremely powerful, they still have 

inherent issues, as they require pre-formed organometallics and/or stoichiometric amounts of base. 

The use of these necessary reagents results in significant amounts of waste, which can be toxic 

and complicate product purification. As an alternative, decarboxylative coupling has several 

advantages over traditional cross-coupling reactions (Scheme 2.1).  

First, the carboxylic acid derivatives used as starting materials are less expensive, easily accessible, 

less toxic, and ubiquitous. Additionally, utilizing irreversible decarboxylation as the driving force 

to form reactive intermediates obviates the need for preformed organometallics and base. Further, 

in intramolecular couplings, the decarboxylation results in the in situ activation of nucleophiles, 

allowing for less stabilized nucleophiles to be utilized in the reaction without the need for basic 
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additives. Finally, nontoxic, nonflammable CO2 is the only byproduct generated, simplifying the 

purification process. Because of these many advantages, decarboxylative coupling has gained 

significant attention as a method for the formation of carbon-carbon bonds. Since its creative 

utilization by Tsuji1 and Saegusa2, palladium-catalyzed decarboxylative coupling has been broadly 

applied to both allylic and benzylic electrophiles.3-8  Comparatively, there has been significantly 

less exploration into the use of propargylic electrophiles.9 As such, only a small portion of methods 

utilize propargylic electrophiles in decarboxylative coupling, out of which even fewer yield allenyl 

products. The wide variety of products observed in these decarboxylative transformations 

illustrates the regio- and chemoselectivity issues that persist with propargyl electrophiles. These 

decarboxylative methods will be presented in the following sections of this dissertation. 

2.2 Decarboxylative Couplings with Propargylic Electrophiles 

The first example of a C-C bond forming decarboxylative coupling of a propargyl electrophile was 

by Bienaymé in 1994. In the first report, Bienaymé found that Pd(PPh3)4 successfully catalyzed 

the decarboxylative coupling of a propargylic carbonate, however with unsatisfactory selectivity 

between the allenyl and propargyl product.10 A brief screening of ligands showed that increasing 

the bulk of the aromatic phosphine ligands allowed for better selectivity for the desired allene 

product (Scheme 2.2).  
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In a subsequent publication, Bienaymé explored the effect of the substitution pattern of the 

propargyl substrates on the regioselectivity of the coupling reaction catalyzed by Pd(PPh3)4.
11 It 

was determined that the product ratios were significantly affected by the substituents at both the 

terminal (R1) and propargyl (R2 and R3) positions of the propargyl carbonate. Increasing the bulk 

at any of these positions modified the selectivity to favor the allenyl products which were isolated 

in moderate yields. Bienaymé hypothesized that the observed regioselectivity was due to a change 

in the favored palladium-bound intermediate. Less steric interactions allow for the formation of 

the η1-propargylpalladium species (B) yielding the propargylated product (5). More sterically 

encumbered substrates prefer to form the η1-allenylpalladium species (A) leading to the allene 

product (4, Scheme 2.3). Unfortunately, there was no catalyst optimization so the ligands that 

showed potential to further increase selectivity were not applied to the substituted systems. 
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In 2011, Stoltz and coworkers reported a single example of the enantioselective decarboxylative 

coupling of a propargylic carbonate derived from cyclohexanone.12 The example was subjected to 

a very brief ligand screen which led to moderate to good yields of the propargylated product, 

however the enantioselectivity of the reaction was poor (Scheme 2.4). Further, the products were 

never isolated and often suffered from contamination by the allenyl product.  
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In 2012, Yoshida and coworkers demonstrated the use of enolates as bis-nucleophiles in the 

decarboxylative [3+2] cyclization of propargyl β-keto esters.13 Unlike the examples discussed 

above in which the enolate nucleophiles, generated upon decarboxylation of carbonates, attack one 

of the terminal carbons of the η1-palladium intermediates, Yoshida determined that the enolate,  

formed from the decarboxylation of  β-keto esters, behaves more like a softer nucleophile and 

reacts at the central carbon of the η3-palladium π-propargyl complex (Scheme 2.5). The enolate 

oxygen then reacts with the resulting palladium π-allyl intermediate and isomerization leads to a 

tetrasubstituted furan.  

Franckevicius and coworkers reported the first decarboxylative coupling of propargyl 

electrophiles with softer 1,3-dicarbonyl nucleophiles in 2013.14  The developed decarboxylative 

coupling allowed for the regioselective bis-addition of two separate nucleophiles yielding alkene 

products with quaternary carbon moieties. First the 1,3-dicarbonyl enolate, generated via 
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decarboxylation, attacks the central carbon of the η3-palladium π-propargyl complex generating a 

palladacycle. The palldacycle can then be protonated by an external nucleophile leading to a  

palladium π-allyl intermediate that can then be attacked by the external nucleophile (Scheme 2.6). 

Franckevicius’s inital report utilized phenols as the external nucleophile but has since applied 

different 1,3-dicarbonyl compounds15 and N-heterocycles16 as nucleophilic partners. 

 As was previously demonstrated in Chapter 1, copper is another transition metal that can catalyze 

carbon-carbon bond forming reactions with propargyl electrophiles. There have also been 

examples of copper-catalyzed decarboxylative coupling reactions with propargylic electrophiles 

which will be discussed below.  In 2014, Hu and coworkers developed an enantioselective  

decarboxylative propargylation of β-ketoesters catalyzed by a cationic copper complex and chiral 

ligand.17  While good yields and enantioselectivities were obtained, the starting substrates are 

limited to terminal alkynes in order to achieve the necessary copper allenylidene intermediate 

(Scheme 2.7).   
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Within that same year, Altman and coworkers reported a copper-catalyzed decarboxylative 

trifluormethylation of propargyl esters.18 When propargyl bromo(difluoro)acetates were 

introduced to a copper iodide catalyst in the presence of N,N’-dimethylethylenediamine 

(DMEDA) and sodium bromo(difluoro)acetate, the propargyl trifluormethanes were preferentially 

formed. However, the selectivity for the propargyl products over the allene was moderate, and the 

two isomers were inseparable by column chromatography. In a subsequent publication in 2015, 

Altman and coworkers reported that replacing DMEDA with  either a phenanthroline or bipyridine 

ligand led to the selective formation of the trifluoromethylated allene, reversing the previously 

observed regioselectivity.19 It was hypothesized that the geometric influence of the ligand’s 

structure controlled the regioselectivity of the transformation (Scheme 2.8). This protocol is one 

of the few methods that tolerate substitution at both the terminal and propargyl positions of the 

electrophile.  
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There has also been some exploration of decarboxylative couplings with propargyl electrophiles 

in the Tunge group. A collegue, Theresa Locascio, developed a regiodivergent decarboxylative 

coupling of propargyl esters with  aryl acetonitrile nucleophiles which yielded either the propargyl 

product or the diene product depending on which ligand was employed.20 This method progressed 

from an earlier developed intermolecular coupling of propargyl carbonates and α,α-diaryl 

acetonitrile pronucleophiles.21 Utilizing decarboxylation to generate the activated nucleophile in 

situ allowed for the expansion of the nucleophile scope to include less stable alkyl, aryl acetonitrile 

variants (Scheme 2.9). Unfortunately both pathways were somewhat limited as they required 

electron-deficient aryl systems on the acetonitrile nucleophile.  
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While these decarboxylative methods are efficient and mild, the overall selectivity and reactivity 

with propargyl electrophiles leaves much to be uncovered and explored, in terms of scope and 

understanding what controls product formation. In the forthcoming sections,  my contribution to 

this field of research will be discussed, specifically the palladium-catalyzed decarboxylative 

coupling of propargyl propiolates to synthesize allenynes. 

2.3 Palladium-Catalyzed Decarboxylative Synthesis of Allenynes 

 In the above examples, many of the nucleophilic partners utilized in the coupling are 

enolate derivatives. This is because decarboxylation allows for the regiospecific formation of the 

enolate in situ under neutral conditions thus allowing for milder reactions.22 Another family of 

nucleophiles that benefit from being generated in situ via decarboxylation are acetylides. While 

acetylides have not been used as nucleophilic partners in decarboxylative coupling with propargyl 

electrophiles, they can be found in traditional palladium-catalyzed cross-coupling reactions. An 

early example of palladium-catalyzed cross-coupling of a propargyl electrophile with an alkynyl 

nucleophile was reported by Vermeer.23 Propargyl bromides were coupled with stoichiometric 

amounts of zinc acetylides to synthesize allenyne products in high yield (Scheme 2.10_A). Later, 

Linstrumelle and Jeffery-Luong, synthesized analogous allenynes via cross-coupling of allenyl 

bromides and copper acetylides under Sonogashira conditions.24 While this method was able to 

achieve transmetallation using only catalytic amounts of copper, basic diethylamine was still 

required as the solvent (Scheme 2.10_B). Tsuji further developed the Sonogashira cross-coupling 

by employing propargyl carbonates as the electrophilic partner. However, super-stoichiometric 

salt additives as well as diethylamine as a cosolvent were required for the reaction to proceed 

cleanly and with high yields (Scheme 2.10_C).25,26 The need for salt additives was again 
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demonstrated by Guegnot and Linstrumelle when propargyl acetates were utilized in the coupling 

(Scheme 2.10_D)27.  

It should be emphasized again that these requirements of preformed organometallics, salt 

additives, and highly basic reagents/solvents are not ideal. We envisioned that the use of 

palladium-catalyzed decarboxylative coupling of propargyl esters would allow for the synthesis 

of conjugated allenynes under base-free conditions without the need for stoichiometric 

organometallics or metal salt additives. Further, the utilization of acetylide nucleophiles would 

distinctively expand the scope of decarboxylative coupling reactions with propargyl electrophiles. 

We began our studies with butynyl phenyl propiolate (2.1a) which is easily synthesized via the 

DCC coupling of but-2-yn-1-ol and phenyl propiolic acid, both of which are commercially 

available. We hypothesized that either the allenyne (2.2b)  or diyne (2.2b′) would be observed due 

to the known equilibrium between the allenyl-palladium species and propargyl-palladium species 

(Scheme 2.11).28  

 

 

 

 



42 

 

It was to our utmost delight that when 2.1a was allowed to react with 10 mol% Pd(PPh3)4  on NMR 

scale in deuterated toluene, there was complete and clean conversion to solely the allenyne product 

in 80% yield versus 1,4 dioxane as the internal standard (Scheme 2.12, entry 1). Polar solvents 

such as acetonitrile and DMSO also resulted in full conversion in less amount of time (Scheme 

2.12, entries 2 and 3), though the yield in DMSO was drastically reduced versus the internal 

standard with no obvious reason for the loss of mass. We also observed that we could reduce the 

palladium loading to 5 mol% without a significant loss in yield and only a slight increase in 

reaction time. Contrary to the NMR spectroscopic studies, when the reaction was scaled up to 0.5 

mmol, the product could only be isolated in up to 32% yield. It was determined that this was due 

to the volatility of the product. Fortunately, the more volatile THF proved equally as suitable as a 

solvent for the reaction as acetonitrile and its easy removal facilitated the isolation of the allenyne 

product in 88% yield (Scheme 2.12, entry 5). 
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Once the conditions were optimized for the synthesis of allenyne 2.2a, we investigated whether 

changing the ligands on palladium could effect any changes to the regioselectivity of the reaction. 

This was inspired by the work of Bienayme10 and Locascio20 described earlier in this chapter as 

well as reports of ligands affecting the regioselectivity of decarboxylative hydrogenolysis of 

propargylic formates.29 As a control, the use of  a palladium(0) catalyst with no phosphine ligands 

resulted in no reaction. Introduction of the triphenylphosphine ligand led to a yield that is 

comparable to that obtained with Pd(PPh3)4. Overall the coupling reaction preferred aryl 

monophosphine ligands. Use of Xphos resulted in a faster reaction however there was a loss of 

yield.  The alkyl phosphine prevented any reaction from occuring. Bidentate phosphine ligands 

led to low conversions and yield. Interestingly, with every ligand screened,  any product formation 

observed was solely that of the allenyne regioisomer which suggests that this transformation is 

completely selective. 
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Following development and optimization of the palladium-catalyzed decarboxylative coupling, 

we then began to examine the scope of the reaction by varying the pro-nucleophilic portion of the 

starting propargyl ester by varying the propiolic acid (Scheme 2.14). Aryl acetylides were not 

required for the sucessful reaction as both alkyl (2.2b) and vinyl (2.2c) substituents gave moderate 

to good yields of the allenyne product. The highest yield was observed with a p-methoxyphenyl 

propiolate. Notably the reaction tolerated a variety of substitution patterns with both alkyl (2.2e 

and 2.2f) and halogen (2.2g and 2.2h) substituents resulting in good yields. Electron withdrawing 

groups at the para position also gave satisfactory yields; however, they required longer reaction 
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times (2.2i and 2.2j). The observed increase in reaction time for electron withdrawing substituents 

suggests that the reductive elimination of the acetylide and allene from palladium may be the rate 

determining step of the catalytic cycle. 

After sufficiently exploring the nucleophile scope, we went on to evaluate various substituents at 

the R1 position of the propargyl ester (Scheme 2.15). Unfortunately, it is with the electrophiles that 

we observed limitations to our decarboxylative method. The reaction appears to only tolerate alkyl 

substituents at the terminal position. Both linear and cylic alkyl groups led to good yields of the 

allenyne product. Furthermore, it was determined that functionality on the alkyl chain was 

tolerated  as long as it was at least one methylene unit away from the alkyne moiety in the starting 

material. For example, a THP-protected propargyl alcohol gave a good yield (2.21). Additonally 
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when benzyl propargyl ester (2.2m) was attempted, a significantly diminished yield of only 39% 

was obtained. 

A variety of substrates with non-alkyl substitution at the R1 postion of the propargyl ester were 

unsuccessful. With a vinyl group at the R1 the reaction did not occur (Scheme 2.16, 2.2n). With a 

larger cyclohexenyl group in the same position there was only 35% conversion to the allene after 

5 hours. Unfortunately increasing the temperature of the reaction only led to degredation of the 

starting material. This could potentially be explained coordination of  the alkene to the palladium-

allene complex,  which would mask the coordination site needed by the acetylide nucleophile. This 

coordination may be weaker with the more substituted alkene thus allowing metallation and 

reductive elimination to occur occasionally.  
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Other unsuccessful substates are presented in Scheme 2.17 below. The terminal alkyne (2.2p) 

reached 33% conversion to the allene in 4 hours, however, the reaction appeared to stall as no 

higher conversion was observed upon longer reaction time (24 h) or higher reaction temperatures 

(70 ˚C). Protecting the terminal alkyne with a trimethylsilyl group (2.2q) shut down the coupling 

reaction completely, as did incorporation of an ester group at the R1 position (2.2r). Phenyl groups 

were also not well-tolerated at the R1 position. When R1 and R2 were both phenyl groups (2.2s) 

only 15% of the starting material was consumed after 6 hours and both the product and the starting 

material decomposed upon heating overnight. Replacing R2 with a methyl group resulted in allene 

formation (2.2t) which was observed by crude NMR and GC/MS. However, complex side 

products were also formed and the allene could not be isolated.  
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As we observed that primary propargyl esters yielded 1,1-disubstituted allenes, we envisioned that 

secondary propargyl esters would allow for the synthesis of trisubstituted allenes further 

expanding the scope of this method. Disappointingly, initial efforts into the synthesis of 

trisubstituted allenynes proved to be unsuccessful (Scheme 2.18). When the coupling of hexynyl 

phenylpropiolate was attempted, only 27% of the desired allenyne (2.4a) was isolated. We were 

delighted when we observed that utilizing the p-OMe phenyl propiolate, which had previously 

been show to improve the yields of disubstituted allenes, resulted in a satisfactory 74% yield. 

Additionally, increasing the steric bulk at the R1 position via a cyclohexyl group allowed for the 

isolation of the desired allenyne (2.4c) in 78% yield. Combining the two strategies of increasing 

the bulk of the electrophile and increasing the electron density of the nucleophile further increased 

the yield to 86% (2.4d). This suggests that volatility of the product (2.2p) may have been the 

reason for such a low isolated yield as both strategies increase the molecular weight of the product 

by at least 30 mass units. Further, p-OMe phenylacetylide had been shown to be a more reactive 
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nucleophile in the synthesis of the disubstituted allenes, potentially due to more facile reductive 

elimination, explaining the observed rise in yield from 2.4c to 2.4 d.  

The scope was further examined by varying the substituent at the R3 positions (Scheme 2.19). 

Longer alkyl chains such as hydrocinnamyl (2.4e) gave a moderate yield of 59%. The bulky 

isopropyl substituent (2.4f) also gave a good yield of 88%, however the decarboxylative coupling 

was considerably slower, requiring 18 hours for full conversion. Phenyl (2.4g) and tolyl (2.4h) 

substituents also led to satisfactory yields.  
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Again limitations were observed while examining of the scope of trisubstituted allenes (Scheme 

2.20). A propargyl ester substituted with a trifluoromethyl moiety underwent decarboxylative 

coupling to form the allenyne (2.4i), however the rate of the reaction was not synthetically useful. 

After 3 days at 50 ˚C only 20% of the starting material was consumed.  Increasing the temperature 

to 60 ˚C lead to a marked increase in reactivity as the reaction reached 50% conversion after 3 

days. Further heating the reaction to 90 ˚C allowed the reaction to reach 25% conversion in 4 

hours, but unfortunately leaving the reaction to heat overnight resulted in decomposition. 

Additionally, the allenyne was never isolated. This was disheartening as related substrates had 

been shown to do well under cross-coupling conditions with zinc.30 Varying substitution at the R1 

position was similarly disappointing. With a protected propargyl alcohol at the R1 position (2.4j) 

the best conversion achieved was 34% over 12 hours, with significant competition by 

decomposition of the starting material resulting in a complicated reaction mixture. Interestingly, 

when R3 was a p-OMe phenyl substituent, only starting material remained after several hours even 

after increasing the temperature. Other para substituted phenyl rings resulted in successful 

decarboxylative coupling reactions, however, they will be addressed in chapter 3 as a part of 

kinetic studies. 
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In general the decarboxylative coupling method described in this chapter is a very clean reaction 

in which substrates either convert to the allenyne or they don’t, and only starting material is 

observed. However, while we were investigating the scope of the secondary propargyl esters, we 

came across a notable exception. When the secondary position of propargyl ester was substituted 

with a cyclopropane, we were intrigued to find that while all of the propargyl ester had been 

consumed, the desired allene was not observed via chromatography or spectroscopy (Scheme 

2.21). Upon closer examination of the NMR spectra it was determined that instead of the allenyne, 

the reaction had yielded a conjugated dienyne (2.5) as well as the alkyne (2.6) which were isolated 

in a 20% and 15% yield respectively.  

 It is possible that the strain of the cyclopropane ring led to a change in the catalytic cycle. The 

proposed catalytic cycle for the decarboxylative synthesis (Scheme 2.22) begins with oxidative 

addition of the propargyl ester to palladium(0) to form the η1-allenyl palladium species (A) which 

can then undergo decarboxylation and reductive elimination to give the desired allene product 

(2.4).  When R3 is cyclopropane we propose that the transformation begins in the same fashion 

with oxidative addition and decarboxylation to form the same η1-allenyl palladium complex (B) 

found in the catalytic cycle for the decarboxylative coupling. However, isomerization to the η1-

propargyl palladium complex (C) would allow for β-carbon elimination to occur, thus opening the 

cyclopropane and releasing strain. This would result in the alkyl palladium species (D) which 

could undergo a β-hydride elimination releasing the dienyne (2.5). Reductive elimination of 
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palladium species (E) would then yield the acetylene (2.6) and return palladium to the correct 

oxidation state.  

2.4 Conclusion 

In summary this chapter has described the development of a novel palladium-catalyzed 

decarboxylative coupling of propargyl esters. The reaction was shown to be completely selective 

for the formation of allene products, which is uncommon in the literature for decarboxylative 

couplings with propargyl electrophiles. A wide variety of 1,1-disubstituted and trisubstituted 

allenynes have been synthesized utilizing this method, however some limitations to the method 

have been observed, most notably in the choice of electrophilic partner.  Overall, the coupling is a 

green alternative to previous methods used to synthesize similar conjugated allenynes as CO2 is 

the only byproduct. 
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General Information: 

TLC analysis was performed with silica gel HL TLC plates w/UV254 from Sorbent 

Technologies. 60 Å porosity, 230 x 400 mesh standard grade silica gel from Sorbent 

Technologies was used for column chromatography. Infrared spectra were recorded on a 

PerkinElmer Spectrum 100 FTIR spectrometer with liquid samples sealed in 0.1 mm NaCl cells 

or solid samples as KBr pellets. GC/MS data was obtained using a Shimadzu GCMS-QP2010 

SE. HRMS was run using APCI techniques. 1H and 13C spectra were obtained on a Bruker 

Advance 500 DRX equipped with a QNP cryoprobe and referenced to residual protio solvent 

signals. Chiral HPLC analysis was performed by LC- 10ATVP Shimadzu HPLC using a 

Chiralpak AD-H chiral column (0.46cmx25cm), eluting with hexane / iso-propanol mixture. 

Tetrahydrofuran (THF) was distilled over Na using benzophenone as an indicator. 

Dichloromethane (DCM) was purified by an Innovative Technology Pure SolvTM solvent 

purification system. N-Butyllithium (n-BuLi)  was purchase as a 1.6 M solution in hexanes from 

Sigma Aldrich and used without further purification. All acetylenes and aldehydes were 

purchased from Sigma Aldrich, Alfa Aesar, and Acros Organics and used without further 

purification All palladium catalysts and ligands were purchased from Strem and stored in a glove 

box under argon atmosphere. 
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Synthesis of Propargyl Propiolates: 

3-phenylpropiolic acid and pent-2-noic acid were purchased from Sigma Aldrich. 
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Propargyl alcohols were either purchased from Sigma Aldrich or Alfa Aesar  

 

 

 

 

General Procedure for the synthesis of propargyl propiolates (General Procedure A): 

Reactions were typically run on a 2 to 10 mmol scale 

To a cooled (0 °C) stirred solution of the phenylpropiolic acid (730 mg, 5 mmol) in DCM (50 

mL) was added 2-butyn-1-ol (350 mg, 5mmol) followed by dimethylaminopyridine (DMAP) 

(36.7mg, 0.3mmol) and then DCC (1031.7 mg, 5 mmol). The solution was allowed to warm to rt 

and stirred overnight. Reaction was filtered through a pad of celite with DCM. Filtrate was 

washed with 1 N HCl , Sat. NaHCO3, brine, and then dried over MgSO4. The solvent was 

evaporated and the crude product purified by flash chromatography 
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Characterization data for propargyl propiolates:  

 

 

but-2-yn-1-yl 3-phenylpropiolate (2.1a)7 

Prepared from but-2-yn-1-ol (700 mg, 0.01 mol) and phenylpropiolic acid (1460 mg, 0.01 mol) 

via general procedure A. Pale yellow oil isolated from flash chromatography using 100:0 

hexanes:EtOAc as eluent (157 mg, 0.0058 mol, 58%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.56 (m, 2H), 7.48 – 7.43 (m, 1H), 7.40 – 7.36 (m, 

2H), 4.79 (q, J = 2.4 Hz, 2H), 1.88 (t, J = 2.4 Hz, 3H) 

 13C NMR (126 MHz, CDCl3) δ 153.4, 133.1, 130.8, 128.6, 119.4, 87.2, 84.3, 80.1, 72.3, 54.2, 

3.7 

 GC/MS 198.1 (M
+), 169.1(base peak) 

  IR (neat) νmax 2322, 2222, 1715, 1293, 1178, 759 cm-1 

 

 

 

hex-2-yn-1-yl pent-2-ynoate (2.1b) 

Prepared from hex-2-yn-1-ol (491 mg, 0.005 mol) and pent-2-ynoic acid (490 mg, 0.005 mol) 

via general procedure A. Pale yellow oil isolated from flash chromatography using 100:0 

hexanes:EtOAc as eluent (966 mg, 0.0041 mol, 82%) 

MS1-226 

MS1-230 
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 1H NMR (500 MHz, Chloroform-d) δ 4.73 (t, J = 2.2 Hz, 2H), 2.34 (q, J = 7.5 Hz, 2H), 2.20 (tt, 

J = 7.2, 2.2 Hz, 2H), 1.54 – 1.44 (m, 2H), 1.39 – 1.31 (m, 2H), 1.31 – 1.24 (m, 6H), 1.20 (t, J = 

7.5 Hz, 3H), 0.91 – 0.83 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 153.3, 91.7, 88.7, 73.2, 72.1, 54.2, 31.8, 28.9, 28.9, 28.5, 22.8, 

18.9, 14.2, 12.6. 

HRMS (H-apci) m/z: M+H calcd for C15H23O2:  235.1698, found: 235.1699 

 IR (neat) νmax 2929, 2297, 2239, 1719, 1250 cm-1 

 

  

but-2-yn-1-yl 3-(cyclohex-1-en-1-yl)propiolate (2.1c) 

Prepared from but-2-yn-1-ol (371 mg, 0.0053 mol) and 3-(cyclohex-1-en-1-yl)propiolic acid 

(796 mg, 0.0053 mol) via general procedure A. Yellow oil isolated from flash chromatography 

using 95:5 hexanes:EtOAc as eluent (491 mg, 0.0024 mol, 48% (over 3 steps from 1-

ethynylcyclohex-1-ene (530 mg, 0.005 mol )) 

 1H NMR (500 MHz, Chloroform-d) δ 6.46 (tt, J = 3.5, 1.5 Hz, 1H), 4.72 (q, J = 2.4 Hz, 2H), 

2.14 (m, 4H), 1.85 (t, J = 2.4 Hz, 3H), 1.68 – 1.54 (m, 4H).  

13C NMR (126 MHz, CDCl3) δ 153.7, 142.8, 118.5, 89.6, 84.1, 78.1, 72.5, 54.0, 28.1, 26.1, 21.9, 

21.2, 3.8. 

MS1-254 
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 GC/MS 202.1(M+), 173.1(base peak)  

 

 

but-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (2.1d) 

Prepared from but-2-yn-1-ol (182 mg, 0.0026 mol) and p-OMe phenylpropiolic acid (457 mg, 

0.0026 mol) via general procedure A.  White solid isolated from flash chromatography using 

90:10  hexanes:EtOAc as eluent (409 mg, 0.0018 mol, 52% (over 3 steps from 4-ethynylanisole 

(457 mg, 0.0035 mol)) 

 1H NMR (500 MHz, Chloroform-d) δ 7.62 – 7.39 (m, 2H), 7.05 – 6.71 (m, 2H), 4.78 (q, J = 2.4 

Hz, 2H), 3.83 (s, 3H), 1.87 (t, J = 2.4 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 161.8, 153.7, 135.2, 114.4, 111.3, 88.2, 84.3, 79.7, 72.5, 55.5, 

54.2, 3.9. 

 HRMS (H-apci) m/z: M+H calcd for C14H13O3:  229.0865, found: 229.0879  

IR (neat) νmax 2318, 2229, 1721, 1191, 845 cm-1   

  

 

but-2-yn-1-yl 3-(p-tolyl)propiolate (2.1e) 

Prepared from but-2-yn-1-ol (329 mg, 0.0047 mol) and p-tolyl phenylpropiolic acid (752 mg, 

0.0047 mol) via general procedure A. Pale yellow oil isolated from flash chromatography using 

MS2-075 

MS2-018 
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95:5 hexanes:EtOAc as eluent (497 mg, 0.0024 mol, 47%(over 3 steps from 1-ethynyl-4-

methylbenzene(580 mg, 0.005 mol))) 

 1H NMR (500 MHz, Chloroform-d) δ 7.51 – 7.45 (m, 2H), 7.20 – 7.15 (m, 2H), 4.78 (q, J = 2.4 

Hz, 2H), 2.38 (s, 3H), 1.88 (t, J = 2.4 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 153.6, 141.6, 133.2, 129.5, 116.4, 87.9, 84.3, 79.9, 72.4, 54.3, 

21.9, 3.8.  

GC/MS 212.1 (M+), 183.1 (base peak)  

IR (DCM) νmax 2220, 1711, 1189, 969 cm-1 

 

 

but-2-yn-1-yl 3-(o-tolyl)propiolate (2.1f) 

Prepared from but-2-yn-1-ol (280 mg, 0.004 mol) and o-tolyl phenylpropiolic acid (640 mg, 

0.004 mol) via general procedure A. Pale yellow oil isolated from flash chromatography using 

95:5 hexanes:EtOAc as eluent (531 mg, 0.0025 mol,63% (over 3 steps from1-ethynyl-2-

methylbenzene(464 mg, 0.004 mol) )) 

 1H NMR (500 MHz, Chloroform-d) δ 7.54 (dd, J = 7.7, 1.3 Hz, 1H), 7.34 (td, J = 7.6, 1.4 Hz, 

1H), 7.24 (ddt, J = 7.7, 1.3, 0.7 Hz, 1H), 7.18 (tdd, J = 7.4, 1.3, 0.6 Hz, 1H), 4.80 (q, J = 2.4 Hz, 

2H), 2.49 (s, 2H), 1.88 (t, J = 2.4 Hz, 3H). 

 13C NMR (126 MHz, CDCl3) δ 153.6, 142.5, 133.6, 130.9, 129.9, 125.9, 119.4, 86.4, 84.3, 83.9, 

72.5, 54.3, 20.7, 3.9.  

MS2-014 
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GC/MS 212.1(M+), 183.1(base peak)  

IR (neat) νmax 2326, 2217, 1714, 1282, 1175, 760 cm-1 

 

 

but-2-yn-1-yl 3-(4-fluorophenyl)propiolate (2.1g) 

Prepared from but-2-yn-1-ol (350 mg, 0.005 mol) and p-fluoro phenylpropiolic acid (820 mg, 

0.005 mol) via general procedure A.  White solid isolated from flash chromatography using 

90:10 hexanes:EtOAc as eluent (342 mg, 0.0016 mol, 32%) 

1H NMR (500 MHz, Chloroform-d) δ 7.60 – 7.45 (m, 2H), 7.07 – 6.94 (m, 2H), 4.72 (q, J = 2.4 

Hz, 2H), 1.81 (t, J = 2.4 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 164.1 (d, J = 253.8 Hz), 153.4, 135.5 (d, J = 9.0 Hz), 

116.3 (d, J = 22.2 Hz), 115.7 (d, J = 3.4 Hz), 86.3, 84.5, 80.2 (d, J = 1.6 Hz), 72.3, 54.4, 3.9.  

HRMS (H-apci) m/z: M+H calcd for C13H10FO2:  217.0665, found: 217.0659  

 

 

but-2-yn-1-yl 3-(3-chlorophenyl)propiolate (2.1h) 

Prepared from but-2-yn-1-ol (154 mg, 0.0022 mol) and m-chloro phenylpropiolic acid (397 mg, 

0.0022 mol) via general procedure A.  Pale yellow solid isolated from flash chromatography 

using 95:5 hexanes:EtOAc as eluent (284 mg, 0.0012 mol, 24% (over 3 steps from 1-chloro-3-

ethynylbenzene (680 mg, 0.005 mol))) 

MS1-297 

MS2-240 
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1H NMR (500 MHz, Chloroform-d) δ 7.58 – 7.55 (m, 1H), 7.49 – 7.41 (m, 2H), 7.34 – 7.29 (m, 

1H), 4.79 (q, J = 2.4 Hz, 2H), 1.88 (t, J = 2.4 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 153.2, 134.7, 132.9, 131.3, 131.2, 130.0, 121.3, 85.3, 84.6, 80.9, 

72.2, 54.5, 3.9.  

HRMS (H-apci) m/z: M+H calcd for C13H10ClO2:  233.0369, found: 233.0365  

IR (KBr) νmax 2264, 2222, 1717, 1188, 781, 744 cm-1 

  

 

 

but-2-yn-1-yl 3-(4-acetylphenyl)propiolate (2.1i) 

Prepared from but-2-yn-1-ol (133 mg, 0.0019 mol) and 3-(4-acetylphenyl)propiolic acid (357 

mg, 0.0019 mol) via general procedure A. White solid isolated from flash chromatography using 

90:10 hexanes:EtOAc as eluent ( 298 mg, 0.0012 mol, 64%) 

 1H NMR (500 MHz, Chloroform-d) δ 8.12 – 7.80 (m, 2H), 7.77 – 7.56 (m, 2H), 4.80 (q, J = 2.4 

Hz, 2H), 2.61 (s, 3H), 1.88 (t, J = 2.4 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 197.1, 153.1, 138.3, 133.3, 128.4, 124.1, 85.6, 84.6, 82.3, 72.2, 

54.6, 26.9, 3.8.  

HRMS (H-apci) m/z: M+H calcd for C15H13O3:  241.0865, found: 241.0862    

MS2-037 
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IR (DCM) νmax 2322, 2225, 1715, 1689, 1180, 969  cm-1 

 

 

but-2-yn-1-yl 3-(4-cyanophenyl)propiolate (2.1j) 

Prepared from but-2-yn-1-ol (149 mg, 0.0021 mol) and p-CN phenylpropiolic acid (359 mg, 

0.0021 mol) via general procedure A.  Pale yellow solid isolated from flash chromatography 

using 95:5 hexanes:EtOAc as eluent (287 mg, 0.0013 mol, 61%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.68 (d, J = 0.8 Hz, 4H), 4.81 (q, J = 2.4 Hz, 2H), 1.88 (t, 

J = 2.4 Hz, 3H). 

 13C NMR (126 MHz, CDCl3) δ 152.8, 133.5, 132.4, 124.4, 117.9, 114.3, 84.8, 84.2, 83.1, 72.1, 

54.7, 3.9.  

HRMS (H-apci) m/z: M+H calcd for C14H10NO2:  224.0712, found: 224.0703  

 

 

 

3-cyclohexylprop-2-yn-1-yl 3-phenylpropiolate (2.1k) 

Prepared from 3-cyclohexylprop-2-yn-1-ol (967 mg, 0.007 mol) and phenylpropiolic acid (1022 

mg, 0.007 mol) via general procedure A.  Cloudy colorless oil isolated from flash 

chromatography using 96:4 hexanes:EtOAc as eluent (945 mg, 0.0035 mol, 51% (over 2 steps 

from cyclohexylacetylene (742 mg, 0.007 mol))) 

MS1-299 

MS2-083 
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1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.57 (m, 2H), 7.48 – 7.43 (m, 1H), 7.41 – 7.35 (m, 

2H), 4.83 (d, J = 2.1 Hz, 2H), 2.47 – 2.36 (m, 1H), 1.87 – 1.76 (m, 2H), 1.75 – 1.65 (m, 2H), 

1.60 – 1.38 (m, 3H), 1.36 – 1.24 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 153.5, 133.2, 130.9, 128.7, 119.6, 92.8, 87.2, 80.3, 73.0, 54.5, 

32.5, 29.2, 25.9, 24.9.  

GC/MS 266.2 (M+), 165.1(base peak) 

 IR (neat) νmax 2932, 2318, 2218, 1715, 1166, 759 cm-1 

 

 

4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-yn-1-yl 3-phenylpropiolate (2.1l) 

Prepared from 4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-yn-1-ol (850 mg, 0.005 mol) and 

phenylpropiolic acid (731 mg, 0.005 mol) via general procedure A. Yellow oil isolated from 

flash chromatography using 85:15 hexanes:EtOAc as elutent (639 mg, 0.0021 mol, 42%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.57 (m, 2H), 7.49 – 7.43 (m, 1H), 7.42 – 7.35 (m, 

2H), 4.87 (t, J = 1.8 Hz, 2H), 4.81 (t, J = 3.4 Hz, 1H), 4.38 – 4.25 (m, 2H), 3.83 (ddd, J = 11.2, 

9.2, 3.1 Hz, 1H), 3.54 (dtd, J = 11.3, 4.4, 1.6 Hz, 1H), 1.90 – 1.68 (m, 2H), 1.70 – 1.46 (m, 4H).  

13C NMR (126 MHz, CDCl3) δ 153.3, 133.2, 131.0, 128.6, 119.4, 97.0, 87.6, 83.9, 80.0, 79.1, 

62.1, 54.3, 53.8, 30.3, 25.4, 19.1.  

MS2-135 
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GC/MS 214.1 (M-THP), 128.2 (base peak) 

 

 

4-phenylbut-2-yn-1-yl 3-phenylpropiolate (2.1m) 

Prepared from 4-phenylbut-2-yn-1-ol (1096 mg, 0.0075 mol) and phenylpropiolic acid (1096 

mg, 0.0075 mol) via general procedure A. Yellow oil isolated from flash chromatography using 

90:10 hexanes:EtOAc as eluent (1090 mg, 0.004 mol, 50% (over 2 steps from prop-2-yn-1-

ylbenzene (929 mg, 0.008 mol))) 

 1H NMR (500 MHz, Chloroform-d) δ 7.53 – 7.49 (m, 2H), 7.41 – 7.36 (m, 1H), 7.33 – 7.28 (m, 

3H), 7.26 – 7.24 (m, 3H), 7.19 – 7.15 (m, 2H), 4.81 (t, J = 2.2 Hz, 2H), 3.59 (t, J = 2.2 Hz, 2H)  

13C NMR (126 MHz, CDCl3) δ 153.5, 136.0, 133.2, 130.9, 128.7, 128.7, 128.1, 126.9, 119.5, 

87.5, 86.1, 80.2, 75.3, 54.3, 25.3.  

GC/MS 274.2(M+), (base peak)  

 

 

pent-4-en-2-yn-1-yl phenylpropiolate (2.1n) 

Prepared from pent-4-en-2-yn-1-ol (501 mg, 0.0061 mol) and phenylpropiolic acid (891 mg, 

0.0061 mol) via general procedure A. Yellow oil isolated from flash chromatography using 95:5 

hexanes:EtOAc as eluent (282 mg, 0.0013 mol, 22%) 

MS2-147 

MS2-077 
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 1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.57 (m, 2H), 7.50 – 7.43 (m, 1H), 7.41 – 7.36 (m, 

2H), 5.83 (ddt, J = 17.6, 11.0, 1.9 Hz, 1H), 5.72 (dd, J = 17.6, 2.2 Hz, 1H), 5.56 (dd, J = 11.0, 2.2 

Hz, 1H), 4.95 (d, J = 1.9 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 153.4, 133.2, 131.0, 128.8, 128.8, 119.5, 116.3, 87.6, 86.1, 82.6, 

80.1, 54.2. 

GC/MS 210.1(M+), 181.1 (base peak)  

 

 

 

3-(cyclohex-1-en-yl)prop-2-yn-1-yl 3-phenylpropiolate (2.1o) 

Prepared from 3-(cyclohex-1-en-1-yl)prop-2-yn-1-ol (313 mg, 0.0023 mol) and phenylpropiolic 

acid (336 mg, 0.0023 mol) via general procedure A. Yellow oil isolated from flash 

chromatography using 95:5 hexanes:EtOAc as eluent (323 mg, 0.0012 mol, 52%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.62 – 7.56 (m, 2H), 7.49 – 7.43 (m, 1H), 7.41 – 7.35 (m, 

2H), 6.19 (tt, J = 3.8, 1.8 Hz, 1H), 4.95 (s, 2H), 2.16 – 2.04 (m, 4H), 1.67 – 1.53 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 153.5, 136.9, 133.2, 130.9, 128.7, 119.9, 119.6, 89.4, 87.4, 80.2, 

79.3, 54.6, 28.9, 25.8, 22.3, 21.5. 

GC/MS 264.1(M+), 219.1 (base peak)  

 

MS2-056 
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prop-2-yn-1-yl 3-phenylpropiolate (2.1p) 

Prepared from propargyl alcohol (280 mg, 0.005 mol) and phenylpropiolic acid (731 mg, 0.005 

mol) via general procedure A. Pale yellow oil isolated from flash chromatography using 95:5 

hexanes:EtOAc as eluent (760 mg, 0.0041 mol, 83%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.63 – 7.56 (m, 2H), 7.50 – 7.43 (m, 1H), 7.42 – 7.34 (m, 

2H), 4.83 (d, J = 2.5 Hz, 2H), 2.55 (t, J = 2.5 Hz, 1H). 

GC/MS 184.0 (M+), 129.1(base peak)  

 

 

3-(trimethylsilyl)prop-2-yn-1-yl 3-phenylpropiolate(2.1q) 

Prepared from 3-(trimethylsilyl)prop-2-yn-1-ol (744 mg, 0.0058 mol) and phenylpropiolic acid 

(849 mg, 0.0058 mol) via general procedure A. Pale yellow oil isolated from flash 

chromatography using 95:5 hexanes:EtOAc as eluent (819 mg, 0.0032 mol, 55%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.67 – 7.55 (m, 2H), 7.53 – 7.43 (m, 1H), 7.43 – 7.35 (m, 

2H), 4.94 (s, 2H), 3.80 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 153.3, 152.9, 133.3, 131.2, 128.8, 119.2, 88.5, 80.3, 79.6, 78.5, 

53.1, 52.6. 

MS3-127 

MS2-191 



71 

 

GC/MS 256.2 (M+), 241.1(base peak)  

 

 

methyl 4-((3-phenylpropioloyl)oxy)but-2-ynoate (2.1r) 

Prepared from methyl 4-hydroxybut-2-ynoate (833 mg, 0.0073 mol) and phenylpropiolic acid 

(1059 mg, 0.0073 mol) via general procedure A. Yellow amorphous solid isolated from flash 

chromatography using 85:15 hexanes:EtOAc as eluent (894 mg, 0.0037 mol, 51%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.67 – 7.55 (m, 2H), 7.53 – 7.43 (m, 1H), 7.43 – 7.35 (m, 

2H), 4.94 (s, 2H), 3.80 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 153.3, 152.9, 133.3, 131.2, 128.8, 119.2, 88.5, 80.3, 79.6, 78.5, 

53.1, 52.6. 

GC/MS 242.1(M+), (base peak)  

 

 

 

3-phenylprop-2-yn-1-yl but-2-ynoate (2.1s) 

Prepared from methyl 3-phenylprop-2-yn-1-ol (661 mg, 0.005 mol) and phenylpropiolic acid 

(730 mg, 0.005 mol) via general procedure A. Yellow oil isolated from flash chromatography 

using 90:10 hexanes:EtOAc as eluent (744 mg, 0.0037 mol, 75%) 

MS2-067 

MS1-187 
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 1H NMR (500 MHz, Chloroform-d) δ 7.45 (m, 2H), 7.38 – 7.27 (m, 3H), 4.98 (s, 2H), 2.01 (d, J 

= 1.9 Hz, 3H). 

GC/MS 198.1(M+), 169.1 (base peak)  

 

 

 

3-phenylprop-2-yn-1-yl 3-phenylpropiolate(2.1t) 

Prepared from methyl 3-phenylprop-2-yn-1-ol (608 mg, 0.0046 mol) and but-2-ynoic acid (387 

mg, 0.0046 mol) via general procedure A. Yellow oil isolated from flash chromatography using 

90:10 hexanes:EtOAc as eluent (960 mg, 0.0037 mol, 80%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.63 – 7.58 (m, 2H), 7.50 – 7.44 (m, 3H), 7.42 – 7.29 (m, 

5H), 5.07 (s, 2H). 

GC/MS 260.2(M+), 231.1 (base peak)  

 

 

hex-3-yn-2-yl 3-phenylpropiolate (2.3a) 

Prepared from hex-3-yn-2-ol (442 mg, 0.0045 mol) and phenylpropiolic acid (658 mg, 0.0045 

mol) via general procedure A. Pale yellow oil isolated from flash chromatography using 95:5 

hexanes:EtOAc as eluent (777mg, 0.0031 mol, 69%) 

MS2-013 

 

MS2-046 



73 

 

 1H NMR (500 MHz, Chloroform-d) δ 7.60 – 7.56 (m, 2H), 7.47 – 7.42 (m, 1H), 7.40 – 7.35 (m, 

2H), 5.64 – 5.44 (m, 1H), 2.23 (qt, J = 7.6, 1.6 Hz, 2H), 1.55 (dd, J = 6.6, 0.9 Hz, 3H), 1.14 (td, J 

= 7.6, 1.0 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 153.2, 133.2, 130.8, 128.7, 119.7, 88.0, 86.8, 80.6, 62.9, 21.9, 

13.7, 12.5.  

GC/MS 226.1(M+), 183.1 (base peak)  

 

 

hex-3-yn-2-yl 3-(4-methoxyphenyl)propiolate (2.3b) 

Prepared from hex-3-yn-2-ol (294 mg, 0.003 mol) and p-OMe-phenylpropiolic acid (528 mg, 

0.003 mol) via general procedure A. Yellow solid isolated from flash chromatography using 

90:10 hexanes:EtOAc as eluent (360 mg, 0.0014 mol, 47%) 

1H NMR (500 MHz, Chloroform-d) δ 7.56 – 7.52 (m, 2H), 6.91 – 6.84 (m, 2H), 5.56 (qt, J = 6.6, 

2.0 Hz, 1H), 3.83 (s, 4H), 2.23 (qd, J = 7.5, 2.0 Hz, 2H), 1.55 (d, J = 6.6 Hz, 4H), 1.14 (t, J = 7.5 

Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 161.7, 153.5, 135.1, 114.4, 111.5, 87.9, 87.7, 80.1, 77.3, 62.7, 

55.6, 21.9, 13.7, 12.6. 

 HRMS (H-apci) m/z: M+H calcd for C16H17O3:  257.1178, found: 257.1190 

 IR (neat) νmax 2983,2240, 2208, 1709,1255,1193, 834cm-1 

MS2-044 



74 

 

 

 

 

4-cyclohexylbut-3-yn-2-yl 3-phenylpropiolate (2.3c) 

Prepared from 4-cyclohexylbut-3-yn-2-ol (806 mg, 0.0053 mol) and phenylpropiolic acid (774 

mg, 0.0053 mol) via general procedure A. Yellow oil isolated from flash chromatography using 

95:5 hexanes:EtOAc as eluent (422 mg, 0.0015 mol, 28%) 

1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.57 (m, 2H), 7.48 – 7.42 (m, 1H), 7.40 – 7.33 (m, 

2H), 5.59 (qd, J = 6.6, 1.8 Hz, 1H), 2.45 – 2.35 (m, 1H), 1.83 – 1.74 (m, 2H), 1.73 – 1.66 (m, 

2H), 1.55 (d, J = 6.6 Hz, 3H), 1.54 – 1.37 (m, 2H), 1.37 – 1.21 (m, 4H).  

13C NMR (126 MHz, CDCl3) δ 153.2, 133.2, 130.8, 128.7, 119.7, 90.7, 86.7, 80.7, 77.8, 63.0, 

32.5, 29.1, 25.9, 24.9, 22.0.  

GC/MS 280.3 (M+), 237.2 (base peak) 

 

 

 

4-cyclohexylbut-3-yn-2-yl 3-(4-methoxyphenyl)propiolate (2.3d) 

Prepared from 4-cyclohexylbut-3-yn-2-ol (1034 mg, 0.0068 mol) and p-OMe-phenylpropiolic 

acid (1197 mg, 0.0068 mol) via general procedure A. Yellow oil isolated from flash 

chromatography using 90:10 hexanes:EtOAc as eluent (1250 mg, 0.004 mol, 59%)  

MS2-127 

MS3-209 
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1H NMR (500 MHz, Chloroform-d) δ 7.58 – 7.49 (m, 2H), 6.94 – 6.80 (m, 2H), 5.58 (qd, J = 

6.6, 1.8 Hz, 1H), 3.84 (s, 3H), 2.39 (td, J = 8.6, 3.0 Hz, 1H), 1.78 (ddt, J = 12.1, 6.1, 3.4 Hz, 2H), 

1.75 – 1.65 (m, 2H), 1.55 (d, J = 6.6 Hz, 3H), 1.52 – 1.38 (m, 3H), 1.34 – 1.25 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 161.65, 153.45, 135.13, 114.40, 111.50, 90.58, 87.62, 80.18, 

77.93, 62.76, 55.54, 32.50, 29.09, 25.96, 24.94, 22.03.  

GC/MS 310.2 (M+), 121.1(base peak)  

IR (neat) νmax 2933, 2855, 2234, 2209, 1710, 1255, 1193, 834cm-1 

 

 

 

1-cyclohexyl-5-phenylpent-1-yn-3-yl 3-(4-methoxyphenyl)propiolate (2.3e) 

Prepared from 1-cyclohexyl-5-phenylpent-1-yn-3-ol (776 mg, 0.0032 mol) and p-OMe-

phenylpropiolic acid (563 mg, 0.0032 mol) via general procedure A. Yellow oil isolated from 

flash chromatography using 90:10 hexanes:EtOAc as eluent (640 mg, 0.0016 mol, 50%)  

1H NMR (400 MHz, Chloroform-d) δ 7.58 – 7.52 (m, 2H), 7.34 – 7.27 (m, 2H), 7.24 – 7.18 (m, 

3H), 6.92 – 6.86 (m, 2H), 5.49 (td, J = 6.5, 1.8 Hz, 1H), 3.84 (s, 3H), 2.82 (t, J = 8.0 Hz, 2H), 

2.50 – 2.38 (m, 1H), 2.26 – 2.07 (m, 2H), 1.85 – 1.76 (m, 2H), 1.74 – 1.66 (m, 2H), 1.53 – 1.42 

(m, 3H), 1.37 – 1.24 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ 161.7, 153.5, 140.9, 135.2, 128.6, 128.6, 126.2, 114.4, 111.5, 

91.8, 87.9, 80.1, 76.7, 65.9, 55.6, 36.8, 32.5, 32.5, 31.5, 29.1, 25.97, 24.9.  

MS2-140 



76 

 

GC/MS 400.2 (M+)  91.0 (base peak)   

 IR (neat) νmax 2932, 2854, 2209, 1711, 1604, 1256, 1161, 834 cm-1 

 

 

 

1-cyclohexyl-4-methylpent-1-yn-3-yl 3-(4-methoxyphenyl)propiolate (2.3f) 

Prepared from 1-cyclohexyl-4-methylpent-1-yn-3-ol (541 mg, 0.003 mol) and p-OMe-

phenylpropiolic acid (528 mg, 0.003 mol) via general procedure A. Viscous colorless oil isolated 

from flash chromatography using 90:10 hexanes:EtOAc as eluent (556 mg, 0.0016 mol, 55%)  

1H NMR (500 MHz, Chloroform-d) δ 7.64 – 7.44 (m, 2H), 6.99 – 6.74 (m, 2H), 5.35 (dd, J = 

5.6, 1.9 Hz, 1H), 3.83 (s, 3H), 2.43 (ddd, J = 10.8, 7.1, 3.6 Hz, 1H), 2.04 (qd, J = 6.8, 5.7 Hz, 

1H), 1.82 – 1.73 (m, 2H), 1.72 – 1.66 (m, 2H), 1.51 – 1.41 (m, 3H), 1.37 – 1.25 (m, 3H), 1.04 

(dd, J = 18.8, 6.7 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 161.6, 153.7, 135.1, 114.4, 111.6, 91.8, 87.6, 80.2, 75.5, 71.3, 

55.5, 32.7, 32.5, 32.5, 29.1, 26.0, 24.8, 18.5, 17.6.  

GC/MS 338.3 (M+), 293.2 (base peak)  

IR (neat) νmax 2932, 2207,1708, 1606, 1256, 1161, 834 cm-1 
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3-cyclohexyl-1-phenylprop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (2.3g) 

Prepared from 3-cyclohexyl-1-phenylprop-2-yn-1-ol (687 mg, 0.003 mol) and p-OMe propiolic 

acid (528 mg, 0.003 mol) via general procedure A. Viscous yellow oil isolated from flash 

chromatography using 90:10 hexanes:EtOAc as eluent (636 mg, 0.0017 mol, 53%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.62 – 7.56 (m, 2H), 7.56 – 7.48 (m, 2H), 7.44 – 7.33 (m, 

3H), 6.91 – 6.83 (m, 2H), 6.59 (d, J = 1.9 Hz, 1H), 2.53 – 2.45 (m, 1H), 1.86 – 1.80 (m, 2H), 

1.71 (dddt, J = 12.5, 9.3, 6.3, 3.7 Hz, 2H), 1.58 – 1.45 (m, 3H), 1.36 – 1.26 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 161.7, 153.4, 137.1, 135.1, 129.1, 128.7, 128.2, 114.4, 111.4, 

93.4, 88.2, 80.1, 76., 67.7, 55.5, 32.4, 32.4, 29.3, 25.9, 24.9.  

GC/MS 172.2(M+),(base peak)  

IR (neat) νmax 2937, 2211, 1709, 1253, 837 cm-1 
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3-cyclohexyl-1-(p-tolyl)prop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (2.3h) 

Prepared from 3-cyclohexyl-1-(p-tolyl)prop-2-yn-1-ol (961 mg, 0.0042 mol) and p-OMe 

phenylpropiolic acid (739 mg, 0.0042 mol) via general procedure A. Viscous yellow oil isolated 

from flash chromatography using 90:10 hexanes:EtOAc as eluent (940 mg, 0.0024 mol, 57%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.54 – 7.50 (m, 2H), 7.49 – 7.44 (m, 2H), 7.20 (m, 2H), 

6.90 – 6.82 (m, 2H), 6.56 (d, J = 1.9 Hz, 1H), 3.82 (s, 3H), 2.48 (m, 1H), 2.36 (s, 3H), 1.88 – 

1.77 (m, 2H), 1.71 (m Hz, 2H), 1.49 (m, 3H), 1.31 (m, 3H). 

13C NMR (126 MHz, CDCl3) (126 MHz, CDCl3) δ 161.7, 153.5, 139.1, 135.1, 134.3, 129.4, 

128.2, 114.4, 111.5, 93.1, 88.0, 80.1, 76.2, 67.7, 55.5, 32.5, 32.4, 29.3, 25.9, 24.9, 21.4. 

 

 

 

4-cyclohexyl-1,1,1-trifluorobut-3-yn-2-yl 3-(4-methoxyphenyl)propiolate(2.3i) 

Prepared from 4-cyclohexyl-1,1,1-trifluorobut-3-yn-2-ol (961 mg, 0.0062 mol) and p-OMe 

phenylpropiolic acid (1091 mg, 0.0062 mol) via general procedure A. Viscous yellow oil 

isolated from flash chromatography using 95:5 hexanes:EtOAc as eluent (1276 mg, 0.0035 mol, 

56%) 

MS3-135 

MS3-015 
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 1H NMR (500 MHz, Chloroform-d δ 7.69 – 7.44 (m, 2H), 7.00 – 6.74 (m, 2H), 5.93 (qd, J = 

5.7, 1.9 Hz, 1H), 3.85 (s, 3H), 2.53 – 2.38 (m, 1H), 1.79 (dq, J = 12.7, 3.2 Hz, 2H), 1.73 – 1.65 

(m, 2H), 1.49 (qd, J = 9.2, 4.3 Hz, 3H), 1.39 – 1.25 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ 162.1, 151.9, 135.5, 114.5, 110.8, 94.6, 90.7, 68.9, 62.7 (q), 

55.6, 55.6, 31.9, 28.9, 25.8, 24.7 

19F NMR (376 MHz, Chloroform-d) δ 10.17 (d, J = 5.5 Hz).  (trifluoroacetic acid as internal 

standard) 

 

 

 

1-phenyl-4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-yn-1-yl 3-(4-methoxyphenyl) propiolate 

(2.3j) 

Prepared from 1-phenyl-4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-yn-1-ol (1538 mg, 0.0062 mol) 

and p-OMe phenylpropiolic acid (1091 mg, 0.0062 mol) via general procedure A. Viscous 

yellow oil isolated from flash chromatography using 95:5 hexanes:EtOAc as eluent (1276 mg, 

0.0035 mol, 56%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.60 – 7.55 (m, 2H), 7.55 – 7.49 (m, 2H), 7.45 – 7.33 (m, 

3H), 6.95 – 6.76 (m, 2H), 6.61 (q, J = 1.7 Hz, 1H), 4.82 (q, J = 3.2 Hz, 1H), 4.44 – 4.27 (m, 2H), 

3.83 (s, 3H), 3.52 (dtd, J = 11.3, 4.3, 2.0 Hz, 1H), 1.93 – 1.69 (m, 2H), 1.68 – 1.46 (m, 5H). 
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3-cyclohexyl-1-(4-methoxyphenyl)prop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (2.3k) 

Prepared from 3-cyclohexyl-1-(4-methoxyphenyl)prop-2-yn-1-ol (1127 mg, 0.0046 mol) and p-

OMe phenylpropiolic acid (810 mg, 0.0046 mol) via general procedure A. Viscous yellow oil 

isolated from flash chromatography using 92:8 hexanes:EtOAc as eluent (965 mg, 0.0024 mol, 

52%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.54 – 7.46 (m, 2H), 7.45 – 7.37 (m, 2H), 6.92 – 6.82 (m, 

4H), 5.57 (d, J = 1.8 Hz, 1H), 5.17 (d, J = 1.8 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 2.53 (q, J = 6.8, 

5.0 Hz, 1H), 2.48 – 2.40 (m, 1H), 1.88 – 1.63 (m, 8H), 1.55 – 1.22 (m, 12H). 

13C NMR (126 MHz, CDCl3) δ 159.5 (d, J = 17.2 Hz), 131.6 (d, J = 25.0 Hz), 129.2 (d, J = 19.7 

Hz), 113.6 (d, J = 11.2 Hz), 92.3 (d, J = 32.7 Hz), 78.1(d, J = 45.2 Hz), 68.7 (d, J = 106.4 Hz), 

55.3 (d, J = 2.7 Hz), 32.9 – 32.5(m), 29.2 (d, J = 13.8 Hz), 25.9 (d, J = 4.6 Hz), 24.9 (d, J = 17.8 

Hz). 
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3-cyclohexyl-1-cyclopropylprop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate 

Prepared from 3-cyclohexyl-1-cyclopropylprop-2-yn-1-ol (792 mg, 0.0044 mol) and p-OMe 

phenylpropiolic acid (774 mg, 0.0044 mol) via general procedure A. Viscous yellow oil isolated 

from flash chromatography using 90:10 hexanes:EtOAc as eluent (820 mg, 0.0024 mol, 54%) 

1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.43 (m, 2H), 6.96 – 6.79 (m, 2H), 5.48 (dd, J = 

6.4, 1.8 Hz, 1H), 3.84 (s, 3H), 2.47 – 2.31 (m, 1H), 1.81 – 1.72 (m, 2H), 1.68 (m, 2H), 1.45 (m, 

2H), 1.35 – 1.24 (m, 4H), 0.67 – 0.49 (m, 4H) 

13C NMR (126 MHz, CDCl3) δ 189.0, 161.6, 153.7, 135.1, 114.4, 111.5, 91.6, 87.7, 80.2, 74.3, 

69.9, 55.5, 32.5, 31.7, 25.9, 24.8, 14.4, 10.9, 3.7, 2.3. 

GC/MS 136.2(M+), 108.1(base peak)  

Experimental Procedure for Decarboxylative Coupling of Propargyl Propiolates: 

Representative procedure for the decarboxylative coupling of propargyl propiolates 

towards formation of allenynes:  

Reactions were run on a 0.5 mmol scale unless otherwise indicated 

A flame dried 25 mL microwave vial (Biotage # 355631), charged with a stir bar, was taken into 

the glove box. Pd(PPh3)4 (0.028 g,  5 mol%) was added followed by the propiolate 1a (99.04 mg, 

0.5 mmol). The vial was then capped using a vial cap (Biotage #352298) and a manual cap 

MS2-097 
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crimper (Biotage #353671). The vial was removed from the glove box and THF (10 mL) was 

added via syringe. The vial was then placed in an oil bath at 50 °C and heated/stirred for 4 hours. 

The reaction completion was determined via GC/MS. 

 After reaction completion, the vial was removed from the bath and the stir bar removed. 

THF was evaporated via air stream passed over the surface of the solution and the contents were 

taken up in DCM and purified by silica gel column chromatography (3 cm diameter X 12 in 

height. Mobile phase was 100% pentanes). Evaporation of fractions again via air stream passed 

over the surface of the solution yielded 157 mg of the desired allenyne 2a, a 58% yield. Most 

substrates are volatile and cannot be put under vacuum. Allenyne substrates were best stored in 

chloroform in the freezer. 

Characterization data for Allenynes  

Note: To prevent decompositions, the allenynes are best stored cold. These samples were 

typically stored as chloroform solutions at ca. -15 ˚C. The allenes also proved to be unstable to 

standard positive ion and negative ion HRMS conditions in methanol or with 1% formic acid. An 

attempt at atmospheric pressure chemical ionization mass spectrometry also failed. For cases that 

decomposed under the conditions of HRMS, low resolution mass spectrometry did confirm the 

identity of the products. 
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(3-methylpenta-3,4-dien-1-yn-1-yl)benzene(2.2a)8 

Pale yellow oil isolated from flash column chromatography using pentanes as eluent (68 mg, 

0.0044 mol, 88%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.43 – 7.37 (m, 2H), 7.30 – 7.22 (m, 3H), 4.93 (q, J = 3.2 

Hz, 2H), 1.92 (t, J = 3.2 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 214.3, 131.5, 128.4, 128.2, 123.5, 91.1, 85.3, 85.2, 76.3, 19.9.  

GC/MS 154.1(M+), (base peak)  

IR (neat) νmax 2925, 2209, 1938, 1491, 755 cm-1 

 

 

5-vinylidenedodec-3-yne (2.2b) 

Pale yellow oil isolated from flash column chromatography using pentanes as eluent (82 mg, 

0.0043 mol, 86%)  

1H NMR (500 MHz, Chloroform-d) δ 4.88 (tt, J = 3.0, 1.3 Hz, 2H), 2.33 (qt, J = 7.4, 1.3 Hz, 

2H), 2.12 – 2.01 (m, 2H), 1.52 – 1.44 (m, 2H), 1.35 – 1.21 (m, 8H), 1.16 (t, J = 7.5 Hz, 3H), 0.95 

– 0.79 (m, 3H).  

MS2-200 

MS2-204 
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13C NMR (126 MHz, CDCl3) δ 213.5, 94.1, 90.1, 76.5, 74.8, 33.7, 31.9, 29.2, 29.0, 27.8, 22.8, 

14.3, 14.1, 13.4.  

GC/MS 190.1 (M+), 106.0 (base peak)  

IR (neat) νmax 2927, 2236, 1943, 1459, 849 cm-1 

 

 

 

1-(3-methylpenta-3,4-dien-1-yn-1-yl)cyclohex-1-ene (2.2c) 

Colorless oil isolated from flash chromatography using pentanes as eluent (46 mg, 0.0029 mol, 

57%)  

1H NMR (500 MHz, Chloroform-d) δ 6.09 (tt, J = 3.9, 1.8 Hz, 1H), 4.88 (q, J = 3.2 Hz, 2H), 

2.19 – 2.03 (m, 4H), 1.86 (t, J = 3.2 Hz, 3H), 1.67 – 1.51 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 214.1, 134.8, 120.9, 93.4, 85.3, 82.5, 75.9, 29.3, 25.8, 22.5, 21.6, 

20.1. 

GC/MS 158.1(M+), 128.1(base peak)  
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1-methoxy-4-(3-methylpenta-3,4-dien-1-yn-1-yl)benzene (2.2d) 

(0.7 mmol scale) Yellow oil isolated from flash chromatography using 98:2 pentanes:acetone as 

eluent (120 mg, 0.0065 mol , 92%)  

1H NMR (500 MHz, Chloroform-d) δ 7.44 – 7.30 (m, 2H), 6.89 – 6.77 (m, 2H), 4.94 (q, J = 3.2 

Hz, 2H), 3.80 (s, 3H), 1.94 (t, J = 3.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 214.2, 159.6, 132.9, 115.7, 114.0, 91.1, 85.3, 83.8, 76.2, 55.4, 

20.1.  

GC/MS 184.1(M+), (base peak)  

 

 

 

1-methyl-4-(3-methylpenta-3,4-dien-1-yn-1-yl)benzene (2.2e) 

Pale yellow oil isolated from flash chromatography using pentanes as eluent (69 mg, 0.0041 mol, 

82%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.38 – 7.28 (m, 2H), 7.16 – 7.03 (m, 2H), 4.95 (q, J = 3.2 

Hz, 2H), 2.34 (s, 3H), 1.94 (t, J = 3.2 Hz, 3H).  

MS1-300 

MS2-213 
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13C NMR (126 MHz, CDCl3) δ 214.3, 138.3, 131.4, 129.1, 120.5, 91.3, 85.3, 84.6, 763, 21.6, 

20.0.  

HRMS (H-apci) m/z: M+H calcd for C13H13:  169.1017 found: 169.1018 

IR (neat) νmax 2925, 2208, 1937, 1509, 817 cm-1 

 

 

 

1-methyl-2-(3-methylpenta-3,4-dien-1-yn-1-yl)benzene (2.2f) 

Yellow oil isolated from flash chromatography using pentanes as eluent (63 mg, 0.0037 mol, 

75%)  

1H NMR (500 MHz, Chloroform-d) δ 7.40 (dt, J = 7.6, 1.1 Hz, 1H), 7.22 – 7.17 (m, 2H), 7.15 – 

7.09 (m, 1H), 4.96 (q, J = 3.2 Hz, 2H), 2.43 (s, 3H), 1.97 (t, J = 3.2 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 214.2, 140.1, 131.7, 129.5, 128.2, 125.6, 123.3, 90.1, 89.3, 85.4, 

76.2, 20.8, 20.1. 

 GC/MS 168.1(M+), (base peak)  

IR (neat) νmax 2924, 2205, 1940, 756cm-1 

 

MS2-205 
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1-fluoro-4-(3-methylpenta-3,4-dien-1-yn-1-yl)benzene (2.2g) 

Fragrant colorless oil isolated from flash column chromatography using pentanes as eluent (68 

mg, 0.0039 mol, 79%) 

1H NMR (500 MHz, Chloroform-d) δ 7.50 – 7.31 (m, 2H), 7.06 – 6.89 (m, 2H), 4.96 (q, J = 3.3 

Hz, 2H), 1.94 (t, J = 3.2 Hz, 3H).  

13C NMR (126 MHz, Chloroform-d) δ 162.35 (d, J = 249.3 Hz), 133.2 (d, J = 8.3 Hz), 119.5 (d, 

J = 3.5 Hz), 115.5 (d, J = 22.2 Hz), 89.8, 84.9, 76.3, 19.8. 

GC/MS 172.1(M+), (base peak)   

 

 

 

1-chloro-3-(3-methylpenta-3,4-dien-1-yn-1-yl)benzene (2.2h) 

Cloudy yellow oil isolated from flash chromatography using pentanes as eluent (75 mg, 0.0040 

mol, 80%) 

1H NMR (500 MHz, Chloroform-d) δ 7.67 – 6.92 (m, 4H), 4.97 (q, J = 3.2 Hz, 2H), 1.93 (t, J = 

3.2 Hz, 3H).  

MS2-218 
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13C NMR (126 MHz, CDCl3) δ 214.5, 134.2, 131.4, 129.6, 129.6, 128.4, 125.3, 89.6, 86.7, 84.9, 

76.5, 19.8.  

GC/MS 188.1(M+), 152.1 (base peak)  

IR (neat) νmax 2926, 2214, 1939, 855, 784, 680 cm-1 

 

 

 

 

1-(4-(3-methylpenta-3,4-dien-1-yn-1-yl)phenyl)ethan-1-one (2.2i) 

White solid isolated from flash chromatography using 95:5 pentanes:acetone as eluent (66 mg, 

0.0034 mol, 68%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.98 – 7.76 (m, 2H), 7.56 – 7.42 (m, 2H), 4.98 (q, J = 3.2 

Hz, 2H), 2.59 (s, 3H), 1.95 (t, J = 3.2 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 214.6, 197.5, 136.1, 131.6, 128.5, 128.3, 90.3, 88.9, 84.9, 76.6, 

26.8, 19.8.  

GC/MS 196.1 (M+), 181.1 (base peak)  

IR (neat) νmax 2920, 2207, 1934, 1684, 1266, 839 cm-1 

MS2-214 
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4-(3-methylpenta-3,4-dien-1-yn-1-yl)benzonitrile (2.2j) 

White solid isolated from flash chromatography using 98:2 pentanes:acetone as eluent (60 mg, 

0.0033 mol, 67%) 

1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.56 (m, 2H), 7.53 – 7.46 (m, 2H), 5.00 (q, J = 3.2 

Hz, 2H), 1.95 (t, J = 3.2 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 214.7, 132.1, 131.9, 128.5, 118.7, 111.4, 90.2, 89.3, 84.7, 76.8, 

19.7.  

HRMS(H-apci) m/z: M+H calcd for C13H10N:  180.0813, found: 180.0837  

IR (DCM) νmax 2229, 2209, 1935, 1605, 1179 cm-1 

 

 

 

(3-cyclohexylpenta-3,4-dien-1-yn-1-yl)benzene (2.2k) 

Yellow oil isolated from flash chromatography using pentanes as eluent (109 mg, 0.0049 mol, 

98%) 

MS2-071 
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 1H NMR (500 MHz, Chloroform-d) δ 7.46 – 7.42 (m, 2H), 7.33 – 7.27 (m, 3H), 5.02 (d, J = 2.7 

Hz, 2H), 2.10 (ddt, J = 14.0, 10.8, 3.0 Hz, 1H), 1.97 – 1.89 (m, 2H), 1.78 (dt, J = 11.9, 3.4 Hz, 

2H), 1.67 (dtd, J = 12.5, 3.3, 1.6 Hz, 1H), 1.38 – 1.13 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 212.9, 131.6, 128.4, 128.1, 123.8, 95.6, 92.3, 84.1, 77.8, 41.0, 

31.9, 26.3, 26.2.  

GC/MS 222.2(M+), 55.1 (base peak)  

IR (neat) νmax 3060, 2927, 2206, 1936, 1490, 690 cm-1 

 

 

 

2-((2-(phenylethynyl)buta-2,3-dien-1-yl)oxy)tetrahydro-2H-pyran (2.2l) 

Orange oil isolated from flash chromatography using 98:2-97:3 pentanes:acetone  gradient as 

eluent (90 mg, 0.0035 mol, 71%) 

1H NMR (500 MHz, Chloroform-d) δ 7.46 – 7.40 (m, 2H), 7.32 – 7.27 (m, 3H), 5.12 (ddd, J = 

3.0, 2.2, 1.0 Hz, 2H), 4.82 (t, J = 3.5 Hz, 1H), 4.33 (dt, J = 11.8, 2.8 Hz, 1H), 4.20 (dt, J = 11.8, 

2.2 Hz, 1H), 3.93 (ddd, J = 11.6, 9.1, 3.0 Hz, 1H), 3.55 (dtd, J = 11.1, 4.2, 1.6 Hz, 1H), 1.92 – 

1.82 (m, 1H), 1.75 (tdd, J = 10.2, 4.1, 3.1 Hz, 1H), 1.72 – 1.59 (m, 1H), 1.58 – 1.49 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ 214.1, 131.6, 128.4, 128.3, 123.4, 97.4, 92.3, 88.5, 82.7, 78.3, 

67.1, 62.1, 30.5, 25.6, 19.3.  

GC/MS 170.1(M-THP), 154.1(base peak)  

MS2-160 
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(3-vinylidenebut-1-yne-1,4-diyl)dibenzene (2.2m) 

Yellow oil isolated from flash chromatography using 100:0-99:1 pentanes:acetone gradient as 

eluent (45 mg, 0.002 mol, 39%)  

1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.15 (m, 9H), 4.95 (t, J = 2.7 Hz, 2H), 3.47 (t, J = 

2.7 Hz, 2H).  

13C NMR (126 MHz, CDCl3) δ 214.0, 138.6, 131.5, 129.2, 128.4, 128.3, 128.2, 126.7, 123.5, 

92.5, 90.1, 84.4, 77.5, 40.3.  

GC/MS 230.1(M+), 91.1 (base peak)  

 

 

 

(3-ethylhexa-3,4-dien-1-yn-1-yl)benzene (2.4a) 

Colorless oil isolated from flash chromatography using pentanes as eluent (25 mg, 0.0014 mol, 

27%)  

1H NMR (500 MHz, Chloroform-d) δ 7.52 – 7.39 (m, 2H), 7.36 – 7.22 (m, 3H), 5.39 (qt, J = 7.1, 

3.0 Hz, 1H), 2.22 (qd, J = 7.4, 3.0 Hz, 2H), 1.74 (d, J = 7.1 Hz, 3H), 1.12 (t, J = 7.4 Hz, 3H) 

MS2-188 

MS2-088 
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 13C NMR (126 MHz, CDCl3) δ 209.3, 131.6, 128.3, 128.0, 123.8, 91.3, 90.5, 88.4, 85.7, 27.4, 

14.4, 12.4.  

GC/MS 182.2 (M+), 152.2 (base peak)  

 

 

 

1-(3-ethylhexa-3,4-dien-1-yn-1-yl)-4-methoxybenzene (2.4b) 

Pale yellow oil isolated from flash chromatography using 98:2 pentanes:acetone as eluent (79 

mg, 0.0037 mol, 74%)  

1H NMR (500 MHz, Chloroform-d) δ 7.45 – 7.34 (m, 2H), 6.88 – 6.79 (m, 2H), 5.38 (qt, J = 7.1, 

2.9 Hz, 1H), 3.80 (s, 3H), 2.20 (qd, J = 7.4, 3.0 Hz, 2H), 1.73 (d, J = 7.1 Hz, 3H), 1.11 (t, J = 7.4 

Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 208.9, 159.3, 132.8, 115.8, 113.8, 91.3, 90.3, 88.1, 84.1, 55.3, 

27.3, 14.4, 12.6.  

GC/MS 212.1 (M+), (base peak)  

IR (neat) νmax 2967, 2203, 1947,1606, 1510, 1176, 833  cm-1 

 

MS3-197 
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(3-cyclohexylhexa-3,4-dien-1-yn-1-yl)benzene (2.4c) 

Bright yellow oil isolated from flash chromatography using pentanes as eluent (93 mg, 0.0039 

mol, 78%)  

1H NMR (500 MHz, Chloroform-d) δ 7.46 – 7.40 (m, 2H), 7.33 – 7.24 (m, 3H), 5.39 (qd, J = 

7.1, 2.5 Hz, 1H), 2.13 – 2.03 (m, 1H), 1.93 (dddt, J = 12.5, 5.1, 3.3, 1.9 Hz, 2H), 1.82 – 1.75 (m, 

2H), 1.74 (d, J = 7.1 Hz, 3H), 1.69 – 1.63 (m, 1H), 1.39 – 1.15 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 208.9, 131.6, 128.3, 127.9, 123.9, 95.4, 91.1, 88.7, 85.2, 41.6, 

32.11 and 32.09 (diastereotopic cyclohexyl CH2), 26.36 and 26.34 (diastereotopic cyclohexyl 

CH2), 26.3, 14.5.  

GC/MS 236.2(M+), 207.1 (base peak) 

 

 

 

 

1-(3-cyclohexylhexa-3,4-dien-1-yn-1-yl)-4-methoxybenzene (2.4d) 

Bright yellow oil isolated from flash chromatography using 98:2 pentanes:acetone as eluent (115 

mg, 0.0043 mol, 86%)  

MS2-130 

MS3-215 
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1H NMR (500 MHz, Chloroform-d) δ 7.39 – 7.36 (m, 2H), 6.84 – 6.81 (m, 2H), 5.38 (qd, J = 

7.1, 2.5 Hz, 1H), 3.80 (s, 3H), 2.06 (ttd, J = 11.0, 3.5, 2.4 Hz, 1H), 1.92 (m, 2H), 1.78 – 1.75 (m, 

1H), 1.73 (d, J = 7.1 Hz, 3H), 1.66 (m,1H), 1.33 – 1.17 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ 208.7, 159.3, 132.9, 116.1, 113.9, 95.5, 91.0, 88.5, 83.6, 55.4, 

41.6, 32.11 and 32.10 (diastereotopic cyclohexyl CH2), 26.37 and 26.35, (diastereotopic 

cyclohexyl CH2) 26.3, 14.6.  

GC/MS 266.1(M+), 237.1(base peak)  

IR (neat) νmax 2927, 2852, 2200, 1945, 1606, 1510, 1172, 831 cm-1  

 

 

 

 

1-(3-cyclohexyl-7-phenylhepta-3,4-dien-1-yn-1-yl)-4-methoxybenzene (2.4e) 

Viscous yellow oil isolated from flash chromatography using 98:2 pentanes:acetone as eluent 

(105 mg, 0.0029 mol, 59%)  

1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.35 (m, 2H), 7.32 – 7.24 (m, 2H), 7.24 – 7.17 (m, 

3H), 6.91 – 6.77 (m, 2H), 5.44 (td, J = 6.5, 2.4 Hz, 1H), 3.81 (s, 3H), 2.91 – 2.61 (m, 2H), 2.40 

(ddt, J = 12.7, 8.7, 6.7 Hz, 2H), 2.08 – 1.95 (m, 1H), 1.93 – 1.79 (m, 2H), 1.80 – 1.71 (m, 2H), 

1.70 – 1.61 (m, 1H), 1.34 – 1.23 (m, 2H), 1.22 – 1.10 (m, 3H).  

MS3-217 
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13C NMR (126 MHz, CDCl3) δ 208.1, 159.4, 141.7, 132.9, 128.7, 128.4, 116.1, 113.9, 96.7, 

93.2, 91.2, 83.5, 55.4, 41.6, 35.3, 32.07 and 32.06 (diastereotopic cyclohexyl CH2), 30.8, 26.39 

and  26.36 (diastereotopic cyclohexyl CH2), 26.2.  

GC/MS 356.15(M+) , 207.0 (base peak)   

IR (neat) νmax 2927, 2852, 2207, 1944, 1606, 1510, 831 cm-1 

 

 

 

 

1-(3-cyclohexyl-6-methylhepta-3,4-dien-1-yn-1-yl)-4-methoxybenzene (2.4f) 

Viscous cloudy yellow oil isolated from flash chromatography using 98:2 pentanes:acetone as 

eluent (130 mg, 0.0044 mol, 88%)  

1H NMR (500 MHz, Chloroform-d) δ 7.40 – 7.33 (m, 2H), 6.84 – 6.79 (m, 2H), 5.42 (dd, J = 

5.7, 2.5 Hz, 1H), 3.80 (s, 3H), 2.38 (pd, J = 6.8, 5.7 Hz, 1H), 2.11 – 2.00 (m, 1H), 1.93 (tdd, J = 

12.9, 3.3, 1.7 Hz, 2H), 1.83 – 1.74 (m, 2H), 1.67 (dtt, J = 12.8, 3.3, 1.5 Hz, 1H), 1.37 – 1.13 (m, 

5H), 1.06 (dd, J = 6.8, 1.8 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ 206.5, 159.3, 132.9, 116.2, 113.9, 101.2, 97.2, 90.7, 83.9, 55.4, 

41.8, 32.23 and 32.20 (diastereotopic cyclohexyl CH2), 28.6, 26.46 and 26.44 (diastereotopic 

cycohexyl CH2), 26.3, 22.7, 22.4.  

GC/MS 294.3 (M+), 121.1 (base peak)  

MS2-129 
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IR (neat) νmax 2929, 2208, 1943, 1606, 1510, 1248, 831 cm-1 

 

 

 

 

 

1-(3-cyclohexyl-5-phenylpenta-3,4-dien-1-yn-1-yl)-4-methoxybenzene (2.4g) 

Viscous orange oil isolated from flash chromatography using 99:1 pentanes:acetone as eluent 

(138 mg, 0.0042 mol, 84%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.36 (m, 2H), 7.35 – 7.30 (m, 4H), 7.25 – 7.20 (m, 

1H), 6.86 – 6.80 (m, 2H), 6.42 (d, J = 2.5 Hz, 1H), 3.81 (s, 3H), 2.29 – 2.21 (m, 1H), 2.02 (dtdd, 

J = 10.7, 5.5, 3.6, 2.0 Hz, 2H), 1.83 – 1.74 (m, 2H), 1.67 (dtt, J = 12.9, 3.2, 1.5 Hz, 1H), 1.39 – 

1.24 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 210.7, 159.6, 134.1, 133.1, 128.8, 127.4, 127.2, 115.8, 113.9, 

100.5, 97.2, 92.2, 82.2, 55.4, 42.3, 32.2, 26.4, 26.2.  

GC/MS 328.2(M+), (base peak)  

IR (neat) νmax 2927, 2208, 1931, 1606, 1509, 1205, 831 cm-1 

 

 

 

MS2-261 
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1-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)-4-methylbenzene (2.4h) 

Viscous orange oil isolated from flash chromatography using 99:1 pentanes:acetone as eluent 

(104 mg, 0.0030 mol, 61%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.34 (m, 2H), 7.24 – 7.20 (m, 2H), 7.16 – 7.10 (m, 

2H), 6.88 – 6.74 (m, 2H), 6.40 (d, J = 2.5 Hz, 1H), 3.80 (s, 3H), 2.34 (s, 3H), 2.27 – 2.18 (m, 

1H), 2.04 – 1.98 (m, 2H), 1.83 – 1.72 (m, 2H), 1.69 – 1.63 (m, 1H), 1.39 – 1.26 (m, 5H). 

13C NMR (126 MHz, CDCl3) δ 210.4, 159.5, 137.3, 133.2, 131.0, 129.6, 127.1, 115.9, 113.9, 

100.3, 97.0, 91.9, 82.4, 55.4, 42.3, 32.2, 26.4, 26.2, 21.4. 

GC/MS 342.2(M+), (base peak) 

(E)-hexa-3,5-dien-1-yn-1-ylcyclohexane (2.5) 

1H NMR (400 MHz, Chloroform-d) δ 6.80 (dt, J = 17.0, 10.5 Hz, 1H), 6.24 (t, J = 10.8 Hz, 1H), 

5.41 (d, J = 10.6 Hz, 1H), 5.26 (d, J = 17.1 Hz, 1H), 5.14 (d, J = 10.5 Hz, 1H), 2.48 (m, 1H), 1.76 

(m, 2H), 1.65 (m, 2H), 1.42 (m, 3H), 1.30 – 1.23 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ 139.2, 134.3, 119.5, 110.8, 101.4, 97.8, 32.9, 30.1, 26.0, 25.0. 

MS3-143 

MS2-118 
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GC/MS 160.2(M+), 91.9 (base peak) 
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Chapter 3: Studies of the Stereochemical Outcome of the Palladium-

Catalyzed Decarboxylative Coupling of Propargyl Propiolates 
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3.1 Introduction 

 A unique property of allenes that sets them apart from many other functional groups that 

they have the potential to possess axial chirality (Figure 3.1). Allenes were first predicted to 

possess axial chirality by van’t Hoff in 1875,1 however the optical activity of the allene structure 

was not experimentally confirmed until 1935 when the first chiral allenes were synthesized by 

Maitland and Mills.2 Currently, non-racemic allenes continue to be attractive synthetic targets, as 

they can be found in an ever growing list of natural products and molecular materials. They have 

even been used as a chiral ligand.3,4 Further, enantioenriched allenes are prone to efficiently 

transfer their axial chirality to centrally chiral stereocenters. This combined with allenes’ unique 

reactivity profile suggests that enantioenriched allenes have the potential to be powerful chiral 

building blocks in synthesis.   

Unfortunately, the development of applications for axially chiral allenes as synthetic intermediates 

has been sluggish due to the limited availability of enantioenriched allenes.5,6 Currently, there are 

only a few reliable, broadly applicable ways to synthesize enantioenriched allenes, thus the 

development of new and/or improved methods is still an area of active research. 7-12 Both 

stereoselective and stereospecific transition metal-catalyzed methods have been developed to 

synthesize enantioenriched allenes. However, because of the abundance of ways to prepare chiral 

propargyl alcohols,13-21 stereospecific transformations of chiral propargyl alcohol derivatives 
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remain the most convenient and commonly used methods to synthesize enantioenriched allenes 

(Scheme 3.2).   

This chapter will review transition metal-catalyzed stereospecific syntheses of enantioenriched 

allenes from propargyl alcohol derivatives as well as explore the issue of racemization which 

commonly plagues these transition metal catalyzed transformations. In addition, our contributions 

to the knowledge and understanding of palladium-catalyzed stereospecific allene synthesis and 

racemization are detailed herein. 

3.2 Stereospecific Transformations of Propargyl Alcohol Derivatives 

3.2.1 Copper-Catalyzed Transformations 

 Crabbé and coworkers first presented evidence in 1975 that the copper-mediated 

transformation of propargyl acetate to form allenes (presented in chapter 1, section 1.3.2) occurred 

in a stereospecific manner.22They found that treating an (S)-configured propargyl acetate with 

lithium dimethylcuprate yielded the (R)-configured allene (Scheme 3.3). This led them to suggest 

that the copper-carbon bond forms via an anti-preferential SN2′ mechanism which is followed by 

reductive elimination with retention of configuration. Unfortunately the stereospecificity for this 

reaction is not reported.  
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In 1985 Alexakis et al. began examining the mechanism of the stereospecific coupling of 

propargylic alcohol derivatives and Grignard reagents catalyzed by copper salts.23 They 

determined that when the derivative contained a poor leaving group such as an ether, the copper 

reaction, while still stereospecific for anti-products, proceeded through a different mechanism than 

proposed above (Scheme 3.4). This alternative mechanism involved the syn addition of the 

organocopper reagent across the triple bond. The resulting copper-alkene complex then collapses 

via anti elimination leading to an overall anti-displacement product. Initially these reactions 

suffered from racemization of the allene, but Alexakis and coworkers were able to demonstrate 

that utilization of phosphine ligands suppressed the undesired racemization reaction. Further 

studies showed that the stereospecificity of the reaction, described as the conservation of 

enantiomeric excess (cee), was significantly affected when almost any aspect of the reaction, such 

as the leaving group, copper source or Grignard reagent, was varied.24,25 
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In 2011, Sawamura and coworkers sought to improve the scope and selectivity of the reactions 

mentioned above by developing a copper-catalyzed stereospecific reaction of propargyl 

electrophiles with boron nucleophiles that were much more functional group tolerant.26 They 

reported that CuOAc catalyzed the coupling of chiral propargyl phosphates with alkyl-9BBN 

reagents to form enantioenriched allenes (Scheme 3.5). They proposed that after initial 

transmetalation between copper and the boronate formed from the alkyl borane, the carbon-copper 

species could then coordinate to the triple bond. After complexation the reaction then proceeds 

through an addition-elimination sequence similar to that proposed by Alexakis allowing for the 

high stereospecificity to be observed. The next year they expanded the scope to alkenyl and aryl 

boronates with only minor changes to the reaction conditions.27 Interestingly, only one chiral 
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propargyl phosphate, which contained a protected alcohol at the terminal position, was examined 

in Sawamura’s reports. It is unclear whether the protocol is limited to this substrate.  

Almost simultaneously, Lalic and coworkers published a similar transformation utilizing copper-

NHC complexes (Scheme 3.6).28 They reported a wider scope of chiral propargyl phosphates with 

equally successful stereospecificity.  Both methods had similar scopes of nucleophiles and 

furnished enantioenriched allenes from chiral propargylic phosphates with very high 

stereospecificity. Further, unlike the methods that involved organocuprates, neither Sawamura nor 

Lalic observed any racemization of the allenyl products. 
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3.2.2 Palladium-Catalyzed Transformations 

Palladium has also been used as a catalyst for stereospecific transformations of propargylic alcohol 

derivatives. In the 1980’s Vermeer and coworkers investigated the stereochemical outcome of the 

palladium-catalyzed substitution of enantioenriched propargyl esters with organozinc compounds. 

Initial studies found that the coupling of chiral propargylic acetates could occur with modest 

stereospecificity, yielding allenes with inverted configuration.29 It was hypothesized that oxidative 

addition to palladium occurs in an anti SN2′ fashion leading to an η1-allenyl palladium complex. 

That complex then undergoes transmetalation with the organozinc reagent followed by reductive 

elimination resulting in the enantioenriched allene. Both transmetalation and reductive elimination 

occur with retention thus delivering the allene with overall inversion (Scheme 3.7). This 

hypothesis was later confirmed in 1986 when Vermeer and coworkers isolated the η1-allenyl 

palladium complex and observed inverted stereochemistry (assigned on the basis of Lowe-

Brewster rules30,31) compared to that of the optically pure starting propargyl acetate.32 This 

protocol was later applied to chiral fluorinated propargyl esters with much higher specificity.33 
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Further indication that previously developed palladium-catalyzed methods of allene formation 

could occur in a stereospecific manner came from Dixneuf and coworkers in 1997. When they 

applied the Sonogashira conditions developed by Tsuji,34 to a chiral propargyl carbonate derived 

from the alcohol prepared by enzymatic resolution, they obtained the enantioenriched allenynes 

with high conservation of enantiomeric excess (Scheme 3.8).35 

Yoshida and coworkers reported in 2004 that the palladium-catalyzed coupling of enantioenriched 

propargyl carbonates with aryl boronic acids proceeded with perfect stereospecificity to the allene 

with inverted configuration.36 Interestingly, the leaving group had a significant effect on the 

specificity of the reaction. When the carbonate was replaced with the alcohol the enantiomeric 

purity of the product was significantly decreased (Scheme 3.9). It was suggested that after 

activation of the propargyl alcohol by boronic acid, the attack of palladium could potentially occur 
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on a propargyl carbocation, thus leading to a significant loss of stereochemical information. 

Further studies in 2007 also struggled with racemization as it was observed that choice of leaving 

group, solvent, nucleophile and substitution of the propargyl substrate could lead to significantly 

diminished optical purity of the allene.37  

3.2.3 Other Transition Metal-Catalyzed Transformations 

 While copper and palladium are the most commonly used transition metals in catalytic 

methods to prepare chiral allenes from enantioenriched propargylic alcohol derivatives, methods 

have been reported utilizing other metals which will be described herein. In 2004, Toste and Sherry 

reported a gold-catalyzed stereospecific propargyl Claisen rearrangement which yielded 

enantioenriched allenes.38 Catalyst choice significantly affected the chirality transfer from the 

propargylic ether to the allene (Scheme 3.10). While Ph3PAuBF4 successfully catalyzed the 

Claisen rearrangement, only racemic product was isolated. Changing the catalyst to gold-oxo 

complex [(Ph3PAu)3O]BF4 afforded the desired allene with high stereospecificity. It was further 
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demonstrated that the poor chirality transfer observed with Ph3PAuBF4 was due to rapid 

racemization of the allene by the catalyst.  

In 2016, Carreira and coworkers reported a stereospecific coupling of propargylic 

benzoates and arylboronic acids catalyzed by rhodium.39 While the reaction conditions were highly 

engineered and specific to the system (base, ligand to catalyst ratio, and solvent all affected the 

level of chirality transfer), the reaction produced enantioenriched allenes in high yields with high 

enantiospecificity. Carreira accounts for the observed absolute configuration of the allenes by 

proposing a regioselective arylrhodation followed by a selective syn-elimination (Scheme 3.11).  
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3.3 Transition-Metal Catalyzed Racemization of Allenes 

It should be emphasized again that many of the above-mentioned transition metal-

catalyzed stereospecific couplings suffer from significant amounts of racemization of the desired 

enantioenriched allene. Racemization is common in stereospecific transition metal-catalyzed 

transformations potentially because equilibriating intermediate metal complexes could provide 

low energy pathways for racemization to occur. Of the transition metals utilized in the methods 

above, copper, gold, and palladium have all been reported to racemize enantioenriched allenes and 

studies to understand their mechanisms have been undertaken. In this section, the various studies 

of the mechanism of these transition metal-catalyzed racemizations will be reviewed and 

discussed. 
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Early reports by Crabbé and others40 observed stereospecific transformations of 

propargylic alcohol derivatives with organocuprates, but noted that a variety of factors could affect 

the optical purity of the enantioenriched allene product. In 1978, Claesson and coworkers 

determined that a major contributor to the loss of stereochemical information was, in fact, the 

racemization of the chiral allene by organocuprates.41 While Grignard reagents, often included in 

the coupling reactions to form the cuprates in situ, had little effect on the stereochemistry of the 

allene, the organocuprates significantly racemized the enantioenriched allene (Scheme 3.12). 

Claesson proposed that the racemization occurred via an isomerization of the radical anion formed 

from a single electron transfer (SET) from the organocopper to the allene.  Vermeer and coworkers 

published further support for this mechanism when they observed that while Me2CuLi racemized 

trisubstituted allenes, MeCu did not.42 There is also evidence that copper(0), which could be 
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formed by decomposition of the cuprate, complexes to the central carbon of the allene, thus 

allowing for bond rotation and racemization.43 

Gold-catalyzed racemization of allenes is another well-documented occurrence, as gold is 

a common catalyst in various reactions for functionalization of allenes.44,45 In an effort to 

understand the mechanism of the racemization on an experimental level, Widenhoefer and 

coworkers undertook extensive kinetic and binding studies related to the reaction of 

enantioenriched allenes with cationic gold catalysts.46,47 These studies established that there was a 

first order dependence on the concentration of the enantioenriched allene as well as the 

concentration of the gold catalyst, thus allowing for an overall second order rate law for the 

reaction (Scheme 3.13). Hammett plots indicated that during the rate limiting transition state there 

was less electron density at the terminal carbons, which supported the proposed achiral η1-allylic 

cation intermediate. Combining these observations with previous work, Widenhoefer proposed a 

mechanism that involves rapid and reversible interconversion of isomeric gold η2-allene 
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complexes (cis-A) that is then followed by conversion to the achiral η1-allylic cation intermediate 

(cis,cis-B) via a bent and twisted transition state (TS).  

In its utilization in allene synthesis, palladium has also been shown to affect the 

stereopurity of the enantioenriched allenyl products. One of the most commonly employed 

explanations for the loss of chiral information is rapid racemization of the η1-allenylpalladium 

species. Mikami proposed that this occurs through an isomerization to the η1-propargylpalladium 

species, where the bond could freely rotate leading to racemization.48 This proposed mechanism 

was useful in their report in which they achieved dynamic kinetic protonation of the racemic 

allenylmetal intermediate (Scheme 3.14). However, it is also highly possible that the samarium 
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complexes and not the palladium complexes undergo racemization as both species are potential 

intermediates before the asymmetric protonation step.  

Ogoshi, Kurosawa, and coworkers also reported a potential mechanism for the rapid 

racemization of the η1-allenylpalladium species.49 It was hypothesized that the enantioenriched η1-

allenylpalladium species could racemize over time via allenyl ligand exchange with a 

configurationally labile µ-η3-allenyl/propargyldipalladium complex (Scheme 3.15). In these 

studies it was determined that the presence of oxygen accelerated the racemization whereas the 

introduction of additional PPh3 into the reaction suppressed it.  

The reports above suggest that the lack of chirality transfer observed in a number of what should 

be stereospecific palladium-catalyzed transformation of propargyl alcohol derivatives is due to a 

racemization of the palladium-bound intermediate.  In contrast to this hypothesis, there have been 

many instances of palladium catalyzing the racemization of enantioenriched allenes. During their 

studies in 1986 Vermeer and coworkers were disappointed to find that they were unable obtain the 

enantioenriched phenyl allene by treating the enantioenriched allenylpalladium complex with 
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phenylzinc.32 They proposed that the equimolar amount of Pd(PPh3)2 released during the addition 

could be the culprit behind the racemization. Further investigation into the issue showed that just 

10 mol% of Pd(PPh3)4 significantly racemized the diaryl allene (Scheme 3.16_A). Palladium(0)-

catalyzed racemization of allenes was further confirmed by Morken et al. in 200750 (Scheme 

3.16_B).   

Bäckvall and coworkers have also observed palladium-catalyzed racemization of allenes, 

contributing to the hypothesis that the lack of chirality transfer from propargyl alcohol derivatives 

to allene products could be a result of product racemization rather than from racemization of a 

reactive intermediate. In 2001, it was reported that Pd(OAc)2 and LiBr racemized α-acetoxy 

allenes, which were being utilized as starting materials in the stereoselective synthesis of 2-bromo-

1,3-dienes.51 In 2004, Bäckvall et al. went on to study and develop a general method for the 

palladium(II)-catalyzed racemization of allenes with the intent to employ the racemization in DKR 

processes.52  Initial studies showed that while PdBr2(PhCN)2 catalyzed the racemization, the 

reaction stalled at 75-80% completion.  Changing the catalyst to the system employed in their 

previous paper (5 mol% Pd(OAc)2 and 10 mol% LiBr) yielded over 90% racemization. By 

screening different allenes, it was observed that the racemization was more rapid for allenes with 

a phenyl substituent, and the most rapid for a trisubstituted allene, also containing a phenyl 

substituent (Scheme 3.17). Bäckvall proposed that the racemization occurs through a mechanism 

that begins with the anti-bromopalladation of one of the double bonds of the allene. The resulting 
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palladium complex (A) could then rearrange via the σ-π-σ isomerization known for palladium-

allyl complexes. Anti-elimination from complex C, would form the enantiomeric allene thus 

resulting in racemization.  

 In 2006, Molander and coworkers envisioned a stereospecific coupling of enantioenriched 

propargyl alcohol derivatives and alkenyl trifluoroborates.53 Unfortunately, coupling an 

enantioenriched propargyl carbonate with a phenyl-substituted vinyl trifluoroborate yielded only 

racemic products. Changing the leaving group allowed for the isolation of enantioenriched allene, 

but in only modest ee. Additionally, changing the nucleophile to vinyl trifluoroborate sped up the 

coupling reaction. With both nucleophiles, initial formation of the allene occurred with high 

stereospecificity, but as the reaction was allowed to proceed for longer reaction times, a loss of ee 

was observed. Because the allene is generated in high ee initially, Molander proposes that the 

racemization is not proceeding via the mechanisms reported by Mikami or Ogoshi discussed 

above. Unfortunately, Molander does not rule out Bäckvall’s mechanism, but also doesn’t suggest 

any alternative mechanisms for racemization. Further this reaction still does not satisfy the need 
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for a general protocol to synthesize enantioenriched allenes. While allenes can be obtained in high 

ee, the conditions must be altered depending on the nucleophile, requiring optimization for every 

desired product. (Scheme 3.18)  

 While many of the reactions above are efficient methods for synthesizing enantioenriched 

allenes, many of them are highly engineered for specific substrates in order to achieve high 

stereopurity of the desired allenes, and racemization is still a common occurrence. Development 

of new, potentially general, methods for the synthesis of enantioenriched allenes is still a desirable 

goal. 

3.4 Development of the Stereospecific Decarboxylative Coupling 

As discussed in Chapter 2, decarboxylative coupling has advantages over traditional transition 

metal catalyzed coupling, in that it does not require preformed organometallics or basic reagents.  

Many of the above described methods are stereospecific variants of traditional cross-coupling 

reactions. The development of a palladium-catalyzed decarboxylative coupling to synthesize 

enantioenriched allenes would provide a mild, atom-economic alternative. Because it has been 

observed that attack of palladium addition on propargyl electrophiles occurs in a SN2′ fashion, we 

envisioned that the decarboxylative coupling developed in Chapter 2 could occur 
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stereospecifically from chiral propargyl esters (Scheme 3.19). To the best of our knowledge, there 

are no examples of stereospecific palladium-catalyzed decarboxylative couplings of propargylic 

alcohol derivatives to form enantioenriched allenes in the literature to date.  

 

To begin our studies of the stereospecific palladium-catalyzed decarboxylative coupling, we first 

synthesized the enantioenriched propargyl ester 3.2a from the corresponding propargylic alcohol 

3.1a.18 Disappointingly, attempting the stereospecific coupling under the optimized conditions 

reported in Chapter 2 (5 mol % Pd(PPh3)4 in THF over 4 hours) resulted in the isolation of nearly 

racemic 3.3a (Scheme 3.20_A). We were relieved to discover, however, that decreasing the 

catalyst loading by half, as well as limiting the reaction time to 20 minutes allowed for the 

stereospecific coupling to occur, yielding the enantioenriched allenyne in 88% ee with 94% 

conservation of enantiomeric excess (cee) (Scheme 3.20_B). Hoping to achieve complete 
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stereospecificity, the catalyst loading was further lowered to 1 mol %, but this resulted in a longer 

reaction time (45 min) in order to achieve full conversion. The longer reaction time resulted in a 

diminished cee, suggesting that slower coupling rates allow more time for the racemization of the 

product allene to occur (Scheme 3.20_C).  

With this observation, we hypothesized that if we could increase the speed at which the coupling 

occurred, we could outpace the racemization and isolate allenynes with higher stereospecificity. 

A variety of palladium sources and ligands were screened as catalysts in the presence of racemic 

3.2a with this goal in mind. Unfortunately, every palladium-ligand combination tested led to an 

increase in reaction time, thus we hypothesized they would be unsuccessful candidates to catalyze 

the stereospecific reaction (Table 3.1).  
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To further support this hypothesis, the closest performing ligand to Pd(PPh3)4, trifuryl phosphine 

(entries 3 and 7, Table 3.1), was utilized in the stereospecific coupling with two different palladium 

sources. Both reactions required longer reaction times, and thus yielded significantly racemized 

allenyne product (Scheme 3.21). Thus, Pd(PPh3)4 is the most competent catalyst for the 

stereospecific decarboxylative coupling.  
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Overall we were able to demonstrate that the palladium-catalyzed decarboxylative coupling does, 

in fact, occur in a stereospecific fashion. Unfortunately, significant racemization of the 

enantioenriched allenyne upon being produced prevents this coupling from being a general method 

that could be employed for the synthesis of enantioenriched allenes. While this method is not the 

most synthetically useful, it does provide an opportunity to probe further into the somewhat 

mysterious mechanism of palladium-catalyzed racemization of allenes.  

3.5 Kinetic Studies for the Elucidation of Palladium-Catalyzed Racemization 

3.5.1 Introduction 

As has been presented in the above sections, the ability for palladium to racemize 

enantioenriched allenes has significantly and negatively affected the development of 

enantiospecific palladium-catalyzed couplings. While this is a common problem throughout the 

literature, very little is known about the mechanism of this unfortunate side reaction apart from 

Bäckvall’s report on palladium(II)-catalyzed racemization.52 This lack of knowledge is 

unacceptable, as understanding how and why the racemization occurs could lead to better 

developed enantiospecific methods towards the synthesis of chiral allenes. Further, racemization 
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plays a key role in important asymmetric processes such as dynamic kinetic resolution (DKR).54 

Having an experimentally grounded understanding of the mechanism of racemization could 

potentially lead to the development of new DKR processes involving allenes. This section presents 

the kinetic experiments we have undertaken in an attempt to better understand the palladium-

catalyzed racemization that was observed during the development of the stereospecific 

decarboxylative coupling of enantioenriched propargyl propiolates. 

3.5.2 Initial Observations 

 We began our studies by confirming the stereostability of enantioenriched allenyne 3.3a. 

In the absence of palladium, there was no degradation of optical purity of 3.3a after 4 hours of 

heating at 50◦C (Scheme 3.22). 

We then examined the time-dependent racemization of the allene 3.3a by palladium via chiral 

stationary phase high performance liquid chromatography (HPLC). Pd(PPh3)4 was employed in 

the experiment as it is the catalyst for the decarboxylative coupling. However, we also wanted to 

examine the possibility of racemization by palladium(II), as palladium(II) complexes are formed 

in situ upon oxidative addition of the propargylic ester to Pd(0). Thus a second racemization 

utilizing Pd(OAc)2 as the catalyst was also examined. It was determined by these studies that both 

palladium(0) and palladium(II) contribute to the racemization of enantioenriched allenes. Further 

it appears that palladium(II) catalyzes the racemization much more rapidly (Scheme 3.23)  
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Unfortunately chiral HPLC was not the most practical analytical method for closely monitoring 

the racemization of allenes over time. For HPLC each aliquot needed to be moderately purified 

with all solvent removed before it could be analyzed, and over an hour and a half was required for 

each HPLC run. It was determined that polarimetry would be a pragmatic alternative as no sample 

purification was needed, and sample analysis only took minutes.  Thus the remainder of our kinetic 

studies utilized polarimetry to observe racemization. As both palladium(0) and palladium(II) 

exhibited catalytic activity in the racemization, we studied the kinetics of the racemization 

promoted by each catalyst. For clarity, both studies are presented in separate sections below.  For 

the purpose of our studies, we used the definition of racemization as the process in which 50% of 

an enantiopure compound is converted to the other enantiomer, ultimately leading to 0% ee 

(Scheme 3.24). Since our allenes are not enantiopure, both the R and the S enantiomers are present. 

Thus on a microscopic level, racemization is viewed as a reversible enantiomerization reaction in 

which the rate constants for the forward (kf) and the backwards (kr) reaction are equal. This results 

in the rate constant for racemization to be the combination of the forwards and backwards rate 

constant for enantiomerization.  
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3.5.3 Kinetic Studies of Palladium(0)-Catalyzed Racemization 

 We began our kinetic studies by periodically monitoring a solution of enantiomerically 

enriched allene 3.3a (0.057 M) and a catalytic amount of Pd(PPh3)4 (1.4 mM, 2.5 mol %) stirred 

at 50 ˚C via polarimetry. The plot of ln (% ee) versus time was linear which established a first 

order dependence of the rate on the concentration of the allene (Figure 3.1).  The pseudo-first order 

rate constant of kobs= 3.87±0.2x10-5 s-1 was obtained from this plot (Table 3.2, entry 1). The 

dependence of the rate of allene racemization on catalyst concentration was then determined by 
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finding the first order rate constants for the racemization of 3.3a at varying concentrations of 

Pd(PPh3)4 (Table 3.2, entries 1-3). The plot of the determined first order constants (kobs) versus the 

concentration of Pd(PPh3)4 was  also linear indicating that there was also a first order dependence 

of the rate on catalyst concentration (Figure 3.2).  This established an overall second order rate 

law for the Pd(0) catalyzed racemization of 3.3a: rate = 2kent[3.3a][Pd(PPh3)2], where kent = 

0.018±0.003M-1s-1.55,56  

The effect of electron density of the allene on the rate of racemization was then evaluated. The 

observed rate constants for the racemization of various para-substituted 1-aryl-allenynes by 

Pd(PPh3)4 were determined (Table 3.2, entries 4-8). A plot of the log of kent vs the Hammett σ 

parameter led to interesting observations about allene electron density effects (Figure 3.3). Most 

notably, the racemization of para-chloro substituted aryl alleyne 3.3c (Table 3.2, entry 5) was 

observed to be approximately four times faster, as denoted by the larger kent, than for the other 

allenes bearing electron withdrawing substituents.  Though oxidative addition of aryl-Cl bonds is 

not the most facile,57 it may be possible that oxidative addition occurs generating a palladium(II) 
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species containing a chloride anion. This could allow for racemization to occur via an anti-halo-

palladation-elimination mechanism as proposed by Bäckvall (Scheme 3.17). 

The ρ value from p-tBu to H is negative while the ρ value from p-CO2Me to p-NO2 is positive. We 

interpret this as a change in mechanism when stronger electron withdrawing substituents are 

included on the aryl moiety of the allene. Further evidence for the change in mechanism was 

established when a solution of enantioenriched allene 3.3a (0.57 M) and a catalytic amount of 

PPh3 (5.7 mM, 10 mol %) stirred at 50◦C was monitored via polarimetry over the course of 8 hours. 

Racemization of allene 3.3a occurred but the observed rate constant was 2 orders of magnitude 

smaller than when the racemization was catalyzed by Pd(PPh3)4 thus suggesting that the amount 

of racemization caused by triphenylphosphine could be considered negligible.  Comparatively, 
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when the same experiment was performed utilizing para-nitro substituted allene 3.3f the observed 

rate constant was nearly the same as that which was found with Pd(PPh3)4 (Scheme 3.25).  

While more studies involving triphenylphosphine are ongoing in the lab, the above observation is 

consistent with the change in mechanism observed in the Hammett plot. We hypothesize that for 

aryl allenynes containing electron withdrawing substituents triphenylphosphine, not palladium, is 

catalyzing the racemization. This could occur via attack of the center carbon of the enantioenriched 
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allenyne by triphenylphosphine.58,59 The resulting allylic anion could then undergo a bond rotation 

leading to the opposite enantiomer and thus a racemic product (Scheme 3.26).  

 As our interpretation of the Hammett plot suggests a change in mechanism, we still propose 

that aryl allenes without electron withdrawing substituents undergo racemization catalyzed by 

palladium. Keeping the data we have collected in mind, we envision that the palladium-catalyzed 

racemization could occur via one of two pathways. First, it has been previously suggested by 

Coulson and Cazes that palladium(0) can interact with two allene substrates resulting in a 

palladacycle (Scheme 3.27).60,61 We propose that this dimerization would be fast, and the resulting 

palladium(II)-complex could catalyze the racemization by a mechanism that is presented in section 

3.5.4 for palladium(II)-catalyzed racemization (Scheme 3.31). This could account for the negative 

slope from p-tBu to H. 

 An alternative mechanism involves palladium(0) behaving as a Lewis acid. While palladium(0) 

is a weaker Lewis acid than palladium(II), it has still been shown to interact with allene 

substrates.62The Lewis acidic addition of palladium would result in an allylic cation that could 

undergo bond rotation thus facilitating racemization (Scheme 3.28).  
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It is also possible that triphenylphosphine could behave similarly to bromide, lending stability to 

the palladium-bound intermediate (Scheme 3.29). This would result in a mechanism that looks 

similar to Bäckvall’s involving anti-addition followed by anti-elimination.  

While Pd(PPh3)4 (and/or triphenylphosphine) obviously catalyzes the racemization of 

enantioenriched allenes, it does not do so on a time scale consistent with the amount of 

racemization that was observed during the development of the stereospecific decarboxylative 

coupling (Section 3.4). As an example, we simulated the 45 minute racemization of allene (3.3a) 

by 1 mol % of Pd(PPh3)4 (Scheme 3.20_C) using Tenua,63 a kinetics simulation program based on 

KINSIM.64 We assumed that the allene would be initially produced with perfect stereospecificity 

and input the kent calculated from our kinetic experiments. If palladium(0) was the only catalyst 

for the reaction, the simulation would generate an ee similar to the experimentally observed ee. 
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However, the simulated ee was 82% while we observed a lower 70% ee experimentally. This 

supports our hypothesis that palladium(0) is not the sole catalyst for racemization in our system. 

Because palladium(II) species are intermediates in the coupling, they could be potential catalysts 

for the racemization. Investigating the kinetics of palladium(II)-catalyzed racemization was the 

next step in the attempt to gain an experimentally grounded understanding of the mechanism of 

racemization. 

3.5.4 Kinetic Studies of Palladium(II)-Catalyzed Racemization 

We again monitored a solution of enantioenriched allene 3.3a (0.057 M) via polarimetry while 

stirring at 50◦C over the course of 5 hours, replacing Pd(PPh3)4 with Pd(OAc)2 (1.4 mM, 2.5 mol 

%). Interestingly, the plot of ln (% ee) versus time was not linear, suggesting that the racemization 

did not have a first-order dependence on the concentration of the allene (Figure 3.4). However, the 

plot of 1/[% ee] versus time appeared to be linear, indicating that the reaction may have a second 
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order dependence on the concentration of 3.3a (Figure 3.5).  Utilizing the plot of 1/[% ee] the 

observed rate constant kobs= 3.38x 10-6 M-1s-1 was obtained and the corresponding t1/2 (time to reach 

50% racemization) was calculated to be 53 minutes.  

This was perplexing as it seemed unlikely that the racemization would require two molecules of 

the allene to occur. Additionally, a poor linear fit for second order dependence was observed with 

some experiments. For example, there is an obvious curve in the data for substrate 3.3d when 

treated as a second-order reaction (Figure 3.6). 
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 Further, the order of dependence on the concentration of either Pd(OAc)2 or the allene could not 

be established from the plots of their concentrations verses the observed rate constants calculated 

from the plots of 1/[% ee] (Table 3.1, appendix), as can be seen in Figures 3.7 and 3.8.  

After several experiments, each as confusing as the last, it was noticed that the stirred solution was 

changing color over time from a light yellow to a dark brown (see appendix). This color change 

could be indicative of the catalyst becoming inactivated over time which would explain the poor 

fit. In their study of palladium(II)-catalyzed racemization, Bäckvall and coworkers also observed 

deactivation of the catalyst, and proposed that the deactivation occurred via dimer formation 

(Scheme 3.30).52 While this could be a possibility in our studies, no spectroscopic evidence for the 

presence of the dimer was observed upon re-isolation of the racemized allene.  

 Since the reaction was more complex than originally thought, we again utilized the simulation 

program, Tenua63, to demonstrate that both racemization and catalyst deactivation are indeed 

occurring. By fitting the experimental data to the simulated racemizations, the program would also 

allow the respective rate constants for each reaction to be calculated. The mechanism used for the 
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simulation input is shown in Scheme 3.31. In order to simulate the racemization, it was necessary 

to convert the measured % ee over time to concentrations of each enantiomer (denoted [R] and 

[S], assignment was arbitrary).  We assumed that the rate forward is the same as the reverse thus 

resulting in racemization thus the rate constant calculated is denoted as kent. 

Fitting the experimental racemization data of 3.3a to the simulation generated by Tenua gave kent= 

0.087±0.004 M-1s-1 and kinac =0.93±0.2 x10-4 M-1s-1 (Table 3.3, entry 1). The experimental data fit 

the simulated data well (Figure 3.9) with an average % residual of 0.44 ± 0.2%. 

Simulations varying the concentrations of catalyst and allene also provided good fits to the 

experimental data (Table 3.3, entries 1-7), consistent with our proposal of catalyst deactivation.  

In an attempt to better understand the Pd(OAc)2-catalyzed racemization, we again examined how 

the electron density of the allene affects the rate of racemization (Table 3.3, entries 8-12). We 
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hypothesized that the racemization catalyzed by Pd(OAc)2 alone proceeded through a mechanism 

similar to that proposed by Bäckvall and coworkers.52 However, without the bromide salt additive, 

palladium(II) could possibly form an allylic cationic species similar to the gold species proposed 

by Widenhoefer.46 Lewis acidic addition of palladium(II) to the central carbon of the 

enantioenriched allene could lead to the achiral cationic allylic complex thus leading to 

enantiomerization (Scheme 3.32).  

With this mechanism in mind, the kent for each para-substituted aryl-allene was plotted versus the 

Hammett parameter σ+ as the positive charge would be in direct resonance with the substituents 

(Figure 3.10).  
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Generally the ρ+ value for the generated Hammett plot is negative, indicating that there is 

generation of a positive charge. This is consistent with the proposed mechanism in which a 

carbocation is formed. However, some substrates are not included within this general trend. Both 

the para-chloro and para-cyano substituted aryl allenes racemized more rapidly than expected. 

This could be due to coordination to palladium(II) in some fashion that results in a more reactive 

catalyst or different mode of racemization.  The plot of the kinac versus the Hammett parameter σ+ 

looks very similar to the plot of kent, indicating that racemization and catalyst inactivation are 

correlated (Figure 3.11).  

This correlation suggests that the mechanisms for racemization and catalyst inactivation may share 

an intermediate. Though we have no spectroscopic evidence, it still may be possible inactivation 

is occurring via formation of a similar dimer to that suggested by Bäckvall (Scheme 3.27). Dimer 

formation would proceed via the same achiral allylic cation, which could then undergo 

carbopalladation with a second allene to trap the catalyst thus inactivating it. 
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3.6 Future Directions 

While this work provides a strong basis, further studies are currently underway to further grasp an 

understanding of the palladium-catalyzed mechanism of allene racemization.  

Strangely, when the Tenua-calculated kent is plotted versus the concentration of Pd(OAc)2, there 

appears to be a dependence on catalyst concentration for the rate of racemization (Figure 3.12), 

indicating that higher concentrations of Pd(OAc)2 lead to slower racemizations. However, 

increasing the concentration more than 1.4 mM does not appear to effect the rate constant. We 

hypothesize that this may indicate that Pd(OAc)2 is aggregating at higher concentrations, thus 

resulting in a less efficient catalyst than monomeric Pd(OAc)2.
65,66  Utilizing other palladium(II) 

catalysts which do not contain acetate ligands, such as PdCl2, could potentially prevent this 

aggregation and support our hypothesis. Thus further catalyst screening would be beneficial. 

Interestingly, the dependence of rate of inactivation on the concentration of palladium(II) does not 

appear to correlate with the reduced rates of racemization at higher palladium concentrations, but 

again, as a constant, should not demonstrate dependence (Figure 3.13). These dependencies either 

indicate an error in the data collecting methods, or further complexities in the mechanism. More 

data for each of these points could be collected to minimize error. Also dilution studies of both the 
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palladium(II) and palladium(0)-catalyzed reactions would be useful. Changing the concentration 

of both allene and catalyst would provide insight into the potential for dimerization of both the 

substrate and the catalyst. Additionally, it would be interesting to explore the effect of 

triphenylphosphine concentration on the rate of the reaction in the presence of a set concentration 

of palladium(0). This could be especially telling in regards to the mechanism of racemization for 

the allenes with electron deficient aryl substituents, and could result in a way to control the rate of 

racemization. The information from these studies could potentially be applied in the future 

development of dynamic kinetic resolution processes. 

3.7 Conclusion 

 In conclusion, we report first example of a stereospecific palladium-catalyzed decarboxylative 

coupling involving propargyl electrophiles as a green alternative to previous methods used to 

synthesize enantioenriched allenes as CO2 is the only byproduct. Further, it was confirmed that 

the loss of enantiopurity of the allene occurs primarily via racemization of the product catalyzed 

by palladium. Additionally, the first investigative kinetic studies into the racemization of allene 

by both palladium(0) and palladium(II) are reported. While it has been demonstrated that 

palladium(II) racemizes the allenes more rapidly than palladium(0), the palladium(II) catalyst is 

deactivated in the current reaction conditions. Further it was demonstrated that PPh3 in the absence 

of palladium can also catalyze racemization in aryl allenes substituted with electron withdrawing 

groups. The studies reported herein are a strong foundation from which further studies can be 

continued as there is still much to learn about palladium-catalyzed allene racemization. Finally it 

would be beneficial to use the knowledge garnered by these kinetic studies to develop a more 

generalized and controllable method of racemization, which is necessary for the potential 

incorporation into asymmetric syntheses via dynamic kinetic resolutions. 
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General Information: 

TLC analysis was performed with silica gel HL TLC plates w/UV254 from Sorbent 

Technologies. 60 Å porosity, 230 x 400 mesh standard grade silica gel from Sorbent 

Technologies was used for column chromatography. Infrared spectra were recorded on a 

PerkinElmer Spectrum 100 FTIR spectrometer with liquid samples sealed in 0.1 mm NaCl cells 

or solid samples as KBr pellets. GC/MS data was obtained using a Shimadzu GCMS-QP2010 

SE. HRMS was run using EI or ESI techniques. 1H and 13C spectra were obtained on a Bruker 

Advance 500 DRX equipped with a QNP cryoprobe and referenced to residual protio solvent 

signals. Chiral HPLC analysis was performed by LC- 10ATVP Shimadzu HPLC using a 

Chiralpak AD-H chiral column (0.46cmx25cm), eluting with hexane / iso-propanol mixture. 

Optical rotations were measured on a Autopol® IV automatic polarimeter using a 5 cm cell and 

sodium D line (589 nm) at ambient temperature in the solvent and concentration indicated 

All racemizations were run in flame dried 25 mL microwave vials from Biotage.  THF was 

distilled over Na using benzophenone as an indicator. All palladium catalysts and ligands were 

purchased from Strem and stored in a glove box under argon atmosphere. 

Kinetics Experimental: 

Representative procedure for the Racemization of Allenynes:  

A 10 mL volumetric flask, and a flame dried 25 mL microwave vial (Biotage #355631), charged 

with a stir bar, were taken into the glove box. The enantioenriched allenyne (182 mg, 0.55 

mmol) was transferred into a clean tared scintillation vial and then also brought into the glove 

box. Pd(PPh3)4 (0.015 g,  0.014 mmol) was added to the 10 mL volumetric flask. The allenynes 

was dissolved in pipette-full (ca. 1-2 mL) of THF and transferred from the scintillation vial to 

the volumetric flask by pipette. The scintillation vial was then washed twice with a pipette-full of 
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THF and the wash was then added to the volumetric flask. THF was then added to the volumetric 

flask to the 10mL mark. The solution was then mixed by pipette and transferred to the 

microwave vial. The microwave vial was then capped using a vial cap (Biotage #352298) and a 

manual cap crimper (Biotage #353671) and removed from the glove box. A 0.7 mL aliquot was 

removed from the vial using a syringe. The aliquot was diluted with THF to 3 mL in a 

volumetric flask. The solution was then transferred to a vial marked T=0 and stored in the 

freezer. The microwave vial was then placed in an oil bath to be stirred/heated at 50oC. 0.7mL 

aliquots were then removed periodically, diluted to 3 mL, and stored in the freezer. All aliquots 

were then warmed to room temperature, and polarimetry analysis was performed. 

Kinetics Tables and Plots:  

Palladium(0)-Catalyzed Racemization: 

 

 

 

 

 

 

 

 

Exp: MS3-052 
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Exp: MS3-163 

Exp: MS3-166 
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Exp: MS3-276 
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Exp: MS4-013 

Exp: MS3-276 
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Exp: MS3-245 

Exp: MS3-262 
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Palladium(II)-Catalyzed Racemizations:  
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Shown: MS3-059 

Other: MS3-179, MS3-294 

Shown: MS3-230 

Other: MS3-182 
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Shown: MS3-171 

Shown: MS3-177 
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Shown: MS3-189 

Shown: MS3-186 
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Shown: MS3-211 

Shown: MS3-251 

Other: MS3-298 



154 

 

  

Shown: MS3-290 

Shown: MS3-220 

Other: MS3-258 
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Shown: MS3-239 

Other: MS4-006, MS4-011 

Shown: MS3-279 

Other: MS3-237 
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Synthesis of Propargyl Propiolates: 

p-OMe phenylpropiolic acid was prepared using the following literature procedure:1 

 

All racemic alcohols were prepared using methods reported in literature:2 

All enantioenriched alcohols were prepared using Carreira’s method:3 

General Procedure for the synthesis of propargyl propiolates (General Procedure A): 

Reactions were typically run on a 2 to 10 mmol scale 

To a cooled (0 °C) stirred solution of the p-OMe propiolic acid acid (730 mg, 5 mmol) in DCM 

(50 mL) was added 2-butyn-1-ol (350.45 mg, 5mmol) followed by dimethylaminopyridine 

(DMAP) (36.7mg, 0.3mmol) and then DCC (1031.7 mg, 5 mmol). The solution was allowed to 

warm to rt and stirred overnight. Reaction was filtered through a pad of celite with DCM. Filtrate 

was washed with 1 N HCl , Sat. NaHCO3, brine, and then dried over MgSO4. The solvent was 

evaporated and the crude product purified by flash chromatography 
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Characterization Data for Propargyl Propiolates: 

 

 

 

(S)-3-cyclohexyl-1-phenylprop-2-yn-1-yl 3-(4-methoxyphenyl) propiolate (3.2a) 

Prepared from (S)-3-cyclohexyl-1-phenylprop-2-yn-1-ol (687 mg, 0.003 mol) and p-OMe 

phenylpropiolic acid (528 mg, 0.003 mol) via general procedure A. Viscous yellow oil isolated 

from flash chromatography using 90:10 hexanes:EtOAc as eluent (636 mg, 0.0017 mol, 53%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.62 – 7.56 (m, 2H), 7.56 – 7.48 (m, 2H), 7.44 – 7.33 (m, 

3H), 6.91 – 6.83 (m, 2H), 6.59 (d, J = 1.9 Hz, 1H), 2.53 – 2.45 (m, 1H), 1.86 – 1.80 (m, 2H), 

1.71 (dddt, J = 12.5, 9.3, 6.3, 3.7 Hz, 2H), 1.58 – 1.45 (m, 3H), 1.36 – 1.26 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 161.7, 153.4, 137.1, 135.1, 129.1, 128.7, 128.2, 114.4, 111.4, 

93.4, 88.2, 80.1, 76., 67.7, 55.5, 32.4, 32.4, 29.3, 25.9, 24.9.  

GC/MS 172.2(M+),(base peak)  

IR (neat) νmax 2937, 2211, 1709, 1253, 837 cm-1  

HPLC analysis: 95%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 32.7 min, major Rt = 34.3 min) 

 

MS2-269 
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(S)-1-(4-(tert-butyl)phenyl)-3-cyclohexylprop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate 

(3.2b) 

Prepared from (S)-1-(4-(tert-butyl)phenyl)-3-cyclohexylprop-2-yn-1-ol (487 mg, 0.0018 mol) 

and p-OMe phenylpropiolic acid (317 mg, 0.0018 mol) via general procedure A. Colorless 

viscous oil isolated from flash chromatography using 92:8 hexanes:EtOAc as eluent (470 mg, 

0.0011 mol, 61%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.52 (dd, J = 8.7, 6.9 Hz, 4H), 7.43 – 7.39 (m, 2H), 6.89 – 

6.83 (m, 2H), 6.58 (d, J = 1.9 Hz, 1H), 3.82 (s, 3H), 2.53 – 2.42 (m, 1H), 1.88 – 1.79 (m, 2H), 

1.71 (dq, J = 11.9, 2.9 Hz, 2H), 1.50 (dq, J = 9.4, 4.4, 3.8 Hz, 3H), 1.33 (s, 12H).  

13C NMR (126 MHz, CDCl3) δ 161.6, 153.5, 152.2, 135.1, 134.0, 128.0, 125.7, 114.4, 111.5, 

93.1, 88.0, 80.1, 76.1, 67.6, 55.5, 34.8, 32.5, 32.4, 31.4, 29.3, 25.9, 24.9.  

HRMS M+H calcd for C29H33O3:  429.2430 found: 429.2783 

 IR (neat) νmax  2963, 2855, 2211, 1708, 1605, 1511, 1448, 1155, 833 cm-1 

 HPLC analysis: 82%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 22.4 min, major Rt =24.4 min) 

 

 

MS3-242 
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(S)-1-(4-chlorophenyl)-3-cyclohexylprop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (3.2c) 

Prepared from (S)-1-(4-chlorophenyl)-3-cyclohexylprop-2-yn-1-ol (970 mg, 0.0039 mol) and p-

OMe phenylpropiolic acid (686 mg, 0.0039 mol) via general procedure A. Yellow viscous oil 

isolated from flash chromatography using 94:6 hexanes:EtOAc as eluent (1138 mg, 0.0028 mol, 

72%)  

1H NMR (500 MHz, Chloroform-d) δ 7.59 – 7.49 (m, 4H), 7.43 – 7.32 (m, 2H), 6.92 – 6.81 (m, 

2H), 6.54 (d, J = 1.9 Hz, 1H), 3.83 (s, 3H), 2.51 – 2.43 (m, 1H), 1.88 – 1.77 (m, 2H), 1.73 – 1.66 

(m, 2H), 1.49 (m, 3H), 1.37 – 1.27 (m, 3H). 

 13C NMR (126 MHz, CDCl3) δ 161.7, 153.3, 135.7, 135.2, 135.1, 129.6, 128.9, 114.4, 111.3, 

93.7, 88.5, 79.9, 75.7, 66.9, 55.5, 32.4, 32.4, 29.2, 25.9, 24.9.  

HRMS M+H calcd for C29H33O3:  429.2430 found: 429.2783 

IR (neat) νmax  2932, 2856, 2209, 1710, 1606, 1512, 1492, 1151, 837 cm-11 

 HPLC analysis: 93%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 34.7 min, major Rt = 40.3 min) 

 

 

MS3-268 
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methyl (S)-4-(3-cyclohexyl-1-((3-(4-methoxyphenyl)propioloyl)oxy)prop-2-yn-1-yl)benzoate 

(3.2d) 

Prepared from methyl (S)-4-(3-cyclohexyl-1-hydroxyprop-2-yn-1-yl)benzoate (980 mg, 0.0036 

mol) and p-OMe phenylpropiolic acid (634 mg, 0.0036 mol) via general procedure A. Pale 

yellow amorphous solid isolated from flash chromatography using 88:12 hexanes:EtOAc as 

eluent (630 mg, 0.0015 mol, 42%) 

1H NMR (500 MHz, Chloroform-d) δ 8.13 – 7.98 (m, 2H), 7.71 – 7.61 (m, 2H), 7.58 – 7.48 (m, 

2H), 6.95 – 6.78 (m, 2H), 6.61 (d, J = 1.8 Hz, 1H), 3.92 (s, 3H), 3.83 (s, 3H), 2.49 (q, J = 9.0, 7.3 

Hz, 1H), 1.82 (dt, J = 9.6, 3.1 Hz, 2H), 1.69 (td, J = 6.1, 5.4, 2.7 Hz, 2H), 1.57 – 1.44 (m, 3H), 

1.41 – 1.25 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 166.8, 161.8, 153.2, 141.9, 135.2, 130.7, 130.1, 127.9, 114.4, 

111.3, 94.0, 88.7, 79.8, 75.6, 67.0, 55.5, 52.4, 32.4, 32.3, 29.2, 25.9, 24.9.  

HRMS m/z: M+Na calcd for C27H26O5Na:  453.1678, found: 453.1682 IR (DCM) νmax 3057, 

2939, 2211, 1719, 1711, 1605, 1511, 1271, cm-1  

HPLC analysis:96%ee (Chiralpak AD-H, 95:5 hexanes/isopropanol, 0.3 mL/min, 254 nm, minor 

Rt = 59.1min, major Rt = 72.4 min) 

 

MS3-202 
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(S)-1-(4-cyanophenyl)-3-cyclohexylprop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (3.2e) 

Prepared from (S)-4-(3-cyclohexyl-1-hydroxyprop-2-yn-1-yl)benzonitrile (1436 mg, 0.006 mol) 

and p-OMe phenylpropiolic acid (1056 mg, 0.006 mol) via general procedure A. Yellow 

amorphous solid isolated from flash chromatography using 85:15 hexanes:EtOAc as eluent 

(2021 mg, 0.0051 mol, 85%)  

1H NMR (500 MHz, Chloroform-d) δ 7.69 (s, 4H), 7.55 – 7.51 (m, 2H), 6.91 – 6.84 (m, 2H), 

6.58 (d, J = 1.9 Hz, 1H), 3.83 (s, 3H), 2.53 – 2.41 (m, 1H), 1.86 – 1.78 (m, 2H), 1.74 – 1.64 (m, 

2H), 1.49 (ddd, J = 16.8, 7.3, 4.0 Hz, 3H), 1.32 (d, J = 7.3 Hz, 3H)  

13C NMR (126 MHz, CDCl3) δ 161.9, 153.1, 142.2, 135.3, 132.6, 128.6, 118.6, 114.5, 112.9, 

111.1, 94.5, 89.1, 79.6, 75.1, 66.6, 55.6, 32.3, 32.3, 29.2, 25.9, 24.9.  

HRMS m/z: M+H calcd for C26H24NO3:  398.1756, found: 398.1722  

IR (neat) νmax 3060, 2989, 2232, 2210, 1711, 1604, 1510, 1266, 1154, 836 cm-1  

HPLC analysis: 91%ee (Chiralpak AD-H, 95:5 hexanes/isopropanol, 0.5 mL/min, 254 nm, 

minor Rt = 41.2 min, major Rt = 53.7min) 

 

 

MS3-222 
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(S)-3-cyclohexyl-1-(4-nitrophenyl)prop-2-yn-1-yl 3-(4-methoxyphenyl)propiolate (3.2f) 

Prepared from (S)-3-cyclohexyl-1-(4-nitrophenyl)prop-2-yn-1-ol (1271 mg, 0.0049 mol) and p-

OMe phenylpropiolic acid (862 mg, 0.0049 mol) via general procedure A. Orange viscous oil 

isolated from chromatography using 85:15 hexanes:EtOAc as eluent (1372 mg, 0.0033 mol, 

68%)  

1H NMR (500 MHz, Chloroform-d) δ 7.84 – 7.70 (m, 2H), 7.58 – 7.49 (m, 2H), 6.93 – 6.82 (m, 

2H), 6.63 (d, J = 1.9 Hz, 1H), 3.84 (s, 3H), 2.48 (q, J = 4.4, 3.5 Hz, 1H), 1.89 – 1.77 (m, 2H), 

1.74 – 1.65 (m, 2H), 1.49 (ddt, J = 18.7, 9.2, 5.3 Hz, 3H), 1.38 – 1.24 (m, 3H). 

 13C NMR (126 MHz, CDCl3) δ 161.9, 153.0, 148.2, 144.0, 135.3, 128.8, 124.0, 114.5, 111.1, 

94.7, 89.2, 79.6, 75.1, 66.3, 55.6, 32.3, 32.3, 29.2, 25.9, 24.9.  

HRMS m/z: M+H calcd for C25H24NO5:  418.1654, found: 418.1567   

IR (neat) νmax 2932, 2856, 2209, 1712, 1605, 1526, 1511, 1349, 1186, 835 cm-1 

 HPLC analysis: 92%ee (Chiralpak AD-H, 95:5 hexanes/isopropanol, 0.5 mL/min, 254 nm, 

minor Rt = 34.7 min, major Rt = 52.6 min) 

 

 

 

MS3-204 
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HPLC Chromatographs for Propargyl Propiolates: 

Compound 

(3.2a) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97:03 0.3 254 34.3 32.7 
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Compound 

(3.2b) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97:3 0.3 254 24.4 22.4 
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Compound 

(3.2c) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97-3 0.3 254 40.3 34.7 
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Compound 

(3.2d) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 95-5 0.3 254 72.4 59.1 
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Compound 

(3.2e) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 95-5 0.5 254 53.7 41.2 
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Compound 

(3.2f) 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 95-5 0.5 254 52.6 34.7 
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Synthesis of Enantioenriched Allenynes: 

Representative procedure for the decarboxylative synthesis of allenynes:  

Reactions were run as 3 separate 0.5 mmol scale reactions and combined during the celite 

filtration. 

A flame dried 25 mL microwave vial (Biotage # 355631), charged with a stir bar, was taken into 

the glove box. Pd(PPh3)4 (0.014 g,  2.5 mol%) was added to the vial which was then capped 

using a vial cap (Biotage #352298) and a manual cap crimper (Biotage #353671). The secondary 

propiolate 3.2a was dissolved in THF to a concentration of 1 mM. The vial was removed from 

the glove box and 0.5 mL (186 mg, 0.5mmol) of the propiolate solution was added via syringe 

followed by 9.5mL THF. The vial was then placed in an oil bath at 50 °C and heated/stirred for 

20 min.  

 After reaction completion, the vial was removed from the bath and the stir bar removed.  

The reaction mixture was filtered through a pad of celite using DCM as the eluent. The filtrate 

was evaporated via rotoevaporation with the heat bath set at 28oC. The crude product was 

purified by silica gel column chromatography (3 cm diameter X 12 in height. Mobile phase was 

acetone/pentanes or ether/pentanes). Evaporation of fractions again via rotorevaporation with the 

heat bath set at 28oC yielded 347 mg of the desired allenyne 3.3a, a 70% yield. Allenyne 

substrates were best stored in chloroform in the freezer overnight before use in racemization. 

Characterization Data for Enantioenriched Allenynes: 

Note about Carbon NMRs: An additional carbon peak is observed for allenes containing 

cylcohexyl substituents (except for 3.3a). This is because the 2 CH2 groups adjacent to the 

methine carbon of the cyclohexyl functional group are diastereotopic and thus not equivalent. 
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This results in two (almost overlapping) peaks in the carbon. These peaks are denoted with 2 

numbers past the decimal point in order to indicate that they are not an accidental repetition, as 

well as further indication that they are diastereotopic. Further the peak representing the 2 

equivalent CH2 in the cyclohexyl group is denoted with 2C. 

 

 

 

 

(R)-1-(3-cyclohexyl-5-phenylpenta-3,4-dien-1-yn-1-yl)-4-methoxybenzene (3.3a) 

Viscous orange oil isolated from flash chromatography using 99:1 pentanes:acetone as eluent 

(138 mg, 0.0042 mol, 70%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.36 (m, 2H), 7.35 – 7.30 (m, 4H), 7.25 – 7.20 (m, 

1H), 6.86 – 6.80 (m, 2H), 6.42 (d, J = 2.5 Hz, 1H), 3.81 (s, 3H), 2.29 – 2.21 (m, 1H), 2.02 (dtdd, 

J = 10.7, 5.5, 3.6, 2.0 Hz, 2H), 1.83 – 1.74 (m, 2H), 1.67 (dtt, J = 12.9, 3.2, 1.5 Hz, 1H), 1.39 – 

1.24 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 210.7, 159.6, 134.1, 133.1, 128.8, 127.4, 127.2, 115.8, 113.9, 

100.5, 97.2, 92.2, 82.2, 55.4, 42.3, 32.2, 26.4, 26.2.  

GC/MS 328.2(M+), (base peak) 

 IR (neat) νmax 2927, 2208, 1931, 1606, 1509, 1205, 831 cm-1  

MS2-261 
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HPLC analysis: 88%ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 24.4 min, major Rt = 22.9 min) 

 

 

 

 

(R)-1-(tert-butyl)-4-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)benzene 

(3.3b) 

Viscous orange oil isolated from flash chromatography using 99:1 pentanes:acetone as eluent 

(479 mg, 0.0012 mol, 83%)  

1H NMR (500 MHz, Chloroform-d) δ 7.39 – 7.33 (m, 4H), 7.27 (d, J = 9.3 Hz, 3H), 6.89 – 6.75 

(m, 2H), 6.41 (d, J = 2.5 Hz, 1H), 3.80 (s, 3H), 2.26 – 2.19 (m, 1H), 2.05 – 1.99 (m, 2H), 1.81 – 

1.74 (m, 2H), 1.69 – 1.65 (m, 1H), 1.36 – 1.32 (m, 3H), 1.32 (s, 9H), 1.24 – 1.13 (m, 2H). 

 13C NMR (126 MHz, CDCl3) δ 210.6, 159.5, 150.5, 133.0, 131.1, 126.9, 125.8, 115.9, 113.9, 

100.3, 96.8, 91.9, 82.4, 55.4, 42.3, 34.7, 32.28 and 32.24 (diastereotopic cyclohexyl CH2), 31.4, 

26.4 (2 C), 26.2. 

 HRMS M+ calcd for C28H33O:  385.2531 found: 385.2099 

 IR (neat) νmax   2961, 2207, 1929, 1605, 1511, 1172, 830 cm-1 

 HPLC analysis: 71%ee (Chiralpak AD-H, 99. 8:0.2 hexanes/isopropanol, 0.2 mL/min, 254 nm, 

minor Rt = 23.1 min, major Rt = 24.6 min)  

MS3-284 
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(R)-1-chloro-4-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)benzene (3.3c) 

Viscous orange oil isolated from flash chromatography using 99:1 pentanes:acetone as eluent 

(372 mg, 0.0010 mol, 68%) 

 1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.35 (m, 2H), 7.28 (d, J = 6.5 Hz, 2H), 7.24 (d, J = 

8.6 Hz, 2H), 6.85 – 6.80 (m, 2H), 6.38 (d, J = 2.5 Hz, 1H), 3.81 (s, 3H), 2.28 – 2.19 (m, 1H), 

2.00 (m, 2H), 1.82 – 1.74 (m, 2H), 1.70 – 1.64 (m, 1H), 1.37 – 1.27 (m, 4H), 1.23 – 1.16 (m, 

1H). 

 13C NMR (126 MHz, CDCl3) δ 210.8, 159.7, 133.1, 132.9, 132.7, 128.9, 128.4, 115.7, 114.0, 

100.9, 96.3, 92.6, 81.7, 55.4, 42.3, 32.23 and 32.22(diastereotopic cyclohexyl CH2), 26.3(2 C), 

26.2. 

IR (neat) νmax   2929, 2208, 1929, 1607, 1510, 1171, 831 cm-1 

 HPLC analysis: 89%ee (Chiralpak AD-H, 99:1 hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 22.3 min, major Rt = 24.2 min) 

 

 

MS4-012 
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methyl (R)-4-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)benzoate (3.3d) 

Amorphous orange solid isolated from flash chromatography using 96:4 pentanes:acetone as 

eluent (423 mg, 0.0011 mol, 73%) 

1H NMR (500 MHz, Chloroform-d) δ 8.01 – 7.97 (m, 2H), 7.46 – 7.32 (m, 4H), 6.89 – 6.75 (m, 

2H), 6.45 (d, J = 2.5 Hz, 1H), 3.91 (s, 3H), 3.81 (s, 3H), 2.31 – 2.21 (m, 1H), 2.05 – 1.99 (m, 

2H), 1.82 – 1.74 (m, 2H), 1.68 (m, 1H), 1.39 – 1.26 (m, 4H), 1.20 (m, 1H).  

13C NMR (126 MHz, CDCl3) δ 212.0, 167.0, 159.7, 139.1, 133.1, 130.2, 128.8, 127.1, 115.5, 

114.0, 101.1, 96.8, 93.1, 81.5, 55.4, 52.2, 42.3, 32.20 and 32.17 (diastereotopic cyclohexyl CH2), 

26.3 (2 C), 26.1.  

HRMS M+Na calcd for C26H26O3:  409.1780 found: 409.1737  

IR (neat) νmax   2930, 2209, 1929, 1721, 1606, 1511, 1175, 831 cm-1  

HPLC analysis: 71%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.3 mL/min, 254 nm, 

minor Rt = 41.8 min, major Rt = 62.4 min) 

 

 

 

MS3-219 
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(R)-4-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)benzonitrile (3.3e) 

Amorphous orange solid isolated from flash chromatography using 94:6 pentanes:ether as eluent 

(275 mg, 0.00078 mol, 52%)  

1H NMR (400 MHz, Chloroform-d) δ 7.67 – 7.55 (m, 2H), 7.44 – 7.34 (m, 4H), 6.88 – 6.79 (m, 

2H), 6.43 (d, J = 2.5 Hz, 1H), 3.81 (s, 3H), 2.26 (q, J = 4.2, 3.6 Hz, 1H), 2.01 (d, J = 10.0 Hz, 

2H), 1.84 – 1.75 (m, 2H), 1.68 (d, J = 12.4 Hz, 1H), 1.38 – 1.15 (m, 5H).  

13C NMR (126 MHz, CDCl3) δ 212.4, 159.8, 139.3, 133.1, 132.6, 127.6, 119.2, 115.4, 114.1, 

110.5, 101.7, 96.4, 93.6, 81.0, 55.4, 42.3, 32.20 and 32.17(diastereotopic cyclohexyl CH2), 26.3 

(2 C), 26.1. 

IR (neat) νmax   2986, 2228, 2127, 1969, 1606, 1510, 1153, 835 cm-1 

 HPLC analysis: 59%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.4 mL/min, 254 nm, 

minor Rt = 36.7 min, major Rt = 38.2 min) 

 

 

 

MS3-244 
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(R)-1-(3-cyclohexyl-5-(4-methoxyphenyl)penta-1,2-dien-4-yn-1-yl)-4-nitrobenzene (3.3f) 

Viscous orange oil isolated from flash chromatography using 94:6 pentanes:ether as eluent (443 

mg, 0.0012 mol, 79%)  

1H NMR (500 MHz, Chloroform-d) δ 8.20 – 8.17 (m, 2H), 7.47 – 7.42 (m, 2H), 7.41 – 7.36 (m, 

2H), 6.86 – 6.82 (m, 2H), 6.49 (d, J = 2.6 Hz, 1H), 3.81 (s, 3H), 2.32 – 2.24 (m, 1H), 2.05 – 1.98 

(m, 2H), 1.82 – 1.76 (m, 2H), 1.69 (m, 1H), 1.36 – 1.31 (m, 4H), 1.27 – 1.16 (m, 1H).  

13C NMR (126 MHz, CDCl3) δ 213.0, 159.8, 146.8, 141.4, 133.1, 127.6, 124.3, 115.3, 114.1, 

101.8, 96.1, 93.9, 80.8, 55.4, 42.3, 32.20 and 32.16 (diastereotopic cyclohexyl CH2), 26.3 (2 C), 

26.1. 

 HRMS M+ calcd for C24H23O3N:  373.1678 found: 373.1712  

IR (neat) νmax   2929, 1928, 1605, 1521, 1511, 1343, 1173, 832 cm-1  

HPLC analysis: 60%ee (Chiralpak AD-H, 97:3 hexanes/isopropanol, 0.4 mL/min, 254 nm, 

minor Rt = 27.6 min, major Rt = 35.1 min) 

 

 

 

MS3-234 
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HPLC Chromatographs for Allenynes: 

Compound 

3.3a 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt (min) 

Minor 

 

AD-H 99:01 0.3 254 22.9 24.4 
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Compound 

3.3b 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt (min) 

Minor 

 

AD-H 99.8:0.2 0.4-0.2 254 24.6 23.1 
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Compound 

3.3c 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt (min) 

Major 

Rt (min) 

Minor 

 

AD-H 99:1 0.3 254 24.2 22.3 
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Compound 

3.3d 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt 

(min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97-3 0.3 254 62.4 41.8 
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Compound 

3.3e 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt 

(min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97-3 0.3 254 38.2 36.6 
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Compound 

3.3a 

Column Eluent 

(hexane:iPrOH) 

Flow 

(mL/min) 

λ 

(nm) 

Rt 

(min) 

Major 

Rt 

(min) 

Minor 

 

AD-H 97-3 0.4 254 35.1 27.6 
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Notebook Page Numbers for Schemes/Tables Figures 

Scheme 3.20: A: MS2-225, B: MS3-105 (MS2-270 with similar results) C: MS3-004 

Table 3.1: Entry 2: MS2-287 Entry 3: MS2-288 Entry 4: MS2-294 Entry 5: MS2-295 Entry 6: 

MS2-296 Entry 7: MS3-003 Entry 8: MS3-007 

Scheme 3.21: Top: MS2-289 Bottom: MS3-006 

Scheme 3.22: MS3-106 

Scheme 3.23:  Top: MS3-052 Bottom: MS3-059 

Scheme 3.25: Top: MS3-052 and MS3-292 Bottom: MS3-262 and MS4-004 

Figures 3.4 and 3.5:  MS3-059 

Figure 3.6:  MS3-220 
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