
CATALYTIC ASYMMETRIC ISOMERIZATIONS OF ALKYNES TO ALLENES AND THEIR 

DIASTEREOSELECTIVE FUNCTIONALIZATION FACILITATED BY AN ORGANOMANGANESE 

AUXILIARY  

by   

 Animesh Roy 

  

  

  

 

 

 

A Dissertation Submitted to the Faculty of   

The Charles E. Schmidt College of Science  

In Partial Fulfillment of the Requirements for the Degree of   

Doctor of Philosophy  

  

  

  

 

 

  

 Florida Atlantic University  

Boca Raton, FL 

August 2017 



ii 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by Animesh Roy 2017 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





iv 

ACKNOWLEDGEMENTS 

I would like to start by thanking Prof. Salvatore D. Lepore for accepting me into his group and 

offering me his unconditional support and guidance over the last seven years of my development 

as an independent researcher. Graduate school has comprised some of the more challenging 

years of my life, and I have been incredibly fortunate to have such a caring and generous advisor 

during this time. I am similarly grateful for my committee members Prof. Thomas Kodadek (from 

Scripps Florida), Prof. Daniel T. De Lill, Prof. Predrag Cudic and Prof. Lyndon West. Their 

kindness, enthusiasm, and knowledge have been invaluable during my time at Florida Atlantic 

University and will undoubtedly continue to be as I navigate the world beyond. I would like to 

thank members of the Lepore group with whom I have overlapped over the years for their 

countless helpful conversations, words of encouragement, time, and energy. Pradip Maity, Edith 

Nagy, Susovan Jana, Krishna Yadavalli, Samantha Maki, and Elijah St.Germain have been both 

good friends and good lab mates and made FAU an excellent home for several years. Special 

thanks to Mohammed Al-huniti for having me as a friend and being extremely helpful in my early 

years as well as Tania Leung, Songye Li and Jennifer Johns for their help and generous support. 

I would like to thank Susan M. Lepore for keeping our group running smoothly. Finally, I would 

like to thank my family who has provided me with continuous love and support over the years. 



v 

ABSTRACT                  

Author: Animesh Roy 

Title: Catalytic Asymmetric Isomerizations of Alkynes To Allenes And Their 

Diastereoselective Functionalization Facilitated By An Organomanganese 

Auxiliary 

Institution: Florida Atlantic University 

Thesis Advisor:   Prof. Salvatore D. Lepore 

Degree:     Doctor of Philosophy 

Year: 2017 

Published 

Content 

Roy, A.; Bhat, B. A.; Lepore, S. D. Org. Lett. 2015, 17, 900.  

Roy, A.; Bhat, B. A.; Lepore, S. D. Org. Lett. 2016, 18, 1230. 

Roy, A.; Silvestri, M.A.; Hall, R. A.; Lepore, S. D. Tet. Lett. 2017, 58, 106. 

Jana, S.; Roy, A.; Lepore, S. D. Chem. Commun., 2017, 53, 5125. 

 

The present dissertation research is largely focused on the methods to synthesize highly 

substituted allene derivatives from alkynes in conjugation with carbonyl-containing functional 

groups.  A key aspect of this research involves methylcyclopentadienylmanganese dicarbonyl 

(MMD), an inexpensive and air-stable organometallic auxiliary linked to alkynyl carbonyls via an 

η2-bond. This auxiliary influences bond formation to achieve enhanced stereoselectivity without 

itself undergoing any chemical transformation.  

Chapter 1 accounts various examples of such transition metal auxiliaries including MMD. 

Typically conjugated alkynyl carbonyls do not isomerize to thermodynamically less favored 

allenes. However, with the MMD auxiliary in place, alkynyl carbonyl compounds undergo facile 

1,3-proton shifts in the presence of a mild base to produce allene isomers. Although allenyl 

aldehydes are important building blocks, we note that direct methods to prepare them non-

racemically are not known.  
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Chapter 2 describes the development of a new cinchonine-based phase transfer catalyst to 

access non-racemic allenyl aldehydes from MMD-complexed alkynyl aldehydes. With the 

manganese auxiliary in place, nonracemic allenyl aldehydes were obtained in a weakly basic 

biphasic reaction system via enantioselective protonation conditions. 

Chapter 3 describes the second use of the MMD auxiliary to direct nucleophilic addition reactions 

to allenyl aldehydes for the preparation of 2,3-allenols diastereoselectively. In the absence of the 

MMD auxiliary, nucleophilic reactions to the carbonyl group of axially chiral allenyl aldehydes is 

poorly diastereoselective, which is a long-standing problem. We observed that, in addition to 

leading to non-racemic allenyl aldehydes, the MMD auxiliary could also be used to improve 

diastereoselectivity in carbonyl additions due to its proximal position on the 2,3-bond of the allenyl 

aldehyde.   

Chapter 4 describes the use of allenyl esters as metathesis quenching agents. It was observed 

that the addition of an allenyl ester after a metathesis reaction was complete; facilitate the 

removal of most ruthenium metal impurities using simple silica chromatographic purification. 
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Chapter 1 

TRANSTITION METAL AUXILIARY MEDIATED CARBON-CARBON BOND FORMING 

REACTIONS

1.1 Introduction 

An established strategy in organic synthesis is to use an auxiliary to alter the chemical 

reactivity of a substrate; among other things, such auxiliaries can be used to direct functional 

group transformations and bond formations. A subclass of auxiliaries includes low valent 

transition metal complexes that are attached to substrates via π-complexation (η-bonding) 

(Scheme 1). With an auxiliary in place, the substrate portion of the molecule is transformed to a 

desired product, for example by the formation of a new C-C bond. After the desired 

transformation is achieved, this transition metal group is then removed leaving no trace of its 

attachment (traceless auxiliary). This approach to synthesis requires a stoichiometric amount of 

auxiliary and adds two additional steps to the synthesis route, namely the attachment and 

removal of the auxiliary. Mainly for these reasons, the auxiliary approach to the synthesis of 

organic small molecule compounds has been deemphasized in recent years in favor of catalytic 

approaches.  

   

Scheme 1: Strategy for traceless auxiliary based transformations 

However, auxiliary-based transformations continue to find important applications when the direct 

conversion of substrate to product is either not possible or proceeds with poor selectivity.1 
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Auxiliaries are most ideal when they are chemically inert to the conditions leading to a desired 

transformation. As described in the subsequent paragraphs, the relatively low cost (price/mole) of 

some organometallic auxiliaries and their ability to facilitate the creation of multiple bonds with 

stereochemical control sometimes justifies their use relative to catalysts.  Several well circulated 

reviews1 cover transition metal complexes that have been used as auxiliaries. The goal of this 

chapter is to highlight a few of these previously reviewed auxiliaries and to cover more recently 

developed organometallic auxiliaries. This background will provide a context for our extensive 

developments involving the previously relatively unknown methylcyclopentadienylmanganese 

dicarbonyl (MMD) auxiliary.   

1.2 η6-(Arene)Cr(CO)3 complexes 

Functionalization of simple arenes is sometimes challenging due to their poor reactivity. A 

well-developed strategy2 is to complex arenes to electron-withdrawing chromium carbonyls, 

which increase arene C-H acidity similar to the introduction of an ortho-NO2 group.3  

  

Figure 1: Diverse reactivity modes with chromium(arene) complexes 

Complexed with this chromium auxiliary, simple arene groups can undergo arylation and 

nucleophilic addition reactions (Figure 1). Chromium tricarbonyl complexes are versatile traceless 

auxiliaries due to their fairly easy complexation-demetalation process and compatibility with other 

functional groups except oxidizing agents. The preferred method for complexation is prolonged (4 
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days) thermolysis of Cr(CO)6 with an excess of the arene under an inert atmosphere. These 

complexes are easy to handle; air stable, and can be stored away from light for long periods. In 

the following section, important highlights related to the utility of η6-(Arene)Cr(CO)3 complexes 

are presented.  

1.2.1 Substitution on the ring: CAr-H by a carbanion 

Functionalizing arenes via nucleophile addition/oxidation sequence was pioneered by 

Semmelhack and has since been used extensively by him and others.4 Simple arenes have been 

converted to trans-disubstituted dihydroarenes via sequential nucleophile-electrophilic additions. 

Key to this approach is the directing ability as well as electron withdrawing nature of the 

chromium auxiliary.5  

  

Scheme 2: Nucleophilic-electrophilic multiple addition reactions 

Reactive carbanions add exo to chromium complex to form intermediate anionic complex 2, 

which is subsequently treated with electrophiles such as an alkyl halide (Scheme 2). The anionic 

chromium center undergoes an electrophilic addition reaction, which leads to a migratory CO 

insertion 3. The acyl group is then transferred to the arene ring via reductive elimination. After 

decomplexation, trans-disubstituted arenes were obtained. The chromium auxiliary can then be 

removed by ligand exchange process (addition of N, P-ligands and CO to the reaction mixture) or 
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by oxidizing agents (such as I2).6 This method was applied to prepare the AB ring system of 

aklavinone 7 (Scheme 2), which is an antitumor agent.4b  

The enhanced reactivity of arenes in the presence of the traceless chromium carbonyl auxiliaries 

without incorporating electron withdrawing groups was utilized to develop Pd(0) catalyzed C-H 

arylation reactions.7 Poorly reactive monofluorobenzenes require excess amount (50 equiv) for 

C−H arylation and generally lead to undesired mixtures of ortho, meta, and para biaryls.8 

 

Scheme 3: Chromium carbonyl mediated C-H arylation reactions and following aromatic SNAr 
reactions 

However a single regioisomer was obtained in the direct arylation reaction with aromatic iodide in 

the presence of the chromium auxiliary. It is believed that the reaction proceeds through a 

concerted metalation−deprotonation (CMD) process9 to form Pd(IV)-arene(chromium) complex 

which collapses to produce biaryl compounds. The utility of this method was demonstrated by 

further functionalizing the arylated complexes via SNAr protocol before decomplexation. This C-H 

arylation strategy was also successfully applied on challenging substrates such as simple arenes 

as well as anisoles. This is promising for late stage functionalization of bioactive compounds 

containing the anisole motif.10    
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Nucleophilic aromatic substitution (SNAr) reactions of simple as well as electron rich arenes can 

also be facilitated by chromium auxiliaries. α-Arylation of carbonyl compounds is a well-

established strategy but was only successful with fluoroarenes bearing an electron withdrawing 

nitro group.11  Maruoka group developed catalytic asymmetric SNAr reactions under phase 

transfer conditions using fluoroarenes with electron releasing group by π-complexing with 

tricarbonyl-chromium auxiliary (Scheme 4).12 Alanine derivatives underwent nucleophilic 

displacement reaction with a chromium-arene complex in the presence of an ammonium phase 

transfer catalyst to produce enantioenriched α,α-disubstituted α-amino acids 9. 

 

Scheme 4: SNAr reactions on poorly reactive arene system mediated by chromium carbonyls 

1.2.2 Coupling reaction with metalated chromium arene complexes 

The electron-deficient nature of the carbon–halogen bond along with face selectivity of 

chromium complexed aryl halides makes them attractive coupling partners for palladium 

catalyzed cross-coupling reactions. Several cross coupling reactions such as the Sonogashira, 

Suzuki–Miyaura have been developed (Scheme 5).13-15 The Suzuki coupling of a chiral arene 

chromium tricarbonyl complex with a boronic acid is widely used for the synthesis of axially chiral 

biaryls16,17 although synthesis of nonracemic biaryls will require enantiopure (aryl halide) 

chromium complexes. 
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Scheme 5: Increased coupling reactivity of chromium arene complexes 

1.2.3 Enantioselective preparation of chromium arene complexes. 

Non-symmetrically disubstituted (1,2- or 1,3) arene-chromium complexes are considered 

planar chiral as they lack any symmetry element and are non-superimposable. When a chromium 

auxiliary is attached to one of two enantiofaces of the substituted arene system, it generates two 

isomers which are non-superimposable.The chirality arises due to the molecular plane (in bold) 

and can be termed based on different approaches discussed here (Figure 2).18  

 

Figure 2: Planner chirality in chromium-arene complexes 

Enantiomerically pure planar chiral complexes can be obtained by resolution as well as 

desymmetrization by asymmetrically deprotonating enantiotopic hydrogens.19 However, this 

process is limited to arenes bearing a coordinating directing group. Enantioselectivity can be 
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reversed by simply varying the amount of lithium bases (Scheme 6). This desymmetrization 

process can also be extended to 2,6-dimethyl substituted meso-(arene)chromium complex 13. 

   

Scheme 6: Nonracemic arene-chromium complexes 

1.2.4 Synthesis of natural products 

Arene–Cr(CO)3 complexes are useful intermediates in organic synthesis due to their 

improved reactivity, umpolung of the arene group, and planar chirality. Enantioenriched planar 

chiral complex 14 was obtained through resolution and utilized in the synthesis of (-)-lasubine 16 

(Scheme 7). The key steps were a diastereoselective aza-Diels–Alder reaction of imine (1pS)-(+)-

14 and a radical cyclization. A nucleophile/electrophile/acyl transfer strategy was applied to 
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prepare acetoxytubipofurans 19 enantioselectively from chromium complexed benzaldehyde 17. 

Key intermediate 18 was obtained by the sequential addition of lithiated carbanion followed by 

two electrophile additions.20  
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Scheme 7: Natural product synthesis including preparation of biaryls 

The planar chirality of a nonracemic arene-chromium complex was utilized to induce axial 

asymmetry in biaryl compounds via a Suzuki coupling with a boronic acid fragment. Several 

advantages to using the chromium auxiliary include the mild nature of the reaction due to 

enhanced reactivity of the carbon–halogen bond and an easy demetalation procedure by 

exposure to air and sunlight as well as access to both atropisomers from one enantiomer of the 

chiral (arene)chromium complex. The efficiency of this method was demonstrated by its 

successful application to the formal and total syntheses of (–)-steganone,21 the synthesis of the 

A–B ring system of vancomycin,22 and the total synthesis of korupensamines A and B.23 The 

synthesis of korupensamine A began with the enantioselective lithiation and bromination of 

chromium arene complex 20 (Scheme 8). A Suzuki–Miyaura coupling of aryl bromide chromium 
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complex 21 with a naphthylboronic acid was accomplished in refluxing methanol to produce 

axially chiral biaryl chromium complex 22, which is further elaborated to render korupensamines 

A. 

  

Scheme 8: Access to axially chiral biaryls: synthesis of korupensamine A 

1.3 η4-Iron complexes 

Organometallic π-complexes of the tricarbonyliron group have been utilized in organic 

synthesis though not as extensively as its chromium analog. The neutral tricarbonyliron auxiliary 

is primarily employed as template to obtain facial selectivity in a diene system, whereas its 

reactive cationic form has been noted to allow regioselective bond formation.24  

 

Scheme 9: Remote functionalization on cyclohexanone system 
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Thus in the presence of a directing group such as (-OMe), the treatment of complex 24 with 

triphenylmethyl tetrafluoroborate led to regioselective α-hydride abstraction (Scheme 9). Reason 

for this regioselectivity is unknown, although electron donating nature of (-OMe) group perhaps 

play an important role to achieve dienyl systems with lowest energy LUMO. 24b 

1.3.1 Nucleophilic reaction with η4-Iron complexed cyclohexadiene systems 

Cationic complexes 25 behave as cyclohexanone γ-cation in presence a directing group 

(-OMe), which influences nucleophilic reactions to occur at the center away from it. The Ong 

group explored the utility of cyclohexadienium-Fe(CO)3 salts as a building block by introducing 

functionalized nucleophile such as nitrile group (Scheme 10). 24b,c 

  

Scheme 10: Preparation of spirocycles 

1.3.2 Iron tricarbonyl as a protecting group 

                    

Scheme 11: Iron tricarbonyl as a diene protecting group 

Iron tricarbonyl complexes can act as diene protecting group. Olefinic bonds can be 

functionalized selectively in presence of the alkenes complexed with Fe(CO)3 groups. Thus the 

C22, C23 double bond of ergosteryl acetate 28 was selectively hydrogenated protecting the diene 
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by Fe(CO)3.25 The complex withstands hydroxylation using osmium tetroxide, allowing formation 

of the C22, C23-diol from 28 (Scheme 11).26 

1.3.3 Iron tricarbonyl group as a stereo-directing group 

The planar chirality of enantiopure iron-tricarbonyl complexes has been employed as a 

template for stereoselective bond formation in the presence of a chiral auxiliary ((R)-p-tolyl 

sulfoxide), although their diastereomeric ratio depends on the substitution on dienes.27 For 

example, enantiopure iron-tricarbonyl complexes have been used to obtain 7-9 membered 

carbocycles28 29 and have been extended to control two consecutive stereocenters in cyclic 

system29 31 (Scheme 12). 

  

Scheme 12: Stereo-directing nature of iron tricarbonyl group 

1.4 η3-Molybdenum Complexes 

Planar chiral cationic η3-allylmolybdenum complexes such as 33 (Scheme 13) are potent 

electrophiles.30a The preparation of these complexes began with the reaction of allyl benzoates 

with a suitable Mo(0) source. The oxidative addition of Mo(CO)3(L)3 type complexes with an allylic 

halide or ester followed by ligand exchange with LiCp produced neutral complexes 33, which are 

stable 18-electron species and unreactive toward nucleophiles. The treatment of neutral complex 

with nitrosonium tetrafluoroborate resulted in an electrophilic Mo complex.  
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Scheme 13: The stereospecific complexation with molybdenum tricarbonyl complexes 

The oxidative addition of Mo complexes has been investigated with enantiomerically pure 

benzoate (S)-35. As Liebeskind and co-workers have suggested,30 a coordination with carbonyl 

group takes place as the first step with the Lewis acidic transient 16-electron Mo species after 

loss of a carbonyl group. After losing another CO and coordinating with the olefin, intermediate 36 

collapsed to produce neutral Mo(II) complex 37 with overall retention of configuration from 

benzoate.31 However, the stereochemistry of the oxidative addition of various Mo(0) species 

depends on the concentration of Mo source, the structure of the substrate and the nature of the 

associated ligands.43 Thus enantiopure substrate 38 produced a 92:8 mixture of inversion and 

retention products with Mo(CO)3(DMF)3, whereas retentive product could be prepared 

independently using Mo(CO)3(PhMe) as the Mo(0) source. These cyclic Mo(CO)2Tp complexes 

were extensively investigated by Liebeskind group. Acyclic Mo(CO)2Tp complexes are known as 

faller complex and face regioselectivity issues32-35 and will not be discussed here. Additionally 
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these Mo(II) complexes are chiral at metal center, which impose more selectivity challenges, 

although in some cases it has been solved nicely. Thus enantiopure faller complex 38 when 

exposed to a nucleophilic addition reaction with sodium diethyl malonate resulted in 

enantiomerically pure regioisomers though with poor (3:2) regioselectivity. However, when larger 

nucleophiles 39 were used, the regioselectivity improves36 (Scheme 14). Subsequent 

demetalation of the product was easily accomplished by mild oxidation with ceric ammonium 

nitrate or, in some cases, by exposure to air. 

  

Scheme 14: Regioselectivity issues with acyclic systems 

1.4.1 Cationic η4-Molybdenum Complexes 

The utility of enantiomerically pure molybdenum cation is nicely demonstrated in 

stereospecific synthesis of cis and trans-2,6-disubstituted pyranyl compounds (Scheme 17).37 

Cationic air-stable molybdenum complexes 42 were prepared in one pot from 4138 following a 

stereoretentive complexation and later Et3O+PF6
- meditated ionization reaction.39 Nucleophilic 

addition reactions to these complexes occur anti to Mo complex and generate neutral complex 

43, which was further activated by ionizing the syn-OEt group with Ph3C+PF6-. Trans-2,6-

disubstituted pyranyl-molybdenum complexes 45 were obtained after reduction with NaBH3CN 

without purification.   
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Scheme 15: Prepration of stereoselective 2,6-dihydropyrans depending on sequence of addition             

The isomeric cis-2,6-disubstituted complex 46 can be obtained easily by reversing the order of 

nucleophile addition to replace the pyranone carbonyl group. Regioisomeric dihydropyrans were 

obtained after removal of the metal auxiliary by treatment with trifluoroacetic acid; a subsequent 

hydrogenation led to trans-2,6-disubstituted tetrahydropyrans 47 (Scheme 15b). Later, the 

Liebeskind group developed a general two-step protocol to access various η3-pyranyl and η3-

pyridinyl molybdenum building blocks in large scale from furfuryl alcohols or N-protected furfuryl 

amines (Scheme 16).40 Pyranyl or pyridinyl scaffolds were obtained non-racemically via modified 

oxa- and aza-Achmatowicz reaction in presence of a chiral auxiliary. These air- and- moisture-

stable pyranyl and pyridinyl molybdenum complexes have been used in the enantio-controlled 

construction of a diverse set of heterocyclic organic systems. 
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Scheme 16: Organometallic enantiomeric scaffolding with η3-molybdenum pyran complexes 

The Liebeskind group further extended the utility of the η3-molybdenum complexes and its 

auxiliary ligands by introducing three new stereocenters on the pyran ring (Scheme 17). Neutral 

complex 48 was first functionalized by the nucleophilic addition of grignard reagent, followed by 

dehydration with TFAA/Et3N and 2,6-dimethoxylation. A second nucleophilic addition of a 

grignard reagent at C6 position was achieved after regioselective (~49:1) ionization of methoxy 

group at C6.41 The removal of a second methoxy group at the C2 position resulted in stable 

intermediate 50 with an exocyclic E-olefin, which was protonated to regain its reactivity. Cationic 

molybdenum complex 51 can be functionalized a third time (this time at the C2 position) by 

nucleophilic agents adding anti to the TpMo(CO)2 moiety with good to excellent yields of 2,3,6-

trisubstituted dihydropiperidinyl-molybdenum complexes 52. Another key successful 

transformation was the stereo-divergent demetalation of intermediate 52 relative to the 5-

substituent. Demetalation using a CO/NO+ ligand exchange, which followed a nucleophilic attack 

of hydride on the resulting cationic intermediate at the more substituted terminus of the π-

complex and anti to the TpMo(CO)(NO)+ moiety (method A), delivered one stereoisomer, while 

protodemetalation under acidic conditions (method B) placed hydrogen at the more substituted 

end of the η3-allylmolybdenum but syn to the TpMo unit. It is important to select solvent such that 

the acidity of the system is adjusted to minimize the formation of the more substituted olefin 

regioisomer. 
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Scheme 17: Stereocontrolled multiple functionalization of pyridine systems promoted by Mo(CO)3 
complexation            
 

1.4.2 Total synthesis using Mo-diene complex: 

η3-Piperidinyl and η3-pyranyl  molybdenum building blocks were utilized to access natural 

products such as 6,7-dehydro-indolizidine 233E (54) (Scheme 18). This natural product was 

obtained from complex 48 via sequential addition of three functional group regio- and 

stereoselectively in presence of Mo(CO)Tp auxiliary. (-)-Andrachcinidine 56 was obtained via a 

pseudo-desymmetrization approach involving a highly diastereoselective methoxide replacement 

from (+)- or (-)-55 promoted by the same auxiliary. In this approach, an enantio-controlled 

methoxide-abstraction/nucleophilic addition strategy was developed in the presence of a chiral 

auxiliary (trans-2-(R-cumyl)cyclohexyl (TCC)) to obtain 2,6-disubstituted piperidines.42 
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Scheme 18: Pyran-based natural product preparation  

Similar pseudo-desymmetrization approach was applied by sequential methoxide-

abstraction/nucleophilic addition on enantiopure complex 57 to obtain the key intermediate for the 
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ambruticin natural product. A key transformation in this strategy is the introduction of a 

functionalized nucleophile such as nitriles using tetrabutylammonium cyanide reagent for the 

formation of 58. The Mo(CO)Tp auxiliary was removed by irradiating its DCM solution in presence 

of HOAc as a proton source.43 Subsequent hydrolysis of the nitrile group generated compound 

59. 

1.5 η2-Manganese Complexes 

Tricabonylmanganese forms stable neutral complexes with alkenes. These complexes are 

prepared by a ligand exchange reaction under UV photolysis of CpMn(CO)3 in the presence of 

electrophilic olefins or alkynes in coordinating solvents such as THF (Scheme 19). π- 

Complexation of MMT preferentially occurs at the α,β-bond of conjugated alkene aldehydes.  

 

Scheme 19: Complexation of CpMn(CO)2 systems with conjugated double bonds 

It has been suggested in the literature that, after carbonyl loss, coordinately unsaturated species 

60 initially establishes an η1-bond with the carbonyl oxygen of alkenyl carbonyls. Over time, this 

bond isomerizes (linkage) to form a more stable η2-bond between the manganese and the alkene 

carbon-carbon double bond.44 This is observed with acrolein as well as 2,4-pentadienal. 

However, the geometry of the π- complexed product depends upon carbonyl group. It is 

observed, unsaturated aldehydes form an s-trans complex 63, while methyl vinyl ketones form an 

s-cis π-complex.45 
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In the presence of electron donating ligands, cyclopentadienyl manganese complexes 64 are 

known to interact with Lewis acids such as SnCl4 or AlCl3.
 46,47 

  

Scheme 20: Lewis basicity of Mn center in presence of electron releasing PPh3 groups 

Utility of η2-manganese Complexes: 

Methylcyclopentadienylmanganese(I) tricarbonyl (MMT) has been utilized as a gasoline 

additive48 and is a widely available and relatively inexpensive compound. The utility of organic 

complexes with MMT was initially realized by Franck-Neumann group for the preparation allenyl 

carbonyls (Scheme 21a).49 General preparatory methods for allene building blocks50 are still 

limited,51 especially from readily available compounds such as alkynes. The isomerization 

reaction of alkynes to allenes is thermodynamically disfavored as allenes are less stable. Franck-

Neumann observed that methylcyclopentadienylmanganesedicarbonyl (MMD) complexes of 

electrophilic alkynes 65 isomerize to the corresponding allenes. Importantly, this reaction 

occurred under relatively mild conditions such as DBU or Al2O3 (Scheme 21). With the MMD-

auxiliary, a mixture of allene isomers (exo, endo) were obtained, which were separated through 

column chromatography. Isomerization under homogenous basic condition (DBU, KOH-MeOH at 

cold temperatures) led to the exo-isomer exclusively. Later, this MMD-auxiliary based 

isomerization method was extended to obtain nonracemic allenyl aldehydes via resolution (exo 

complexes only), which was further elaborated to obtain an alkenylallenic insect pheromone in 

high enantiomeric purity (Scheme 21).52 
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Scheme 21: Facile alkyne to allene conversion promoted by the MMD auxiliary 

Specifically, diastereomeric semioxamazone complexes of 68 were formed and separated by 

passing through a column containing silica gel to obtain enantiopure allenyl aldehyde complexes 

69 after cleaving with pyruvic acid.  The Horner–Emmons reaction allowed a rapid synthesis of 

the relatively labile sex pheromone of the male dried bean beetle (Acanthoscelides obtectus) 

obtained (72) as the natural enantiomer with a high enantiomeric excess (95%). MMD-allene 

complexes were converted to vinylogous E-ester (-)-70 along with separable Z-ester 71. 

Decomplexation with anhydrous FeCl3 or meta-chloroperbenzoic acid (mCPBA) led to the free 

allenic pheromone (-)-72 (85%, ee = 95%).  
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Scheme 22: Stereoselective bond formation induced by planner chiral manganese carbonyl 
complexes 

Diastereoselective transformations were achieved using the MMD-auxiliary starting from 

nonracemic planar chiral complex 74 (Scheme 22).53 The complex was deprotonated under 

strong lithium amide bases and successfully reacted with alkylating reagents as well as 

aldehydes diastereoselectively. The orientation of the MMD complex in 74 caused addition 

reactions to occur away from the large auxiliary group. 

The Lepore group investigated role of base in isomerization reactions of conjugated alkynyl 

carbonyls and realized the uniquely acidic γ-hydrogens of MMD complexed propargylic carbonyl 

compounds can be deprotonated easily under mildly basic conditions.  This investigation revealed 

that a catalytic amount of base can bring about the isomerization reaction in the presence of a 

stoichiometric ligand such as triphenylphosphine or secondary amines. In the absence of these 

ligands, stoichiometric amounts (1-2 eq) of amine base are required to isomerize MMD-alkyne 

ester complexes (Scheme 23a). It was hypothesized that the first equivalent of amine base such 

as DBU might coordinate with MMD while the remaining base serves as a proton shuttle. 

However, this trend only seems to be true with amine bases since complete isomerization was 

observed in presence of single equivalent of tert-butoxide base. 



22 

 

Scheme 23: Solid supported manganese complexes for olefin templating 

These reactions were also faster (1.5 h)  compared to amine bases such as DBU (24 h).54 While 

alkynyl esters underwent facile isomerization, poor yields were observed with alkynyl methyl 

ketones possibly due to competitive base-mediated self-aldol reactions. Allenyl esters were 

obtained after oxidative removal of MMD complexes by cerium ammonium nitrate (CAN). 

However, efforts to prepare allenyl amide remained unsuccessful. 

An organometallic resin 80 was synthesized via amide linkage with the cyclopentadienyl ring of 

MMT.55 This resin is capable of linking olefins through an η2-bond under photochemical condition 

and can be removed using mild oxidizing agents such as NMO thus serving as a traceless linker 

(scheme 26b).  

The utility of this neutral η2-auxiliary was further demonstrated by its unprecedented stereo- and 

regiocontrol in the aldol reaction of MMD complexed alkynyl ketones. For example, phenyl alkynyl 

ketone 82 complexed to MMD auxiliary readily underwent aldol reaction with aromatic aldehydes 

with high diastereo- and regioselectivity. Significant contribution of this auxiliary was realized in 

the stabilization of enolate geometry and controlling stereoselectivity in the transition state. Base 

mediated deprotonation of MMD complexed alkynyl ketones leads to cumulenolate intermediates 

83 (Scheme 24). The terminal groups on this cumulated enolate are four carbons away from each 

other which pose significant challenge to control the cumulenolate geometry. However, 

complexation with MMD affords an E-(O)-cumulenolate, where the two terminal groups prefer to 

orient away from the large auxiliary. Crystal structure based observations suggested this auxiliary 
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was also instrumental to enforce a (Re)-face addition of MMD complexed cumulenolates to 

aldehydes, which leads to the observed high diastereoselectivity (12:1) of 1,3-disubstituted 

allenols 84.56 However, selectivity tended to diminish in absence of large aryl group as it was 

evident with alkynyl esters. An improved mild oxidative-removal condition was also developed 

involving the mild oxidant PhI(OAc)2.  

   

Scheme 24: Highly diastereoselective allenyl carbinol formation promoted by MMD 

With the current reaction condition complex 82 preferentially underwent enolate formation first 

followed by aldol reaction at α-position. The preference for this rapid irreversible enolization 

process of complex 82 over competitive γ-aldol adduct has been attributed to the stability of the 

metallocyclic intermediates of MMD-π-complexes (Scheme 24b). It is suggested η2-bond 

between MMD and alkynes and alkene has significant metallocyclic character, which leads to the 

more stable metallocyclopropane intermediate 85 with carbon-carbon double bonds compared to 

more strained metallocyclopropene intermediate with alkynes.  
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1.6 Future directions with η2-manganese auxiliary assisted allene preparation 

As can be seen in the work of Franck-Neumann described earlier (Scheme 21), 1,3-

disubtituted allenyl aldehydes are promising building blocks for complex synthesis. Additionally, 

no direct asymmetric methods exist starting from conjugated alkynyl aldehyde precursors, which 

are usually easily accessible. Generally, these reactive allenyl aldehydes are obtained in non-

racemic form via oxidation from the corresponding allenols. The high reactivity of allenyl 

aldehydes as well as challenges to obtain these axially chiral building blocks nonracemically 

further limits their application. We envisioned that the unique acidity of the propargyl hydrogens in 

MMD-complexed alkynyl aldehydes could be exploited to develop an asymmetric protonation 

method to access allenyl aldehydes non-racemically. As detailed in chapter 2, this was achieved 

by pairing a chiral ammonium counter ion with MMD complexed cumulenolate anion and 

subsequently protonating this ion-pair (Scheme 25a).  

 

Scheme 25: MMD promoted nonracemic allene preparation and their stereoselective 
functionalization 

Direct access to isomerically pure 1,3-disubstituted allenyl carbinol compounds are still limited 

which are great precursor for heterocyclic compounds. As axial chirality is spread over three 

carbons, nucleophilic addition to axially chiral allenyl aldehydes are poorly stereo-controlled and 
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often produces diastereomeric mixture.  This is a recurring problem with allene’s axial chirality 

which keeps allenic groups three carbons away compare to the tetrahedral molecules, where 

groups are one carbon away and can influence nucleophilic addition reactions to carbonyl 

compounds more efficiently (Scheme 25b-d). As described in chapter 3, MMD auxiliary can 

efficiently direct nucleophilic addition to allenyl aldehydes even with small nucleophiles to obtain 

various allenyl carbinol compounds. 

In conclusion, we deemed MMD to be an ideal auxiliary due to the mild nature of the 

complexation-decomplexation process, its compatibility with a wide range of functional groups, 

and the ease of purifying neutral MMD complexes. Following chapters will detail the progress for 

the development of catalytic asymmetric methods to access allenyl aldehydes and their 

diastereoselective functionalization taking advantage of the manganese auxiliary. 
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Chapter 2 

DEVELOPMENT OF AN AMMONIUM CATION CATALYST FOR NONRACEMIC ALLENAL 

PREPARATION VIA ASYMMETRIC PROTONATION 

Adapted in part from: 

Roy, A.; Bhat, B. A.; Lepore, S. D. Org Lett. 2016, 18, 1230  

Copyright 2015 American Chemical Society

2.1 Introduction 

Allenyl carbonyls are useful synthetic intermediates in organic synthesis. When conjugated 

with a carbonyl group, allenes offer several possibilities to functionalize its cumulated double 

bonds chemo-, regio- and stereoselectively (Scheme 26).57   

 

Scheme 26: Allenyl carbonyls as building blocks 
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Due to their diverse reactivity modes as well as axial chirality, allenyl carbonyls are considered as 

great building blocks. So far allenyl esters have proven useful intermediates for nucleophilic 

catalysis, cyclization and annulation reactions. In these reactions, ester group mostly remain as a 

spectator group except in cyclization or hydrolysis reactions. We envisioned that the incorporation 

of more reactive aldehyde functionality to axially chiral allenes would increase its utility as building 

blocks. Our goal was to prepare nonracemic allenyl aldehydes from prochiral conjugated alkynyl 

aldehydes. However, increased reactivity of allenyl aldehydes also contributes to its poor stability 

and difficulty to prepare compared to allenyl esters.  After thorough literature search (scifinder) we 

realized that the direct non-racemic preparation of 1,3-disubstituted allenyl aldehydes was 

virtually unprecedented.  

Compared to the more familiar point chirality of tetrahedral molecules which comprises 

attachment of four different groups to the same carbon atom, axial chirality of allenes depends on 

its terminal substitutions. Allenes with differently substituted terminal groups lack symmetry 

elements and are considered axially chiral (Figure 2). As the allenic groups are three carbons 

away from each other, preparing axially chiral allenes is significantly challenging. 

 

    Figure 3: Axial chirality of allenes 
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2.2  Nonracemic preparation of allenyl aldehydes from conjugated alkynyl aldehydes 

We have developed a racemic one pot route to access allenyl aldehydes from alkynes 

(chapter 3) directly. This method pioneered by Frank Neumann utilizes a manganese auxiliary 

(MMD; Methylcyclopentadienyl manganese tricarbonyl) and a weak base to isomerize alkynes to 

allenyl aldehydes after a single chromatographic purification (Scheme 27).49 We sought to extend 

our existing auxiliary based isomerization method to convert prochiral alkynals to nonracemic 

allenals. 

 

Scheme 27: A general approach to prepare allenyl aldehydes from alkynals using MMD auxiliary 

Others have demonstrated that nonracemic access to axially chiral allenes is possible utilizing 

deprotonation-protonation strategy (Scheme 28).58 These strategies utilized substrates such as 

allenyl diesters, 1,3-dipehynl alkynes and deconjugated alkyne esters, which are easy to 

deprotonate and cannot be extended to poorly acidic conjugated alkynyl carbonyls. Other indirect 

methods utilizing chiral propargylic substrates59 or intermediates as well as oxidation of the 

corresponding nonracemic allenol60 are reported, but were not suitable for our goal to access 

nonracemic allenyl aldehydes directly from conjugated alkyne aldehydes via deprotonation-

protonation strategy. 

We anticipated the role of the MMD auxiliary would be critical for the development of asymmetric 

isomerization reactions of conjugated alkynals. In these reactions an MMD auxiliary was used in 

stoichiometric amount, which seems a minor disadvantage; however, it’s easy operational 

procedure as well as cost ($1/gm) made it viable for routine use. This neutral MMD complex does 

not require any special air exclusion techniques such as glove box or Schlenk, has fair air (can be 

stored in absence of air and light for two weeks) tolerance and can be purified with regular silica. 
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Moreover, this traceless MMD auxiliary can be complexed with alkynes under low power UV light 

and can be removed oxidatively. A critical feature that encouraged us to develop nonracemic 

methods for the preparation of 1,3-disubstituted allenyl aldehydes is the ability of the MMD 

auxiliary to facilitate easy deprotonation of poorly acidic conjugated alkynyl carbonyls even with a 

weak base. To our advantage, highly reactive allenyl aldehydes are stable when complexed to 

MMD auxiliary and can be stored in absence of light and air for weeks. 
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2.3 Selection of catalyst platform for nonracemic allenyl aldehyde preparation 

In order to develop nonracemic allene preparation method we sought for strategies that 

allow easily accessible catalysts to capitalize MMD’s ability for the base mediated deprotonation 

of alkynals. Chiral base mediated strategies are less practical for this purpose due to their tedious 

preparation processes (Scheme 28b). We envisioned asymmetric protonation of cumulenolate 

intermediates promoted by chiral quaternary ammonium salts might be viable approach, since 

these catalysts can be easily prepared. However, enantioselective protonation of enolates are 

challenging due to small proton size and generally require robust catalytic systems. 61 

  

Scheme 29: Challenges in asymmetric protonation reactions with linear cumulenolates 

Protonating cumulenolate 86 face selectively (Re vs Si) is extremely difficult due to their linear 

extended structures as well as extension of axial chirality over three carbons. Compared to 

simple enolates (Scheme 29b), groups attached to cumulenolate intermediates are four carbons 

away and make it extremely difficult to design a catalytic system which can achieve key stereo-

discriminating interactions.  

An important goal in asymmetric protonation reactions is to identify catalysts that can help 

establish a preferred enolate geometry, which upon face selective protonation will enrich one 

enantiomer selectively. We realized catalyst size is critical to overcoming the stereochemical 

challenges imposed by the axial chirality of allenes. This is well documented in the alkylation 

study of cumulenolates led by the Marouka group (Scheme 30a).58a High enantioselectivity 
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associated only with massively sized catalysts demonstrated the challenges to obtaining key 

enantio-discriminating interactions with linear cumulenolates. After establishing an ionic bond with 

the oxygen anion, this ammonium cation has to be sufficiently large enough to reach and interact 

with other groups attached to the cumulenolate system that are four carbons away (87). These 

privileged binap based ammonium catalysts are extremely difficult to prepare and were not 

included in our catalyst development process.  Although cinchona based ammonium catalysts are 

easy to prepare, they are not as robust as the spiro-ammonium catalysts due to  conformational 

issues. This is reflected in the moderate enationselectivity associated with allenes prepared by 

cinchona derived ammonium catalysts (max 40% ee, Scheme 28c).62   

 

Scheme 30: Catalyst selection for protonating cumulenolates asymmetrically 
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This encouraged us to think more critically about MMD’s multiple roles in overcoming the spatial 

challenges of axial chirality (Scheme 30b). We envisioned an MMD auxiliary would facilitate 

enolization reactions of alkynals under basic conditions,49,54 stabilize cumulenolate (E vs Z) 

geometry56 and in combination with an organic catalyst promote face selective protonation of 

cumeulenolate intermediates.  

Based on the previous study56 (Scheme 24), we learned that the geometry of MMD complexed 

cumulenolates derived from alkynyl ketones tend to be E-selective while MMD coordinated to the 

2,3- bond. This is due to its large size; this auxiliary prefers itself away (anti; exo isomer) from α- 

or γ- substituents and thus contributes to selective cumulenolate geometry. This is quite  

advantageous and complimentary to the use of smaller cinchona catalysts. MMD can contribute 

to stereo-discriminating catalyst-cumulenolate interactions by establishing an anti-relationship 

with γ-substituents.  

 

Scheme 31: Cinchona natural product derived phase transfer catalysts 

In this approach, the ammonium catalyst can establish an ionic bond with the cumulenolate 

oxygen anion and interact with MMD to gain facial selectivity (Scheme 30, 88). A possible caveat 
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is the constitutional isomerism (exo vs endo) of MMD-cumulenolate, which leads to unexpected 

endo- allenyl aldehydes where γ-substituents are syn to MMD.  

Our goal was to engineer a chiral ammonium catalyst that would allow face selective protonation 

as well as high exo/endo ratio of cumulenolates. Cinchona natural product based simple phase 

transfer catalysts Q can be easily prepared via quaternization step as well as modified in several 

ways (Scheme 31). These bifunctional chiral ammonium cations can interact with enolates via 

ionic interactions and participate in interphase transfer of ions via ion-pair formation.63 

Enantioselecitivity during protonation step will depend on this ionic interaction as well as other 

noncovalent interaction including H-bonding via its C9-OH. Efficiency of these ammonium salts 

will be investigated for the face selective protonation of cumulenoates. Typically these phase 

transfer catalysts are treated with aqueous KOH solution as base and nonpolar solvents like 

toluene. These heterogeneous biphasic reactions primarily comprise two steps that require 

careful monitoring; (a) transfer step of ion-pair intermediate to organic phase (b) intrinsic organic 

phase reaction (asymmetric protonation). However, it is important to discourage competitive 

equilibria that can contribute to racemic outcome. Development of the base mediated 

isomerization reactions under phase transfer condition require extensive optimization of the 

following variables (Table 1) including systematic investigations of chiral ammonium catalysts.64 

 

Table 1: Optimizing asymmetric protonation reactions under hetereogeneous phase transfer 
condition 

We began by complexing methylcyclopentadienyl manganese tricarbonyl (MMT) to an alkynyl 

aldehyde under light activation (λ= 354nm). This solution of complex 89 was then treated with 

commercially available phase transfer catalysts as well as custom made catalysts in the presence 
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2.4 Screening of quaternary ammonium catalysts for the development of asymmetric 
isomerization reaction condition for the MMD complexed alkynals 

 

entry cat base additivea Yield (97)/(h) 90:91 ee (%)b of 90 

1 Q1a 1 M KOH  62 (16) 4:1 -58 

2 Q1c 1 M KOH  61 (16) 4:1 +55 

3 Q1d 0.1 M KOH Et2O 77 (16) 4:1 -79 

4 Q1e 10 M KOH Et2O 75 (10) 4:1 -80 

5 Q1f 0.1 M KOH Et2O 62 (16) 5:1 -64 

6 Q1g 0.1 M KOH Et2O 66 (16) 5:1 -79 

7 Q1h 0.1 M KOH Et2O 58 (14) 3:1 -79 

8 Q1b 0.1 M KOH Et2O 52 (16) 2:1 rac 

9 Q2 1 M KOH  48 (10) 2:1 -40 

10 Q3 1 M KOH  46 (16) 4:1 rac 

11 Q4 K2CO3  69 (10) 5:1 -78 

12 Q6a 0.1 M KOH Et2O 66 (16) 6.5:1 -70 

13 Q6b 10 M KOH Et2O 60 (16) 5:1 -71 

14 Q6c 10 M KOH Et2O 65 (16) 7:1 -69 

15 Q6d 10 M KOH Et2O 60 (16) 7:1 -65 

16 Q7 10 M KOH Et2O 48 (16) 4:1 rac 

17 Q8a 0.1 M KOH Et2O 76 (12) 6.4:1 -77 

18 Q8a aq K2CO3  81 (16) 7:1 -80 

19 Q8a K2CO3   - - 

  20c Q8a K2CO3 CHCl3/EtOH 85 (16) 7:1 -83 

 aReactions were performed with base (3 eq) in toluene/additive (3:1) (0.10 M with 

respect to substrate) at rt (unless indicated otherwise). bThe enantiomeric excess was 

determined by chiral HPLC analysis of MMD-allene 90. cReaction conducted at -5 oC in 

toluene/CHCl3 (3:1) with EtOH (0.12 eq). 

Table 2: Optimization of ammonium salt catalyzed isomerization reaction of MMD complexed 
alkyne aldehydes 

of aqueous KOH (1 M). An HPLC method was developed using Regis chiral whelk-(O)-1 column. 

We were pleased to notice a modest enantiomeric excess (58%) with the cinchona-based PTC 

(Table 2, entry 1), along with the constitutional endo isomer. As a result, our inherent challenge 
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was to control enantioselectivity as well as exo/endo selectivity of allenyl aldehydes. Encouraged 

by these results, we planned to survey other known and new cinchona-based PTCs as well as 

explore a variety of reaction conditions by analogy with related studies.   

 

Figure 4: Cinchona derived PT catalysts utilized in the isomerization study 

Our preliminary study indicated that the free hydroxyl group at the C9 position was crucial to 

asymmetric induction with this catalyst platform since C9−O-allyl catalyst Q1b gave 90 as the 

racemate (Table 2, entry 8). Using a C9-OH inverted catalyst (Q1c), allene was obtained as the 

opposite enantiomer (entry 2). It is likely that the bifunctional catalyst with 9-OH group establishes 

H-bonding with cumulenolate intermediate and may play a critical role during the enantioinduction 

step of the isomerization process. To further probe its mode of action, we next attempted the 

reaction using catalyst Q7 possessing a better H-bond donor urea group, as well as by 

incorporating an additional hydrogen bonding hydroxyl ethyl group. However, in these reactions, 
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allenal 90 was obtained in racemic form (Table 2, entry 16). Our catalyst optimization study 

further continued by altering the electronic properties of these catalysts by introducing 

deactivated benzyl groups. It is believed that the more electron-withdrawing benzyl group 

strengthens nonbonding interaction (N+-C-H---O-) between enolate and catalyst.65  

We observed that enantiocontrol was steadily improved with electron poor catalyst (Table 2). In 

particular, while a para-methoxy group (in Q1f) caused a marked drop in enantioselectivity (64% 

ee; Table 2, entry 5), the introduction of para-CF3, para-nitro substituents (in Q1d and Q1e) and 

the pentafluoro phenyl group (in Q1h) afforded product 97 with ee values up to 80%. Similar 

selectivity was observed with Q1g containing a cyano group (entry 6) at the ortho position of the 

phenyl ring; this catalyst is thought to favor a more rigid conformation by hydrogen bonding with 

the cinchona 9-OH group.66 To further probe the ionic interaction between the ammonium cation 

and cumulenolate anion we introduced dicationic catalysts (Q8, Q23, Q25-26); however, no 

significant improvement in enantiomeric excess (ee) was observed.  

One of the challenges of this project was to produce an MMD complexed allene product in high 

diastereomeric purity (exo isomer). Upon isomerization, the larger group at the γ-position 

generally favors a position anti to the MMD auxiliary; this is referred to as the exo-product. We 

noticed that the exo/endo ratio was negatively affected by the steric bulk of the N-quinuclidinium 

group of cinchona catalyst. In general, most aryl substituted cinchona catalysts afforded exo: 

endo ratio up to 5:1 but when a large anthracenyl group (in Q2) was incorporated both enantio 

(40%) and exo-endo selectivity (2:1) was diminished indicating catalyst-cumulenolate interaction 

is deteriorated. In order to gain insight about steric properties, we then turned our attention to 

catalysts with simple groups like allyl, homopropargyl, hexyl and hydroxyethyl (catalyst Q5, Q6a-

d). Presence of small linear groups helped to improve exo:endo ratio up to 7:1 with slightly less 

ee up to 72% (Table 2, entries 5, 16). Groups such as allyl, homopropargyl and hydroxyethyl, 

which can provide secondary (π-π) interactions with MMD-complexed cumulenolate (Scheme 32) 

proved to be better compared to simple alkane (hexane), catalyst Q6b. Continuing to explore 
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linear N-substituents, we prepared geranyl substituted cinchonine catalyst Q8a, which has not 

been previously reported. 

 

Figure 5: Other cinchona derived PT catalysts utilized in the isomerization study 

This catalyst delivered an improved combination of exo/endo selectivity and enantiomeric excess 

(6.4:1 and 77% ee, entry 17). We further modified catalyst Q8a by changing the counter anion67, 

making it more polar (Q8c) and introducing an additional large group (Q8d); however, no 

significant improvement was observed. We have also examined other catalysts listed in Figure 4, 
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but catalyst Q8a appeared to be the most effective. We believed higher ee (>83%) would require 

significant control over cumulenolate geometry (E vs Z). 

2.5 Optimizing ammonium salt catalyzed asymmetric isomerization reaction of alkynals 

With promising catalyst Q8a, we obtained chemical yields of allenyl aldehydes (exo) in the 

range of 50-60%. We noticed that the use of aqueous hydroxide salts (even degassed) often 

degraded the MMD auxiliary over long reaction times resulting in lower yields of allene product.  

 

Figure 6: Effect of additives and stirring effect on PT catalyzed protonation reactions 

On the other hand, in presence of same solvent but a weaker base K2CO3 and without water 

(solid-solid PT condition), starting alkynes remained unreacted. We believed the polarity of the 

organic solvent might influence the PTC reaction. This reaction when performed with solvents 

such as THF and DCM poor ee was observed. This is perhaps due to the tight ion-pair formation 

in nonpolar solvents (toluene) whereas; polar solvents (DCM) tend to disrupt the ionic interaction. 

However, we introduced mixtures of solvents to adjust the overall polarity of the reaction medium 

to control solubility of the ion-pair intermediate as well as their proximity (Figure 5a). After few 

trials, the toluene/chloroform (3:1) system delivered highest enantioselectivity as well as an 

improvement in the chemical yield. This solvent system was also efficient for enhanced rate, 

possibly due to increased solubility of K2CO3 in nonpolar solvent such as toluene.  

We next examined the effect of alcohols as additives. In the presence of alcohol, better 

enantioselectivities and yields are reported, perhaps due to better ion transport.68 Among the 
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alcohols we surveyed, trifluroethanol noticeably diminished enantiocontrol (30%) perhaps due to 

its competition with cumulenolate to participate in H-bonding with the catalyst although a high 

exo-endo ratio (21:1) was observed (Figure 5b). Employing a diol, a surfactant, a different counter 

ion (Q8b), a different carbonate base (CsCO3) as well as hydroxide bases (CsOH, LiOH) 

provided the allenyl aldehyde with comparable enantiopurity.                        

Table 3 : Comparison of different isomerization conditions of MMD complexed alkynal 

 

entry condition 

 
Yield (90e) 

ee (%)b of 

90e 

1 Solid K2CO3 / EtOH /Tol-CHCl3/ rt  64 (16) 71 

2 Solid K2CO3 / EtOH/ Tol-CHCl3/-5.0 oC  61 (16) 75 

3 Solid K2CO3 / EtOH /Tol-CHCl3/-5.0 oC  77 (16) 74 

4                       aq 100% K2CO3 /Tol  75 (10) 72 

5 1M KOH/ Tol-CHCl3/-5.0 oC                     62 (16) 40 

 

This reaction was also influenced by stirring rate, which indicated an interfacial phase transfer 

mechanism.63b-e Magnetic stirring at 1200 rpm was found to produce higher ee than mechanical 

stirring (2200 rpm). Lower stir rates required longer reaction times perhaps due to the poor 

transport rate.  When conducted under similar reaction conditions, higher yields were obtained 

with the K2CO3-EtOH system than KOH base (Table 3, entry 3). With (Toluene/CHCl3) as solvent 

mixture and K2CO3 as base, catalyst Q8a afforded good yields (85%) of 90a after stirring for 10 h 

at 900 rpm69 at -5 ºC in presence of a catalytic amount of EtOH (12%).70 Importantly, these 

conditions also led to the highest enantioselectivity (83% ee) and exo/endo ratio (7:1) of allene 

90a (Table 2, entry 20) observed in this study.  
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2.6 Synthesis of nonracemic allenyl aldehydes 

After a comprehensive catalyst screening we decided to investigate substrate scope with 

this catalytic system (Figure 6). Various di-substituted and tri-substituted non racemic allenyl 

aldehydes were prepared mostly in good yield (55-92%) along with ee ranging from 54-83%. 

Allenyl aldehydes with different γ-groups of different size; butyl to cyclohexyl to electronically 

different TBDPS protected oxy groups have been prepared (90b, 90f, 90g, 90h). It seems both 

the steric and electronic nature of γ-group on allenyl aldehydes has an effect on 

enantioselectivity.  

 

Figure 7: Substrate scope for the ammonium salt catalyzed isomerization reaction of alkynals 

Allenyl aldehyde substituted with linear butyl, heptyl and large isopropyl group have similar ee 

(79-83%) whereas with the oxy-benzyl group (Figure 6, 90a, 90d vs 90f) enantioselectivity 

diminished significantly (58%). This is perhaps due to competitive coordination of oxybenzyl 

group with catalyst C9-OH and thereby a less selective protonation. By contrast, steric bulk at the 

γ-position appeared to correlate well with a high exo/endo ratio. When allenyl aldehydes are γ-

substituted with large groups such as cyclohyexyl (90d-e) higher exo:endo ratio was observed 

compared to allenes with smaller γ-groups (90a-b). Switching from K2CO3 to KOH further 

deteriorated the enantioselectivity. For this substrate, we also attempted isomerization with 

catalyst Q1d, which led to both a lower enantioselectivity (30% ee) and exo/endo ratio (9:1).    

From these and other experiments, it is clear that geranyl cinchonidinium Q8a is the optimal 

catalyst that we have identified thus far for the present asymmetric isomerization. We were 
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pleased to observe that an silyloxy alkyne was transformed to a non-racemic allene 90g using our 

optimized PTC conditions with catalyst Q8a. These silyloxy allenes are emerging as important 

and versatile building blocks.71 For this isomerization, the use of K2CO3 was critical since other 

bases such as KOH or DBU were not effective. Finally, tri-substituted allene 90h was prepared 

using the present method in 55% yield and 54% ee. This isomerization required a significantly 

longer time (30 h) but was modestly selective for the exo-isomer despite the small difference in 

size of the γ-substituents (methyl versus ethyl). 

2.7 Determining absolute configuration of allenyl aldehydes via hagengland lactone formation 

The absolute configuration of allene 90b was determined indirectly by converting this non-

racemic allenyl aldehyde to Hagen’s gland lactone using our established route72 and comparing 

its specific rotation with that of the naturally occurring material.73 Hagen’s gland lactone prepared 

using this protocol had positive specific rotation (dextrorotatory) which matched with the lactone’s 

naturally occurring cis form. This could only have occurred if our allene starting material was of 

the (R)-configuration. Following our previously established nucleophilic allenyl aldehyde addition 

method (chapter 3), highly diastereoselctive (R, R)-allenol (Scheme 32) was obtained. A 

subsequent cyclization strategy produced Hagen’s gland lactones 97 in natural form.  

 

Scheme 32: Determining absolute configuration of allenyl aldehydes 

While the main goal of this total synthesis was to establish the configuration of allenyl aldehydes 

produced using the present method, we note that this is one of the most succinct catalytic 

asymmetric total syntheses of Hagen’s gland lactone published to date.74 Our previous 
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experience with MMD-cumulenolate intermediates (Scheme 24a) suggests that the manganese 

auxiliary promotes Z-geometry (i.e. alkyl and oxy anion in a cis relationship).75 However, the basis 

for facial selectivity in the protonation step leading to 90b is not entirely clear. In an attempt to 

rationalize the preference for the (R)-configuration, we found it was useful to follow Dolling’s 

stereochemical model.76   

In this model a tetrahedron can be imagined with the four carbons attached to an ammonium 

center. To encourage best enantioselectivity, catalysts are designed such that cumulenolates are 

encouraged to selectively approach only one of the four tetrahedron faces. The back, front and 

bottom faces of this pyramid are not accessible due to the rigid quinuclidine unit and the front 

face is shielded by the quinoline unit leaving only the side face for cumulenolate approach 

(Scheme 32, TS1). This perhaps explains the better exo-endo ratios with the catalyst bearing 

linear alkyl groups compared to the benzyl derivative. By analogy with Dolling’s model, we 

envision si-face of MMD complexed cumulenolate binds with C9-OH of the cinchonine catalyst in 

such a way that the large MMD group sits below the quinuclidine ring and pushes larger γ-R-

group to its anti. In this arrangement cumulenolate experiences π-π interactions with either aryl 

(catalyst Q1c-h) or geranyl groups and other secondary (N+-C-H) type interactions77 with the 

quinuclidine unit. A protonating agent which is either water or ethanol also participates in H-

bonding with C9-OH and delivers a proton on the easily accessible cumulenolate si-face. This 

may explain higher enantio-control with a better π-receiving Ar-CF3 (Q1d) unit than Ar-OMe 

(Q1f). Incorporation of an anthracene unit (Q2) was expected to destabilize this arrangement78 as 

large groups such as anthracene tends to occupy the bottom face of the pyramid, thereby poor ee 

(40%) was observed.  

2.8 Interfacial PTC reaction and cumulenolate geometry 

Ammonium salt catalyzed isomerization reactions of alkynes under phase transfer 

conditions are biphasic two-step deprotonation-protonation processes.63 The aqueous phase 

contains the inorganic base while the nonpolar organic phase contains MMD-complexed alkynals. 

As these two layers are immiscible, the isomerization reaction occurs only in presence of 

ammonium salts which transport cumulenolate anions interphases by forming ion-pairs. We 
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hypothesize that the deprotonation process occurs at the interface between the aqueous and 

organic layers63 as evidenced by its dependence on stirring rate which subsequently follows the 

transfer of ion-pairs to organic phase. It is believed this transfer step is critical for better yield, 

reaction rate and enantioselectivity.  

 

Scheme 33: Base mediated isomerization reactions of MMD complexed alkynyl aldehydes under 
heterogeneous reaction condition 

In the presence of a strong base such as KOH, MMD-complexed alkynals get deprotonated and 

transferred to the organic phase by the ammonium catalyst (Scheme 33). However, faster 

reactions with better yields and selectivities were observed with the more compatible but weaker 

base K2CO3, and ethanol as an additive. In the presence of K2CO3, the more acidic ethanol 

preferentially gets deprotonated at the solid-liquid interface and is quickly transported to the 

organic phase, where it acts as a base for the deprotonation of MMD-alkynes. The long reaction 

time (~30h) in presence of KOH as base at colder temperature (-0.5oC) might be correlated to the 

poor interphase transport rate of the large MMD complexed cumulenolate compared to the 

ethoxide anion.  

 

Scheme 34: Possible ion-pairs in heterogeneous reaction conditions 
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One of the challenges in PTC reactions is to suppress various equilibria for competitive ion-pair 

formation. Enantioselectivity during the protonation step depends on the ionic interaction between 

ammonium-cumulenolate ion-pair.63 However, other anions such as bromide compete with 

cumulenolates to form ion-pair intermediates with the ammonium cation (Q+). 

PTC catalyzed reactions are generally optimized to selectively form intermediate b (Scheme 34). 

This generally depends on the polarizability of the two ions involved as well as availability of 

quaternary nitrogen center on the PTC catalyst. 

 

Scheme 35: MMD controlled stereoselective (E/Z) cumulenolate formation 

Enantioselectivity also relies on the geometry of the enolate involved.76c In the presence of 

ammonium catalyst Q8a, enantiomeric ratios of allenyl aldehydes were limited to (91:9) perhaps 

due to the lack of better control of the geometry (E/Z ratio) of exo-cumulenolate. We previously 

observed preferential E-(O)-cumulenolate formation from MMD-complexed alkyne ketones, where 

the large aryl group and the γ-group prefer to stay anti to MMD (Scheme 35a). In absence of a 

large group such as aryl, controlling stereoselectivity of the cumulenolate derived from alkyne 

aldehydes is more difficult and perhaps require more efficient catalyst design.  

In summary, we have developed a catalytic PTC system to prepare non-racemic MMD-

complexed allenyl aldehydes from easily accessible conjugated alkynyl aldehydes. We realized 

optimal results using cinchonidinium derivatives with the hydroxyl group playing a crucial role in 

enantioselectivity. In particular, we identified a new cinchonidinium-based PTC containing a 

geranyl group capable of producing MMD-allene products in good yields and enantioselectivities 
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(up to 83% ee). We also determined the absolute configuration produced by the present method 

by comparing a natural product synthesized from one of our allene products with the naturally 

occurring material.  

2.9 Other approaches to prepare nonracemic allenyl aldehydes 

Access to nonracemic allenyl aldehydes was also investigated under micellar condition 

(Scheme 36).79 Micelles were formed using a surfactant such as SDS (Sodium dodecyl sulfate) 

salt in water.  

 

Scheme 36: Isomerization reaction of MMD complexed alkynyl aldehydes under miceller 
condition 

When the MMD complexed allenyl aldehyde and PTC catalyst Q1A were treated with SDS 

micelles, the opposite enantiomer of allenyl aldehyde 90b was obtained with moderate ee (53%). 

Nonetheless, both enantiomers of allenyl aldehyde 90b can be accessed using the same catalyst 

Q1A via two different conditions. 

 

Scheme 37: Isomerization reaction of MMD complexed allenyl aldehyde under homogeneous 
condition 

Isomerization of MMD complexed alkyne aldehydes were also performed under homogeneous 

conditions using a cinchona derived thiourea catalyst80 (Scheme 37).  This cinchona derived 

catalyst bears a strong H-bond donor thiourea group, which operates by activating the carbonyl 
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group via H-bonds while its quinuclidine unit acts as a base. This bifunctional mode of operation 

in homogeneous reaction conditions allowed access to allenes with highest enantiomeric excess 

up to 93%, however with poor yield (40%). 

2.10 Experimental Section 

General information: Reactions were carried out under an argon atmosphere (unless 

otherwise stated) in oven-dried glassware with magnetic stirring. Purification of reaction products 

was performed using flash silica gel 40 − 63 μm. Analytical thin-layer chromatography was 

performed on 200 μm silica gel 60 F-254 plates. Visualization of TLC plates was accomplished 

with UV light, followed by staining with vanillin or potassium permanganate and drying with a heat 

gun.1H NMR spectra were recorded on a 400 MHz spectrometer and are reported in ppm (parts 

per million) using solvent as an internal standard (CDCl3 at 7.26 ppm). 13C NMR spectra were 

recorded on a 100 MHz spectrometer. High-resolution mass spectra were recorded using an ESI-

TOF MS spectrometer. Geranyl bromide and cinchonine was purchased and were used without 

further purification. Catalyst Q1d, Q2, Q3 were purchased; the rest were prepared following 

previously reported procedures.  

2.10.1 Synthesis of catalyst Q8a  

Cinchona alkaloid and alkylating agent (1.2 eq) were dissolved in MeCN (0.1 M) in a 

flame-dried flask and argon was purged. The reaction mixture was heated to 35 oC and allowed 

to proceed until reaction to be complete (usually 16 h) as 

determined by TLC-analysis (CH2Cl2/MeOH, 9:1) and then cooled 

to room temperature. Acetonitrile solvent was removed and a 

minimum amount of methanol was added to dissolve the solid 

product. It was then transferred dropwise to ethyl ether with 

stirring. The resulting suspension was stirred for 1 h and the 

precipitated solid was isolated by filtration. The solid was dried under vacuum and used without 

any further purification to give a yellowish powder (87% yield): 1H NMR (400 MHz, CD3OD) δ 8.93 

(d, J = 4.4 Hz, 1H) 8.12-8.09 (m, 2H), 7.91-7.90 (m, 1H), 7.86-7.82 (m, 1H), 7.76-7.71 (m, 1H), 

6.34 (m, 1H), 6.10-6.01 (m, 1H), 5.78-5.74 (t, J = 7.6 Hz, 1H), 5.32-5.27 (m, 2H), 4.60 (s, 1H), 

Q8

N+

N

HO

H
Br

-
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4.45-4.30 (m, 4H), 3.88-3.74 (m, 2H), 3.58-3.42 (m, 3H), 2.82-2.75 (m, 1H), 2.42-2.27 (m, 6H), 

1.99-1.96 (m, 2H), 1.92 (s, 3H), 1.87-1.81 (m, 1H), 1.69 (s, 3H), 1.65 (s, 3H), 1.02-0.93 (m, 1H); 

13C NMR (100 MHz, CD3OD) δ 176.1, 149.7, 149.6, 147.3, 146.0, 136.2, 132.0, 129.7, 128.9, 

127.5, 124.7, 123.2, 122.5, 119.7, 116.5, 111.4, 65.6, 65.2, 57.8, 56.5, 56.3, 39.8, 38.0, 25.7, 

24.5, 23.4, 20.5, 16.5, 15.8; [α]D20 68.0 (c 0.35 g/100 mL, MeOH); HRMS (ESI) calc. for 

C29H39N2O+: 431.3057, found 431.3071.  

2.10.2 General procedure for complexing MMD to conjugated alkynal aldehyde 

  Tricarbonyl (2-methylcyclopentadienyl) 

manganese (MMT; CAS-12108-13-3) (3.80 mL, 24.2 

mmol) and alkynyl aldehyde (2.00 mL, 16.1 mmol) 

were dissolved in THF (0.1 M in alkynal) in an oven 

dried glass reactor (see schematic on page 62). The reactor was covered with aluminum foil and 

the solution was irradiated with ultraviolet light (365 nm) at ambient temperature for 20 h with 

stirring under constant flow of argon to produce complex 89. Solvent was removed and the 

resulting oil was then purified over silica (1-5% hexanes/ethyl acetate, blue color on vanillin TLC 

strain). A toluene solution of MMD-alkyne complex 89 was purged with argon and stored at 

freeze. 

2.10.3 General procedure for catalytic enantioselective allene synthesis 

Catalyst Q8a (4.0 mg, 0.0080 mmol, 10 mol%) 

and ethanol (0.0010 mL, 0.01 mmol, 12 mol%) 

were added to a vial equipped with a stir bar; a 

toluene solution of MMD complex alkyne 

aldehyde 89 (30.0 mg, 0.084 mmol) was then added and the resulting mixture was cooled to −5 

°C. After 15 min, solid K2CO3 (30.0 mg, 0.30 mmol, 3.0 eq) was added and the reaction was 

stirred overnight. After complete conversion was noticed as confirmed by TLC (vanillin strain, blue 

color), the reaction mixture was filtered through a pad of silica gel. Solvent was removed and 

enantioselectivity was measured by HPLC equipped with a chiral column ((R, R)-Whelk-O-1) with 

a flow rate of 2.0 mL/min using hexanes/isopropanol (90:10) as eluent. 

K2CO3, 0oC,

Toluene/CHCl3
900 rpm

PTC Q8a
(10 mol%)

CHO

R2

R1
CHO

R2

Mn(CO)2

R1

H

90

Mn(CO)2

89

EtOH(12 mol%)



48 

η2-MMD-(R)-undeca-2, 3-dienal (90a): Yellow oil (84% yield, 83% ee); [α]D20 -344.3 (c 0.42 

g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.0 Hz, 1H), 6.19-

6.15 (dt, J = 8.0 Hz, 4.0Hz 1H), 4.73-4.68 (m, 2H), 4.54 (m, 1H), 2.87-2.85 (d, 

J = 8.0 Hz, 1H), 2.42- 2.37 (m, 2H), 1.87 (s, 3H), 1.46-1.39 (m, 2H), 1.31-1.26 

(m, 9H), 0.87 (t, J = 7.2 Hz, 3H). 13CNMR (100 MHz, CDCl3) δ197.1, 159.9, 129.0, 127.0, 103.2, 

87.5, 86.4, 85.6, 84.9, 37.8, 32.0, 30.2, 29.25, 29.20, 27.9, 22.8, 14.2, 12.9.  IR (ATR) 1638 nm-1 

(aldehyde carbonyl), 1908 nm-1 (MMD CO), 1976 nm-1 (MMD CO).  HPLC analysis: (R, R)-Whelk-

O 1 column (250 × 4.6 mm) (254 nm), rt, method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 

10.6 min (91.3%), t(S-exo) = 12.1 min (8.7%). HRMS (ESI) calc. for C19H25 MnO3, [M+H] +: 

357.12. Found: 357.1266. 

η2-MMD-(R)-octa-2, 3-dienal (90b): Yellow oil (82% yield, 79% ee); [α]D20 -398.8 (c 0.42g/100ml, 

DCM);  1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.0 Hz, 1H), 6.19-6.15 (dt, J 

= 8.0 Hz, 4.0Hz 1H), 4.73-4.68 (m, 2H), 4.54 (m, 1H), 2.87-2.85 (d, J = 8.0 Hz, 

1H), 2.42- 2.37 (m, 2H), 1.87 (s, 3H), 1.49-1.24 (m, 6H), 0.91, 0.90 (t, J = 7.2 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 197.1, 159.9, 129.0, 127.0, 103.2, 87.5, 86.4, 85.6, 84.9, 

37.4, 32.2, 27.8, 22.2, 14.0, 12.8. IR (ATR) 1638 nm-1 (aldehyde carbonyl), 1908 nm-1 (MMD CO), 

1976 nm-1 (MMD CO).  HPLC analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) (254 nm), rt, 

method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 10.4 min (90%), t(S-exo) = 11.9 min 

(10%). 

η2-MMD-(R)-5-phenylpenta-2, 3-dienal (90c): Yellow oil (86% yield, 66% ee); [α]D20 -179.2 (c 

0.30 g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 7.88(d, J = 8.0 Hz, 1H), 

7.33-7.28 (m 2H), 7.23-7.15 (m, 3H), 6.35-6.31(dt, J = 8.0 Hz, 4.0Hz 1H), 4.73-

4.71 (m, 1H), 4.69-4.68 (m, 1H), 4.54 (t, J = 4.0Hz, 2H), 3.73-3.71 (m, 2H), 

2.84-2.82 (m, 1H), 1.85 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 196.6, 162.1, 

140.5, 128.7, 128.6, 127.3, 126.4, 87.4, 86.6, 85.7, 85.1, 43.9, 28.0, 12.8. IR (ATR) 1638 nm-1 

(aldehyde carbonyl), 1908 nm-1 (MMD CO), 1976 nm-1 (MMD CO). HPLC analysis: (R, R)-Whelk-
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O1 column (250 × 4.6 mm) (254 nm), rt, method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 

20.0 min (83.2%), t(S-exo) = 22.7 min (16.8%). 

η2-MMD-(R)-4-isopropyl-buta-2,3-dienal (90d): Yellow oil (92% yield, 83% ee); [α]D20 -434.6 (c 

0.30 g/100ml, DCM); 1H NMR (400 MHz, CDCl3) 7.90 (d, J = 8.0 Hz, 1H), 

6.17-6.15 (dt, J = 8.0 Hz, 4.0Hz 1H), 4.74-4.67 (m, 2H), 4.53-4.50 (m, 

2H), 2.94-2.92 (m, 1H), 2.65- 2.56 (m, 1H), 1.82 (s, 3H), 1.08-1.06 (dd, J 

= 8.0Hz, 4.0Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 196.9, 157.7, 135.6, 87.6, 86.6, 85.6, 84.6, 

36.0, 29.0, 23.5, 23.2, 12.7. IR (ATR) 1638 nm-1 (aldehyde carbonyl), 1908 nm-1 (MMD CO), 1976 

nm-1 (MMD CO). HPLC conditions: HPLC analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) 254 

nm), rt, method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 11.0 min (91.5%), t(S-exo) = 12.4 

min (8.5%). HRMS (ESI) calc. for C15H17 MnO3, [M+H] +: 301.06. Found: 301.0634. 

η2-MMD-(R)-4-cylohexyl-buta-2,3-dienal (90e): Yellow oil (91% yield, 75% ee); [α]D20 -414.2 (c 

0.35 g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.0 Hz, 1H), 

6.16-6.14 (dt, J = 8.0 Hz, 4.0Hz 1H), 4.74-4.73 (m, 1H), 4.68-4.66 (m, 1H), 

4.52-4.49 (m, 2H), 2.92-2.90 (d, J = 8.0 Hz, 1H), 2.28-2.25 (m, 1H), 1.81 (s, 

3H), 1.75-1.62 (m, 5H), 1.30-1.13 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 

196.9, 158.3, 134.5, 103.3, 87.6, 86.6, 85.6, 84.5, 45.36, 34.0, 33.7, 29.0, 26.2, 26.2, 26.2, 12.7, 

IR (ATR) 1638 nm-1 (aldehyde carbonyl), 1908 nm-1 (MMD CO), 1976 nm-1 (MMD CO). HPLC 

analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) (254 nm), rt, method: n-Hex: IPA = 90:10, flow 

2.0 ml/min, t(R-exo) = 12.7 min (87.6%), t(S-exo) = 16.2 min (12.4%). HRMS (ESI) calc. for 

C18H21 MnO3, [M+H] +: 341.09. Found: 341.0944. 

η2-MMD-(R)-6-(benzyloxy)hexa-2,3-dienal (90f): Yellow oil (77% yield, 58% ee); [α]D20 -328.2 (c 

0.44 g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 7.91(d, J = 8.0 Hz, 1H), 

7.89, 7.35-7.33 (m, 5H), 6.25-6.21(dt, J = 8.0 Hz, 4.0Hz 1H), 4.53-4.50 (m, 

4H), 3.59-3.56(t, J = 4Hz, 2H), 2.87-2.84(m, 1H), 2.72-2.66 (m, 2H). 

13CNMR (100 MHz, CDCl3) δ 197.0, 138.5, 128.5, 127.8, 127.7, 125.2, 110.1, 87.5, 86.6, 85.7, 

85.2, 73.0, 70.0, 37.8, 34.1, 27.8, 12.8. IR (ATR) 1638 nm-1 (aldehyde carbonyl), 1908 nm-1 

CHO

Mn(CO)2

H
H

BnO 2
90f
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(MMD CO), 1976 nm-1 (MMD CO). HPLC analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) 

(254 nm), rt, method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 26.2 min (79.3%), t(S-exo) = 

29.1 min (20.7%). HRMS (ESI) calc. for C21H21 MnO4, [M+H] +: 393.08. Found: 393.0897. 

η2-MMD-(R)-4-((tert-butyldiphenylsilyl)oxy)buta-2,3-dienal (90g): Yellow oil (65% yield, 60% 

ee); [α]D20 -107.7 (c 0.50 g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 

7.73-7.69 (m, 4H), 7.59-7.57 ( m, 1H), 7.44-7.37 (m, 6H), 6.58-6.57 (m, 

1H), 4.52(m, 2H), 4.40 (m, 2H), 2.71-2.69( m, 1H), 1.78 (s, 3H), 1.07( S, 

9H); 13C NMR (100 MHz, CDCl3) δ 196.1, 142.1, 135.7, 133.1, 132.8, 130.1, 127.9, 103.2, 87.5, 

86.5, 85.6, 85.4, 31.5, 26.6, 19.4, 13.0; IR (ATR) 1638 nm-1 (aldehyde carbonyl), 1908 nm-1 

(MMD CO), 1976 nm-1 (MMD CO); HPLC analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) 

(254 nm), rt, method: n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 13.3 min (78.6%), t(S-exo) = 

15.5 min (21.4%). 

η2-MMD-(R)-4-methylhexa-2,3-dienal (90h): Yellow oil (55% yield, 54% ee); [α]D20 -520.9 (c 0.10 

g/100ml, DCM); 1H NMR (400 MHz, CDCl3) δ 7.83(m, 1H),  4.69-4.56 (m, 4H), 

2.43-2.41(m, 2H), 2.19 (s, 3H), 1.25- 1.23(m, 3H),1.07 (t, J = 7.6Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 197.8, 150.5, 135.0, 85.5, 85.5, 85.1, 84.9, 36.8, 

28.6, 21.7, 14.0; HPLC analysis: (R, R)-Whelk-O 1 column (250 × 4.6 mm) (254 nm), rt, method: 

n-Hex: IPA = 90:10, flow 2.0 ml/min, t(R-exo) = 14.2 min (77.0%), t(S-exo) = 14.9 min (23.0%).
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Chapter 3 

ORGANO-MANGANESE η2-AUXILIARY DIRECTED REACTIONS:  

A DIASTEREOSELECTIVE APPROACH TO 2,3-ALLENOL 

Adapted in part from: 

Roy A, Bhat B. A, Lepore S. D. Org Lett. 2015, 17, 900  

Copyright 2015 American Chemical Society

3.1 Introduction  

Functionalized allenes such as 2,3-allenyl alcohols have been utilized as versatile building 

blocks in synthesis and are excellent precursors for the synthesis of carbocycles, highly 

substituted 1,3-dienes, as well as natural products (Scheme 38).81 In the presence of a carbinol 

group, the cumulated allenic double bonds were chemoselectively manipulated to access natural 

products as well as cycloisomerized for the preparation of hetereocyclic compounds.  

 

Scheme 38: Allenyl alcohols as building blocks 

We are interested in accessing these building blocks directly from allenenyl aldehydes. Practical 

methods to synthesize allenyl alcohols primarily entail coupling of propargylic reagents with 

ketones and aldehydes, which often suffers from chemoselectivity due to the ambident nature of 

propargylic nucleophiles.82  
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Scheme 39: Transition metal promoted allenylation reactions to prepare allenyl alcohols 

Metal based coupling reactions between the propargyl bromides with aldehydes have been found 

to yield a mixture of regioisomers (allenyl and propargyl) in nearly equal proportions and are not 

synthetically useful. However, various conditions have been developed in the presence of 

directing groups to promote the allenylation reaction of carbonyl compounds with transition 

metals.83 Thus, in presence of an electron withdrawing ester or TMS group allenyl alcohols are 

preferentially formed, although regioselectivity depends on the substitution (Scheme 39b, c) as 

well as reaction conditions. 

Other reaction methods to access more substituted allenols include functionalization of 

propargyloxiranes or propargyl phosphates as well as borylated alkynes (Scheme 40), although 

diastereoselectivity obtained via these methods is still limited.84a-b Recently Ma and coworkers 

have developed an enantio- and diastereoselective synthesis of axially chiral α-allenols from non-

racemic TBS-protected propargylic alcohols, aldehydes, and a commercially available prolinol 

(Scheme 40c).84c-d In this method, high diastereoselectivity is achieved through control of axial 

chirality via a non-racemic propargylic intermediate. However, the scope of this reaction was 

limited to a few aldehydes only.  
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Scheme 40: Strategies to access more substituted 2,3-allenols 

3.2 Hypothesis for direct access to 2,3-allenols via auxiliary promoted stereoselective 
nucleophilic addition to allenyl aldehydes  

As 2,3-allenyl alcohols contain both axial chirality as well as central chirality, their 

diastereoselecitive preparations are challenging. We envisioned an alternative direct approach to 

allenyl alcohols involving diastereoselective nucleophilic additions to allenyl aldehydes. One of 

the goals in this approach was to increase the diversity of nucleophilic reagents that can be used 

to construct allenols. The main challenge in this strategy was the control of facial selectivity in the 

addition of the nucleophile to the carbonyl. This is a reoccurring problem with axially chiral motifs 

such as allenes where the chirality extends over three carbons (Scheme 41a). Nucleophilic 

addition reactions to carbonyl groups are generally influenced by adjacent stereogenic centers. 

Centrally chiral stereocenters often induces a great diastereoselecitivity in nucleophilic additions 

due to their close proximity with carbonyl groups and incoming nucleophiles. However, Cram-type 
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control of carbonyl additions to allenyl carbonyls is rendered difficult as the γ-substituents are 

three carbon atoms away. 

 

Scheme 41: A new approach to diastereoselective allenols 

An extensive study by Marshall revealed that only a very bulky γ-organosilyl group (TBDPS) is 

capable of directing attack of a carbonyl at the α-position (Scheme 42a).85 However, this 

approach limits the method to γ-silyl substituted allenes since the auxiliary is not easily removed. 

Inspired by the use of auxiliary directed stereoselective bond formation (Chapter 1), we 

hypothesized that an η2-auxiliary might be used to transmit stereochemical information from the 

remote γ-position of an allenyl aldehyde to a site closer to the center of nucleophilic attack. A 

neutral η2-complexed organo-manganese auxiliary was previously utilized for the stereoselective 

synthesis of functionalized allenes86, which suggested that the MMD auxiliary binds to the α,β-

bond of allenyl aldehydes in an orientation “anti” to the larger group (L) at the γ-position (Scheme 

42 b). We anticipated that, being closer to the carbonyl group, the bulky MMD auxiliary would 

impede nucleophilic attack on one face of the carbonyl leading to diastereoselective product 

formation. Importantly, MMD auxiliary can then be removed under mild oxidative conditions, thus 

serving as a traceless auxiliary.87 In this chapter, we describe the diastereoselective synthesis of 

allenols directed by axial chirality of allenes via an MMD auxiliary. 
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Scheme 42:  Approaches to overcome poor diastereoselectivity with the preparation of allenyl 
alcohols 

3.3 Access to racemic allenyl aldehydes and optimization of its nucleophilic addition reactions 

Our goal was to promote diastereoselective nucleophilic addition reactions with allene 

aldehydes in the presence of an MMD auxiliary. In order to access MMD complexed allenyl 

aldehydes routinely, we optimized a method to prepare alkynals and complexed with MMT 

without any purification (Section 3.6), which was followed by the addition of an amine base (DBU) 

in the same pot. Overall in the presence of an MMD auxiliary and a weak base, alkynes were 

converted to allenyl aldehydes in gram quantities after a single chromatographic purification.  

With the access of complex 90a (racemic), we began our optimization study for the 

diastereoselecitive allenol preparation. It was quickly observed that reactions of complex 90a led 

to single diastereomer products in diethyl ether even with ethyl magnesium bromide, a relatively 

small nucleophile. This same outcome was realized under a variety of conditions, though lower 

temperatures led to diminished yields (Table 4). Using our previously reported mild oxidative 
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MMD removal protocol, an optimal two-step yield of 67% of compound 92a was realized when 

more than two equivalents of Grignard reagent were used at -40°C (Table 4, entry 6).  

Table 4: Optimization of diastereoselective Grignard additions with MMD complexed allenyl 

aldehydes 

 

 

entry T (˚C) solvent EtMgBr (eq) time, h %yield 3a 

1 -78 Et2O 1.0 5 13 

2 -78 Et2O 1.5 5 12 

3 -78 Et2O 2.5 1 46 

4 -78 THF 2.5 1 33b 

5 -40 Et2O 2.0 1 58 

6 -40 Et2O 2.2 0.65 67 

7 0 Et2O 2.2 1 18 

aTwo-step isolated yield.  bDiastereoselectivity is 15:1. 
 
 

3.4 Substrate scope for the MMD promoted diastereoselecitive allenol formation 

The scope of this allenol synthesis method was examined by reacting several organo-

magnesium reagents with variously substituted MMD-complexed allenals (Table 5). To our 

delight, single diastereomer products were observed with most nucleophilic reagents ranging in 

reactivity and molecular size. The two-step yields for γ-mono substituted substrates were 

uniformly good except with an isopropyl Grignard reagent (Table 2, product 92e) most likely due 

to its steric bulk. We also extended this method to γ-disubstituted allenyl aldehydes and 

anticipated that the MMD orientation would be “anti” to the larger γ-substituent. Substrates 

containing phenyl and methyl substituents led to relatively high diastereoselectivity (Table 5, 
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product 92k). Presumably, the MMD auxiliary preferred to assume a position anti to the phenyl 

group in this case. This auxiliary appears to be sensitive to even relatively minor steric 

differences. We were surprised to observe a 5:1 diastereoselectivity in the present reaction with 

an allenyl aldehyde substrate containing γ-methyl and ethyl substituents leading to product 92l. 

Additionally, this protocol tolerates a variety of nucleophilic Zn and Li reagents. For example, the 

Barbier allylation of complex 90 to afford allenol 92d proved highly selective.  

Table 5: Access to di-substituted allenols 

 

One advantage to our diastereoselecitive allenyl aldehyde addition reaction is the ability to 

construct allenols with functionalized nucleophiles such as Henry reagents as well as alkyl 

nitriles. Thus nitromethanes undergo Henry reactions with complex 90a in the presence of a 

guanidine base, although a ‘double-addition’ product was observed due to the more reactive 

Henry intermediate (Scheme 43). Comparatively less reactive nitriles generated via metal 
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halogen exchange between α-iodoacetonitrile and isopropylmagnesium bromide also undergo 

addition reactions to produce adduct 94 as a single diastereomer (Scheme 43b).  

 

Scheme 43: Introduction of functionalized nucleophiles such as nitriles and nitromethanes 

We are intrigued by the unique potential of functionalized 2,3-allenols 92 to serve as efficient 

building blocks in natural product synthesis as they can be cycloisomerized in presence of Ag or 

Au catalysts leading to substituted furans (Scheme 44).88       

 

Scheme 44: Cycloisomerization reactions of 2,3-allenols to prepare carbocyclic compounds 

3.5 Synthesis of [3,3,0]furofuranone natural product 

Ability of the present method to prepare allenols with additional functional groups such as 

nitriles (94) was promising for the preparation of furofuranone natural products. We realized that 

nitrile substituted furan products could be further manipulated via iodolactonization reactions. 

Thus with access to allenol 94, we planned to develop an exceptionally short and 

diastereoselective synthesis of Hagen's gland lactone 97.89 Major synthesis strategies for  this 

natural product involve chiron-based approaches (Scheme 45a), often involving the use of less 
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accessible starting materials, protecting groups in otherwise lengthy and poorly diastereoselective 

routes.90  

 

Scheme 45: Synthesis of [3,3,0]furofuranone compound; Hagen's gland lactone 

Our synthesis began with a stereospecific cyclization91 of allenol 94 in the presence of AgNO3 to 

form 2,5-dihydrofuran 95 which, upon acid catalyzed hydrolysis of the nitrile group, delivered a 

carboxylic acid derivative in decent yield. The latter (96) was well suited for iodolactonization, 

which was affected by I2/NaHCO3 in acetonitrile. Subsequent reductive de-iodination under 

Bu3SnH/AIBN conditions afforded Hagen's gland lactone 97 in excellent overall yield. This 

material was identical to the reported characterization data for Hagen's gland lactone92 thus 

confirming unambiguously the relative configuration of precursor allenol 94.  

The relative configuration and high diastereoselectivity of product 94 and other allenols generated 

by the present method can be explained in terms of facial selectivity afforded by the MMD 

auxiliary as depicted in transition state TS3 (Scheme 43 & 45). Complex 90a prefers an S-trans 

conformation93 where bulky MMD occupies a position anti to the large γ group (nBu in allenal). 

Crystallographic studies also reveal this conformational preference in a 1,3-diformylallene 

manganese complex.94 Based on these observations, we propose a Re-face addition on the 

carbonyl of 90a (and related complexes) to produce allenol 94 after MMD removal in the (R,R)-

relative configuration. 

In conclusion, the MMD auxiliary was successfully utilized to direct nucleophilic 1,2-additions to 

allenyl aldehydes to give highly substituted 2,3-allenols. This directing strategy applies to several 
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organometallic nucleophiles leading to single diastereomeric allenol products in most cases. 

MMD auxiliary amplifies the directing effect of γ-substituents and can discriminate even relatively 

small size differences in that position (e.g. methyl vs. ethyl, Table 5; 92I). This inexpensive and 

readily available manganese auxiliary was introduced and removed under very mild conditions. A 

similar stereoselective outcome was observed with an acetonitrile addition to afford an allenol that 

was further elaborated to give Hagen’s gland lactone very efficiently. 

3.6 Experimental section  

General procedure for Complexing MMT with alkynals and isomerization to allenals  

 

Complex 90a (C15H19MnO3):  Tricarbonyl(2-methylcyclopentadienyl)manganese (MMT; CAS-

12108-13-3) (3.80 ml, 24.2 mmol) and 2-Octynal (2.00 ml, 16.1 mmol) were added in THF (0.1M 

in 2-Octynal) in a glass reactor. The reactor was covered with aluminum foil and stirred for 20 h 

under constant flow of argon. The solution was irradiated with ultraviolet light (365 nm) at ambient 

temperature for 20 h with constant stirring to produce complex 89 which was used in the next 

step without purification. To the reactor containing 89 was added DBU (2 eq) followed by stirring 

at room temperature. Isomerization was complete within 45 minutes. Solvent was evaporated and 

the reaction mixture was purified by flash chromatography to afford complex 90a (53%, 2-step 

yield) as yellow gummy mass. 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.0 Hz, 1H), 6.19-6.15 

(dt, J = 8.0 Hz, 4.0Hz 1H), 4.73-4.68 (m, 2H), 4.54 (m, 1H), 2.87-2.85 (d, J = 8.0 Hz, 1H), 2.42- 

2.37 (m, 2H), 1.87 (s, 3H), 1.49-1.24 (m, 6H), 0.91, 0.90 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 197.1, 159.9, 129.0, 127.0, 103.2, 87.5, 86.4, 85.6, 84.9, 37.4, 32.2, 27.8, 22.2, 14.0, 

12.8. Complex 89: IR (ATR) 1638nm-1 (aldehyde carbonyl), 1908nm-1 (MMD CO), 1976nm-1 

(MMD CO).  
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Glass reactor utilized to complex MMD with alkynyl aldehydes 

 

 

 

General procedure for Grignard addition to MMD complex of allenyl aldehyde followed by 

decomplexation: 

1. EtMgBr
Et2O, -40oC



CHO

H
Mn(CO) 2

nBu

H 

H

OHH

nBu

H

Et
90a 92a2.  PhI(OAc)2

Acetone, RT  

Rel-(3R, 5R)-deca-4, 5-dien-3-ol (92a): A solution of MMD coordinated octa-2, 3-dienal (90a) 

(0.558 g, 1.6 mmol) was taken in dry ether (16.0 ml, 0.1M) and was cooled to -40 °C (acetonitrile 
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/dry ice bath) for 10 minute. To this solution, ethyl magnesium bromide (3M) (1.20 ml, 3.5 mmol) 

was added drop wise (for 5 min) and the resulting reaction mixture was allowed to stir at -40 °C. 

The reaction was monitored by TLC. After completion (~1 h), reaction was quenched with 

saturated aqueous NH4Cl solution (5.00 mL) and extracted with diethyl ether (3 × 30.0 mL). The 

combined ether layers were dried over Na2SO4 and evaporated under reduced pressure. The 

crude product was dissolved again in dry acetone (20.0 mL) under argon atmosphere and treated 

with PhI(OAc)2 (1.03 g, 3.20 mmol) (2 equiv of starting Mn-complexed allenal). After ~2.0 h 

(completion of reaction as determined by TLC), solvent was evaporated. The crude product (now 

decomplexed) was purified by flash chromatography using 10% EtOAc/hexanes to afford 0.167 g 

(68.0% yield) of pure product 92a as liquid. 1H NMR (400 MHz, CDCl3) δ 5.32 - 5.27 (m, 1H), 5.21 

- 5.17 (m, 1H), 4.09- 4.03 (m, 1H), 2.05-1.99 (m, 2H), 1.63-1.55 (m, 2H), 1.43 -1.30 (m, 4H), 0.95 

(t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.2 Hz, 3H).; 13C NMR (100 MHz, CDCl3) δ 202.4, 95.5, 94.1, 71.7, 

31.4, 30.5, 28.6, 22.3, 14.0, 9.9 ; HRMS calc. for C10H18O [M+H] +: 155.1430. Found 155.1424. 

Rel-(2R,4R)-nona-3,4-dien-2-ol (92b): 1H NMR (400 MHz, CDCl3) δ 5.32 - 5.24 (m, 2H), 4.35 - 

4.31 (m, 1H), 2.05 - 2.00 (m, 2H), 1.41 -1.34 (m, 4H), 1.30 (d, J = 6.3 Hz, 3H), 

0.90 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 201.8, 97.0, 94.5, 66.3, 

31.3, 28.5, 23.6, 22.3, 14.0.; HRMS calc. for C9H16O [M+H]+: 141.1274. 

Found: 141.1269 

Rel-(3R,5R)-deca-1,4,5-trien-3-ol (92c):  1H NMR (400 MHz, CDCl3) δ 5.95 - 5.87 (m, 1H), 5.36 - 

5.29 (m, 2H), 5.27 - 5.22 (m, 1H), 5.15 - 5.12 (m, 1H), 4.68 - 4.58 (m, 1H), 

2.05-1.99 (m, 2H), 1.42 - 1.31 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ 202.5, 139.7, 115.0, 94.9, 94.6, 71.2, 31.2, 28.4, 22.2, 14.0. 

Rel-(4R,6R)-undeca-1,5,6-trien-4-ol (92d):  1H NMR (400 MHz, CDCl3) δ 5.87-5.79 (m, 1H), 

5.33 - 5.28 (m, 1H), 5.25 - 5.20 (m, 1H), 5.17 - 5.12 (m, 2H), 4.20 - 4.13 (m, 

1H), 2.40 - 2.28 (m, 2H), 2.05-1.99 (m, 2H), 1.43 - 1.29 (m, 4H), 0.90 (t, J = 

7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 202.3, 134.4, 118.2, 95.1, 94.5, 

69.3, 42.1, 31.3, 28.5, 22.3, 14.0; HRMS calc. for C11H18O [M+H]+: 167.14, Found: 167.00. 

OHH

nBu

H

H

92b
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Rel-(3R,5R)-2-methyldeca-4,5-dien-3-ol (92e): 1H NMR (400 MHz, CDCl3) δ 5.35 - 5.27(m, 

1H), 5.23 - 5.16(m, 1H), 3.91 - 3.88 (m, 1H), 2.05 - 1.99 (m, 2H), 1.81-1.71 

(m, 1H), 1.43 – 1.30 (m, 4H), 0.96 - 0.93 (m, 6H), 0.90 (t, J = 7.1 Hz, 3H).; 

13C NMR (100 MHz, CDCl3) δ 202.7, 94.1, 93.9,75.3,74.5 34.3, 31.4, 28.6, 

22.3, 18.2, 18.0, 14.0.  

Rel-(1R,3R)-1-phenylocta-2,3-dien-1-ol (92f): 1H NMR (400 MHz, CDCl3) δ 7.37-7.23 (m, 5H), 

5.38-5.34 (m, 1H), 5.33 - 5.21 (m, 1H), 5.20 -5.22 (m, 1H), 2.02 - 1.98 (m, 

2H), 1.36 - 1.29 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H).; 13C NMR (100 MHz, 

CDCl3) δ 202.4, 143.3, 128.4, 127.6, 126.1, 96.1, 94.7, 72.5, 31.2, 28.4, 

22.2, 14.0.; HRMS calc. for C14H18O [M+H]+: 203.14. Found: 203.1430. 

Rel-(3R,5R)-1-phenyldeca-4,5-dien-3-ol (92g):1H NMR  (400 MHz, CDCl3) δ 7.29 - 7.15 (m, 

5H), 5.33 - 5.28 (m, 1H), 5.28 - 5.22 (m, 1H), 4.16 - 4.12 (m, 1H), 2.81 - 

2.66 (m, 2H), 2.06 - 2.00 (m, 2H), 1.90-1.84 (m, 2H), 1.43 - 1.30 (m, 4H), 

0.89 (t, J = 7.0 Hz, 3H).; 13C NMR (100 MHz, CDCl3) δ 202.1, 142.1, 

128.6, 128.4, 125.9, 95.7, 94.7, 69.2, 39.2, 31.8, 31.3, 28.5, 22.3, 14.0 

Rel-(3R,5R)-7-methylocta-4,5-dien-3-ol (92h):1H NMR (400 MHz, CDCl3) δ 7.30 - 7.16 (m, 5H), 

5.36 - 5.27 (m, 2H), 4.18 - 4.13 (m, 1H), 2.81 - 2.67 (m, 2H), 2.37 - 

2.28 (m, 1H), 1.92 - 1.85 (m, 2H), 1.03 (d, J = 6.7 Hz, 6H).; 13C NMR 

(100 MHz, CDCl3) δ 200.9, 142.0, 128.6, 128.50, 125.9, 102.0, 96.9, 

69.6, 39.2, 31.9, 28.1, 22.6.; HRMS calc. for C15H20O [M+H+]+: 217.1514 Found: 217.1609, [M+H-

H2O+]+:199.1514, Found: 199.1490 

Rel-(3R,5R)-1-phenyl-8-((tetrahydro-2H-pyran-2-yl)oxy)octa-4,5-dien-3-ol (11):1H NMR (400 

MHz, CDCl3) δ 7.30 - 7.16 (m, 5H), 5.37- 5.31 (m, 1H), 5.30 - 

5.24 (m, 1H), 4.60 - 4.56 (m, 1H), 4.18 - 4.12 (m, 1H), 3.89 - 

3.73 (m, 2H), 3.51 - 3.41 (m, 2H), 2.79 - 2.69 (m, 3H), 2.16 - 

2.09 (m, 3H), 1.90 - 1.84 (m, 2H), 1.76 - 1.68 (m, 2H), 1.60 - 1.51 (m, 2H).; 13C NMR (100 MHz, 

CDCl3) δ 202.4, 142.0, 128.6, 128.5, 125.9, 99.0, 98.8, 96.2, 93.9, 69.3, 69.1, 66.7, 66.6, 62.6, 

62.3, 39.1, 31.90, 30.8, 29.0, 28.9, 25.5, 25.4, 19.8, 19.6. 

(CH2)2Ph

OHH

nBu

H

H

92g

OHH

nBu

H
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1-cyclohexylidenepent-1-en-3-ol (92j):1H NMR (400 MHz, CDCl3) δ 7.30 - 7.16 (m, 5H), 5.15 - 

5.12 (m, 1H), 4.14 - 4.09 (m, 1H), 2.79 - 2.69 (m, 2H), 2.16 - 2.13 (m, 

4H),  1.89 - 1.84 (m, 2H), 1.63 - 1.51 (m, 6H).; 13C NMR (100 Hz, 

CDCl3) δ 196.5, 142.2, 128.6, 128.4, 125.9, 106.4, 93.6, 69.6, 39.2, 

31.8, 31.7, 27.5, 26.1. 

Rel-(3R,5R)-6-phenylhepta-4,5-dien-3-ol (92k):1H NMR (400 MHz, CDCl3) δ 7.42 - 7.20 (m, 

5H), 5.57 - 5.55 (m, J = 5.8, 2.9 Hz, 1H), 4.22 - 4.18 (m, 1H), 2.14 (d, J = 2.9 

Hz, 3H), 1.71 - 1.64 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H).; 13C NMR (100 MHz, 

CDCl3) δ 202.6, 136.7, 128.5, 127.0, 125.8, 103.5, 97.6, 71.7, 30.5, 17.3, 

9.9. 

Rel-(3R,5R)-6-methy-1-phenylocta-4,5-dien-3-ol (92l):1H NMR (400 MHz, CDCl3) δ 7.30 - 7.17  

(m, 5H), 5.26 - 5.22 (m, 1H), 4.15 - 4.10 (m, 1H), 2.81 - 2.67 (m, 2H), 

2.02 - 1.95 (m, 2H), 1.89 - 1.84 (m, 2H), 1.74 (d, J = 2.8 Hz, 3H), 1.03-

0.99 (m, 3H).; 13C NMR (100 MHz, CDCl3) δ 199.0, 142.2, 128.6, 128.5, 

125.9, 105.5,  95.8, 69.6, 39.4, 31.9, 27.1, 19.4, 12.5. 

Rel-(1R,3R)-4-methyl-1-phenylhexa-2,3-diene-1-ol (92m): 1H NMR (400 MHz, CDCl3) δ 7.42-

7.24(m, 6H),5.39-5.37 (m, 1H),5.19 (d, J=8.0 Hz, 1H), 2.00-1.95 

(m,2H),1.75(d, J=2.8 Hz, 3H),0.97 (t, J = 7.2 Hz, 3H).;13C NMR (100 MHz, 

CDCl3) δ 198.9, 143.6, 128.5, 127.6, 126.2, 106.4, 96.4,72.6, 27.1, 19.3, 

12.4. 

(3R,5R)-3-hydroxydeca-4,5-dienenitrile (94): To a precooled (for 10 min) Et2O solution of 

iodoacetonitrile (0.12 mL, 1.25 mmol) was added iPrMgCl (2M in THF, 

1.42 mL, 2.80 mmol) followed by MMD-complexed allenyl aldehyde 90b 

(0.50 g, 1.3 mmol) at -78 ºC. In this mixture, the concentration of Mg and 

ICH2CN were 0.11 M and 0.05 M respectively. Allenyl aldehyde was fully consumed after 20 min 

as confirmed by TLC whereupon saturated aqueous NH4Cl (10 mL) was added. The aqueous 

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

Na2SO4 and evaporated under reduced pressure. The crude product was dissolved again in dry 

OH
H

H

92k

OH
H

H

92m
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acetone (10 mL) under an argon atmosphere and treated with PhI(OAc)2 (650 mg, 2.03 mmol). 

After 2 h (completion of reaction as determined by TLC), the solvent was evaporated. The crude 

product (now decomplexed) was purified by flash chromatography using 10% EtOAc/hexanes to 

afford 0.08 g (60% yield) of pure product as a liquid; [α]D20 -44.6 (c 0.83 mg/mL, DCM);  1H NMR 

(400 MHz, CDCl3) δ 5.47-5.42 (m, 1H), 5.33-5.28(m, 1H), 4.48-4.45(m, 1H), 2.69-2.56 (m, 2H), 

2.08-2.05 (m, 2H), 1.40-1.33 (m, 4H), 0.91(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

202.5, 117.3, 96.5, 93.2, 65.9, 31.2, 28.3, 26.2, 22.3, 14.0.; HRMS calc. for C10H15NO [M+H]+: 

166.1226, [M+NH4]+:183.1492 Found:166.1232, 183.1492 

(3aR, 5R, 6aR)-5-butyltetrahydrofuro[3,2-b]furan-2(3H)-one (95): To a solution of allenol 94 

(50 mg, 0.30 mmol) in acetone/water (3:2, v/v, 2.0 mL) was added AgNO3 

(10 mg, 0.06 mmol, 0.2 eq) and the reaction mixture was stirred at room 

temperature for about 24 h. After the reaction was compete (as confirmed by TLC), the solvent 

was removed under reduced pressure and the crude reaction mixture was subjected to column 

chromatography using hexanes/EtOAc to give pure 92, 43 mg (86% yield). Colorless oil: [α]D20 -

151.4 (c 0.7 mg/ml, DCM); 1H NMR (400 MHz, CDCl3) δ 5.14-5.12 (t, J = 4.7 Hz, 1H), 4.83-4.80 

(dt, J = 6.7, 5.1,1H), 4.11-4.04 (m, 1H), 2.74 (dd, J = 18.8, 6.7 Hz, 1H), 2.6 (d, J = 18.8 Hz, 1H), 

2.41-2.36 (dd, J = 14.0, 4.7 Hz, 1H), 1.71-1.60 (m, 2H), 1.56-1.47 (m, 1H), 1.41-1.27 ( m, 4H), 

0.90 (t, J = 7.2 Hz, 3H).; 13C NMR (100 MHz, CDCl3) δ 176.2, 85.1, 78.4, 77.5, 38.9, 36.8, 34.5, 

28.3, 22.8, 14.1. HRMS calc. for C10H16O3, [M+NH4] +: 202.1438. Found: 202.1436. 

Rel-2-((2R, 5R)-5-butyl-2,5-dihydrofuran-2-yl)acetic acid (96): A solution of 95 (30mg, 0.18 

mmol) dissolved in 2.00 mL of acetic acid : HCl mixture (4:1, v/v) was 

heated at 100°C for 6 hours. After the reaction was complete as monitored 

by TLC, the reaction mixture was partitioned between water and 

ethylacetate (3 × 20.0 mL). The combined organic layers were washed with brine, dried over 

Na2SO4. Solvent was removed under reduced pressure and the residue was purified by silica gel 

column chromatography using hexane/EtOAc to give pure 96, 25mg (75% yield).  1H NMR (400 

MHz, CDCl3) δ 5.89-5.84 (m, 2H), 5.23-5.18 (m, 1H), 4.94-4.90 (m, 1H), 2.65-2.54 (m, 2H), 1.59-

1.56 (m, 2H), 1.34-1.32 (m, 4H), 0.90 (t, J = 7.2 Hz, 3H).; 13C NMR (100 MHz, CDCl3) δ 175.8, 
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131.4, 128.5, 86.3, 81.7, 41.0, 35.6, 27.3, 22.9, 14.2. HRMS calc. for C10H16O3,  [M-H]- :183.1027, 

found:183.1036. 

(3aR, 5R, 6aR)-5-butyltetrahydrofuro[3,2-b]furan-2(3H)-one (97): Compound 96 was dissolved 

in (20 mg, 0.11 mmol) MeCN (2.00 mL) followed by sequentially adding 

NaHCO3 (28 mg, 0.33 mmol, 3.0 eq), iodine (42 mg, 0.33 mmol, 3.0 eq) at 

0 °C. Reaction mixture was then stirred at room temp for 2 to 3 h. The 

reaction was quenched with aqueous Na2S2O3, and the aqueous layer was 

extracted with EtOAc (3 × 20.0 mL). The combined organic layers were washed with water and 

brine and dried over Na2SO4. The latter was passed through a short celite pad and solvent 

evaporated under reduced pressure to give crude iodolactone product which was used for the 

next reaction without further purification. To a stirred solution of iodolactone (25 mg, 0.080 mmol) 

in benzene (5.0 mL) was added n-Bu3SnH (44 mg, 0.16 mmol, 2.0 eq) and AIBN (10 mg, 0.064 

mmol, 0.40 eq). The reaction was refluxed for 6 h, cooled to room temperature and volatiles were 

evaporated. The residue was purified through silica gel chromatography using hexane/EtOAc to 

give pure 97 (12 mg, 60 %, over two steps) as a colorless oil: [α]D20 -24.5 (c 0.2 mg/mL, DCM); 1H 

NMR (400 MHz, CDCl3) δ 5.14-5.12 (t, J = 4.7 Hz, 1H), 4.83-4.80 (dt, J = 6.7, 5.1,1H), 4.11-4.04 

(m, 1H), 2.74 (dd, J = 18.8, 6.7 Hz, 1H), 2.6 (d, J = 18.8 Hz, 1H), 2.41-2.36 (dd, J = 14.0, 4.7 Hz, 

1H), 1.71-1.60 (m, 2H), 1.56-1.47 (m, 1H), 1.41-1.27 ( m, 4H), 0.90 (t, J = 7.2 Hz, 3H).; 13C NMR 

(100 MHz, CDCl3) δ 176.2, 85.1, 78.4, 77.5, 38.9, 36.8, 34.5, 28.3, 22.8, 14.1. HRMS calc. for 

C10H16O3, [M+NH4] +: 202.1438. Found: 202.1436. 
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Chapter 4 

ALLENYL ESTERS AS QUENCHING AGENTS FOR RUTHENIUM OLEFIN METATHESIS 

CATALYSTS 

Adapted in part from: 

Roy, A.; Silvestri, M.A.; Hall, R. A.; Lepore, S. D. Tet. Lett. 2017, 58, 106. 

Copyright 2016 Elsevier Ltd. 

4.1 Introduction 

In the attempts to synthesize substituted allenyl esters, we envisioned utilizing cross 

metathesis reactions between unsubstituted allenyl esters and alkenes using a variety of 

ruthenium catalysts. Recently, metathesis catalysts have been successfully modified to promote 

less favorable Z-selective alkenes (Scheme 46).95 We anticipated that a successful cross 

metathesis reaction between a simple prochiral allenyl carbonyl and an alkene would entail γ-

substituted allenyl esters building blocks catalytically and asymmetrically.  

 

Scheme 46: Access to allenyl esters via cross metathesis reactions 

Although the use of ruthenium catalysts for olefin metathesis, ring-closing metathesis, and enyne 

metathesis are well documented in the literature, their use with carbonyl-conjugated allenes is 
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unknown.96 We investigated the reactivity of simple allenyl esters in cross metathesis reactions 

with alkenes to form more substituted allenyl esters using catalysts M1-4 developed by Grubbs 

and Hoveyda (Scheme 47).  

 

Scheme 47: Metathesis reactions with allenyl ester 98 and primary alkene 99 in presence of 
Grubbs and Grubbs – Hoveyda catalysts 

While our strategy did not yield the desired allenyl ester products, we discovered allenyl esters 

arrested the activity of the metathesis catalysts. This unique property of allenyl esters to arrest 

activity of metathesis catalysts offers a useful alternative to other catalyst deactivation and 

removal strategies. This chapter describes our investigations into the cross metathesis reaction 

between conjugated allenyl esters and an alkene as well as use of allenes to quench metathesis 

reactions.  

4.2 Inactivity of ruthenium catalysts in cross metathesis reactions between allenyl esters and 
alkenes  

We began our studies with commercially available allenyl ester 98.  Attempts to react 

allenyl ester 98 with 4-pentenyl acetate (99) utilizing olefin metathesis catalysts M1-4 to yield the 

desired cross metathesis allene product 100 remained unsuccessful (Scheme 47). When 

catalysts M1 and M3 were used, unreacted starting materials were primarily recovered from the 

reaction and under forcing condition (reflux, higher catalyst loading), decomposition of the allenyl 

ester was observed. However, with catalysts M2 and M4, which contain heterocyclic carbene 
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units, we observed that allenyl ester 98 was converted to an oligomeric material (confirmed by 

MALDI and NMR) containing a 2-butenoate repeating unit (such as structure 101), although we 

have not been able to determine the exact structure.      

  

Scheme 48: Unsuccessful metathesis attempts in the presence of allenyl esters as a partner 

Others have reported oligomerization products with aliphatic allenes,99a which may proceed by a 

carbene catalyzed process.97 Interestingly, homo-metathesized allene and alkene products were 

also not detected in these metathesis reactions. Attempts to cross-metathesize allenyl ester 98 

and allenyl hydrocarbon 102 (Scheme 48b) using catalyst M4 led to oligomeric material (101). 

Under both high-dilution and standard reaction conditions, ring-closing metathesis (RCM) of 103 
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and 104 also failed. Based on these studies, we concluded that allenyl esters react irreversibly 

with the catalysts in our study to form a catalytically inactive ruthenium species.  

In order to further gain insight in the role of allenyl esters to deactivate these ruthenium catalysts, 

we reacted catalyst M4 with allene 107 using one-to-one molar ratio (Scheme 48c). Our NMR 

study indicated the characteristic Ru=C(H) carbene shift of catalyst M4 and the allenic (sp and 

sp2) shifts of 107 disappeared (Section 4.4.3) while isopropoxy styrene 108 peaks were then 

observed. These data suggest that allenyl ester 107 underwent a single metathesis cycle with the 

ruthenium catalyst possibly to give a vinylidene complex,98 but ultimately leading to an unknown 

ruthenium species (Section 4.4.3)99 that was no longer active in olefin metathesis. 

4.3 Allenyl esters as metathesis quenching agents 

Metathesis reactions often generate colored ruthenium byproducts, which can be difficult to 

remove and often require multiple chromatographic purifications. Incomplete removal of the 

ruthenium byproducts may lead to double bond isomerization during distillation or a 

decomposition of reaction products.100 Due to this persistent problem, a variety of approaches 

have been employed to remove these colored impurities. The majority of these strategies involve 

the use of oxidizers or chelating agents that deactivate the metal and facilitate its removal often 

by aqueous extraction.101 More recently, a variety of alternative approaches have also been 

reported such as the use of a redox-driven processes to control the activity of Ru catalysts and 

facilitate their removal from reaction mixtures.102 Others have developed metathesis catalysts 

with an affinity for commercially available silica gel.103 A complementary technique has also been 

reported involving unmodified catalysts that are sequestered by resins modified to contain an 

isocyanide ligand.104  

To explore the use of allenyl esters as catalyst quenching agents we sought to inhibit the ring 

closing metathesis of diethyl diallyl malonate (110), which is known to undergo rapid 

intramolecular  RCM reaction to give cyclopentene 111. We observed that the ring closing 

metathesis of 110 was completely arrested when 10 equivalents (relative to limiting substrate 

110) of allenyl ester (105 or 107) was added at the begining of the reaction.  Allenyl ester 107 



71 

was particularly effective in this regard (Table 6) since no oligomer byproducts were formed 

during catalyst arrest. Importantly, excess quenching agents are easily removed in vacuo due to 

their low boiling points.   

Table 6: Inhibition of ring closing olefin metathesis with allenyl ester 107 added in varying 
amounts at the beginning of the reaction. 

 

Entry Equiv 14a % yield 18b 

1 0 89 (86c) 

2 2.0 61 

3 4.0 36 

4 6.0 3 

5 8.0 <1 

6 

7d 

10 

10 

0 

0 

aEquivalents based on limiting substrate 17.  Quenching 
agent 14 is added at the beginning of the reaction.  bYield 
determined by GC with the balance being unreacted 17.   
cIsolated yield. dIt was refluxed in benzene overnight. 

To examine the potential utility of allene 107 as a non-oxidizing quenching agent105 in the context 

of typical metathesis reactions, we examined several inter- and intramolecular coupling reactions 

(Scheme 49). We observed that the addition of allene 107 after the completion of metathesis 

reactions facilitated the removal of colored metathesis impurities in a single chromatographic 

separation. The cross-metathesis of olefin 99 with methyl acrylate using catalyst M4 led to a 61% 

isolated yield of 114 (after a second purification over alumina), which is a known compound.106 

After the addition of 107 upon reaction completion, we realized an improved isolated yield of 91%. 

Similarly, the isolated yield of RCM reactions of 113 improved with the addition of allene 107 as a 

quenching agent upon reaction completion.  

The amount of Ru impurity left after quenching with allenyl ester was found to be significantly 

lower compared to metathesis product without treating with allenyl ester. This was verified by 
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measuring the strong absorbance of Ru carbene complexes (at λ = 376 nm due to MLCT to π* of 

Ru=CHR) using UV-Vis spectroscopy in toluene as solvent.107  

 

Scheme 49: Comparison of metathesis reactions with and without allenyl ester 107 added at the 
end of the metathesis reaction as a quenching agent. 

For example, after the metathesis reaction of compound 112 was complete, a portion of product 

115 was purified over standard flash silica gel (40-63 μm, 60Å). A UV/Vis analysis of this product 

revealed a strong absorption at 376 nm, which indicated that the colored byproducts were likely 

derived from the Ru catalyst (Scheme 50). A second portion of product 115 was treated with 

allene 107 after the metathesis reaction was complete and stirred at room temperature for an 

hour before purifying using the same flash chromatography conditions. A UV/Vis analysis 

suggested that quenching with the allenyl ester removed the majority of ruthenium impurities (Ru 

absorbance at λ = 376 nm was not observed).  

In summary, our studies suggest that allenyl esters do not undergo olefin metathesis with 

traditional ruthenium catalysts. Instead, these allenyl esters completely inhibit metathesis activity 

of these catalysts. The organometallic complex that forms between ruthenium catalyst and allenyl 

esters is conveniently removed using standard silica chromatography. This use of simple allenyl 

esters offers a useful alternative to traditional quenching agents for the removal of Ru impurities.  
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Scheme 50: Qualitative determination of Ru impurity by UV/Vis spectra (in toluene) 

4.4 Experimental section  

UV/Vis spectra was measured with an Agilent/HP 8453 spectrophotometer in toluene as 

solvent following a procedure reported in literature.107 

4.4.1 Metathesis reaction:   

Substrates and Grubbs-Hoveyda catalyst II (0.164 g, 2.0 mol%) were dissolved in 

anhydrous DCM (30 mL) and it was heated at 40oC, until reaction is complete. The solvent was 

evaporated on a rotary evaporator and the residue was purified by flash column chromatography.  

Ru absorbance (MLCT to π* of Ru=CHR)   
 Absorbance of catalyst M4 (I) 
 Absorbance of product 115 after 

single silica purification (II) 
 Absorbance of product 115 after 

quenching with allenyl ester 
followed by single silica purification 
(III) 
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4.4.2 Quenching by allenyl esters:  

After metathesis reaction was complete, as verified by TLC, heating bath was removed 

and it was cooled for 5 min. DCM solution of allenyl ester 107 (4 eq of starting substrate, less or 

more eq of allenyl ester reduces yield) was added and stirred at room temperature for an hour. 

After an hour, solvent was evaporated and directly transferred to silica column for purification. 

Colorless product was obtained after single purification and in few cases, improved isolated yield 

was observed. Product 115 appeared white after quenching by allenyl ester. Product 114 was 

obtained in much higher yield after single purification. 

4.4.3 NMR study to identify deactivated organometallic intermediate: 

In order to identify the fate of organometallic species formed, Grubbs-Hoveyda catalyst II 

M4 and allenyl ester 107 were reacted and the reaction was monitored via NMR. Although, efforts 

to characterize the organometallic intermediate remained unsuccessful, we found evidence for at 

least one metathesis cycle. When excess catalyst was added to CDCl3 solution of allenyl ester, 

characteristic allenic peaks were completely disappeared (spectrum 4.4.3c) and dissociation of 2-

isopropoxy-benzylidene ligand was observed (4.4.3b). Similarly, excess allenyl ester completely 

consumed catalyst as noted by disappearance of Ru carbene peak (16.55 ppm & 211.5 ppm), 

dissociation of 2-isopropoxy-benzylidene ligand and NHC ligand (spectra 4.4.3a-j). 
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(4.4.3a) Reaction between excess catalyst M4 and allenyl ester 107 (molar ratio; allene: catalyst 

= 0.95: 1) 

 

 

 

 

 

 

 

Unreacted catalyst is present as evidenced by peak at 16.55 ppm, but dissociation of isopropoxy 

ligand was observed. Allenyl ester 107 was fully consumed. 

(4.4.3b) Dissociated isopropoxy ligand appeared at 4.5 ppm 

Ru

NN

O

Cl

Cl
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(4.4.3c) Allene sp carbon(C=C=C) peak at 210.6 ppm disappeared  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4.4.3d) Allene sp2 (C=C=C) carbon peaks at 95.1 and 88.6 ppm disappeared 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction mixture 
(Allene: catalyst = 

0.95: 1) 
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(4.4.3e) Allenyl ester peak at 168 ppm disappeared: This study concludes, 2nd generation 

complex reacts with allenyl ester, although fate of the organometallic species could not be 

identified. 

 

 

 

 

 

 

 

 

 

 

 

 

(4.4.3f) Reaction between excess allenyl ester 107 and catalyst M4 (allene: catalyst = 4:1). 

 After 30 min Ru=C(H) at 16.55 ppm disappeared. 
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(4.4.3f) Reaction between excess allenyl ester 107 and catalyst M4 (allene: catalyst = 4:1). 

Carbene peak at 211.5 ppm disappeared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4.4.3g) Reaction between excess allenyl ester 107 and catalyst M4 (allene: catalyst = 4:1). 

2-Isopropoxy-benzylidene ligand dissociated; peaks 152-135 ppm disappeared.  
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ppm (f1)
5.005.50

(4.4.3h) Reaction between excess allenyl ester 107 and catalyst M4 (allene: catalyst = 4:1) 

2-Isopropoxy-benzylidene ligand dissociated; peak at 75 ppm disappeared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4.4.3i) Disssociation of isopropoxy ligand was also observed with other allene (105) as well:  

Formation of isopropoxy styrene 108 after first eq of allene 105 is consumed by catalyst M4.  

 

 

 

 

 

 

 

 

 

Reaction mixture 
(Allene: catalyst = 4 : 1) 
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(4.4.3j) Reaction between excess allenyl ester 107 and catalyst M4 (allene: catalyst = 4:1). 

Methyl peak at 21 ppm from carbene ligand disappeared. 

 

 

 

 

 

 

 

 

 

This study concludes, excess allenyl ester consumes 2nd generation catalyst 

4.4.4 Preparation of substrates: 

 

Allene ester 107: (1-(ethoxycarbonyl) ethyl)triphenylphosphonium bromide (3.0 g, 6.80 mmol) 

was dissolved in 70.0 ml DCM in a flame dried flask under argon. It was cooled to 0oC and 

triethylamine (2.00 ml, 14.30 mmol) was added. DCM solution of propionyl chloride (0.71 ml, 8.10 

mmol) was addd over an hour using addition funnel. The reaction mixture was allowed to stir for 

overnight at room temp during  which  time  a  precipitate  forms,  resulting  in  a cloudy  

heterogeneous  mixture. After reaction is complete, excess hexane was added and stirred for 

additional 3 hours before DCM was evaporated. Hexane was added again and DCM was 

evaporated as much as possible. Crude reaction mixture was then transferred to a silica column 
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for purification with (5-10% hexane/EtOAc) to have 65% yield. 1H NMR (400 MHz, CDCl3) δ 5.48 

– 5.37 (m, 1H), 4.19 (q, J = 7.1 Hz, 2H), 1.85 (d, J = 2.9 Hz, 3H), 1.75 (d, J = 7.3 Hz, 3H), 1.27 (t, 

J = 7.1 Hz, 3H).13C NMR (100 MHz, CDCl3) δ 210.6, 168.0, 95.1, 88.6, 60.8, 15.3, 14.3, 13.3. 

Preparation of 114:  

 

Methyl acrylate (0.26 ml, 2.83 mmol) and alkene (99) (0.20 ml, 1.42 mmol) were dissolved in 27.0 

ml DCM. 2nd generation Grubbs-Hoveyda catalyst (2 mol%)  was added and reaction mixture was 

refluxed for 3 hrs. After reaction was complete, DCM solvent was evaporated and it was purified 

over silica column. Product 114 was obtained as green color substance, which had ruthenium 

impurities. It was purified again over alumina to obtain ruthenium free product 114 in 61 % yield.  

Quenching with allenyl esters: After reaction was complete, as confirmed by TLC, heating bath 

was removed and the reaction mixture was allowed to cool for 5 min. Allenyl ester 107 (0.72 g, 

5.67 mmol) was added as a DCM solution followed by stirring at room temperature for one hour. 

The solvent was then removed by evaporation and the resulting crude product was directly 

transferred to a silica column for purification. Increased isolated yield up to 91% was obtained. 1H 

NMR (401 MHz, CDCl3) δ 6.98-6.90 (m, 1H), 5.86-5.81(m, 1H), 4.06 (t, J = 6.5 Hz, 2H), 3.71 (s, 

3H), 2.30-2.24 (m, 2H), 2.04(s, 3H), 1.82-1.75(m, 2H). 

 
Preparation of 115:  

 

 
 
Substrate 112 (0.100 g, 0.40 mmol) and catalyst M4 (3.0 mol%) were dissolved in anhydrous 

DCM (10.0 mL), which was refluxed at 40oC until reaction was complete (as determined by TLC, 

approx. 16 h). The heating bath was removed and the reaction mixture was allowed to cool for 5 

min. Allenyl ester 107 (0.160 g, 1.60 mmol) was added as a DCM solution and was was stirred at 
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room temperature for an hour. The solvent was by evaporated and the resulting crude product 

was directly transferred to a silica column for purification. After purification over silica, product 115 

was obtained as yellow colored material (92% yield), which had ruthenium impurities. After 

reaction was complete, when this reaction mixture was treated with allenyl ester, product 115 was 

obtained as white solid (90% yield), which has less Ru impurities: 1 H NMR (400MHz, CDCl3) δ 

2.39 (s, 3H), 3.77 (d, J = 6.3 Hz, 4H), 5.08–5.51 (m, 4H), 5.56 (ddt, J = 16.4 Hz, 9.9 Hz, 6.3 Hz, 

2H), 7.27 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.2 Hz, 1H). 

Preparation of 116: 

 

Substrate 113 (0.100 g, 0.40 mmol) and catalyst M4 (3.0 mol%) were dissolved in anhydrous 

DCM (10.0 mL) followed by refluxing to 40oC until reaction completion (as determined by TLC, 

approx. 16 h). The heating bath was removed and the reaction mixture was allowed to cool for 5 

min. Allenyl ester 107 (0.160 g, 1.60 mmol) was added as a DCM solution, followed by stirring at 

room temperature for one hour. The solvent was then removed by evaporation and the resulting 

crude product was directly transferred to a silica column for purification. When quenched with 

allene 107, product 116 was obtained in 95% yield. 1H-NMR (400 MHz, CDCl3): δ = 7.10-7.40 (m, 

10H), 6.20-6.27 and 6.16-6.18 (m, 2H), 5.31 (dd, J = 17.7, 0.8 Hz, 1H), 5.10 (dd, J = 11.2, 0.8 Hz, 

1H), 4.11 (q, J = 7.1 Hz, 1H). 
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SELECTED SPECTRA 
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Chiral shift reagent study to determine enantiomeric excess. 
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Calibrating enantiomeric excess measurement via chiral shift reagent study:  

Compound 90b (68% ee) was reacted with Grignard reagent to prepare 92f (66% ee). It was 

decomplexed and enantiomeric excess was determined via chiral shit reagent study. 

 

 

 

 

 

 

 

 

 

 

  



104 

NMR experiment with shift reagent to determine enantiomeric excess of allenol 92f:  

Dry CDCl3 solution of shift reagent (Europium tris[3-(heptafluoropropyl-hydroxymethylene)-(+)-

camphorate]) was added dropwise to a dry CDCl3 solution of allenol 92f and NMR spectra were 

recorded until hydroxy peak at 2.15 ppm were resolved. When 20 drops of shift reagent was 

added carbinol peak was clearly resolved. Intigration shows 60% e.e. 
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Determining enantiomeric excess via HPLC for compounds 90a-h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

TBAB/K2CO3/EtOH/RT; rac 

PTC 8a/ Solid K2CO3/EtOH/ 
(ee 83%), exo: endo 7:1 
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 79%), exo: endo 6:1 

DBU; rac 
High (exo:endo) ratio 

TBAB/ Solid K2CO3/EtOH/ 
Rac, (exo:endo) = 1:1 
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 66%), exo: endo 12:1 
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 83%), exo: endo 35:1 
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 75%), exo only 
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PTC Q8a/ Solid K2CO3/EtOH/ 
(ee 58%), exo:endo (22:1)  
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 60%), exo only 
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PTC 8a/ Solid K2CO3/EtOH/ 
(ee 54%), exo:endo (5:1)  
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NMR Spectra for compounds 92a-m, 94-107 
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(c) Hoffmann-Röder, A.; Krause, N. Angew. Chem., Int. Ed. 2004, 43, 1196; (d) Krause, N.; 

Winter, C. Chem. Rev. 2011, 111, 1994. 

58. (a) Hashimoto, T.; Sakata, K.; Tamakuni, F.; Dutton, M. J.;Maruoka, K. Nat. Chem. 2013, 5, 240; 

(b) Liu, H.; Leow, D.; Huang, K.-W.; Tan, C.-H. J. Am. Chem. Soc. 2009, 131, 7212. 

59. (a) Ye, J.; Fan, Wu.; Ma, S. Chem. Eur. J. 2013, 19, 716; (b) Ye, J.; Li, S.; Chen, B.; Fan, W.; 

Kuang, J.; Liu, J.; Liu, Y.; Miao, B.; Wan, B.; Wang, Y.; Xie, X.; Yu, Q.; Yuan, W.; Ma, S. Org. 

Lett. 2012, 14, 1346; (c) Kuang, J.; Ma, S. J. Am. Chem. Soc. 2010, 132, 1786. 

60. (a) Mundal, D. a.; Lutz, K. E.; Thomson, R. J. J. Am. Chem. Soc. 2012, 134, 5782; (b) Marshall, J. 

A.; Tang, Y. J. Org. Chem. 1993, 58, 3233. 

61. (a) Ishihara, K.; Nakamura, S.; Kaneeda, M.; Yamamoto, H. J. Am. Chem. Soc. 1996, 118, 12854; 

(b) Mohr, J. T.; Nishimata, T.; Behenna, D. C.; Stoltz, B. M. J. Am. Chem. Soc. 2006, 128, 11348; 

(c) Mohr, J. T.; Hong, A. Y.; Stoltz, B. M. Nat. Chem. 2009, 1, 359; (d) Yamamoto, E.; Gokuden, 

D.; Nagai, A.; Kamachi, T.; Yoshizawa, K.; Hamasaki, A.; Ishida, T.; Tokunaga, M. Org. Lett. 2012, 

14, 6178; (e) Guin, J.; Varseev, G.; List, B. J. Am. Chem. Soc. 2013, 135, 2100; (f) Oudeyer, S.; 

Brière, J.-F.; Levacher, V. Eur. J. Org. Chem. 2014, 2014, 6103. 

62. Oku, M.; Arai, S.; Katayama, K.; Shioiri, T. Synlett 2000, 2000, 493. 

63. (a) Shirakawa, S.; Maruoka, K. Angew. Chem., Int. Ed. 2013, 52, 4312; (b) Solaro, R.; D'antone, 

S.; Chiellini, E. Journal of Organic Chemistry 1980, 45, 4179; (c) Halpern, M.; Sasson, Y.; 

Rabinovitz, M. Journal of Organic Chemistry 1983, 48, 1022; (d) Dehmlow, E. V.; Thieser, R.; 

Sasson, Y.; Pross, E. Tetrahedron 1985, 41, 2927; (e) Starks, C. M. Tetrahedron 1999, 55, 6261. 

64. (a) Denmark, S. E.; Gould, N. D.; Wolf, L. M. J.Org. Chem. 2011,76, 4260. 

65. (a) Jew, S. S.; Yoo, M. S.; Jeong, B. S.; Park, I. Y.; Park, H. G. Org. Lett. 2002, 4, 4245; (b)  

Cassani, C.; Bernardi, L.; Fini, F.; Ricci, A. Angew. Chem., Int. Ed. 2009, 48, 5694; (c) Mahe, O.; 

Dez, I.; Levacher, V.; Briere, J.-F. Angew. Chem., Int. Ed. 2010, 49, 7072. 

66. (a) Yoo, M. S.; Jeong, B. S.; Lee, J. H.; Park, H. G.; Jew, S. S. Org. Lett. 2005, 7, 1129 ;(b) 

Gonzalez, P. B.; Lopez, R.; Palomo, C. J. Org. Chem. 2010,75, 3920. 



155 

67. (a) Itsuno, S.; Paul, D. K.; Salam, M. A.; Haraguchi, N. J. Am. Chem. Soc. 2010, 132, 2864;(b) 

Andrus, M. B.; Liu, J.; Ye, Z.; Cannon, J. F. Org. Lett. 2005, 7, 3861. 

68. Dehmlow, E. V.; Thieser, R.; Sasson, Y.; Pross, E. Tetrahedron 1985, 41, 2927. 

69. Lasek, W.; Makosza, M. J. Phys. Org. Chem. 1993, 6, 412. 

70. Yamamoto, E.; Nagai, A.; Hamasaki, A.; Tokunaga, M. Chemistry 2011, 17, 7178. 

71. (a) Brekan, J. a; Reynolds, T. E.; Scheidt, K. a. J. Am. Chem. Soc. 2010, 132, 1472; (b) Barczak, 

N. T.; Rooke, D.; Menard, Z.; Ferreira, E. M. Angew. Chem. Int. Ed. 2013, 52, 7579. 

72. Roy, A.; Bhat, B. A.; Lepore, S. D. Org. Lett. 2015, 17, 900. 

73. Paddon-Jones, G. C.; McErlean, C. S. P.; Hayes, P. Y.; Moore, C. J.; Konig, W. A.; Kitching, W. J. 

Org. Chem. 2001, 66 , 7487. 

74. (a) Paddon-Jones, G. C.; Moore, C. J.; Brecknell, D. J.; Konig, W. A.; Kitching, W. Tet. Lett. 1997, 

38, 3479; (b) Gharpure, S. J.; Nanda, L. N.; Shukla, M. K. Eur. J. Org. Chem. 2011, 6632; (f) 

Rodney, A. F.; Pullaiah, K. J. Org. Chem. 2012, 77, 9357. 

75. Petasis, N. A.; Teets, K. A. J. Am. Chem. Soc. 1992, 114, 10328. 

76. (a) Dolling, U. H. U.; Davis, P.; Grabowski, E. J. J. E. J. Am. Chem. Soc. 1984, 106, 446; (b) de 

Freitas Martins, E.; Pliego, J. R. ACS Catal. 2013, 3, 613–616;(c) Lipkowitz, K. B.; Cavanaugh, 

M. W.; Baker, B.; O'donnell, M. J. Journal of Organic Chemistry 1991, 56, 5181. 

77. E. Cannizzaro, C.; N. Houk, K. J. Am. Chem. Soc. 2002, 124, 7163. 

78. (a) Corey, E. J.; Bo, Y.; Busch-Petersen, J. J. Am. Chem. Soc. 1998, 120, 13000;(b) Furukawa, T.; 

Shibata, N.; Mizuta, S.; Nakamura, S.; Toru, T.; Shiro, M. Angew. Chem. Int. Ed. 2008, 47, 8051; 

(c) Kawai, H.; Kusuda, A.; Nakamura, S.; Shiro, M.; Shibata, N. Angew. Chem.Int. Ed. 2009, 48, 

6324; (d) Matoba, K.; Kawai, H.; Furukawa, T.; Kusuda, A.; Tokunaga, E.; Nakamura, S.; Shiro, 

M.; Shibata, N. Angew. Chem Int. Ed. 2010, 49, 5762. 

79. (a) G.L. Sorella, G. Strukul, A. Scarso, Green Chem. 2015, 17,644; (b) Pera-Titus, M.; Leclercq, L.; 

Clacens, J.-M.; De Campo, F.; Nardello-Rataj, V. Angew. Chem. Int. Ed. 2015, 54, 2006. 

80. Connon, S. J. Chemical Communications 2008, 22, 2499; (b) Bates, R. W.; Dewey, M. R. Org. 

Lett. 2009, 11, 3706; (c) Minkler, S. R. K.; Lipshutz, B. H.; Krause, N. Angew. Chem. 2011, 123, 

7966. 



156 

81. (a) Lautens, M.; Delanghe, P. JACS. 1994, 116, 8526;(b) Sabbasani, V. R.; Mamidipalli, P.; Lu, H.; 

Xia, Y.; Lee, D.Org. Lett. 2013, 15, 1552;(c) Santos, D.; Ariza, X.; Garcia, J.; Lloyd-Williams, P.; 

Martinez-Laporta, A.; Sanchez, C. J Org. Chem. 2013, 78, 1519. 

82. Kobayashi, S.; Nishio, K. J. Am. Chem. Soc.1995, 117, 6392. 

83. (a) Banerjee, M.; Roy, S. Org Lett 2004, 6, 2137; (b) Lin, M. J.; Loh, T. P. JACS. 2003, 125, 

13042; (c) Yi, X. H.; Meng, Y.; Hua, X. G.; Li, C. J. J Org Chem 1998, 63, 7472. 

84. (a) Deutsch, C.; Lipshutz, B. H.; Krause, N. Angew. Chem. Int. Ed. 2007, 46, 1650; (b) Mikami, K.; 

Yoshida, A.; Matsumoto, S.; Feng, F.; Matsumoto, Y.; Sugino, A.; Hanamoto, T.; Inanaga, J. Tet. 

Lett. 1995, 36, 907; (c) Ye, J.; Fan, Wu.; Ma, S. Chem. Eur. J. 2013, 19, 716; (d) Kuang, J.; Ma, 

S. J. Am. Chem. Soc. 2010, 132, 1786. 

85. Marshall, J. A.; Tang, Y. J. Org. Chem. 1993, 58, 3233. 

86. (a) Bhowmick, M.; Lepore, S. D. Org. Lett. 2010, 12, 5078; (b) Lepore, S.D.; Khoram, A.; 

Bromfield, D.C.; Cohn, P.; Jairaj, V.; Silvestri, M.A. J. Org. Chem. 2005, 70, 7443. 

87. Zhang, Z.; Lepore, S.D. Tetrahedron Lett. 2002,43,7357. 

88. Krause, N.; Winter, C. Chem. Rev. 2011, 111, 1994. 

89. (a) Rodney A. F.; Pullaiah K. J. Org. Chem. 2012, 77, 9357; (b) Paddon-Jones, G. C.; McErlean, 

C. S. P.; Hayes, P.; Moore, C. J.; Konig, W. A.; Kitching, W. J. Org. Chem. 2001, 66, 7487. 

90. (a) Lone, A. M.; Bhat, B. A.; Shah, W. A.; Mehta, G. Tetrahedron Lett. 2014, 55, 3610; (b) 

Gharpure, S. J.; Nanda, L. N.; Shukla, M. K.; Eur. J. Org. Chem. 2011, 6632. 

91. J. A. Marshall, M. A. Wolf, E. M. Wallace, J. Org. Chem. 1997, 62, 367. 

92. Lo, S. W. C.; Lo, K. C. P.; Lo, M. K.; Carlier, R. P. J. Org. Chem. 1997, 62, 6316. 

93. (a) Gladysz, A. J.; Arif, M. A.; Liu, Y.; Dalton, M. D.; Agbossou, F.; Wang, Y. Organometallics 

1993, 12, 2699. 

94. (a) Giffard, M.;Gentric, E.; Touchard, D.; Dixneuf, P. J. Organomet. Chem. 1977, 129, 

        371; (b) Giffard, M.; Dixneuf, P. J. Organomet. Chem. 1977, 85, C26. 

95. (a) Keitz, B. K.; Endo, K.; Patel, P. R.; Herbert, M. B.; Grubbs, R. H. J. Am. Chem. Soc.2012, 134, 

693; (b) Meek, S. J.; O'Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 

471, 46. 



157 

96. (a) Ahmed, M.; Arnauld, T.; Barrett, A. G. M.; Braddock, C. D.; Flack, K.; Procopiou, P. A. Org. 

Lett. 2000, 2, 551; (b) Janben, C. E.; Krause, N. Eur. J. Org. Chem. 2005, 2322. 

97. Lipshutz, B. H.; Aguinaldo, G. T.; Ghorai, S.; Voigtritter, K.  Org. Lett. 2008, 10, 1325 

98. (a) Bruneau, C.; Dixneuf, P. H. Acc. Chem. Res. 1999, 32, 311; (b) Schwab, P.; Grubbs, R. H.; 

Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100. 

99. Rı́os Isaac De Los; Bustelo, E.; Puerta, M. C.; Valerga, P. Organometallics 2010, 29, 1740. 

100.  Maynard, H. D.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 4137. 

101. (a) Clavier, H.; Grela, K.; Kirschning, A. M.; Nolan, S. P. Angew. Chem. Int. Ed. 2007, 46, 6786; 

(b) Hobbs, C.; Yang, Y.; Ling, J.; Nicola, S.; Su, H.; Bazzi, H. S.; Bergbreiter, D. E. Org. Lett. 

2011, 13, 3904; (c) Allen, D. P.; Van Wingerden, M. M.; Grubbs, R. H. Org. Lett. 2009, 11, 1261. 

102. Rosen, E. L.; Varnado, C. D.; Arumugam, K.; Bielawski, C. W. J. Organomet. Chem. 2013, 201, 

745. 

103. Schachner, J. A.; Cabrera, J.; Padilla, R.; Fischer, C.; Van der Schaaf, P. A.; Pretot, R.; 

Rominger, F.; Limbach, M. ACS Catal. 2011, 1, 872. 

104. French, J. M.; Caras, C. A.; Diver, S. T. Org. Lett. 2013, 15, 5416. 

105. (a) Nagarkar, A. A.; Kilbinger, A. F. M. Nature Chem. 2015, 7, 718; (b) Wu, Z.; Nguyen, S. T.; 

Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc.1995, 117, 5503. 

106. Lipshutz, B. H.; Aguinaldo, G. T.; Ghorai, S.; Voigtritter, K.  Org. Lett. 2008, 10, 1325. 

107. Please see Table 2 and S32 (supporting information) of Thiel, V.; Hendann, M.; Wannowius, K.; 

Plenio, H. J. Am. Chem. Soc. 2012, 134, 1104. 

 

 

 


